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Chapter 1. Overview

Section 1. Introduction to Controls: Background and design
methodology

1.1 Introduction

Process controls is a mixture between the statistics and engineering discipline that deals
with the mechanism, architectures, and algorithms for controlling a process. Some
examples of controlled processes are:

* Controlling the temperature of a water stream by controlling the amount of steam
added to the shell of a heat exchanger.

* Operating a jacketed reactor isothermally by controlling the mixture of cold water
and steam that flows through the jacket of a jacketed reactor.

* Maintaining a set ratio of reactants to be added to a reactor by controlling their
flow rates.

* Controlling the height of fluid in a tank to ensure that it does not overflow.

To truly understand or solve a design problem it is necessary to understand the key
concepts and general terminology. The paragraphs below provide a brief introduction to
process controls as well as some terminology that will be useful in studying controls. As
you begin to look at specific examples contained here, as well as elsewhere on the wiki,
you will begin to gain a better grasp on how controls operate and function as well as their
uses in industry.

1.2 Process Control Background

The role of process control has changed throughout the years and is continuously shaped
by technology. The traditional role of process control in industrial operations was to
contribute to safety, minimized environmental impact, and optimize processes by
maintaining process variable near the desired values (1). Generally, anything that requires
continuous monitoring of an operation involve the role of a process engineer. In years
past the monitoring of these processes was done at the unit and were maintained locally
by operator and engineers. Today many chemical plants have gone to full automation,
which means that engineers and operators are helped by DCS that communicates with the
instruments in the field.

What are the benefits of Process Control?

The benefits of controlling or automating process are in a number of distinct area in the
operation of a unit or chemical plant. Safety of workers and the community around a
plant is probably concern number one or should be for most engineers as they begin to
design their processes. Chemical plants have a great potential to do severe damage if
something goes wrong and it is inherent the setup of process control to set boundaries on
specific unit so that they don’t injure or kill workers or individuals in the community.


https://controls.engin.umich.edu/wiki/index.php/DCS
https://controls.engin.umich.edu/wiki/index.php/DCS

1.3 The Objectives of Control
A control system is required to perform either one or both task:
1. Maintain the process at the operational conditions and set points

Many processes should work at steady state conditions or in a state in which it satisfies all
the benefits for a company such as budget, yield, safety, and other quality objectives. In
many real-life situations, a process may not always remain static under these conditions
and therefore can cause substantial losses to the process. One of the ways a process can
wander away from these conditions is by the system becoming unstable, meaning process
variables oscillate from its physical boundaries over a limited time span. An example of
this would be a water tank in a heating and cooling process without any drainage and is
being constantly filled with water. The water level in the tank will continue to rise and
eventually overflow. This uncontrolled system can be controlled simply by adding control
valves and level sensors in the tank that can tell the engineer or technician the level of
water in the tank. Another way a process can stray away from steady state conditions can
be due to various changes in the environmental conditions, such as composition of a feed,
temperature conditions, or flow rate.

2. Transition the process from one operational condition to another

In real-life situations, engineers may change the process operational conditions for a
variety of different reasons, such as customer specifications or environment
specifications. Although, transitioning a process from one operational condition to
another can be detrimental to a process, it also can be beneficial depending on the
company and consumer demands.

Examples of why a process may be moved from one operational set point to another:
1. Economics

2. Product specifications

3. Operational constraints

4. Environmental regulations

5. Consumer/Customer specifications

6. Environmental regulations

7. Safety precautions

1.4 Definitions and Terminology
In controlling a process there exist two types of classes of variables.

1. Input Variable — This variable shows the effect of the surroundings on the process. It
normally refers to those factors that influence the process. An example of this would be
the flow rate of the steam through a heat exchanger that would change the amount of
energy put into the process. There are effects of the surrounding that are controllable and
some that are not. These are broken down into two types of inputs.

a. Manipulated inputs: variable in the surroundings can be control by an operator or the
control system in place.



b. Disturbances: inputs that can not be controlled by an operator or control system. There
exist both measurable and immeasurable disturbances.

2. Output variable- Also known as the control variable These are the variables that are
process outputs that effect the surroundings. An example of this would be the amount of
CO2 gas that comes out of a combustion reaction. These variables may or may not be
measured.

As we consider a controls problem. We are able to look at two major control structures.

1. Single input-Single Output (SISO)- for one control(output) variable there exist one
manipulate (input) variable that is used to affect the process

2. Multiple input-multiple output(MIMO)- There are several control (output) variable that
are affected by several manipulated (input) variables used in a given process.

* Cascade: A control system with 2 or more controllers, a "Master" and "Slave"
loop. The output of the "Master" controller is the setpoint for the "Slave"
controller.

* Dead Time: The amount of time it takes for a process to start changing after a
disturbance in the system.

* Derivative Control: The "D" part of a PID controller. With derivative action the
controller output is proportional to the rate of change of the process variable or
error.*

* Error: In process controls, error is defined as: Error = setpoint - process variable.

* Integral Control: The "I" part of a PID controller. With integral action the
controller output is proportional to the amount and duration of the error signal.

* PID Controller: PID controllers are designed to eliminate the need for
continuous operator attention. They are used to automatically adjust system
variables to hold a process variable at a setpoint. Error is defined above as the
difference between setpoint and process variable.

* Proportional Control: The "P" part of a PID controller. With proportional action
the controller output is proportional to the amount of the error signal.

* Setpoint: The setpoint is where you would like a controlled process variable to
be.
1.5 Design Methodology for Process Control

1. Understand the process: Before attempting to control a process it is necessary to
understand how the process works and what it does.

2. Identify the operating parameters: Once the process is well understood, operating
parameters such as temperatures, pressures, flow rates, and other variables specific to the
process must be identified for its control.



3. Identify the hazardous conditions: In order to maintain a safe and hazard-free
facility, variables that may cause safety concerns must be identified and may require
additional control.

4. Identify the measurables: It is important to identify the measurables that correspond
with the operating parameters in order to control the process.

Measurables for process systems include:
* Temperature
* Pressure

* Flow rate

[ pH
*  Humidity
* Level

* Concentration

*  Viscosity

* Conductivity

*  Turbidity

* Redox/potential

* Electrical behavior
* Flammability

5. Identify the points of measurement: Once the measurables are identified, it is
important locate where they will be measured so that the system can be accurately
controlled.

6. Select measurement methods: Selecting the proper type of measurement device
specific to the process will ensure that the most accurate, stable, and cost-effective
method is chosen. There are several different signal types that can detect different things.

These signal types include:
* Electric
*  Pneumatic
* Light
* Radiowaves
* Infrared (IR)
* Nuclear

7. Select control method: In order to control the operating parameters, the proper control
method is vital to control the process effectively. On/off is one control method and the
other is continuous control. Continuous control involves Proportional (P), Integral (I),
and Derivative (D) methods or some combination of those three.



8. Select control system: Choosing between a local or distributed control system that fits
well with the process effects both the cost and efficacy of the overall control.

9. Set control limits: Understanding the operating parameters allows the ability to define
the limits of the measurable parameters in the control system.

10. Define control logic: Choosing between feed-forward, feed-backward, cascade, ratio,
or other control logic is a necessary decision based on the specific design and safety
parameters of the system.

11. Create a redundancy system: Even the best control system will have failure points;
therefore it is important to design a redundancy system to avoid catastrophic failures by
having back-up controls in place.

12. Define a fail-safe: Fail-safes allow a system to return to a safe state after a
breakdown of the control. This fail-safe allows the process to avoid hazardous conditions
that may otherwise occur.

13. Set lead/lag criteria: Depending on the control logic used in the process, there may
be lag times associated with the measurement of the operating parameters. Setting lead/
lag times compensates for this effect and allow for accurate control.

14. Investigate effects of changes before/after: By investigating changes made by
implementing the control system, unforeseen problems can be identified and corrected
before they create hazardous conditions in the facility.

15. Integrate and test with other systems: The proper integration of a new control
system with existing process systems avoids conflicts between multiple systems.

1.6 References
1. Romagnoli, Jose A. Introduction to Process Control. s.l. : CRC press, 2006.



Section 2. Introduction to DCS: Control system hardware

2.1 Introduction

Digital Control Systems(DCS) also known as Distributed Control System is the brain of
the control system. It is used mainly for the automation of a manufacturing process and
manages the logic that exist for major unit operations. A DCS in the past was tailor made
for the process, plant or company that intended to use the structure to control and model
it’s process. Before the beginning of the DCS era there were pneumatic devices that
controlled process and engineers manually turned valves on the site. Modeling of the
systems was made possible by DCS as it allowed the ability to record and manage
process from comfort of a computer screen. Because of DCS we are able to control
processes remotely and gain a better understanding of how the process operate and how
they can be improved to both increase safety and increase profit possibilities.

Control Systems are collectively named as "ICSS" Integrated Control and Safety System.
Distinctly identified as "BPCS" Basic Process Control System. "SIS" Safety
Instrumentation System. "F&G" Fire and Gas System.

DCS is employed in BPCS as well as used and prevalent control system. How does a
DCS work?

In the field you have sensors and gauges that give and recieve information. They convert
this information into a electric signal that is sent to a control room somewhere in the
field. This control room has programmed logic that is able to converts the signal into a
pressure, flow rate, concentration, temperature, or level. This logic also contains the
information that controls the process and takes the signal compares it with the set point
sent from the operator may or may not be in the field and sends a signal to the
manipulated variables in the field. The DCS covers all of the computer logic from the
operator screen to the field box that contain the logic.

Shutdown systems

Shutdown systems are the emergency setting of the logic to make sure the process can be
contained and is environmentally safe. These setting are important for emergency
response of the system. It is the job of the DCS to contain the logic for the shutdown
system and be able to operate when a process exceed a certain limit.



Section 3. Current Significance: Process controls and you
Authors: (December 12, 2009) Steve Dzul, Steve Pankratz, Derrick Boroski

3.1 Introduction

Industrial processes are central to the chemical engineering discipline. Generally,
processes are controlled in order to do things such as maximize safety, minimize cost, or
limit effects on the environment. This course aims to help undergraduate engineering
students understand the mechanisms used to moderate these processes, such as to control
their output.

3.2 Automation

Generally, process controls are designed to be automated. This means that given a change
in system response, the control system can act on its own to account for it. In order to
minimize cost, automated systems have become widespread throughout industry. Before
automation, a huge amount of labor would be required to run even the simplest processes.
For example, a technician might be hired to monitor the temperature in a reaction vessel,
and operate a valve to manipulate the cooling water flow rate in the jacket. In a sense, this
technician operated as a control system. If the temperature reading is too high, the
technician will manipulate the system in order to bring the temperature down. Via
automation, this simple, arduous labor can be done by an algorithm.

By designing an effective control system, even the most complicated of processes can be
run with minimal worker supervision. Telephone operators, for example, have largely
been replaced by automated telephone switch boards. Removing the need for telephone
operators decreases operating cost for phone companies, thereby allowing the general
consumer to pay less for phone service. Automated process controls, therefore, are
enormously important in the modern world.



Section 4. Failures in Process Control: Bhopal, Three Mile Island

Authors: (December 12, 2009) Steve Dzul, Steve Pankratz, Derrick Boroski

Process controls can have a huge impact on surrounding communities, as well as the
environment. An engineer of a large-scale process, therefore, has an important ethical
responsibility to operate a process safely and properly. These responsibilities extend well
beyond the scope of merely the company for which they work. Catastrophic failures in
process control remind us of the importance of control systems and engineering in today's
world.

4.1 Bhopal, India Disaster

4.1.1 Overview

The Bhopal Gas Tragedy in Bhopal, India on December 3, 1984 was a large toxic gas
leak that killed thousands of people in the surrounding area. A tank with 42 tons of
methyl isocyanate(MIC) was contaminated with water. This in turn caused a run away
reaction that greatly increased the pressure and temperatures in the tank, which forced the
emergency venting of the toxic gases to the atmosphere.

This tragedy was largely due to the failure or lack of safety controls:
1. Runaway reaction as temperature and pressure increased without regulation

2. MIC was supposed to be cooled, however in the Bhopal plant the refrigeration
system was not turned on. Temperature control on the tank could have greatly
hindered the runaway reaction that ensued with the addition of water.

3. Flare tower to handle the leakage of toxic gases was not functional
4. The plant also had vent scrubbers, which were also not functional

5. Water curtain, which would neutralize some escaping gas, not designed properly.
It was not tall enough to reach the top of the flare tower, making it essentially
worthless.

6. Alarms that would have alerted to a malfunction in the tank had not been
operational for 4 years

The figure below illustrates some of these failures:


http://en.wikipedia.org/wiki/Bhopal_disaster
http://en.wikipedia.org/wiki/Bhopal_disaster
http://en.wikipedia.org/wiki/Methyl_isocyanate
http://en.wikipedia.org/wiki/Methyl_isocyanate
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Had at least some of these been functioning the amount of toxic gas released would have
been substantially reduced.

4.1.2 Results

From this tragedy we can see that if the plant had proper safety controls the effects of the
disaster would have been greatly reduced. Therefore as a chemical engineer it is our
responsibility to society to provide sufficient safety controls to chemical processes in
order to prevent disasters such as the Bhopal Gas Tragedy from happening.
Unfortunately, industrial negligence is still a problem in many third-world countries.

4.1.3 Reference

http://www.corrosion-doctors.org/Pollution/bhopal .htm

4.2 Three Mile Island Disaster

4.2.1 Overview

One of the largest and most far reaching plant failures in United States history took place
at a nuclear power plant on Three Mile Island in March 1979. The event was caused by
either a mechanical or electrical failure of the main feed water pumps causing the power
plant to begin to overheat. As the heat increased, the control scheme caused the turbine
and reactor to shut down. This caused a pressure increase in the primary system (nuclear
portion of the plant) and a relief valve automatically opened to release some of the
pressure to prevent the reactor from blowing. All of these actions were well designed to
prevent a significant event from happening. The problem was that the release valve did



http://www.corrosion-doctors.org/Pollution/bhopal.htm
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http://en.wikipedia.org/wiki/Three_Mile_Island_accident
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not close properly when the pressure in the reactor was relieved. As a result, when the
reactor started back up, coolant in the core of the reactor was lost through the pressure
relief valve. Because there was no control mechanism that measured the level of the
coolant in the reactor, the operators, who only judged the water level by the pressure in
the reactor, actually decreased coolant flow to the reactor.

The figure below is a simplified diagram of the TMI-2-plant:
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The result of the control design failure that prevented the operators from cooling the
reactor was that the rods that held the nuclear fuel melted causing the fuel to also melt.
This is the worst thing to have happen in a nuclear power plant and is what happened to
cause the disaster at Chernobyl. Thankfully, the accident was largely contained and
although the entire nation watched for 3 days as the threat of an explosion or breach of
containment loomed, O deaths or injuries resulted. In fact, corrective steps were so
successful that the average increase in radiation to the surrounding population was around
1% and the maximum increase at the boundary to the site is estimated to be less than
100% of the natural background radiation present in the region.

4.2.2 Results

The accident at Three Mile Island showed the importance of proper design of control
systems. As a result the US Nuclear Regulatory Commission took steps to tighten their
regulation and increase the safety requirements on Nuclear Power Plants. These included
revamping operator training as well as increasing the design and equipment requirements.
This also brought the dangers of all industrial processes to the forefront and reminded
people of the importance of the safety of the communities surrounding chemical and
power plants.

Unfortunately, the incident also inspired intense fear of nuclear power in the general
population and is partially responsible for the reduced build rate for new nuclear power


http://en.wikipedia.org/wiki/Chernobyl_disaster
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plants since that time. Although control failures can be corrected fairly quickly, after one
safety issue it is difficult to convince the general public that engineers have fixed the
problem and that it will not happen again.

4.2.3 Reference

References: http://www.nrc.gov/reading-rm/doc-collections/fact-sheets/3mile-isle.html: The United States
Nuclear Regulatory Commission

4.3 Texas City Disaster
Authors: (December 14, 2009) Virgil Humes, Fred Garner

4.3.1 Overview

In March of 2005, 15 people were killed at the of a refinery explosion in Texas City, TX.
The refinery is the third largest in the country with the capability to process over 400,000
barrels of crude oil daily. On this particular day, the isomerization unit (whose purpose is
to boost the octane rating of fuels) was being started up. As part of the normal start-up
sequence, operators began feeding hydrocarbon liquid into the tower. However, a
discharge valve that should have been opened was overlooked. A high level alarm was
ignored and a second high-level alarm had not yet been re-enabled from the various
maintenance activities that had been going on while the unit was down. Upon realizing
that the tower was filling, a discharge valve was opened to release the hot fluid from the
bottom of the vessel. This fluid then passed through a heat exchanger, warming the fluid
that was still being pumped into the tower. The boiling that resulted in the bottom of the
tower caused liquids to spill over the top of the stack and into a blow down drum with an
atmospheric vent and no flare. The blow down drum could not contain the volume and
began ejecting liquid and vapor hydrocarbon from the atmospheric vent. The vapors were
soon ignited by a diesel truck with its ignition on. Fifteen people in a nearby trailer were
killed in the resulting explosion. Inadequacies in the written start-up procedures, operator
training, and the design of the safety relief system led to tragic and unnecessary loss of
life. But examples such as these serve to make process environments even safer places to
work in and around.

An animation detailing the circumstances surrounding the explosion was released by the
U.S. Chemical Safety Board during the investigation. Some accounts of the incident vary
in a few details, but all are in agreement that the written procedures, operator training,
and some aspects of the safety system design were to blame.

4.3.2 Results

After the incident at the refinery, representatives from BP said the company would
eliminate all blow-down drums/vent stack systems in flammable service. Also, the
Chemical Safety Board (CSB) recommended that BP commission an independent panel
to investigate the safety culture and management systems of BP. The findings of the panel
showed that BP management had not distinguished between occupational safety and
process safety. This led to new implementations of process safety throughout BP North
America.
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4.3.3 Reference

CSB Final Report into March 2005 Texas City Disaster
Wikipedia - Texas City Refinery (BP)
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Section 5. Process Controls in Everyday Life: Applying process

control thinking to everyday situations
Written By: Andrew Sereno, Randy Tin (FA(09)

5.1 Introduction

Have you ever wondered if the abstract and arbitrary subject of chemical
engineering process controls has any relevance outside of Dow 1013? Below are a
few examples of how the concepts learned in process controls can be applied to
situations in your everyday life.

5.2 Examples of Process Control for the Common Man

5.2.1 Consumption

Spicing Up Soup

Pavlo LaBalle just finished scaling up a mixing tank for use in the manufacture of horse
glue. Scaling up mixing tanks for horse glue is hard work - enough to make any man
crave a hearty bowl of spicy liver soup. Fortunately, Mrs. LaBalle has a batch of liver
soup ready for Pavlo's return home. Using his built-in composition sensor, the tongue,
Pavlo realizes the liver soup spice concentration is below his specified setpoint - the soup
is not spicy enough. Having never spiced his own soup, but not wanting to offend Mrs.
LaBalle, Pavlo attempts to increase the spiciness of the soup using his favorite hot sauce,
Sriracha. In order to prevent catastrophic overspicing, Pavlo adds a drop of Sriracha (a
differential amount) and immediately begins sampling the soup after addition. In this
way, Pavlo is able to determine the effect of a small disturbance (the introduction of
Sriracha) on the process output (the soup's spiciness). Using his new knowledge of
Sriracha's effect on the soup, Pavlo is able to optimize his addition of Sriracha so as to
not catastrophically overspice the soup. Pavlo then adds a new amount of Sriracha
estimated to bring the soup closer to the spice setpoint and samples the soup shortly after.
By tasting the soup after the addition of spice, Pavlo is able to bring the soup closer to his
desired spice setpoint through the use of feed backward spice control. By applying his
education in chemical engineering process controls, Pavlo has enabled himself to enjoy
his spicy liver soup.

Imbibing Alcohol

Jimmy Johnson just finished a presentation and a final report for Chemical Engineering
460. Unfortunately, during the presentation, Jimmy's personal record of 80 straight hours
without sleep came to an abrupt end as he blacked out mid-line, and he was subsequently
criticized for insufficiently displaying the iron resolve befitting of a Michigan engineer.
Jimmy decided to drown his sorrows at Good Time Charley's through the careful
ingestion of mood-improving fluids. Jimmy planned on drinking until he felt a moderate
buzz, then leaving to finish his graduate school application to pursue a masters degree in
English.



Jimmy, inexperienced with the process of satiating his thirst with such beverages, planned
to continuously drink until he felt adequately affected. However, Jimmy failed to take
into account the dead time inherent in his body's response to alcohol. Jimmy was unable
to control his body's response as he had planned, resulting in a vast overshoot into
drunken stupor.

Jimmy woke up with no pants the next morning. Fortunately, by applying his education in
chemical engineering, he earned the necessary experience for tuning the amount he
should drink in the future.

Purchasing Food at U-Go's

Rachel Malta was busy typing her technical report on the design space of a distillation
column in a pilot horse glue plant. It was 11:50 p.m., and Rachel was making good
progress until she felt the odd sensation of bubbling acids corroding through her stomach
wall, at which point she decided to visit U-Go's to find something to eat.

Confronted with the shop's wide array of processed foods and saturated fats, a difficult
problem lay before Rachel. If she purchased too much food, her hunger set point would
be reached, but she would be left with bags of uneaten popcorn and sour patch kids. If
she purchased too little, she would remain hungry and would be unable to return to
purchase more food after the store closed. Rachel needed to make a prediction of how
much food her digestion process would require to reach her desired fullness. Based on
her previous experiences with U-Go's "food," her predictive control (her memory)
decided to purchase a bag of barbecue chips, one apple, and a bagel. By applying her
education in chemical engineering, Rachel was able to successfully predict how much
food would satisfy her hunger without being forced to find more food.

5.2.2 Hygiene
Filling a Bathtub

Lan Ri has been in the Duderstadt Center for the past 3 nights working on his ChE 487
project. Having not bathed for 60 hours, Mr. Ri decides it is time to wash himself for the
sake of his fellow Duderstadt dwellers, however Mr. Ri has forgotten how to stand up
(he's been sitting at a computer for 60 hours). The ever creative Mr. Ri decides to take a
bath instead of his usual standing shower. At the bath, Mr. Ri finds himself confronted
with two flow rate controllers: one "hot water feed" controller and one "cold water feed"
controller. Turning the controls, he realizes that they control the flow rate of the bathtub
feed streams. Yet Mr. Ri has a problem - the hot water feed temperature, as measured by
his built-in temperature sensor (his skin), is far too high. The cold water feed temperature,
also measured using his skin-type temperature sensor, is too low for a comfortable bath.
Accordingly, Mr. Ri performs a quick energy balance to determine expected ratio of the
feeds necessary to achieve a bath temperature close to what his desired setpoint.
However, because Mr. Ri has poor control of the actual flow rate of each stream (hot and
cold), the actual resulting temperature is still below that which Mr. Ri desires. Mr. Ri then
readjusts the hot-to-cold feed ratio by increasing the hot water feed flow rate. As the
bathtub fills up, Mr. Ri uses his built-in level sensor (his eyeballs) to turn off the valves
controlling the feed stream flow when the bathtub level is at his calculated level. Mr. Ri
was able to calculate the level to which the bathtub should be filled by using his



knowledge of static fluid systems. By applying his education in chemical engineering
process controls, Mr. Ri has enabled himself to wash away the smell of the Duderstadt
Center.

[Can use some diagrams, pictures, and/or equations to describe these problems - RZ].



Chapter 2. Modeling Basics

Section 1. Verbal Modeling: process description, control
specifications, and connections

Note: EVideo lecture available for this section!

Authors: (September 8, 2006) Brian McQuillan, Crystal Miranda, Brandon Quigley, and John Zhang
Stewards: (September 5, 2007) Kevin Luchi, Mike Nappo, Matt Neff, Lisa Schauman

First round reviews for this page

Rebuttal for this page

1.1 Introduction

Every process requires a great deal of planning in order to successfully accomplish the
goals laid out by its designers and operators. In order to accomplish these goals, however,
personnel that are not familiar with the design must fully understand the process and the
functions of the control systems. Control systems consist of equipment (measuring
devices, valves, etc.) and human intervention (plant operators and designers). Control
systems are used to satisfy three basic needs of every process:

1. Reduce the influence of external disturbances
2. Promote the stability of the process

3. Enhance the performance of the process

Verbal modeling is used for creating and also understanding a process control system.
Verbal modeling consists of first receiving and then gathering information about the
process. A step-by-step process is then used to describe the control systems used to
satisfy constraints and objectives that have been outlined. In the following sections you
will read what requirements are generally outlined for process control and the step-by-
step method used to meet these requirements.

1.2 Prerequisite Information Regarding a Process

For the sake of this article it is assumed that a process has already been designed and that
certain restraints and criteria are provided by either a customer, management, or the
government. The goal of this section is to classify the types of criteria that are usually
given. These criteria then become the conditions that the control systems employed must
satisfy. In general, there will be five sets of criteria, often coming from different people
and institutions. By gathering all of these criteria you will be able to describe the control
system. If you do not have a complete list of these criteria you must research the process
to determine these constraints before beginning the step-by-step process below.
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Safety

The safe operation of a process is the biggest concern of those working in the plant and
those that live in the surrounding community. The temperatures, pressures, and
concentrations within the system should all fall within acceptable limits, and these limits
can be dictated by either government agencies or company policy.

Production Objectives

The production objectives usually include both the amount and purity of the desired
product. This criterion is generally set by the company or customer.

Environmental Regulations

These come in the form of restrictions on the temperature, concentration of chemicals,
and flowrate of streams exiting a plant. State and federal laws, for instance, may dictate
the exit temperature of a cooling water stream into a lake in order to prevent harm to
aquatic wildlife.

Operational Constraints

Equipment found in the plant may have their own unique limitations, such as temperature
or pressure that require proper control and monitoring. For instance, a thermocouple may
be damaged at extremely high temperatures, thus the location of the thermocouple must
be accounted for.

Economics

In general, a company will operate so that its profits are maximized. The process
conditions that maximize these profits are determined by way of optimization. Many
costs must be considered when optimizing process conditions. Some of these costs are
fixed, or will not change with process variables (i.e. equipment costs) and others are
variable, or do depend on process variables (i.e. energy costs). The overall process is
usually limited by certain factors including availability of raw materials and market
demand for the final product. Therefore, the economics of a process must be well
understood before process changes are enforced.
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1.3 Step-by-Step Method For Describing Controls and Their Purpose
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1.) Describe the Process

A brief description of the general process is needed while not dwelling on the details and
calculations involved. The major steps of the process, as well as inputs and outputs of the
process, should be stated. A simple diagram should be provided detailing the chemical
process to help visualize the process.

2.) Identify Process Objectives and Constraints

The objectives and constraints of the process must be identified before process control
actions can be performed.

The process objectives include the type, quantity, and quality of the product that is to be
produced from the process. The economic objectives, such as the desired levels of raw
material usage, costs of energy, costs of reactants, and price of products, should also be
identified.

The process constraints include three different categories: operational, safety, and
environmental limitations. Operational constraints refer to the limits of the equipment
used in the process. For instance, a liquid storage tank can only hold a certain volume.
Safety constraints describe the limits when the people or the equipment may be in danger.
An example would be a pressure limitation on a reactor, which if exceeded, could result
in an explosion. Environmental constraints limit how the process can affect the
immediate surroundings. For example the amount of harmful chemicals that can be
released before damage is done to nearby water supplies. All of these constraints should
be mentioned to build a robust control system.



Careful reading of the information provided to you by the customer, management, and
government is required in order to properly identify each constraint and objective. Often
times, the process objectives will be very clearly laid out by the needs of the customer or
management. Operational constraints, or the limitations of the equipment being used,
must be researched for each piece of equipment used in the process. Generally, by
satisfying the operational constraints a good portion of safety constraints are satisfied as
well, but additional safety constraints may exist and must be investigated by researching
company policy and governmental regulations. Environmental regulations also have to be
researched through resources such as the EPA and Clean Air Act. Satisfying the economic
aspect is largely determined by manipulating additional variables after all other
constraints and objectives have been met.

3.) Identify Significant Disturbances

Disturbances, in the sense of process description, are defined as inputs or external
conditions from the surrounding environment that have certain properties that cannot be
controlled by the plant personnel. Examples of disturbances include ambient air
temperature, feed temperature, feed flow rate, feed composition, steam pressure changes,
and cooling water temperature changes. Disturbances can drastically affect the operation
of a unit. A control system should be able to effectively handle all process disturbances.
As such, all possible disturbances must be identified and these disturbances need to be
accounted for by the development of contingency plans within the process.

4.) Determine Type and Location of Sensors

A proper design must ensure that adequate measurements of the system are obtained to
monitor the process. To meet this goal, sensors must be chosen to accurately, reliably, and
promptly measure system parameters. Such parameters include temperature, flow rate,
composition, and pressure. Placement of sensors is important both in the usefulness of
measurements as well as the cost of the system. Sensors should be placed such that the
measured quantities are appropriate in addressing control objectives.

5.) Determine the Location of Control Valves

Valves must be placed in a location to control variables that impact the control objectives.
For example, control of the temperature of a reactor could be obtained by placing a valve
on either the stream of heating / cooling fluids or by placing a valve on the feed stream to
the reactor. One must determine which streams should be manipulated to meet process
objectives.

6.) Perform a Degree of Freedom Analysis

The degrees of freedom in a system are equal to the number of manipulated streams
(determined in step 5) minus the number of control objectives and control restraints
(determined in step 2). A degree of freedom analysis is used to determine if a system is
being under- or over-specified by the process objectives. The degrees of freedom come
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from the number of knowns and unknowns that are specified within the system. If there
are extra degrees of freedom present in a system, unused manipulated variables can be
used to optimize the process. If there are negative degrees of freedom, a system is over-
specified because more objectives and restraints exist than manipulated streams. In this
case, all objectives cannot necessarily be met simultaneously and the least important
objectives must be neglected. A system with zero degrees of freedom is fully specified.
All objectives can be met, but there is no room for optimization.

7.) Energy Management

In any system with exothermic or endothermic reactions, distillation columns, or heat
exchangers, energy management becomes a factor that must be accounted for. Heat must
be removed from exothermic reactions in order to prevent reactor runaway, and heat must
be supplied to endothermic reactions to ensure desired production rates. Strategies such
as pre-heating feed streams with the excess heat from a product stream are helpful in
maintaining efficient usage of energy, however, they also result in more complex
processes that may require more intricate control systems.

8.) Control Process Production Rate and Other Operating Parameters

The production rate can be controlled by a variety of manipulated variables. One
manipulated variable may be the feed rate. The plant feed rate can be changed and each
subsequent unit can use its controls to accommodate this change, ultimately resulting in a
change in the final production rate. Other manipulated variables may also include reactor
conditions, such as temperature and pressure. Temperature and pressure affect reaction
rates and can be used to alter the final production rate. It is important to choose the most
suitable manipulated variable to control production rate.

In addition to the production rate, other control objectives must be effectively managed
by manipulated variables. For example, temperature of an exothermic reactor may be
controlled by the flow of a coolant stream passing over it in order to avoid dangerous
high temperatures. The pressure of a reactor may be controlled by the flow of feed gas in
order to comply with the pressure limitations of the vessel.

9.) Handle Disturbances and Process Constraints

The effects of disturbances should be minimized as much as possible, in order to
maintain the system at desired conditions and meet all process objectives and constraints.
Feedback or feedforward are specific control techniques and are common ways to
overcome disturbances. A feedback control works by studying the downstream data and
then altering the upstream process. The actions executed are reactive. Feedback can be
viewed as an if-then statement: if a feed's temperature is detected to be lower than
desired, then steam can be used to preheat the feed. Feedforward is a more proactive
approach in that it adjusts a manipulated variable before the disturbance is felt in the
process. Hence, if a sensor indicates low temperatures upstream of the feed, the
feedforward control will counteract the effect of the cooler upstream temperatures by
preheating the feed before the feed temperature is effected. Note that a disturbance must
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be detectable and measurable in order for the feedforward control to fix the anticipated
disturbance before the system is effected.

Additionally, if constraints are reached during the process, controls should be
implemented to avoid safety, operational, or environmental hazards. This can also be
done with feedback and feedforward controls on manipulated variables.

10.) Monitor Component Balances

Every component within a process, whether it is inert or not, should be accounted for at
every step of the system in order to prevent accumulation. This step is more crucial in
processes that involve recycle streams. If such a stream is present, a purge stream is often
necessary to remove unwanted components. In addition, component balances are used to
monitor yield and conversion or reveal locations in the process where loss may be
occurring. In order to monitor component balances, composition sensors are used.

11.) Control Individual Unit Operations

Most systems used today in industry employ the use of multiple unit operations. Each of
these unit operations, however, needs to be fully controllable in the sense that it has a
control system that can adjust manipulated variables in order to maintain other
parameters. For instance, if an absorber is present, the system must be able to control the
liquid solvent feed as some ratio to the gas feed. Another example is a crystallizer. The
refrigeration load of the crystallizer must be controllable in order to control the
temperature.

12.) Optimize the Process

In most cases, there will be certain aspects of a process that will not be dictated to a
designer and can be changed to make the overall process more economical for the
company. These are referred to as "unaccounted for" degrees of freedom and can be
implemented as new control valves or adjustable controller setpoints.

1.4 Alternative Method of Verbal Modeling

This alternative method is also described in Peter Woolf's Recorded Lectures Lecture 3.
For purposes of this description, it is scaled down to a single unit process. However, this
method can easily be applied to describe an entire system of unit processes.

1. Describe the process in words
Some of the important questions to answer before delving deeper into a model are:
* What are the components entering the system?

* How do they enter? Separately? Combined stream? What physical states are they
in?

What happens inside the unit process and what comes out at each exit point?
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Remember to keep this part simple. There is no need to include chemical formulations or
equations of any sort. Just lay out the basic flow of material.

2. Define the primary goal of the process

The primary goal should be simple. Often, it is to maintain a specific measured variable
above a minimum or below a maximum. In this step, the only thing that needs to be
determined is what the main goal is, and a few supporting details about why this is an
important goal to achieve.

For example, a primary goal could be to minimize the concentration of Compound Y in
orange juice because studies show Compound Y gives the juice a bad aftertaste.

3. Identify secondary processes that influence the primary goal

In a typical unit process, the primary goal will be directly influenced by one or two other
aspects of the system. These can include temperature, pressure, inlet conditions, and more
and can occur at various points in the process.

The goal of this step is to determine which of these other process variables will be most
likely to influence the primary goal and to step down from there.

For example, the temperature of the orange juice mixer could have the greatest influence
on production of Compound Y.

4. Identify safety and environmental risks

Next, you need to identify all of the points in the process that represent any type of risk.
This will be important later in determining which system variables need to be monitored.

Step through your process and identify any points that pose a significant risk of the
hazards shown in the following figure.

% é Fire
* % Explosion
—=m Corrosive

* Poison

W h Environmental toxin



Examples include: Boilers represent fire and explosion risks. Any stream with a
dangerous chemical can represent corrosive, poison, environmental, or all three risks.

5. Identify major costs associated with the process

How much something costs to produce is obviously a big deal in manufacturing.
Identifying the largest sources of cost is critical in finding ways to reduce cost overall.
Typical places to start identifying costs are at inlet streams (what is the cost of raw
materials) and at any portion of the process where heat is added or removed.

It is important to include the high costs that can be associated with the risks identified in
Step 4. Often the high cost of failure and risk exposure will determine what other
seemingly costly steps must be taken to ensure the safety of the process.

6. Identify variables you can directly manipulate

The basics of the process have been laid out, and now it's important to determine what
variables you can actually control. Typically, you only have direct control over the
simplest of variables: switches and valves. Essentially, this just means that you cannot, in
fact, choose a temperature for your system and implement it. What you can do, is control
a valve or switch that activates heating or cooling to control the temperature.

During this step, you must decide where it is important to place these valves and/or
switches. Use the information acquired previously about the primary goal and secondary
effects to determine what variables are worth controlling. Remember that you don't need
to put valves EVERYWHERE! Control valves are not costless and can also add
unwanted complexity to your system. If you need to isolate equipment, you can install
manual valves. Keep the control valves to the needed level.

7. Identify sources of variation

In order to write a control scheme, you need to know what values in your system will
change and why. Some common causes of variation include:

* Environment: ambient temperature

* Other processes upstream or downstream: variable inlet conditions or outlet
demand

* Economic forces: product worth, material costs
* Operators

Identifying what aspects of your process can be affected by these forces will allow you to
assemble a more complete control scheme.

8. Describe your control system in words

Before you start trying to write everything out in computer code and mathematical
equations, take the time to lay out your controls in words. This is much like preparing an
outline before writing a paper. It can save you from many headaches later on.

One example of generic, simple syntax for verbal modeling is: Maintain [system
variable] at specified level by adjusting [variable I can control].



1.5 The Barkel Method of Verbal Modeling

This method is an elaboration upon the steps outlined in Mr. Barry Barkel's lecture on
September 29, 2009.

"If you design a system, you have the ethical responsibility to control it."
1) Understand the Process

Before you can control anything, you have to understand the process and how different
parts of the system interact with each other. Make sure that the overall process is
understood. This includes inputs and outputs as well as major steps, however specifics are
not necessary. You should also be able to construct a diagram to help explain the process.

2) Identify Operating Parameters

Operating parameters can include temperature, pressure, flow, level, etc. Choose the
parameters to manipulate in your system that will safely result in the desired output.

3) Identify hazardous conditions

Consider all possible dangerous aspects of your process when designing your system.
This could include a chemical overheating or a vessel overflowing. It is imperative that
you ensure the safety of your operators and being aware of all hazardous conditions can
aid in this.

4) Identify measurables

The main three measureables addressed in this class are: temperature, pressure, and flow.
However, there are many more measureables, some more common than others. Here are
some more: pH, humidity, level, concentration, viscosity, conductivity, turbidity, redox/
potential, electrical behavior, and flammability.

5) Identify points of measurement

It is important to place sensors in locations so that efficient and reliable measurements are
taken of the system to monitor the process. For example, in a distillation column,
temperature sensors will display different temperatures at different locations down the
tower. The sensors must be positioned so that accurate readings of the system are given.
Also, it is necessary to place sensors in an area of constant phase.

6) Measurement methods (thermo couple? choose for range)

After identifying what is to be measured and where it will be measured, you have to
decide how it will be measured. For example, a thermocouple can be used to measure the
temperature. When choosing the equipment, be sure to check that the conditions of use
fall within the recommended range of operation for the equipment.

7) Select control methods

Decide whether to use feedback, feed-forward, cascade, or other types of control
methods.

8) Select control system

A control system is a set of devices that will manipulate the actions of other devices in
the system. A control system ranges from having an operator manually open and close a



valve to running a system with feedback such as with PID controllers. Control systems
can vary from relatively cheap to expensive. When picking a system, it would be most
economic to choose the cheapest one that gets the job done. An example of a control
system is a PIC, or programmable interface controller.

9) Select control limits

When choosing setpoints for controllers, you will also have to decide on a range that the
values are allowed to fluctuate between before a corrective change is made. When
selecting these limits, keep in mind that "equal" and "zero" do not exist due to the infinite
number of decimals that electronics are now able to handle. So you must further define
what "equal" means, when is it "close enough" to count as "equal" And when is the
number small enough to count as "zero",is 0.1 or 0.01 or 0.0000000001 count as "zero"?

10) Define control logic

As every process is different, a customized code for each process must be written to tell
the system what to do. For example, when a level control is a tank has reached a critically
high point, the logic should spell out the necessary changes needed to bring the tank level
back down. For example, this could be partially closing a valve upstream of the tank or
partially opening a valve downstream of the tank.

11) Create redundancy system

In the real world, you must balance cost and efficiency/safety. On one hand, you don't
want an out-of-control system if one control fails. But on the other hand, you can't afford
to order two of everything. The critical point to keep in mind is to optimize the safety
while minimizing the cost.

12) Define "fail-safe"

A fail safe is a set up in the control logic to ensure that in the event of a failure of a
control method, the system will automatically reach a safe condition so that there is little
to no harm done to other equipment or personnel.

13) Set lead/lag criteria

Valves and other equipment do not necessarily open/close or turn on/off at the exact
instant a button is pressed or the control logic kicks in. There is often lag time associated
with each controller. You must determine how long this lag time is so that you can take it
into account.

14) Investigate effects of change before/after

Be sure to investigate effects of changing each controller. For example, what are the
effects of closing/opening this valve?

15) Integrate all systems

Ensure that all systems are working together and that there are no holes in the system.
Make sure that information does not fall through any cracks in the system.

[Note - we can use an example of the Barkel method - RZ]



1.6 Common Errors
1. Impossible direct manipulations e.g., Change the concentration of salt in a tank

2. Missing the forest for the trees e.g., Sacrificing product quality for tight level control
on a tank

3. Excessive or insufficient control e.g., Control every variable because you can or
ignore the possibility of significant disturbances

1.7 Worked out Example 1

PLEASE NOTE: ALL VALUES IN THE FOLLOWING PROBLEMS ARE
FICTICIOUS BUT MEANT TO BE LOGICAL

A heat exchanger uses steam to heat a stream of water from 50°F to 80°F. The water
enters at a flow rate of 20 gallons per minute from a nearby lake. The process costs
$65 per hour and yields a profit of $2 per gallon of product. The steam is provided
by the plant and is 1000°F, which is a temperature that the pipes can sustain. For
safety reasons, the exchanger may only run for 12 consecutive hours and requires 4
hours to cool down. Using more than 10,000 gallons of water per hour would cause
an environmental disturbance to the water source. The diagram is shown below.
Verbally model this system.

Condensed
Steam

Valve xchanger

Cool 0 @ @ ,  Heated
Feed LN Feed
E

Steam <]
Valve

== Solution ==

1.) Describe the Process



The purpose of the process is to heat an incoming stream of water from a temperature of
50°F to a temperature of 80°F. The main equipment involved is a shell-and-tube heat
exchanger.

2.) Identify Process Objectives and Constraints

The product specification of the process is water at a flow of 20 gallons per minute and a
temperature of 80°F.

Economically, the process costs $65 per hour to operate. There are no costs for the raw
materials, as the only inputs to the system are water and steam. The finished product
produces a profit of $2 per gallon. The economic objective is to reduce process costs
while producing sufficient product.

The operational constraints and safety concerns are due to the pipes. The pipes can only
sustain a temperature of 1000°F. Safety is a concern because attempting to heat the
incoming water to a certain temperature may cause the heat exchanger to malfunction,
leading to equipment damage and possible burn injuries to nearby personnel. The system
may only operate for 12 consecutive hours, after which the system will need to be cooled
down for 4 hours to avoid the aforementioned hazards. A simplified assumption is that
there are no constraints on steam because it is provided by the plant and causes no safety
issues. The only environmental constraints involve the incoming water stream. The
incoming water is gathered from the nearby lake, and a stream of greater than 10000
gallons per hour would cause a disturbance in the equilibrium of the lake.

3.) Identify Significant Disturbances

Significant disturbances can be found in the ambient air temperature, variable flow rates
of the feed, and the temperature of the steam.

4.) Determine the Type and Location of Sensors

A flow sensor (FM) is placed at the incoming water stream. A temperature sensor (TS) is
located on the product water stream. A flow sensor is not needed for the steam stream for
this problem because this value is not needed for control. A sensor could be placed here
but the information is not needed for this problem.

5.) Determine the Location of Control Valves

A flow valve is placed at the entrance of the incoming water stream. A flow valve is
placed at the entrance of the steam.

6.) Perform a Degree-of-Freedom Analysis

There are two manipulated variables: the flow of the water feed stream and the flow of
the incoming steam. There are two control objectives: the flow of the feed stream,
monitored by the flow sensor, and the temperature of the product, monitored by the
temperature sensor. Therefore the system has zero degrees of freedom.

7.) Energy Management

The incoming steam is used to transfer heat to the cool water feed. The temperature
sensor on the product stream determines the applicable setting on the steam flow valve.



8.) Control Process Production Rate and Other Operating Parameters

The process production rate is controlled by the flow valve on the entering water stream.
The water temperature is controlled by the flow valve on the incoming steam.

9.) Handle Disturbances and Process Constraints

Changes in the ambient air temperature can be detected by the temperature sensor, and
can be corrected by the flow valve on the incoming steam stream. Variable flow rates of
the water feed stream can be detected by the flow sensor and compensated by adjustments
on the flow valve on the water feed stream. Changes in the temperature of the steam can
be detected by the temperature sensor. The flow valve on the steam stream can be
adjusted to increase or decrease the flow of steam and subsequently the amount of heat
exchanged.

10.) Monitor Component Balances

A vent is located on the heat exchanger to release excess steam from the system. Aside
from that, any accumulation is unlikely and can be neglected.

11.) Control Individual Unit Operations

The outlet temperature of the product stream is controlled by the flow valve on the steam
feed stream. The flow of the incoming water stream is controlled by the flow valve on the
water feed stream.

12.) Optimize the Process

One might notice that the process is only using 1,200 gal/hr of water, well below the
10,000 gal/hr environmental constraint. If the profit of the process is linear with the flow-
rate of water, then increasing the flow-rate of water will increase the profits for the
company. (With the constraints specified, this is a Linear Programming optimization
problem. The optimal setpoint falls on a boundary condition.) However, the flow-rate of
water entering the system is already specified, which results in zero degrees of freedom.
(Zero degrees of freedom implies there are no further control valves or setpoints.) Further
investigation should be conducted to determine the reason for the flow-rate specification.
When considering increasing the flow-rate of water into the system, one should also
check that the other constraints are not violated.

1.8 Worked out Example 2

A process converts phenol into salicylic acid through a series of two reactors. Phenol
and NaOH are fed in the liquid phase into the first reactor where it reacts with
gaseous carbon dioxide that is pumped in. Assume constant fresh feed temperature
and that the feed flow rate is within operational constraints. Management has
dictated that salicylic acid production must be 200 moles per hour. Also,
management would like the product stream to have a molar composition of 80 %
salicylic acid. Due to environmental concerns, a maximum flow rate of 10000 gallons
per hour of cold water can be used to cool the first reaction chamber. The valve
controlling the flow of cold water does not allow a flow rate in excess of 7500 gallons
of water per hour. The salicylic acid product is used in another process to produce
aspirin, which has a market value of $10 per mole. The first reactor can be operated
at pressures up to 200 atm, while the second can be operated at pressures up to 10
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atm. The first reaction is exothermic, while the second reaction is assumed to
generate negligible heat. A diagram of this process is shown below, as well as the
reaction scheme. Verbally model this system.
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== Solution ==
1.) Describe the Process

The purpose of the process is to convert phenol into salicylic acid, the precursor for
aspirin. First, the phenol is reacted with gaseous carbon dioxide (CO2) and sodium
hydroxide (NaOH) under high pressure and temperature in the first reactor. The product
of this reaction is then combined with sulfuric acid to form salicylic acid in the second
reactor. The reaction scheme is shown above.

2.) Identify Process Objectives and Constraints

The process is expected to produce 200 moles per hour of salicylic acid. The product
stream must contain at least 80% by moles of salicylic acid. The equipment used in the
process dictates the operational limitations. The first reactor vessel can be operated up to
a pressure of 200 atm, while the second reactor vessel has a 10 atm upward pressure
limit. As such, pressures in excess of these limits must be avoided. Since the first reactor
will generate a significant amount of heat, the heat must be removed to avoid damage to
equipment and possible runaway reactions. Therefore, a heat exchanger (in the form of a
reactor jacket in this case) with cool water should be included to decrease the temperature



of the reactor. Economic concerns demand that phenol, sodium hydroxide, and sulfuric
acid should not be used in extreme excess. The costs of these materials and the energy
costs required to process them affect the overall profitability, so these compounds should
not be wasted. Environmental regulations limit the use of water to cool the reactor at
10000 gallons per hour, however the valve constraints limits the amount of water to only
7500 gallons per hour.

3.) Identify Significant Disturbances

The amount of cold water available to cool the reactor can be considered a disturbance
because it comes from a reservoir outside of our control. The ambient temperature is also
a disturbance. If it drastically increases, the amount of cold water needed to cool the
reactor would need to increase as well. Composition of the feed streams will be assumed
to be constant in this example. Therefore, they are not considered disturbances.

4.) Determine the Type and Location of Sensors

A temperature sensor (TS) and pressure sensor (P) are located on the stream exiting the
first reactor vessel. A flow meter (FM) is located on the product stream leaving the second
reactor. A composition sensor (CS) will also be located on the product stream leaving the
second reactor. The pressure drop can be controlled through the decompressor and thus is
a control.

5.) Determine the Location of Control Valves

Control valves are located on the feed stream containing the phenol and sodium
hydroxide, the incoming cold water to the first heat exchanger, and the sulfuric acid feed
stream. There is also a pump located on the carbon dioxide stream that enters the reactor.

6.) Perform a Degree of Freedom Analysis

There are 3 valves, 1 pump, and 1 decompressor but 5 objectives. This results in zero
degrees of freedom. The valve located on the sulfuric acid feed stream is meant to meet
the composition constraint placed on the product stream leaving the second reactor. The
valve located on the feed stream carrying the reactants is set to satisfy production
requirements. The valve on the cold water stream is used to maintain reactor temperature,
which satisfies an operational constraint. The pump is to ensure the correct pressure is
achieved in the reactor, also satisfying an operational constraint. The decompresser is to
maintain a pressure of less than 10 atm in the second reactor, thus satisfying another
operational constraint.

7.) Energy Management

The heat from the exothermic reaction in the first reactor is transferred to the cold water
stream. The hot water stream exiting the reactor vessel jacket could be used to heat
streams on other processes. The second reactor is assumed to generate negligible heat
during the reaction, thus any release of heat from the reactor will be considered safe to
release into the environment surrounding the process.



8.) Control Process Production Rate and Other Operating Parameters

The production rate is measured by the flow sensor on the product stream and this signals
the control valve on the feed stream through a feedback mechanism to change the
production rate as necessary.

9.) Handle Disturbances and Process Constraints

If the temperature sensor on the reactor exit stream exceeds a certain level due to a
diminished cold water supply, the feed stream valve would decrease the amount of
reactants entering the reactor. The amount of feed would also be decreased if more than
7500 gallons per hour of cooling water were needed, as this is an operational constraint.
If the pressure gauge controlling the pump begins to read higher than allowed pressures,
the pump would decrease the flow of the carbon dioxide entering the reactor. Also, if the
pressure gauge reads out a pressure that will be too high for the second reactor, the
decompresser will be allowed to disperse more pressure. If ambient air temperature
drastically increases, the temperature sensor would open the cold water valve allowing
more cooling water to enter the reactor vessel jacket. If the composition of the product
stream falls below 80 mole percent of salicylic acid, then the valve controlling the
sulfuric acid feed would allow more sulfuric acid into the second reactor to increase the
conversion of reactants.

10.) Monitor Component Balances

The composition sensor and flow meter on the product stream leaving the second reactor
will account for every species to ensure that there is no accumulation or loss within the
system.

11.) Control Individual Unit Operations

The first reactor vessel's pressure is fully controlled by the pressure gauge and pump
system and its temperature is fully controlled by the temperature sensor which controls
the reactant feed valve and the cool water valve. The second reactor's pressure is fully
controlled by the same pressure gauge and the decompresser system, and its temperature
will be highly dependent on the amount of cooling water used to cool the product exiting
the first reactor.

12.) Optimize the Process

Since there are no unaccounted degrees of freedom, there are no valves to adjust in order
to optimize the process. It should be noted, however, that if there was no constraint on the
composition of the product stream, the sulfuric acid feed valve would have become an
unaccounted for degree of freedom. If this had been the case, the valve could be adjusted
to maximize the profit of the process. In order to maximize the profit, the benefits of
having higher conversion and more product would have to be weighed against the
increase costs of using more sulfuric acid feed.

1.9 Sage's Corner

An example of verbal modeling
http://www.youtube.com/watch?v=YTs IWccnvw&feature=player embedded

Powerpoint Slides from the example
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Section 2. Degrees of Freedom: importance, calculation
procedure, and examples

Authors: (13 December 2009) Jon Butler, Matthew | LaVelle

2.1 Introduction

In control engineering, a degree of freedom analysis is necessary to determine the
regulatable variables within the chemical process. These variables include descriptions of
state such as pressure or temperature as well as compositions and flow rates of streams.
2.2 Definition

The number of process variables over which the operator or designer may exert control.
Specifically, control degrees of freedom include:

1. The number of process variables that may be manipulated once design
specifications are set

2. The number of said manipulated variables used in control loops
3. The number of single-input, single-output control loops
4. The number of regulated variables contained in control loops

The following procedure identifies potential variables for manipulation.

2.3 The Process

The method we will discuss is the Kwauk method, developed by Kwauk and refined by
Smith. The general equation follows:

Degrees of freedom = unknowns - equations

Unknowns are associated with mass or energy streams and include pressure,
temperature, or composition. If a unit had Ni inlet streams, No outlets, and C
components, then for design degrees of freedom, C+2 unknowns can be associated with
each stream. This means that the designer would be manipulating the temperature,
pressure, and stream composition.

This sums to an equation of
Total Unknowns = Ni*(C+2) + No*(C+2)

If the process involves an energy stream there is one unknown associated with it, which is
added to this value.

Equations may be of several different types, including mass or energy balances and
equations of state such as the Ideal Gas Law.

After Degrees of Freedom are determined, the operator assigns controls. Carrying out a



DOF analysis allows planning and understanding of the chemical process and is useful in
systems design.

2.4 Applications

Single phase systems

All outlet streams have the same composition, and can be assumed to have
the same temperature and pressure

Multiple phase systems
* Anadditional (C-1) composition variable exists for each phase
Complete Process

When connecting units which share streams, one degree of freedom is lost
from the total of the individual units

2.5 Example 1: Blender

This example (from the ECOSSE Control Course web page listed below) investigates
degrees of freedom in a simple vapor mixing unit. Two gaseous streams enter a vessel
and exit as a single well-mixed stream (Figure 1). We will apply the above equation to
determine degrees of freedom.

Blender

\ﬁ

Figure 1: Blender Schematic

Here, there are 3 streams, each with C+2 unknowns for a total of 3C+6 Unknowns.

We have C mass balances and 1 energy balance for a total of 2C+1 equations. We also
know composition, pressure, and temperature for the incoming streams. This adds 2C+2
to the equation. Putting everything together gives:

Degrees of freedom = 3C+6 - 2C+1 + 2C+2)

Hence, the system has 3 degrees of freedom. Therefore, we can fix outlet composition,
pressure, and flow rate. Figure 2 shows an example control scheme:



[ T

Blender

Figure 2: Blender with controls
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Section 3. Incidence Graphs: interpretations, consistency, and
inconsistency

Note: igiVideo lecture available for this section!

Authors: (September 26, 2006) Christopher Garcia, Anwar Stephens, Winardi Kusumaatmaja, Meng Yang
Ng

Stewards: (September 5, 2007) Alexander Voice, Andrew Wilkins, Ibrahim Oraigat, Rohan Parambi

*  First round reviews for this page
Rebuttal for this page

3.1 Introduction

Incidence graphs are useful tools for chemical engineers to model various relationships in
a process. They are used to systematically map an entire chain of processes and
controllers to describe the effect, which each element has on the others. This helps to
visualize the possible process pathways or a chain of effects.

Below is an example of an incidence graph. The circles are nodes which represent a
particular device or controller, e.g. a temperature sensor. The arrows indicate the
directional pathway of influence. For instance, a temperature sensor node would be
connected to an adjacent node (such as a heat exchanger). This heat exchanger node
would in turn be connected to other nodes representing devices or controllers. This type
of diagram could be extremely useful in identifying the redundancies within a control
system. A more elaborate application of incidence graphs will be discussed in the Worked
Out Examples section.
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3.2 Monotonicity

Before proceeding to the next few sections, it is imperative to understand the basics of
monotone systems. A monotonic function defines a function that preserves a given order.
Monotonic functions are classified as monotonic increasing or monotonic decreasing.
Taking the example of a function f(x), for a monotonic increasing function an increase in
variable ‘x’ would result in an increase in f(x). On the other hand, for a monotonic
decreasing function an increase in variable ‘x’ would result in a decrease in f(x).

Monotonic Increase : If x>y, then f(x)=f(y)

Monotonic Decrease : If x>y, then fix)<f(y)




As long as a function is either always monotone increasing or monotone decreasing, it is
referred to as a monotone function.

Monotonic functions are ideal systems to control because changes in one variable/device
lead to known changes in other variables/devices. A non-monotonic function on the other
hand, does not yield a straightforward output for a particular input. In these cases IF-
THEN-ELSE statements are used to illustrate the controls for the nodes. For instances, IF
node 1 is activated, THEN node 2 is repressed and so on.

An example of a possible non-monotonic graph

3.3 Incidence Graphs

Incidence graphs (also “Levi” or “Causation” graphs) consist of monotonic connections
between nodes, whereby each connection indicates a particular effect of one factor on
another. The term “monotonic” means that a change in the initiating device influences
only one aspect of the target device. This simplification facilitates describing how control
systems work through the use of incidence diagrams.

In reality, not all interactions are monotonic. Some control devices can simultaneously
affect several aspects of other devices or variables. This may result in a non-monotonic
relationship, in which one factor increases another over one region, but diminishes it over
another (imagine a parabola, which is a non-monotonic curve). Temperature often has
such a relationship with the rate of a reaction: for an exothermic reversible reaction,
increasing the temperature will increase yield up to a certain point; however, further
increase will diminish the yield.



Incidence graphs can only be used to represent monotonic relationships. Therefore, over
simplification of a system can cause problems in constructing an incidence graph.
Similarly a non-monotonic relationship can be resolved by breaking down a factor into
separate components, each of which has only monotonic relationships with other factors.

When two factors are connected by multiple signal paths, incoherence between the results
of different paths leads to inconsistency. In other words, the outcome cannot be predicted
because the incidence graph does not communicate quantitative information. For
instance, in the reaction rate example, reaction rate could be separated into the variables
which affect it: concentrations, rate constant, and equilibrium constant. An incidence
graph can then be constructed to demonstrate that temperature and reaction rate have an
inconsistent relationship.

A diagram is consistent (to be discussed later in detail) if all signal paths between two
nodes, for every pair of nodes, are in agreement with one another (i.e. they have the same
result).

3.3.1 Traversing

Every incidence graph establishes a particular way to depict the direct effects of one
device on its neighbors. Typically, a line will connect a node to its neighbors--these
lines are terminated by either a bar or an arrowhead.

An arrowhead at the end indicates that the initiator (from which the line is coming)
is either increasing the value of the target (where the arrow is pointing) or simply
activating it (turning it on). The context of the connection will determine whether
something is being increased or turned on. For example, it would be illogical to
assume that a drop in temperature would cause a temperature controller to
deactivate a pressure controller. Instead, it would be more prudent to assume that
the temperature controller would adjust the pressure sensor.

“-—
arrowhead bar

A perpendicular bar indicates that the initiating device is either decreasing the value of
the target device or inhibiting it (turn off). Note that these indications are not necessarily
strictly followed. Once again, context of the situation determines which interpretation
should be used.

}—

perpendicular bar



Graphs consisted of the arrowhead bar and the perpendicular bar allow you to see the
result of an increase/decrease in one aspect of the initial device on a designated device in
the system. Everything done after the initial device comes as a result of changing the
initial device. In addition, these graphs provide the possibility of simplifying complicated
relationships between devices into one conceptual unit. The relationship between the
initiating device and target nodes can be described by the following set -->
{initiator,target] target2.etc}. It is read as "the increase or decrease in the initiating
device affects the target nodes in the following manner... (+ for increase/activate and - for
decrease/inhibit). The initiator can be any device or variable in the system as long as the
arrows support the designation. In other words, you can show the effects of any device on
any other device, as long as the pathway is supported by the diagram. There are often
multiple routes that a signal can travel.

2 helpful tips to keep in mind as you interpret an incidence graph:

1. Always travel from tail to head (or source to target) when traversing the graph from
the initiating device to the designated device. Keep in mind that it is possible to have
arrowhead and/or perpendicular bars pointing in both directions in between two devices.

2. Arrowhead bars don’t always mean increase as perpendicular bars don’t always mean
decrease. Arrowhead bars indicate that the effect of performing an action to the device at
the tail of the bar would yield the same effect to the device at the head of the bar.
Penpendicular bars indicate that the effect of performing an action to the device at the tail
of the bar would yield the reverse effect to the device at the head of the bar.

The following is a simple example of an incidence graph. We will refer to the circles
below as “nodes” from this point onward. Nodes are the selected devices or variables in a
control system.

722 N 722N

(O—()

a5

This incidence graph indicates that:

a. A change in an aspect of 1 will change some aspect of device 2 in the same direction --
otherwise written as {+,+}

The ends indicate the direction of influence as well as the type of influence.



This incidence graph indicates that:
a. increase in an aspect of 2 (initiator) decreases some aspect of 1 (target)
b. indicated by {+,-}

This next example builds on the previous two...

This incidence graph indicates that:

Given an arbitrary 3,1,2 order, an increase in 3 (initiator) will make 1 (target) go up. 1’s
increase will then make 2 decrease. The symbolic representation for this would be {+,
+,-}. One can see that this diagram shows how node 3 influences everything directly and
indirectly connected to it.

Now, given a 1,2,3 order, node one becomes the initiator. The symbolic representation
then changes to {+,-,-}. NOTE: the last node is negatively affected because 2’s impact
on 3 is shown to increase when 2 increases. But since 1 decreases 2, then the opposite
is true!

The main objective of these diagrams is to determine the effect that a change in the
starting node has on another node in the system. However, in some cases, you can follow
a pathway that ends at the starting node in order to check for ambiguity. For example, the
1,2,3,1 order yields a result of {+,-,-,-}. Since increasing node 1 cannot cause a decrease
in itself, it is ambiguous.



Incidence graphs for complex controls systems will usually indicate that there are several
ways for a device to influence another device in the system.

Multiple paths

Remember these are done with respect to increases in a node’s value. So, if a path leads
you to a point where you decrease a node, then you have to do the opposite of what the
diagram is indicating for all steps after that (for that route).

The incidence graph indicates:

1. For an order {1,2,3}: you observe {+,-,-}... remember not to count beginning node
twice...

2. For an order {1,3}: you observe {+,+}

3.4 Consistent, Inconsistent, and Partially Consistent

When designing controls for systems it is always important to keep in mind the need for
redundacy and feedback control. Redundancy in a system will ensure that a system is
monitored by multiple controllers. So, if one controller was to fail there would be another
to ensure the same desired outcome. Consistent graphs can be used to describe
redundancy. Feedback control is also very important and it is not good to have the system
overreact to external stimuli. A controlled response is desired. Inconsistent graphs can be
used to describe feedback control. Additionally, systems exist that both need to be
redundant and feedback controlled and these can be described with partially consistent
graphs.

3.4.1 Consistent Graphs

Consistent pathways happen when all pathways from the same starting node, that
lead to the same target node, give the same output.



For example,

All possible pathways from node 1 to target node 4 yield the same output. These are
called consistent pathways.

Paths(s) [Sign series
14 (+,-)

124 (+,+,-)
134 (+.,+.-)

From the table and graph above, all pathways from node 1 to node 4 yield the same
outcome. Node 4 is being decreased.

A consistent graph is made up of only consistent pathways for all possible pathways
between any combination of two nodes. The graph below is an example of a consistent
graph.
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Paths(s) [Sign series
123 (+,+,-)

1,3 (+,-)

3,12 (+,-,-)

3,2 (+,)

13,1 (+,-+)
1,23,1  |(+,4,-,4)
323 (+,-,+)
3,13 (+,-+)
3,1,23  |(+,,-4)

All pathways leading from node 1 to node 3 -
123 :(+.+,)
1,3 :(+,)

Since the two pathways cause the same change to node 3, this sub-pathway is consistent.
All pathways leading from node 3 and to node 2 -

351’2 :(+7_’_)
352 :(+a_)

Since the two pathways cause same change to node 2, this sub-pathway is consistent.

All pathways leading from node 1 and back to node 1 -
1 a3 91 : (+9_7+)
1 ’273’1 . (+7+7_7+)

Since the two pathways result in the same change to node 1, this sub-pathway is
consistent.



All pathways leading from node 3 and back to node 3 -

3’293 : (+’_ 9+)
37173 . (+’_7+)
3a1,2a3: (+7_’_,+)

Since the three pathways give the same effects to node 3, this sub-pathway is consistent.

Because all sub-pathways of this incidence graph are consistent, the entire process is
consistent.

The table shown below gives examples of many different incidence diagrams and shows
whether or not they are consistent.

Number Graph  Consistent?  Paths(s) Sign series Interpretation

l @ Yes {1} + I influences itself

2 @_, @ Yes {12} +,+ 1+ influences 2
_{@ J— @ Yes {1,2} +, I - influences 2

4. ®_’| @ No {1,2,1} +,+,- influence of | on | via 2 is ambiguous
5. ®_’<_@ Yes {1,2,1} +,+.+ | + influences 2, which + influences |
6-@ ,_' @ Yes {1:2,13 +,-+ | - influences 2, which - influences 1
5 @ > @ Yes {3,1,2} +.-\- both paths from 3 to 2 show that 3
- /\GD/\ {3.2} +,- influences 2
@ — @ No {3,1.2} +,-+ influence of 3 on 2 is ambiguous
8. /\Gj\ {3.2} +,-
No {3.1,2} +,-,- influence of 1 on | via 2 is ambiguous
—_— {3.2} +,- and influence of 3 on 1 is ambiguous
{1.3,1} +,-+
9. /\Gf (2.1 Wi
{3.2,1} +,-+
{3.1} +,-
o e Yes {1453} +,- -+ Each variable 1.2,3.4.5.6 net has a simple
{1.3} +.+ relationship, monotonic between any other
° 9 {64532} +.4.+.-+ variable in the set.
10. {6.5.2} +,+.+ .
° (and many many more possible paths)

Another type of consistent graph is one in which the valves of the system are not
dependent on one another for feedback. In other words, there is no proportion of the
output signal from a particular valve of a system is passed to the input of another valve.
An example of this would be to consider the following process diagram:




V1
Enter Steam
Stregrr——

Enter liquid
Stream ?

V2

V3
Enter Steam*_
—Strearm > 5 j—’

* Exit Steam

Separator

Stream

Exit Product

Stream

\J

This process is of a distillation column in which the bottom columns collect high
intensity liquids and the liquid is removed from a series of evaporators. The evaporator is
a single-effect evaporator equipped with a simple heat exchanger, a separation vessel and
a steam jet ejector to supply the vacuum. The product is then sent to an oven where it is
dried and sent to the manufacturer. It is the chemical engineer’s task to create a consistent
incidence graph in which the valves in the diagram do not depend on each other’s

feedback. An example of this is below:

FC1

=

Paths(s) Sign series

V1, TL, PI, TI |(++.+,4)

V2, TL PL, TI |(+,,-,)




V3,PL, TI, P [(+,-.-.-

Based on the table above, the incidence graph is consistent because the valves are not
dependent on one another for feedback.

3.4.2 Inconsistent Graphs

Inconsistent pathways happen when pathways from the same starting node, that lead to
the same target node, give different output.

For example,

Pathways from node 1 to target node 4 do not yield the same output. These are called
inconsistent pathways.

Paths(s) [Sign series
14 (+,+)

1,24 (+,+,-)
1,34 (+,-,+)

From the table and graph above, all pathways from node 1 to node 4 do not yield the
same outcome. Node 4 is being decreased while simultaneously being increased.

An inconsistent graph is made up of only inconsistent pathways for all possible pathways
between any combinations of two nodes. The graph below is an example of an
inconsistent graph.



Paths(s) [Sign series

1,2 (+,+)
1 ’3 52 (+,_ 7_)
1 ’231 (+’+’_)

1321 |(+,-.-4)

All pathways leading from node 1 to node 2 -

1.2 :(+.+)

173 72 : (+7_’_)

Since the two pathways cause different changes to node 2, this sub-pathway is
inconsistent.

All pathways leading from node 1 and back to node 1 -

1a291 . (+7+7_)

1 a3 9231 : (+s-5_’+)

Since the two pathways cause different changes to node 1, this sub-pathway is
inconsistent.

Because all sub-pathways in this incidence graph are inconsistent, the incidence
graph is inconsistent.

3.4.3 Partially Consistent Graphs

Partially consistent graphs are made up of both consistent and inconsistent pathways. If
you increase node 1, all paths leading to node 4 cause a decrease in the node which
means it is a consistent pathway. If node 1 is increased, one path leading to node 2 causes
an increase and another path causes a decrease in the node. This is an inconsistent
pathway. Since this model contains both at least one consistent and one inconsistent
pathway, it is a partially consistent model.



Paths(s) [Sign series
1121314 (+)+;+r-

11214 (+)+;-)

1,4 (+-)

1,2 (++)

11412 (+)-r-)

All pathways leading from node 1 to node 4 -
1 52’3 54: (+7+7+’-)

124 : (+.+,)

14 :(+,)

Since the three pathways cause the same change to node 4, this sub-pathway is consistent.

All pathways leading from node 1 and to node 2 -

1,2 : (+4)
1,4,2 :(+7_9_)

Since the two pathways cause different changes to node 2, this sub-pathway is
inconsistent.

In this graph there are sub-pathways that are consistent and inconsistent, therefore the
incidence graph is partially consistent.

3.4.4 Summary

Just because a process is inconsistent does not mean that the desired results cannot be
achieved. All it means is that you cannot consistently achieve the desired results. Take the
example of the flow of a final product. In a consistent process, no matter which path is
taken, the flow of the final product will always respond the same, whether desirable or
not. In an inconsistent process, changing the path will not always cause the flow of the
final product to change the same way, but rather depends on the path taken.

In all, inconsistent processes are not bad. Often, processes will be very complex,
containing many variables, and inconsistent processes will be unavoidable. Care must
just be taken with complex, inconsistent processes to achieve desirable results.



3.5 Worked out Example 1
Feed stream

CSTR

, (jacketed) ( : >
| _______

V2

E Heating [coll V3

i N n i
N—

Cooling water feed Cooling water exit

V4

D

Product stream

You are a process engineer and you have been assigned to devise a process control for a
new reactor. The optimum operating condition for the reaction inside the reactor is 220 °C
+ 10°C. The reaction is exothermic and often goes way past the optimum temperature. It
is imperative that the reaction should not go above 250°C. The reactor has a built in
heater (H1) to keep temperature at its optimum temperature and a cooling water feed to
cool the reactor in case temperature goes past 250°C. The reactor also has temperature
sensor installed to monitor the temperature. If temperature goes above 250°C, the desired
mechanism is to increase the flow of water in the cooling jacket surrounding the reactor
and to turn off the heating element inside the reactor until it reaches its optimum
temperature. As a control redundancy mechanism, a pressure sensor is also installed
inside the reactor. The pressure control will send signal to the cold water feed if pressure
reaches 1.2 atm which is the critical pressure. Draw a causation graph governing the



situation when the temperature gets too hot inside the reactor. Base your graph on the
following variables:

Note: (There may be more than one correct solution to the assigned problem)
a)temperature

b)temperature sensor (T1)

c)cooling water feed (V3)

d)heating element (H1)

e)pressure

f)pressure sensor (P1)

/temperature
sensor /

" heating /cooling water™,
_element 7 N feed

I

temperature

il

pressure

pressure
sensor

High temperature will 'activate' the temperature sensor, telling it that the temperature has
exceeded the optimal temperature and an action need to be done to bring it back to the
desired temperature. The temperature sensor would then open the valve for the cooling
water feed which would cause the water to flow through the jacket. This results in the
temperature inside the reactor to decrease. The reverse happens for the heating element.
An activation of the temperature sensor would translate to an inhibition of the heating
element in which the heating element would stop increasing the temperature of the
reactor. Temperature and pressure are directly related by ideal gas law and thus affects
each other in both ways. Thus, for the control redundancy mechanism, an increase in
pressure would activate the pressure sensor which would then activate the cooling water
feed to cool the temperature for the reactor.



Logic control:
* IFTI1 =<220°C, THEN HI is on, ELSE H1 is off
* IFTI>=250°C, THEN V2 and V3 is open, ELSE V2 and V3 is close
* IFP1>=1.2atm, THEN V2 and V3 is open, ELSE V2 and V3 is close

3.6 Worked out Example 2

After completing the assignment of devising the temperature control, your boss asked
you to devise a mechanism to control the flow of raw materials and products. Draw a
causation graph showing negative feedback relations between L1, V1 and V4 when the
level inside the reactor is increasing (this is an example of an inconsistent pathway). The
normal operating conditions are shown below:

V1 is 50 gal/min, V1 is usually open
V4 is 50 gal/min, V4 is usually open

L1 is 20 meters, L1 should not go above 30 meters and should not be below 10 meters

P ’(/\\ S
V1 )] \Ly V4

The level sensor monitors the fluid height inside the jacketed CSTR. Assuming the level
inside the reactor is increasing steadily, the level sensor will send a negative feedback
signal to V1 to decrease the input flow.

Logic control:
IF L1 > 30 meters, THEN V1 is closed

IF L1 < 10 meters, THEN V4 is closed

3.7 Worked out Example 3

Determine whether the following causation graph is consistent, inconsistent or partially
consistent. Include your reasoning.



2

TN
i

3

Solution:

All relationships are consistent. Each variable 1,2,3.4 has a simple relationship which is
monotonic among the other variables in the set.

Paths(s) [Sign series
{12} |(+-)
{123} |(+,1)
{13} J+0)
{143} |(+.+,-)
{14} (+.+)
2,1} J(+0)
{2,3} (+,+)
{2,1,3}  |(+.,-,+)
{2,14}  |(+-5)
{43}  |(+-)

3.8 Sage's Corner
A Brief Narration for Better Understanding of the Incidence Graphs
http://video.google.com/googleplayer.swf?docld=857592852338575559

slides for this talk
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4.1 Introduction

Microsoft Excel program is one of the most popular and useful computer programs for a
wide variety of numerical applications. Excel features several different functions,
interfaces and graphing tools which can be applied in many fields. The following
functions might be especially useful for logical programming in Excel:

* Logical functions (ex: IF, OR and AND): These functions can be used in control
analysis, particularly in safety regulation (for example, if the temperature exceeds
X degrees, shut down the reactor and send cooling water to the jacket)

Solver: This function can be used to maximize, minimize or try to obtain an input
value in a cell by varying referenced cells.

* Random Number Generator. This can be used as a tool for probability or
randomly selecting data points for analysis from a large pool of points.

While it might be less accurate than other modeling programs, the Excel model provides
good estimates, and facilitates observation and understanding of process behavior while
requiring minimum computer knowledge. The following sections will provide you with a
better understanding of these common Excel functions, followed by examples in
engineering applications.

4.2 Logical Methods

A logical test is any expression that can be evaluated as TRUE or FALSE with specified
input conditions. Commonly used logical tests are IF, OR and AND statements. All three
statements can be used in conjunction with each other for more complex and complete
modeling.

Note: all functions and formulas in Excel require an equal (=) sign in front of the
syntax.

4.2.1 Excel's IF statement
The IF function in Excel tests values and formulas in the target cells and returns one
specified value "if" the condition input evaluates to be TRUE and another value if it
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evaluates to be FALSE. The IF statement in Excel is called out with the following
syntax:

[F(logical_test,value_if_true,value_if false)

Logical_test: any expression or correlation of values that can be evaluated as TRUE or
FALSE.

Value_if_true: the value or expression that is returned IF the condition in the logical test
returns TRUE.

Value_if false: the value or expression that is returned IF the condition in the logical test
returns FALSE.

The value_if_true and the value_if_false part in the syntax may vary and can be
numerical values, expressions, models, and formulas. If either of the values is left blank,
the test will return O (zero) correspondingly.
Sample coding:

* IF(1+1=2, "Correct!", "Incorrect!")
For the logical test part, 1+1 is equal to 2, and the iteration will return TRUE. The

value_if_true is called for the TRUE response, and "Correct!" will be output in the
corresponding cell.

It is possible to nest multiple IF functions (called Nested IF) within one Excel formula.
Such a formula is useful in returning multiple answers, compared to a a single IF function
which can return only two possible answers.
A Nested IF statement has the following syntax:

* IF(logical_test1, value_if_truel, [F(logical_test2, value_if_true2,
value_if_false) )

The following example shows how a Nested IF function is used to make a spreadsheet
that assigns a letter grade to different scores.

Suppose that grade distribution is:

@ A= Greater than or equal to 80

@ B= Greater than or equal to 60, but less than 80
@ C= Less than 60

This logic function can be written in several different ways. If the score is tested to be the
letter grade C first, then checked to see if it is a B or an A, the syntax could be written as
follows:

*  IF(A5<60,"C",IF(A5<80,"B","A"))

Note that the Nested IF statement can be placed in either the value_if_false OR the
value_if_true positions. In the example above, it was placed in the value_if false
position because of how the conditional was written.



Additional letter grades could be added by including more nested IF functions inside
the existing function. One formula can include up to 7 nested IFs, which means you
can return up to 8 different results.

4.2.2 Excel's OR statement

The OR statement in Excel is similar to the IF statement. It returns TRUE if any
argument or expression of values is TRUE, and it returns FALSE if all arguments or
expression of values are FALSE. The syntax for OR is:

*  OR(logicall,logical2,...)

logicall: there can be up to 30 arguments for the logical expression to test and return
either TRUE or FALSE. If all of the arguments are false, the statement returns FALSE for
the entire expression.
Sample coding:

* OR(1+1=2, 2+2=5)
In the logicall part, 1+1 is equal to 2 and will return TRUE. In the logical2 part, 2+2 is
not equal to 5 and will return FALSE. However, since one of the test returns TRUE

(logicall), the function returns TRUE even if logical2 is FALSE. TRUE will be output in
the corresponding function cell.

4.2.3 Excel's AND statement

The AND statement returns TRUE if all its arguments or values are TRUE and returns
FALSE if one or more argument or value is FALSE. The AND statement syntax is:

* AND(logicall,logical2,...)
logicall: similar to OR statement with up to 30 arguments to test that could return either
TRUE or FALSE.
Sample coding:

* AND(1+1=2, 2+2=5)
Logicall will return TRUE for the correct calculation while logical2 will return FALSE

for the incorrect calculation. However, since one of the expressions is FALSE, the AND
logical test will return FALSE even if one of the tests is true.

It is common and useful to understand how to implement different logical functions into
each other. A good example would be:

* IF(AND(2+2=4,3+3=5),"Right Calculation","Wrong Calculation")

During iteration, the AND statement should return FALSE since one of the
expression/calculation is incorrect. The FALSE return will output "Wrong
Calculation" for the IF statement iteration.

4.2.4 Other Useful Excel Functions
Excel has many useful functions that can help any engineer who is using Excel to
model or control a system. An engineer may want to know the average flow rate,



number of times the liquid in a tank reaches a certain level, or maybe the number of
time steps that a valve is completely open or completely closed. All of these
situations and many more can be addressed by many of the simple built-in functions
of Excel. Below are some of these functions and a brief definition of what they
compute and how to use them. They are followed by an image of a sample excel file
with an example of each function in use. To see a list of all the built-in functions
Excel has to offer, click shift-enter on the cell.

AVERAGE(numberl ,number2,...) - Returns the average or arithmetic mean of the
arguments. The arguments can be numbers, arrays, or references that contain numbers.

CEILING(numberl, significance) - Rounds a number up to the nearest integer or
multiple of significance.

CHIDIST(x, degrees_freedom) - Returns the probability of the chi-squared distribution.
COUNT (valuel,value2,...) - Counts the number of cells that contains numbers.

COUNTIF (range, criteria) - Counts the number of cells within the range that meet the
given criteria.

COUNTIFS(criteria_rangel criterial criteria_range?2 criteria2,...) - Counts the number of
cells within multiple ranges that meet multiple criteria.

FLOOR(numberl ,significance) - Rounds a number down toward zero, to the nearest
multiple of significance.

FREQUENCY (data_array,bins_array) - Calculates how often a value occurs within a
range of values (bins). The function will return a vertical array of numbers having one
more element than the bins_array. Once the formula is entered into the target cell,
highlight the target cell making a vertical array one cell larger than bins_array. Once
selected press F2 to open the formula of the target cell and then press CTRL+SHIFT
+ENTER to execute your function.

LARGEC(array,k) - Returns the k-th largest value in a data set. For example, the 2nd
largest number.

MAX(numberl ,number2,...) - Returns the largest number in a set of values.
MEDIAN(numberl ,number2,...) - Returns the median of a set of values.
MIN(numberl ,number2,...) - Returns the minimum value in a set of values.

MODE (number! ,number2,...) - Returns the most frequently occurring value in an array
or range of values.

PERCENTILE(array k) - Returns the k-th percentile of values in a range
ROUND(numberl, num_digits) - Rounds a number to the specified number of digits.

SMALL(array,k) - Returns the k-th smallest value in a data set. For example, the 7th
smallest number.

STDEV (number1 ,number2,...) - Returns the standard deviation of a given set of values
ignoring text and logical values.

SUM(number1 ,number2,...) - Adds all of the values in a range of cells.



SUMIF (range criteria,range,...) - Adds values of cells in a range meeting criteria.

VAR(number1,number2,...) - Estimates the variance of a given set of values.

A B c D E

Range Bins

AVERAGE(D3:D26) 4.125
COUNT(D3:D26)
COUNTIF(D3:D26.3)
FREQUENCY(D3:D26,E3:E6)
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W o0~ = W =

10 LARGE(D3:D26.3)
11 MAX(D3:D26)

12 MEDIAN{D3:D26)
13 [MIN(D3:D26)

14 MODE(D3:D26)
15 SMALL(D3:D26.6) 2
16 STDEV(D3:D26) 2.251810865
17 SUM(D3:D26) 99
18 VAR(D3:D26) 5070652174
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4.2.5 Nesting

Though not complex or difficult, placing logical statements within one another can
be a powerful practice. This is referred to as nesting.

An example demonstrating the use of a simple IF statement nested within another
IF statement is shown below:

If one were to ask three individuals whether or not they agree that energy has a
velocity, these individual will hypothetically respond in one of three ways:
"Yes","No", or (other). In this case, if the individual were to respond "Yes", then the
questioner would respond "I agree!”. If the individual were to respond "No", the
questioner would bitterly respond with a "Bah". And if the individual were to
respond with a nonsensical answer, then the questioner would respond "what .." in
confusion.



The important point to get out of this example is that nested statements gives us the

potential to process more information in one cell (or line of programming code).
A B | ¢C D E | F G H | b

=IF(F6="Yes"."| agree!". IF(F6="No","Bah". "what? .."))

[Me - "I don't think energy has a velocity." You - "Yes" or "No?" How | feel about your response...

6 Do you agree? > Yes - | agree!
7 Do you agree? - No - Bah
Do you agree? > 5 -> what? ..

4.3 Excel's Data Analysis Tools

Excel has several useful built in add-ins that can make data analysis much easier. Of these
we will cover the solver tool, as well as the ANOVA analysis.

4.3.1 Solver Tool

The solver in Excel is a built-in tool with multiple capabilities. It could be used to
optimize (find the maximum or the minimum value) a specific cell (the target cell) by
varying the values in other cells (the adjustable cells). It may also be used to solve a
system of non-linear equations. Solver formulas embedded in the spreadsheet tie the
value in the target cell to the values in the adjustable cells. The user can also specify
numerical range constraints for the cells involved.

Optimization Model

In optimization, one seeks to maximize or minimize the value of a real function. Just as a
student in a calculus class might use optimization techniques to find a local maxima or
minima of a complex function, a CEO might use similar techniques to find how much
product their company should manufacture to maximize profits. There are numerous
optimization techniques, many specialized for specific types problems. For the most part,
MS Excel uses gradient-based techniques.

The solver tool is located in the Tools menu. If it does not appear there, it must be added
in by selecting Add-ins and selecting the appropriate check box.

The solver window contains the following fields:
* Set Target Cell: This is the cell containing the value you want to optimize.

* Equal To: Choose whether to maximize the value, minimize the value, or set
it to a specific number.
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* By Changing Cells: Here you specify all the cells that can be varied when
optimizing the target cell value.

* Subject to the Constraints: Constraints are optional, but can be added by
clicking Add and defining each constraint.

* List of Available Constraints

o <= (Less than or equal to) Stipulates that a selected cell must be less
than or equal to a certain value.

o = (Equal to) Stipulates that a selected cell must be equal to a certain
value.

o >=(Greater than or equal to) Stipulates that a selected cell must be
greater than or equal to a certain value.

o int (Integer) Stipulates that a selected cell must be an integer
o bin (Binary) Stipulates that a selected cell must be equal to 1 or 0.

The window where these constraints can be entered is shown below.

Add Constraint @
Cell Reference: Constraint:
5] (<= [V] R
=1
[ OK | [ Cancel == Add
ink
bin

It is important to make sure that constraints do not violate each other otherwise solver
will not work without reporting an error. For example, if a cell must be great than 2 and
less than 1 Solver will not change anything.

Once all the fields in the Solver window are completed appropriately, click Solve. If
solver can find a solution a window will pop up telling you so, and the values will appear
in the target and adjustable cells. If solver cannot find a solution it will still display the
values it found but will state that it could not find a feasible solution. Be aware that Excel
solver is not a powerful enough tool to find a solution to nonlinear equations, where
programs such as Matlab might be a better choice.

* Guided Example: Suppose you have an Excel spreadsheet set up as shown below, with
cell C6 depending on cell B6 according to the quadratic relationship shown, and you
want to minimize the value in C6 by varying the value in B6.
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1) Open up the solver window.

2) Input C6 in the set target cell field, check the min button, and input B6 in the by
changing cells field:

Solver Parameters @

Set Target Cell: i_SC $6 . . Solve |

Equal To: Omax ®mMn O value of: JO—J
By Changing Cells:

I_SéSG &S | Guess |

Subject to the Constraints:
|

Close

Reset All

12
cr
(=]
=
w

3) Click solve to find the solution.

You can place further constraints or further specify how you want your task solved under
"Options." Some of the most commonly used specifications include:



Max Time: seconds OK
Iterations: 100 Cancel
Precision: 0.000001 | Load Model...
Tolerance: S % Save Model...
Convergence: 0.0001 Help
[ ] Assume Linear Model [ ] use Automatic Scaling
[ ] Assume Non-Negative [ ] show Iteration Results
Estimates Derivatives Search

(@) Tangent (®) Forward (@) Newton

(:'} Quadratic 'I:) Central (:’I' Conjugate

* Max Time: This is the maximum amount of time excel will spend trying to find a
converging value before giving up.

* Jterations: This is the number of iterations excel will perform to converge to a value.

* Precision: This is related to how close excel has to get before a value is "acceptable."
In general, making this value several orders of magnitude smaller will yield a more
accurate result, but will take more time to do so, and may have a harder time converging.

* Tolerance: This is also related to how accurate a solution is, this is related to the
percent error. Making this smaller should also yield a more accurate result, but with more
difficulty finding a solution.

* Convergence: Controls the amount of relative change that occurs during the last five
iterations that Solver performs. The smaller the number of the convergence the less
change that will occur.

Box Options Click on the box to select the following options:

* Assume Linear Model: This will speed up the time to find a solution because it will
make Solver assume that the model is linear.

* Assume Non-Negative: Solver will make the lower limit of adjust zero for all the cells
that are programmed to be adjusted in the model that are not limited by a chosen
constraint.

* Use Automatic Scaling: Used for large differences in magnitude to scale the inputs and
outputs.



* Show Iteration Results: Solver will pause between each iteration to show the results
of that iteration in the model.

Estimates Specifies to Solver on how to use initial estimates for iterations
* Tangent: Uses linear extrapolation by utilizing a tanget vector.
* Quadratic: Uses quadratic extrapolation. Best to use for nonlinear models.

Derivatives Specifies what type of differencing is used for partial derivatives for both the
objective and constraints.

* Forward: Constrained values change slowly between iterations.
Nonlinear Regression

Excel's solver function can also be used to find a solution for two-variable non-linear
regression. The description of the data by a function is carried out by the process of
iterative nonlinear regression. This process minimizes the value of the squared sum of the
difference between the actual data and the predicted value (residual).

There are three basic requirements for using solver including:
1) Raw data

2) A model equation to find predicted values

3) Initial guesses for varying values

Before using the solver function, the raw data should be organized into separate columns
for the independent variable (first column) and dependent variable (second column). A
third column will show the predicted value that is obtained by using the model equation
mentioned earlier, and must reference various single cells that have initial values that
Excel will use as a starting point for the regression. A fourth column should be created
with the square of the difference between the predicted value and the actual experimental
value (raw data); this is also known as the square of the residual. A cell at the bottom of
this fourth column should include the sum of all the squared difference values above it.
Two more cells anywhere else in the worksheet should be designated as the initial
guesses for the values to be varied to find the solution.

It is important to choose a reasonable value for the initial guess. This will not increase the
chance that Excel arrives at a global optimization rather than a local optimization, but
also reduces the time it takes for Excel to solve the system of non-linear equations.

Now, solver can be applied to the spreadsheet to optimize the regression. Refer to section
3.1 for how to access and use solver. The bottom most cell of the fourth column that has
the sum of the squares of the residuals will be the target cell. Since the residuals are
essentially the error, the sum of the residuals squared should be as small as possible, so
the min circle should be selected. The initial guesses should be entered into the "by
changing cells". Constraints can be entered if the values of the cells are limited to a
certain range. Solver will produce the values of the varying parameters that yield the best
fit to the nonlinear data.
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* Guided Example: A screen shot of a simple population problem is shown
below. The yellow highlighted cells are the initial guesses for the variables. In
this case, the initial population (PO, cell E2) is entered as a constraint.
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4.3.2 ANOVA Analysis

ANOVA is another tool on Excel that can be used for data analysis purposes. It is
used primarily to compare continuous measurements to determine if they are
sampled from the same or different distributions. This is usually done on set of data
that consists of numerous samples and/or groups. Single factor ANOVA analyzes the
difference between "groups"” which can be different units, sensors, etc. On the other
hand 2 way ANOVA analyzes the differences on the basis of both samples (trials)
and groups, allowing you to compare, which one most affects the system. Two-way
ANOVA can be employed for two different cases: data with or data without
replicates. Data without replicates is used when collecting a single data point for a
specified condition, while data with replicates is used when collecting multiple data
points for a specific condition.

The telling result of ANOVA analysis is a p-value telling you if there is a statistically
significant difference between data sets. A more in depth discussion of the uses and
implementation of ANOVA can be seen here.[1]

4.4 Random Number Sampling

A useful numerical technique is the random number generator. This generator uses
random number sampling to create a predictive model. This can be especially useful in
probability problems.

A typical random number generator produces any number between 0 and 1 with equal
frequency. At each step a random number is generated that picks a possible outcome. A
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typical Excel statement would appear as the following: IF (RAND()<X, valuel, value2).
This means that X percent of the time, you would get a valuel and 1-X percent of the
time, you would get a value2. For example, suppose a situation exists with two possible
outcomes, A and B, where A takes place 70% of the time. If a random number is
generated that is greater than 0.3, then the outcome is A. Inversely if the random number
is less than or equal to 0.3, then B is the outcome. This would be represented as
IF(RAND()<0.7, A, B). Each step within the generator does not affect the next step, i.e.
each step is determined individually. A process in which previous outcomes do not affect
later outcomes is known as a Stochastic method or "Monte Carlo" method. A Monte
Carlo simulation uses a model that takes random input that follows an assumed
distribution (in this case, 70% A and 30% B) and produces output that models some
phenomenon. The following is a simple example of such a simulation:

* Abotanist is conducting an experiment that involves growing 15 plants from seed
in a low-light room. There is a 30% chance that a given seed will germinate. The
experiment is to be repeated three times. How many of the seeds germinate in
each of the experiments?

In this example, the random input for each trial would be 15 random numbers
between 0 and 1. By tabulating how many of the numbers are greater than 0.3 and
how many are less than or equal to 0.3 you know how many of the seeds sprouted.

The Excel is equipped with a random number generator which can be called out using the
RAND function. A random number between 0 and 1 can be generated in a cell by the
following command:

1. =RAND()

In Microsoft Excel 2007 the RAND function returns a new random number every time
the worksheet is calculated or when FO is pressed. If the same random number is needed
to be referred to more than once in an Excel IF, AND, OR statement, one can create a
column of random numbers using =RAND(), and refer back to these cells in an adjacent
column.

There are many ways to manipulate the random numbers that Excel produces. A random
number can be generated within a different range by multiplying the RAND function by a
constant, i.e. multiply by 100 to change a decimal to percent. Another option to generate
numbers within a different range is the RANDBETWEEN function. RANDBETWEEN
generates a random integer within a specified range. The following command generates a
random integer between -6 and 21:

* =RANDBETWEEEN(-6,21)

It is also possible to modify your random numbers by nesting the RAND function within
another function. For example, one can square the results of one distribution to create a
different distribution of numbers.

Another way to utilize the RAND function is to take a random sampling of a data set. If
one has a spreadsheet with several hundred data points, and would like to analyze only
100 random points, another column can be created titled "Random Number" or
something similar. In the first cell of this column, type the =RAND() function. Then drag
this function all the way to the end of the data set. At this point, the user can go to the



DATA drag-down menu and select Sort... In this menu, select your random number
column in the SORT BY drag down menu. Either ascending or descending can be
selected, as desired. Once the spreadsheet is sorted by the random numbered cells, the
first 100 data points can be used as a statistically random cross-section of the data.

The sort tool can be useful in cases when you are trying to find out the probability of
having certain values above a certain threshold. For example, if the 100 data points that
you have represent the temperature variations occurring within a system, you can use sort
tool to determine how many temperature values exceed your threshold. From that, you
can calculate approximately the probability of the system temperature exceeding the
threshold. Two screenshots of the sort process are shown below. Microsoft Excel 2007
uses a different menu, allowing for one to choose between sorting from Largest to
Smallest or vice versa. A screenshot below shows this new menu.
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Results to Randomization:
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Microsoft Excel 2007:
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4.5 Worked out Example 1

The Arrhenius equation defines the relationship between a reaction rate constant k and
temperature:

K(T) = AeE/RT

where T is the absolute temperature, A is the frequency factor, E is the activation energy,
and R is the universal gas constant.

It is frequently desirable to be able to predict reaction rates at a given temperature, but
first you need to know the values of A and E. One way to obtain these values is to
determine the reaction rate constant at a few temperatures and then perform a nonlinear
regression to fit the data to the Arrhenius equation. Given the following rate constant data
for the decomposition of benzene diazonium chloride, determine the frequency factor and
activation energy for the reaction.

k(s T(K)

0.00043 313.0
0.00103 319.0
0.00180 323.0
0.00355 328.0
0.00717 333.0

Solution: The following Excel file contains a solution to the problem that uses Excel's
solver tool to perform the nonlinear regression and determine the values of A and E:

Example 1
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The spreadsheet is set up as described in the nonlinear regression section above.

1. Open solver (Tools / Solver)
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2. Set the Sum of Residuals Squared value cell as the target cell
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4. Set Pre-exponential Factor and Activation Energy as the adjustable cells. For this
problem, keep A between 1E+13 and 1E+14 sA-1 and E between 9.5E+4 and 1.05E+5J
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5. Sometimes, depending on what version of excel you are using, a message will come up
like the one below. If this happens, click OK. The graph will update with the new curves.

Solver Results

Solver found a solution. All constraints
and optimality conditions are satisfied.

® Keep Solver Solution
(0 Restore Original Values

Reports

Answer
Sensitivity
Limits

1 ( Help ) ( Save Scenario... ) ( Cancel ) € OK )

raeTy

6. Click Solve and observe the values of A and E calculated by Solver and the changes to
the plot showing the rate constant as a function of temperature.



NOTE: If solver is not fitting the data well, click the options button in the solver window
and make the precision value smaller by several orders of magnitude.

4.6 Worked out Example 2

Kinetics can be used to determine the probability of a reaction taking place between gas-
phase molecules. Consider molecules A and B, which have a 60% chance of reacting
upon collision. Create an Excel spreadsheet that utilizes a random number generator and
an if-statement to model an individual collision.

Solution

In this Excel file, sample coding for Random number generator and if-statement is
shown.

* Collision Example Excel File:
Collision _ex

Random number generator is used to output numbers between 0 and 1 for four trials, ten
trials, and one hundred trials on sheets one, two, and three, respectively. Formula for the
random number generator is employed in the cell where you want the number to be
output (in this case, B6 is the cell). An IF logical test is then employed to test whether the
number follows the requirement or not. The IF-statement cell will then output the
corresponding result based on the logic test. In this collision case, if the random number
function generated a number greater than 0.4, the logic test will return TRUE and then
output "Reacts" as the result. Assuming that the random number generator produces an
even distribution between 0 and 1, the random number will be greater than 0.4 sixty
percent of the time. Coding of the IF-statement is shown:

* =IF(B6>=0.4,"Reacts","Does not React")

On the other hand, if the number generated is less than 0.4, the logic test returns FALSE
and "Does not React" will be shown as the result. Different numbers are generated each
time the spreadsheet is updated, thus different result will return for the IF function. You

can also modify the numbers and return statement to better understand the operation of

the functions.

The number of reactions is summed up and divided by the total number of trials to
compare the predicted reaction probability with the value given in the problem. It can be
seen by comparing sheets one, two, and three that increasing the number of trials
decreases the variation in the predicted reaction probability.

4.7 Accessing Excel Tools on Windows

On many computers, excel tools such as solver and the data analysis package are not
already included and must be installed before used. This section will go over how to
access these add-ins for those using Windows opposed to Macs.

1) Click on the windows symbol in Excel 2007. At the bottom of the opened window,
select the Excel options box.
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2] Excel Options | | X Exit Excel |

2) On the left side panel you will see a section labeled "Add-ins". Select this.
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3) Here you will see a list of "Inactive Applications" that are available for excel. Of these
the ones we are interested in are the "Solver Add-In" and the "Analysis ToolPak." Select
one of these and click "Go" at the bottom of the window.
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4) A new window will appear asking you which components of the package you would
like to install. Select the needed tools (solver and analysis toolpak). Click "Ok" and
windows should install the corresponding tools into excel.
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5) Once done, these tools will be found under the data section of Excel, on the far right of
the window.
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4.8 Sage's Corner

Example of Non-linear regression
http://video.google.com/googleplayer.swf?docld=-6226344938424937989
Media:NonLinearRegression_No_narration.ppt slides

Monte Carlo Integration in Excel
http://video.google.com/googleplaver.swf?docld=5563937806029403905
Powerpoint Slides with No Narration
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Excel Spreadsheet Used in Monte Carlo Integration Example
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Section 5. Noise modeling: more detailed information on noise
modeling: white, pink, and brown noise, pops and crackles

Note: EVideo lecture available for this section!
Authors: Danesh Deonarain, Georgina Mang, Teresa Misiti, Carolyn Ehrenberger
Date Presented: September 08, 2006 Date Revised: September 19, 2006

* First round reviews for this page
Rebuttal for this page

5.1 Introduction

Noise is all around us in all sorts of forms. In the common use of the word, noise refers to
sound. However, noise can more accurately be thought of as random variations that are
always present in one or more parts of any entity such as voltage, current, or even data.
Rather than thinking of noise only as an acoustic term, it should be thought of more as a
random signal. Noise can be the inherent fluctuations in some part in a system (ie.
temperature at a given point) or it can be the unavoidable interference on a measurement
from outside sources (ie. vibrations from a nearby generator blur measurements from a
pressure transducer). The static interference on your radio, the ‘snow’ on your television,
and the unresolved peaks on an infrared spectroscopy report are all examples of noise.

Chemical engineers can use statistical properties to characterize noise so they can
understand a current process or develop an optimal process. By characterizing the noise
and determining its source, the engineer can devise methods to account for the noise,
control a process, or predict the path of a system. For example, when chemical engineers
design plants, they use characterizations of noise to determine the best control scheme for
each process. Mathematical modeling can be used to characterize and predict the noise of
a given system. In modeling, to simplify the representation of general trends that reoccur,
noise is classified in two major categories: frequency based and non-frequency based.
Frequency based noise consists of the colors of noise, and non-frequency based noise
includes pops, snaps and crackle.

The purpose of the following sections is to give you a qualitative understanding of the
sources of noise and how it can be characterized and handled. Examples will be given to
help you gain a quantitative understanding of how noise relates to controlling and
modeling chemical engineering processes.

5.2 General Types of Noise

Three general types of noise can be categorized in describing a process, and are as
follows:

1) Gaussian noise is usually not dependent on time, meaning that it is random and not
systematically planned. The amplitude of the frequency can vary, making a crackling
notation or sound (see #Crackles below). Some examples of Gaussian noise can include
splashing in a tank or unplanned interruption in a sensing device.
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2) Drift noise is correlated to time, and has random movement. Examples of drift noise
can include fouling or catalyst decay, in which the potency of the substance may decline
over time as decaying occurs. Stock price fluctuations also model somewhat like drift
noise.

Drift Noise
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3) Shot noise may be defined as sporadic and short bursts of noise, in which the
amplitude is similar among the bursts of noise. Shot noise can be correlated to pops (see
#Pops below), in which at random times, the same shot noise is witnessed with the same
amplitude. Examples of shot noise include partial clogging or jamming in the process in
which the same amplitude will be seen by the noise whenever the clogging or jamming in
the process occurs. Another example is customer demand of the product. If the control
system (when trying to optimize it) depends on the customer order, and customer demand
is not consistent at all times (meaning downtimes for orders) but the order amount is the
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same when orders are placed, then it will be effected by the shot noise described by the
customer order (customer demand).
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Microsoft Excel Formulas for 3 Types of Noise

Noise Type Excel Formula
Gaussian = [Original value] + RAND() - RAND() + RAND() -
Noise RAND()!
Drift Noi = [Previous value] + RAND() - RAND() + RAND() -

rift Noise RAND()!

. = if(RAND()>0.9, [Original valuel+[single error],
Shot Noise ..
[Original value))

I'The more add/subtract cycles of RAND() you use, the closer approximation you'll get for a Gaussian
distribution
of random errors.

As you would see these in an Excel file:

\[ A B C D
1 [Time |Gaussian Noise Drift Noise Shot Noise
2 |1 original value original value original value

= $B$2 + RAND() - RAND() + |= C2 + RAND() - RAND() += ifRAND()>0.9, $D$2+[single

3 P RAND() - RAND() RAND() - RAND() error value], $D$2)




= $B3$2 + RAND() - RAND() + |£ C3 + RAND() - RAND() +}= if(RAND()>0.9, $D$2+[single
RAND() - RAND() RAND() - RAND() error value], $D$2)

Note: These formulas can be extended for any length of time. Longer periods of time are useful for
visualizing drift noise.

5.2.1 Combined Types of Noise

Sensors, processes, demands, etc. often do not behave with simple noise models.
However, most noise can be derived from the three general types of noise. An example of
a process with random and shot noise is shown in the thumbnail.
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This is a graph of the total daily electricity usage for a plant during a normal operation
period. As we can see, there are minor fluctuations occurring every day, but some days
there are large changes of electricity usage. These large changes can be seen as shot noise
when the consumption is viewed on this daily scale.

Possible reasons for the minor fluctuations could be due to electric heaters kicking on and
off. Changes in the operation of smaller pumps can cause these changes in electricity
demand.

The large shots could be due to an energy-intensive part of the process that only operates
when needed. The positive shots could be due to this process kicking on and the negative
shots could be due to a large process kicking off when not needed.



With this graph, we can say that there is shot noise present with the large changes in
consumption, but there is also random noise present with the minor daily fluctuations. We
would not say there is drift noise present because the consumption remains around a
constant mean value and does not drift away from there.

However, the total consumption when viewed from a different scale may show other
forms of noise. If we viewed the hourly usage of electricity on one of the days with shot
noise, it may resemble drift noise on the hourly scale.

5.3 Colors of Noise

The first category of noise is frequency-based noise, classified by the colors of noise. In
understanding the colors of noise, we need to understand the process of converting a
given set of data to a point where it can be classified as some color of noise. The section
below, “Modeling Noise,” goes into more detail as to how this is done. At this point, it is
important to understand the main colors of noise which are possible in a system. Noise is
classified by the spectral density, which is proportional to the reciprocal of frequency (f)
raised to the power of beta. The power spectral density (watts per hertz) illustrates how
the power (watts) or intensity (watts per square meter) of a signal varies with frequency
(hertz).

|
PSD ox —

3 -~
f where B is U.

Just like colors of light are discriminated by their frequencies, there are different colors of
noise. Each beta value corresponds to a different color of noise. For example, when beta
equals zero, noise is described as white and when beta equals two, noise is described as
brown.

5.3.1 White Noise

One major type of noise is white noise. A defining characteristic of this type of noise is it
has a flat power spectral density, meaning it has equal power at any frequency. 3 equals
zero for white noise.

White noise and white light have similar properties. White light consists of all visible
colors in the spectrum while white noise is created by combining sounds at all different
frequencies.

Pure white noise across all frequencies cannot physically exist. It requires an infinite
amount of energy and all known energy is finite. White noise can only be created within a
specific and defined range of frequencies. Again making an analogy to white light, for a
small band of frequencies, visible white light has a flat frequency spectrum.

Another property of white noise is that it is independent of time. This factor also
contributes to the idea that white noise cannot physically exist since it is impossible to
have noise be completely independent of time.



A sample power spectral density chart of white noise is shown below. As can be seen
from the chart, the power over all displayed frequencies is essentially the same,
suggesting the PSD is equal to 1.

It is important to note that white noise is not always Gaussian noise. Gaussian noise
means the probability density function of the noise has a Gaussian distribution, which
basically defines the probability of the signal having a certain value. Whereas white noise
simply means that the signal power is distributed equally over time. For gaussian white
noise one finds the number of measurements greater than the power spectral line as
measurements that are less than the power spectral line with majority falling at the
spectral line. Gaussian white noise is often used as a model for background noise in
satellite communication. White noise can also come from other distributions, such at the
Poisson distribution. Poissonian white noise will look like a normal distribution that has
been shifted to the left for small number of measurements. For larger number of
measurements Poissonian white noise will look like the normal distribution (also known
as gaussian white noise). A Poissonian white noise model is useful for systems where
things happen in discrete amounts such as photons being transmitted or the number of
cars that go through an intersection.
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image from http://en.wikipedia.org/wiki/White noise on 9/18/2006

5.3.2 Pink Noise

Pink noise is a signal whose power spectral density decreases proportionally to the
inverse of the frequency, where the [3 value is equal to one. Because of its decrease in


https://controls.engin.umich.edu/wiki/index.php/Continuous_Distributions:_normal_and_exponential
https://controls.engin.umich.edu/wiki/index.php/Continuous_Distributions:_normal_and_exponential
http://en.wikipedia.org/wiki/White_noise
http://en.wikipedia.org/wiki/White_noise

power at lower frequencies when compared to white noise, pink noise often sounds softer
and damper than white noise.

Pink noise is actually what is commonly considered audible white noise and is evident in
electrical circuits. Pink noise becomes important to measure in things such as carbon
composition resistors, where it is found as the excess noise above the produced thermal
noise.

Below is a power spectral density chart for Pink noise.

Pink Noise Power Spectral Density
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5.3.3 Brown Noise

When { equals 2, the noise is Brownian. Brown noise is signal noise created by
Brownian, or random, motion. It is a form of unavoidable interference in the transmission
of information and can be compared to a random walk that does not have a clearly
patterned path.

Brown noise has more energy at lower frequencies. Compared to white or pink noise,
brown noise is even more soft and damped. It can be generated by integrating white
noise. Interference from outside sources, such as vibrations from nearby machinery or
background light, in instrument readings usually have a brown noise pattern.
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Below is a power spectral density chart for brown noise. From the charts of brown noise
and pink noise, it can be observed that brown noise loses power as frequency increases at
a much faster rate than that of pink noise.

Brown Noise Power Spectral Density

Brown Nolse

Intersity (dB)

'l

100 1000 10000
Frequency (Hz)
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5.3.4 Blue Noise

Blue noise is a signal whose power spectral density increases proportionally to the
frequency, where the 3 value is equal to negative one.

An example of would be a reversable, exothermic, batch reaction where the products are
being accumulated at an overall constant rate, but the reverse reaction occurs when the
temperature gets too high. Thus it is overall increasing in product, but has small
fluctuations as it increases.

Below is a power spectral density chart for blue noise.
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5.3.5 Purple Noise

When {3 equals -2, the noise is violet. Purple noise has more energy at higher frequencies.
It can be generated by differentiating white noise.

Below is a power spectral density chart for purple noise. From the charts of purple noise
and blue noise, it can be observed that purple noise gains power as frequency increases at
a much faster rate than that of blue noise.

5.3.6 Modeling Colors of Noise

Characterizing noisy signals is important to a chemical engineer so that he or she can
determine the sources of noise and how to account for it. Sometimes, the noise will be a
characteristic of the system. In these cases, the system can not have a very sensitive
control because if the sensor for the controlling device is too sensitive, it will respond to
the noise of your system and end up controlling your system in a noisy way. Other times,
the noise will be from unavoidable disturbances to the system. In these cases, the noise
can be damped or accounted for in an appropriate manner.

In order to apply the knowledge of the colors of noise we need to understand the process
of converting a given set of data to a point where it can be classified as some color of
noise. The general process of classifying noise follows.
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Data ———= Curve to Fit Data —— Fourier Transform —— Power Spectral
Density —— Classification of Noise Color

The classification of noise color becomes important when we need to have an estimate of
future data. In other words, given the trends in our current data we can use it to estimate
future data. This is done as follows,

Noise Color ——= Power Spectral Density ——- Fourier Transform ——
Curve —— Generate Data From Curve

The power of a noise signal is detected at a certain frequency. Then a plot of the
log(power) vs. the log(frequency) can be constructed, and the slope of the line gives the
beta value. Following a backward thought process, one can produce a certain color of
noise by creating frequency components which have a value generated by a Gaussian
distribution and then scaling by the appropriate beta power of frequency.

A general method to characterize and model noise is explained below.

1. DATA

Data is what the signal transmits. The signal is dependent on what you are measuring or
modeling. The data can be collected, for example, if you're measuring temperature in a
reactor, then your data is the temperature readings from a thermocouple at a certain
position in the reactor over a period of time.

2. CURVES

After you collect the data, you plot the data and find a best fit equation, *\f) | for that set
of data. A math program can be used to find a best fit equation. Microsoft Excel can be
used for a simple model and programs such as Polymath or Mathematica can be used for

more complex models. A simple equation could be in the form of Asin(Bt) The
coefficients A and B can be varied to fit the data. Additional terms can be added for more
accurate modeling of complex data. The equation you find can then be used to predict and
model future signal noise.

3. FOURIER TRANSFORMS

|
A Fourier transform is a tool used to convert your data to a function of f . In this form,
the noise can be more easily characterized. Apply a Fourier transform to the curve, (),
you fit to your data to generate a relation for the power spectral density. The Fourier

transform can be performed by a computer depending on the complexity of Z{t) (or see
"Simplifying the Fourier Transform" below). The transform is the integral shown below.



X(w) = / z(t)e ™ di

Where;

A ( ” is the equation of the curve to fit the data.

—jwt

m

is the exponential form of writing the relation
cos(wt) — 7

is imaginary.

St ( wt ) . The j in the second term here indicates that that term

- Wis the frequency

4. POWER SPECTRAL DENSITY

This value is attained by simplifying and squaring the Fourier Transform. Since the series
of simplifications needed are fairly complex, the resulting power spectral density
equation is displayed below.

|( ) ) / P . / NN
PSD = ()" z(t)cos(wt))? + (O z(t)sin(wt))?

At this point we attain a numerical value for the PSD at the particular frequency, W' .
These numerical PSD values can be plotted versus frequency to obtain the PSD chart.

5. CLASSIFICATION OF NOISE

The summation is repeated over and over for different frequencies, U’ . A plot of the
PSD vs. frequency, U is made with these values. Once this is done a best fit line is
applied to the data points which will give you the characterization relation

_ 1
PSD o —

3
f . Based on this we can then classify the noise as a color of noise.
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THE REVERSE PROCESS

Knowing how to convert data to a color of noise is only half the problem. What if we
know what type of noise is possible and we need data from it for a given process?
Knowing the noise color means that we know the power spectral density relation to the
frequency. From here onwards we follow the reverse route as that taken to get to the
noise color by using the inverse Fourier transform instead.

Inverse Fourier Transform
x(t) = —/ X(w)e!™ dt
2'77 —C

Where;

T ( ) is the equation of the curve to produce future the data.

,',u_'t A an A cn 21 -
- E’.J is the exponential form of writing the relation CO'S( w t) + Jst n( u t) .
The j in the second term here indicates that that term is imaginary.

- W is the frequency

We can either use it to produce a curve or, by making a similar simplification as we did
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for the Fourier transform, to generate data directly. This reverse process should be trivial
to someone who worked through the forward process.

5.4 Pops, Snaps & Crackles

The second category of noise is non-frequency based noise. Three examples of this non-
frequency noise are pops, snaps and crackles. The study of these noise types is fairly new,
and not a lot is known about how to deal with them when they arise in our research or
studies. However, one can successfully distinguish and classify these noise types by
noticing certain properties which are typical of them.

5.4.1 Pops

At one end of the extreme of non-frequency noise is what is defined as pops. Pops are
infrequent random spikes in noise of approximately the same amplitude. An example of
this would be a loose wire that is usually completing the circuit. However, it randomly
disconnects for a split second and then recompletes the circuit for normal operation.
Chemical engineering processes may inherently have pops that are unpredictable. Safety
features can be added to a process, such as pressure relief valves, to handle the pops when
they do occur.

The following is an image of what pops might look like in a system:

Amplitude vs. Time
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5.4.2 Snaps

On the other end of the non-frequency noise spectrum there are snaps. Snaps are single
independent events that occur only once. When a pencil is bent and it breaks under the
force is an example of snapping. Another example would be the snapping of a piece of
chalk or exploding a bomb. The “popping” of one’s knuckles is really snapping since it is
an independent event, unless you snap all your knuckles all at once or one after the other



really fast. Just like pops, snaps are unpredictable, and safety features should be added to
the system to handle the snaps.

The following is an example of a snap:
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5.4.3 Crackles

In between popping and snapping there is crackling. A very common example for
crackling is the sound heard coming from a burning piece of wood. Like popping, there is
a non-frequency or irregularity in which the crackles occur. In addition, there is also an
irregularity of the amplitude of the crackle. In the case of the fire, not only can you not
predict when the crackle sound would be heard, but you cannot predict how loud it will
be either. Furthermore, there is a universality condition associated with crackling.
Regardless of the scale, the similar randomness in repetition and amplitude should be
observed.

In dealing with this universality condition the concept of a critical exponent arises. For
example, if we are looking at the same crackling effect, S, over a larger period of time the
two would have to be equal after scaling the larger one.

< O Zsmall (T) =A<S5 :;:'largc (=)
B for some scaling factors
A and B .

Where;
~Y
-
<5 > is S average.
\

)

then the rescaling of

o1
B = 1_s)
If the time scale is expanded by a small factor (L—09)

the size will also be small, say 1 1 @0.



< S>(T)=(14+ad)x <S> (1407

; d< S >
- a< S >=1T —
For small 0 we have d T

Solving gives
<S> (T)=8,T"

The exponent (X is called the critical exponent and is a universal prediction of a given
theory.

There are other concepts which are used as a check for universality for times when the
critical exponent cannot be used but the most common one is the critical exponent.

The following is an example of what a crackle might look like in a system:
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5.5 Summary

Noise is all around us and is an unavoidable characteristic of monitoring signals.
When noise is frequency based, like the colors of noise, it can be characterized and
modeled using mathematical tools. When noise is not frequency based, like pops,
snaps, and crackles, it can be recognized, but ways to model it are still being devised.
Characterizing and modeling noise is important for chemical engineers to accurately
handle their data, control processes, and predict future trends.

5.6 Crackle Example

'Note that this is similar to but importantly not a real life example. The data is made up
to demonstrate the principle of Crackling'



A lead engineer monitoring the instantaneous flow rate of a coolant used to cool an
exothermic reactor gathers data set ‘a’ over a 30hr period. Later on that week he gathers
data set ‘b’ for the same coolant flow rate. For both sets of data he determined that the
way the instantaneous coolant flow rate is reacting to the exothermic reactor is optimal to
the reaction process. For his records he would like to represent the noise in the data in a
compact form. He wants you to first characterize the noise and then provide any other
information, which will generalize the trend in the data. Once you have completed these
tasks, report back to him.

Time Flow Rate
(hr) (m*3/s)
0 0 1 0 21 0
1 0 12 0 22 0
2 0 13 10 23 0
3 0 14 0 24 0
4 0 15 0 25 3
5 2 16 0 26 5.1
b 3.5 17 0 27 0
7 0 18 7.4 28 0
g 0 19 12.8 29 0
9 4 20 0 30 0
. 10 0
Data set 'a'

Note that between 0 and 30hr for all intervals of time not represented in this table there is
a zero assigned as the instantaneous flow rate.



Time

(hr) Flow Rate (m~3/s)

0 0 16 0 32 0
1 0 17 0 33 0
2 0 18 5.5 34 0
3 0 19 14 35 0
4 0 20 0 36 0
5 3 21 0 37 0
6 45 22 0 38 6
7 0 23 0 39 16
8 0 24 0 40 0
9 4 25 3 41 8
10 0 26 7 42 3
11 0 27 16 43 5
12 0 28 0 44 0
13 8 29 0 45 0
14 0 30 0 46 0
15 0 31 5 47 0
48 0

49 0

50 0

C
Data set 'b'

Note that between 0 and 50hr for all intervals of time not represented in this table there is
a zero assigned as the instantaneous flow rate.

— —Solution— —

Each set of data is plotted, Flow Rate vs. Time. The two graphs show crackling trends.
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Graph for data set 'a’
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Graph for data set 'b'

Upon observing this, the general noise trend is crackling. To provide a final proof we
a / \ ol i

<b>:(T):o_SOT

We first determine the critical exponent, a, for data set a.

We see that;

< S >=1.54

apply the universality relation

= 2. .
‘SU < this value can be the first value attained or an average of the first 2 or 3
values.

T = 30
Solving for the critical exponent using the relation given above we get;

a — —0.08

Once again we carry out the same calculation for data set 'b'.

< S >=2.12

‘SU =3 this value can be the first value attained or an average of the first 2 or 3
values.

T =50

Solving for the critical exponent using the relation given above we get;

a — —0.08



The similarity of the two critical exponent gives further proof that the data the
instantaneous flow rate of the coolant over a period of time will show crackling.

5.7 Colors of Noise Example

A chemical engineer is reading flow rates from flow meter. Every 0.1 day for 8 days a
reading was taken and the data is given here: Colors of Noise Example. The data displays
the fluctuations from the set flow rate of 3000 liters per hour at a wastewater treatment
plant. The specifications for the plant say that the max flow rate is 6000 liters per hour, or
the pipes will burst. Also, the flow rate cannot fall below 200 liters per hour, or the
system will automatically shut down.

The chemical engineer notices that there were some readings close to these limits. It is
the chemical engineer’s job to determine if the readings are accurate flow rates or if there
is an error with the flow meter. By characterizing the type of noise, the chemical engineer
can determine the source of the noise and so take appropriate preventative measures.
What type of noise is present and what protective measures should be taken?

— —Solution— —

1) Plot data. From the data presented, a flow rate vs. time chart was graphed to gauge
degree of fluctuation in the flow rate.
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2) Calculate the power spectral density data. Using the simplified integral derived to
calculate the power spectral density, a table was created with the resulting PSD values at
varying frequencies. These frequencies were self defined and were chosen to encompass a
broad range. More detailed calculations can be found here: Colors of Noise Example
under the worksheet titled “PSD CALC”.
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3) Plot the power spectral density. The power spectral density for each frequency was
then plotted against the frequency, creating the power spectral density plot shown below.
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4) Characterize the noise. To determine the [} value for the data, a linear trend line was
taken on the data. This trend line can be seen in the power spectral density plot above.
The slope of this trend line is the 3 value for the data. In this case, the 3=0.023. Since this
value is not that of white noise (f=0) nor that of pink noise (f=1), we can say that this
noise is somewhere between white and pink noise.

5) Determine the source of noise.

There are two possible major sources of noise. They are the liquid motion in the pipe and
noise in the flow meter caused by itself or outside sources. Since it is found earlier that
[3=0.023, the source of noise is probably from the flow meter. It is not from the motion of
liquid in the pipe because liquid motion tends to produce brown noise (3=2).

6) Protective measures that can be taken. Knowing this, a correction can be made on
the calculations to determine the actual flow rate. A full step by step solution can also be
found here: Colors of Noise Example under the worksheet titled “SOLUTION”.

Note: The data used is fabricated from a complex sine equation and was not actually
collected.
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Section 6. Numerical ODE solving in Excel: Euler’s method, Runge
Kutta, Dead time in ODE solving
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6.1 Introduction

This article focuses on the modeling of ordinary differential equations (ODEs) of the
form:

dy

_ f ( r. 1 )
de " |
In creating a model, a new value y; + 1 is generated using the old or initial value y;, the
slope estimate ¢, and the step size h. This general formula can be applied in a stepwise
fashion to model the solution. All stepwise models will take the following general form:

Yir1 = Yi + Oh

The modeling methods discussed in this article are Euler’s method and the Runge-Kutta
methods. The difference between the two methods is the way in which the slope ¢ is
estimated.

Choosing The Right Model and Step Size

The proper numerical modeling method heavily depends on the situation, the available
resources, and the desired accuracy of the result. If only a quick estimate of a differential
equation is required, the Euler method may provide the simplest solution. If much higher
accuracy is required, a fifth-order Runge-Kutta method may be used. Engineers today,
with the aid of computers and excel, should be capable of quickly and accurately
estimating the solution to ODEs using higher-order Runge-Kutta methods.

In all numerical models, as the step size is decreased, the accuracy of the model is
increased. The tradeoff here is that smaller step sizes require more computation and
therefore increase the amount of time to obtain a solution. A balance between desired
accuracy and time required for producing an answer can be achieved by selecting an
appropriate step size. One suggested algorithm for selecting a suitable step size is to
produce models using two different methods (possibly a second and third order Runge-
Kutta). The steps size can then be systematically cut in half until the difference between
both models is acceptably small (effectively creating an error tolerance).
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6.2 Euler's Method

Euler's method is a simple one-step method used for solving ODEs. In Euler’s method,
the slope, ¢, is estimated in the most basic manner by using the first derivative at x;. This
gives a direct estimate, and Euler’s method takes the form of

Yirr = Yi + [z yi)h

For demonstration, we will use the basic differential equation

d.l/ 2 .

— =3+ 2r+ 1

dxr with the initial condition y(0) = 1. If a step size, h, is
taken to be 0.5 over the interval O to 2, the solutions can be calculated as follows:

X y_Euler y_Actual Error
y(0) 1 1 0
y(0.5) 1+ [300)"2+2(0)+1](05)=1.5 1.875 0.375
y(1) 1.5+ [3(0.5)A2 + 2(0.5) + 1](0.5) = 2.875 4 1.125
y(1.5)  [2.875+ [3(1)"2 +2(1) + 1](0.5) =5.875 8.125 3.25
y(2.0)  [5.875+[3(1.5)"2 +2(1.5) + 1](0.5)=11.25 15 3.75

The y_actual values in this table were calculated by directly integrating the differential

Y = 2t 41

equation, giving the exact solution as:

6.2.1 Use of Microsoft Excel

Calculating an ODE solution by hand with Euler's method can be a very tedious process.
Fortunately, this process is greatly simplified through the use of Microsoft Excel.
Creating a spreadsheet similar to the one above, where the x values are specified and the
y_Euler values are recursively calculated from the previous value, makes the calculation
rather simple. Any step size and interval can be used.

6.2.2 Drawbacks of Euler's Method

There are several drawbacks to using Euler’s method for solving ODEs that must be kept
in mind. First of all, this method does not work well on stiff ODEs. A stiff ODE is a
differential equation whose solutions are numerically unstable when solved with certain
numerical methods. For stiff equations - which are frequently encountered in modeling
chemical kinetics - explicit methods like Euler's are usually quite inefficient because the
region of stability is so small that the step size must be extremely small to get any
accuracy. In a case like this, an implicit method, such as the backwards Euler method,
yields a more accurate solution. These implicit methods require more work per step, but
the stability region is larger. This allows for a larger step size, making the overall process
more efficient than an explicit method. A second drawback to using Euler's Method is that
error is introduced into the solution. The error associated with the simple example above
is shown in the last column. This error can be seen visually in the graph below.
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Euler's Method
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Error
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——y_Euler
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It can be seen that the two values are identical at the initial condition of y(0)=1, and then
the error increases as the x value increases and the error propagates through the solution
to x = 2. The error can be decreased by choosing a smaller step size, which can be done
quite easily in Excel, or by opting to solve the ODE with the more accurate Runge-Kutta
method.

6.3 Runge-Kutta Methods

The Runge-Kutta method for modeling differential equations builds upon the Euler
method to achieve a greater accuracy. Multiple derivative estimates are made and,
depending on the specific form of the model, are combined in a weighted average over
the step interval. The order of the Runge-Kutta method can range from second to higher,
depending on the amount of derivative estimates made. The second-order Runge-Kutta
method labeled Heun's technique estimates derivatives by averaging endpoint
measurements of the step size along a function. This averaged value is used as the slope
estimate for x; + 1. Third and higher power Runge-Kutta methods make mid-point
derivative estimations, and deliver a weighted average for the end point derivative at x; +
1. As the Runge-Kutta order increases, so does the accuracy of the model.

The general form of the Runge-Kutta method is
Yir1 = Yi + Oz, 4, h)h

Where ¢p(x_i,y_i,h) now represents a weighted average slope over the interval /.
oz yi,h) = a1k + asks + ... + a, K,

where the a's are constants and the k's are

ky = flzi, yi)



ko = flxi + prh,yi + quikyh)
k3 = f (:-l‘i + p'.?] 2, Yi + G2y kyh + (J‘z‘zkil 1)
!‘n — f‘lz + ‘Pn—lh-- Yi + qn~l.J/"l/Z + q:z—l.:‘_"l“Qh == o= qn~l.n—lkn~l,h)

The constants a, p, and g are solved for with the use of Taylor series expansions once 7 is
specified (see bottom of page for derivation). The resulting set of equations have one or
more degrees of freedom. This means that for every order of Runge-Kutta method, there
is a family of methods. Below are some of the more common Runge-Kutta choices.

6.3.1 Second-Order Runge-Kutta Methods (n = 2)

Every second order method described here will produce exactly the same result if the
modeled differential equation is constant, linear, or quadratic. Because this is typically
not the case, and the differential equation is often more complicated, one method may be
more suitable than another.

Heun's Technique

The second-order Runge-Kutta method with one iteration of the slope estimate , also

1

1 — Ay — —
known as Heun's technique, sets the constants -2 and
|
P1r = qn = 1 . Huen determined that defining a; and a> as 2will take the average

of the slopes of the tangent lines at either end of the desired interval, accounting for the
concavity of the function, creating a more accurate result. When substituted into the
general form, we find

Yir1 = Y + (—/11 + —ko )l

| =

with k1 and k» defined as
by = flxi, y;)
ko = flx; + h,y; + hky)

For demonstration of this second-order Runge-Kutta method, we will use the same basic

d dy
=322 422+ 1
differential equation (1 T with the initial condition y(0) = 1. If a step
size, h, is taken to be 0.5 over the interval O to 2, the solutions can be calculated as

follows:

X k1 k 2 y_Heun y_Actual | Error




30072 + 2(0) POD)2 *

yo) [ 2005)+1= |1 1 0
= 2.75
3(05)72 +
~ Bayrz+201) +1+ [0.5(1) + 05(2.75)] _
y05) pos)+1= [ 05 - 19575 1875  |0.0625
2.75
3(15)°2 +
3(1)°2 + 2(1) +  R375+[05(275) + _
v s 2(15) + 1= lyo6)05) = 4125 | 0.125
10.75
3(15)°2 + N 5375 + [05(6) +
V(1.5) [2(1.5)+1= 2(3)172 *2(2 *y5(10.75)](05) = 8125 01875
10.75 = 8.3125
3(25)°2 +
3(2)°2 + 2(2) + ~ h075+[0.5(10.75) + _
y(2.0) 1717 2(25) + 1=l 517)(0.5) = 1525 | 0.25

24.75

When compared to the Euler method demonstration above, it can be seen that the second-
order Runge-Kutta Heun's Technique requires a significant increase in effort in order to
produce values, but also produces a significant reduction in error. Following Runge-Kutta
methods can be worked through a similar manner, adding columns for additional £
values. Below is a graphical description of how slope is estimated using both Euler's
method, and Heun's technique. Observe the increase in accuracy when an average slope
across an interval of 0.5 is used instead of just an initial estimate.
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Improved Polygon Method



Using the improved polygon method, a- is taken to be 1, a; as 0, and therefore

P1 = 411 — 5
< . The general form then becomes
Yir1r = Ui + kah

with k; and & defined as

kl = f(:l‘ia yl)

, 1 | |

IC-Z = j (__;l'z' + 3/2., !Ji + —)}2/1'1)

Ralston's Method

9 1 -3
4

- I = (] =
1 3and P 111

The Ralston method takes a; to be 5. Therefore ' . It has been _

2

determined by Ralston (1962) and Ralston and Rabinowitz (1978) that defining a> as 3
will minimize truncation error in second-order Runge-Kutta methods. The general form
becomes

| 2
Yiv+1 — Yi —k- — ko )b
Yir1 =¥t (3t 3 2)
with ki and k» defined as

kl = f(:l‘ia yl)

o \

| 3 3
ky = f(x; + 1/2, Yi + ihkl')

6.3.2 Third-Order Runge-Kutta Methods (n = 3)

The third-order Runge-Kutta methods, when derived, produce a family of equations to
solve for constants with two degrees of freedom. This means an even more variable
family of third-order Runge-Kutta methods can be produced. A commonly used general
third-order form is

1 |
Yitr1 = Yi + [6(131 + dkgy + A’ii)]h
with

ky = flxi,vi)



1 1 .
ky = flx; + Sh’ Yi+ ;hlll)

- «

ks = flx; + h,y; — hky + 2hks)

6.3.3 Fourth-Order Runge-Kutta Methods (n = 4)

The family of fourth-order Runge-Kutta methods have three degrees of freedmon and
therefore infinite variability just as the second and third order methods do. The fourth-
order versions are most favored among all the Runge-Kutta methods. What is know as

the classical fourth-order Runge-Kutta method is

|
Yiv1l = Ui + la(LJ + 2ky + 2k + ky)|h

with
ky = f(Iia y?)
1 1 .
ke = flx; + Sh" Yi + 3]2'/{1)
1 1 .
ky = f(x; + Sh’ Yi + 3]2'1‘*2-)

ky = f(xi + h,yi + hks3)

6.3.4 Fifth-Order Runge-Kutta Methods (n = 5)
Where very accurate results are required, the fifth-order Runge-Kutta Butcher's (1964)
fifth-order RK method should be employed:

L _ , .
Yit1 = Yi + [%( Tky + 32ks + 12ky + 32ks + Tkg)|h
with

,1.'1 — f(l‘i’ yz)

1 1
ko = flx; + 1/2-’ Yi + ih'l‘?l.)



. 1 1 .
A’;; = f(l, -+ —/I. UY; -+ ghl‘l -+ ;/l/lz )

I 1
ky = flz; + 311, Yi — 5/1 ko + hks)

— —

k f( h.: 3//1 OIA"
5 = J(T; + Jhyz— 161 1+ lGl 1)

| 3 2 12 12 8
/\‘G = f(l, + h, Y; — :/IA’} -+ :/?A_g -+ T/Z/\‘;; — Thl\l -+ :/211‘5 J
| | [ [} [}

The integration of k's within other k values suggests the use of a spreadsheet. As with all
Runge-Kutta methods, the calculation of values for the fifth-order version would be
greatly assisted through the use of Microsoft Excel.

6.4 Interactive Model Comparison in Excel

To give a better understanding of the impact between different Runge-Kutta methods, as
well as the impact of step size, the interactive excel sheet below will allow you to enter
the step size h into a set of models and observe how the models contour to match an
example differential equation solution.

Observe the relationship between model type, step size, and relative error.

ODE model comparison interactive spreadsheet

6.5 Dead Time

Dead time, or delay differential equation, occurs when there is a delay or lag in the
process of a real life function that is being modeled. This means that the numerical model
is not accurate until the delay is over. This concept can come into play for the start up of a
reaction process. For example, at the start of a reaction in a CSTR (Continuous Stirred
Tank Reactor), there will be reagents at the top of the reactor that have started the
reaction, but it will take a given time for these reactant/products to be discharged from
the reactor. If one was modeling the concentration of reagents vs. time, time t=0 would
have started when the tank was filled, but the concentrations being read would not follow
a standard model equation until the residence time was completed and the reactor was in
continuous operational mode. The dead time is the time it would take for the readings to
start meeting a theoretical equation, or the time it takes for the reactor to be cleared once
of the original reagents. Dead time can be determined experimentally and then inserted
into modeling equations.

The solution of such a delay differential equation becomes problematic because in order
to solve the equation, information from past times (during the delay) is needed in addition
to the current time. For example if #, is the lag time for the given scenario, then the value
to use in the ODE becomes (t-#,) instead of t. When modeling this in excel, (x-2,) is
substituted in for the x value. With this substitution, Euler’s method can be used again in
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the same way to approximate the solution. This substitution will be carried into the
differential equation so that the new dead time solution can be approximated using
Euler's method. To model the reactor before the initial deadtime is completed, piece-wise
functions are often used. This way for the dead time, a given model is used not
characteristic of the reactor at normal operating conditions, then once the dead time is
completed the modeling equation is taken into effect.

The link below will help to show how to include dead time in a numerical method
approximation such as Euler's method. As seen in the excel file, the dead time that is
specified by the user in the yellow box will change the delay in the model. The more dead
time, the further shifted from the theoretical equation the new model is. To take dead time
into account in excel, the x value is simply substituted out for (x-t) where t is equal to the
dead time. If you look at the equations entered in the Y cells, you will see that the x value
inserted into the differential equation is (x-t), where t is the user specified dead time. It
can be seen through this example spreadsheet that the effect of dead time is a simple
horizontal shift in the model equation.

Dead Time Interactive Spreadsheet

6.6 Error

There are two types of error associated with solving ODEs using stepwise approximation
methods in Excel. These errors are also present using other methods or computer
programs to solve ODEs. The first, discretization, is the result of the estimated y value
that is inherent of using a numerical method to approximate a solution. Discretization
errors, also called truncation, occur proportionately over a single step size. Truncation
error will propagate over extended results because the approximation from previous steps
is used to approximate the next. In essence, a copy of a copy is being made. The accuracy
of the next point is a direct result of the accuracy of the previous. Just as the quality of a
second copy is dependant on the quality of the first. This error can be reduced by
reducing the step size.

Please see ODE model comparison interactive spreadsheet to better learn how step sizes
can influence error.

The second types of errors are rounding errors. These errors are dependent on the
computer’s capacity for retaining significant digits. The more significant digits that a
computer can hold, the smaller the rounding error will be.

6.6.1 Estimating Error in Euler's Method

To mathematically represent the error associated with Euler's method, it is first helpful to
make a comparison to an infinite Taylor series expansion of the term y; . 1. The Taylor
series expansion of this term is

' ' . h.’ 4 | h.'} - . hn
Yirr = Ui + [z, yi)h + (2, ;) -5 1 (i, ui) 3 + o+ i) T

When this expansion is compared to the general form of Euler's method it can be seen

iy Yi )l

that Euler's method lacks every term beyond f \1 . These missing terms, the
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difference between the Euler approximation and an infinite Taylor series (taken to be the
true solution), is the error in the Euler approximation. Mathematically respresenting the
error in higher order Runge-kutta methods is done in a similar fashion.

6.6.2 Estimating and Minimizing Error in Runge Kutta Method

Uniform time steps are good for some cases but not always. Sometimes we deal with
problems where varying time steps makes sense. When should you change the step size?
If we have an nth order scheme and and (n+1)th order scheme, we can take the difference
between these two to be the error in the scheme, and make the step size smaller if we
prefer a smaller error, or larger if we can tolerate a larger error. This is fairly simple with
Runge Kutta, because we can take a fifth order method and a fourth order method using
the same k's. Only a little extra work at each step.

Another way of estimating error in the Runge-Kutta method is to reverse directions at
each step of the advancing solution and recompute the previous ordinate. By considering
the difference between the newly computed previous ordinate and the originally
computed value, you can determine an estimate for the truncation error incurred in
advancing the solution over that step. This is a bit more tedious, but does give a good
estimate of truncation error.

6.7 Euler's Method for Systems of ODEs

In chemical engineering and other related fields, having a method for solving a
differential equation is simply not enough. Many real world problems require
simultaneously solving systems of ODEs. For problems like these, any of the numerical
methods described in this article will still work. The only difference is that for n ODEs, n
initial values of y are needed for the initial x value. Then the numerical method of choice
is just applied to every equation in each step before going on to the next. This further
complicates the step-by-step problem solving methodology, and would require the use of
Excel in nearly every application. The ODE solved with Euler's method as an example
before is now expanded to include a system of two ODEs below:

diy, 9 T

= 32" + 22+ 1,1.(0) = 1
dx
dif
dx

Step size is again 0.5, over an interval 0-2.

=4y + x,y2(0) = 2

y1 y_2

X y_1Euler y-2Euler y-1Actual |y_2Actual Error | Error

v(0) |[1 2 1 2 0 0




1+[3(0.5)"2 + 2+ [4(1) + 0.5]

0.5) [2(0.5) + 1](0.5) = 1875 5875 |05 [1.625
p(0:5) 2F375) 105)=10.5) = 4.25
2375+ B) 2 +
b)) +1]05)= [F22+[4H2375) 185 11375 [9
200 +1](0.5) = 9.5

5.375 + [3(1.5)"2
v(1.5) |+2(1.5) +1](0.5)
= 10.75

9.5 + [4(5.375) +

1.5](0.5) = 21 8.125 51.875  [2.625 [30.875

10.75 + [3(2)"2 +
v(2.0) [2(2) +1](0.5) =
19.25

21+ [4(10.75) +

2](0.5) = 43.5 15 124 -4.25 180.5

It should be observed that there is more error in the Euler approximation of the second
ODE solution. This is because the equation also has y; in it. So there is the error
introduced by using the Euler approximation to solve the 2nd ODE, as well as the error
from the Euler approximation used to find y; in the 1st ODE in the same step!

Exact solutions were again obtained from directly integrating the ODEs:

)
~ID~
Ul = 7+ A 7*" A "*’ 1 and »- ' .2

6.8 Example 1: Reactor Design

The elementary liquid-phase reaction A --> B is to be carried out in an isothermal,
isobaric PFR at 30 degrees C. The feed enters at a concentration of 0.25 mol/L and at a
rate of 3 mol/min. The reaction constant is known experimentally to be 0.01 min-! at this
temperature. You have been given the task of building a reactor that will be used to carry
out this reaction. Using Euler’s method with a step size of 0.05, determine how large the
reactor must be if a conversion of 80% is desired.

(“' o 1"_.1[.
([-\’ N /1'( '_,hj (l - .\. ,'

Lumping the given flow, concentration, and reaction constant together gives:

Simplified Design Equation:

v 1200
dX T1-X

Since no volume is required for a conversion of zero, the initial condition needed is
V(0)=0.

Now the information simply has to be entered into Excel. A column for the conversion,
X, going from O to 0.8 in 0.05 increments is used for the step size, and the first value,
V(0), is known to be zero. To get the volume, simply add the previous volume to the
constants multiplied by the step size and 1/(1-X), or:



|
Vieg = Vi 1200 % 0.05 * ———
1 } ) X

Copying this formula down the column to the final conversion value of 0.8, gives the
results shown in the table below:

X v
V(0) 0
V(0.05) |63
V(0.1) [130
V(0.15) [200
V(0.2) [275
V(0.25) [355
V(0.3) [441
V(0.35) [533
V(0.4) [633
V(0.45) [743
V(0.5) [863
V(0.55) (996
V(0.6) [1146
V(0.65) [1317
V(0.7) [1517
V(0.75) [1757
V(0.8) [2057

The final reactor volume obtained is approximately 2057 L. This compares reasonably
well to the exact value of 1931 L. The Excel file used to obtain this solution, along with
the exact solution, can be downloaded below.

Example 1

6.9 Second-order Runge-Kutta derivation

The following example will take you step by step through the derivation of the second-
order Runge-Kutta methods. Setting n = 2 results in a general form of

Yirr = Yi + (arky + agks)h
with k1 and k> defined as

ky = flzi, i)

ky = flzi + pih,yi + qukih)
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The constants in the general form must be defined. To do this we will employ a second-

order Taylor series expansion for y; + 1 in terms of y; and f ( Li, Yi ) . This Taylor
series is

h?

Yiv1 — Y; + /(lz-l/z)h+ f( z~yz)7

'y :
Expanding f ( Li, Yi ) with the chain rule, and substituting it back into the previous
Taylor series expansion gives

f é_)f dy _h?
dx 6)y dx’ 2

Vi1 = Yi + [l yi)h + (

The next step is to apply a Taylor series expansion to the k2 equation. The applied Taylor

r)g dg
gz +1y+s)=g(x,y)+ro-+ S5y T

series expansion rule is ,and

the resulting equation is
| R of 8f
flzi + pih,yi + qukih) = fzi,y:) + )171/18—1_ + (]11/&/1@ + O(h7)

where O(h?) is a measure of the truncation error between model and true solution.

When this Taylor series expansion result of the k> equation, along with the ki equation, is
substituted into the general, and a grouping of like terms is performed, the following
results:

. J
Yirr = Ui +|ay i, yi) +ao (23, v:) ]/1+[a)p1j—f +axqn f(zi, yi) 3 Ih +O(h*)

Setting this result equal to the substituted general form will allow us to determine that, for
these two equations to be equivalent, the following relationships between constants must
be true.

a1 + ay = 1



It should be noticed that these three equations, relating necessary constants, have four
unknowns. This means that to solve for three constants, one must first be chosen. This
results in a family of possible second-order Runge-Kutta methods.

6.10 Sage's Corner

Example of usage of Euler's Method:

http://video.google.com/googleplayer.swf?docld=1095449792523736442

Narrated example of using the Runge-Kutta Method:
http://video.google.com/googleplayer.swf?docld=-2281777106160743750

Unnarrated example of Using the Runge-Kutta Method:
File:Numerical Solving in Excel, Unnarrated.ppt
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Section 7. Solving ODEs with Mathematica: How to find
numerical and analytical solutions to ODEs with Mathematica

Note: .gVideo lecture available for this section!
Authors: Matthew Baumgartner, Olyvia Dean, Viral Patel, Joel Schweitzer, and Eric Van Beek
Stewards: Brian Hickner, Lennard Gan, Addison Heather, Monique Hutcherson

Date Released: September 6, 2006 /Date Revised: September 8, 2007

7.1 Introduction

Mathematica is an advanced mathematics solution program created by Wolfram
Research, Inc. One of the most powerful software packages of its kind, Mathematica is
able to easily and conveniently solve complicated mathematical formulae, including
differential equations. This article focuses on the modeling of first and higher order
Ordinary Differential Equations (ODE) in the following forms:

dy

— = f(z,y)
dzr (Basic ODE)

dy* » .
Jz - \f ( I ] y )
d?x (Higher Order ODE)

Like all software, Mathematica uses a specific language in order to perform calculations.
The names of all functions must be capitalized- this applies to both mathematical
functions (such as Sin and Cos) and built-in functions (such as Plot and DSolve). For this
reason it is common for users to write their own functions in minimized letters. This
decreases the chance of overriding or redefining a Mathematica function. Square brackets
always follow function calls, and the function's parameters are always enclosed in curved
brackets. For example, if a user wished to plot sin(x) from x =0 to x = 1, they would type:
Plot[Sin[x],{x,0,1}]. The user must type "Shift"+"Enter" to input the function. Typing
only "Enter" will add a line to the formula. . For full PC keyboards, the “Enter” key on
the far right is the equivalent of “Shift”+ Enter”. If the user does not want to see the
output line, it can be suppressed by typing a semi-colon at the end of the expression.
Mathematica also recognizes common mathematical constants such as pi (Pi), Euler's
constant (E), and imaginary numbers (I). Note that these constants must also be
capitalized when entered.

Mathematica features two functions for solving ODEs: DSolve and NDSolve. DSolve is
used when the user wishes to find the general function or functions which solve the
differential equation, and NDSolve is used when the user has an initial condition. The
prompts for the functions are quite similar. Note: Two equal signs must be used to denote
equality in an equation. Using one equal sign assigns a value to a variable.

Example:


https://controls.engin.umich.edu/wiki/index.php/Recorded_Lectures
https://controls.engin.umich.edu/wiki/index.php/Recorded_Lectures

fix) = 5x% + 7 This input creates a variable named f{x) that has a value of 5x2 + 7.
fix) ==5x%+ 7 This input creates a function f{x) which is defined by 5x2 + 7.

Mathematica will sometimes store user created functions or variables into its cache. This
causes some (potentially) correct commands to output errors. It is recommended to quit
the local kernel and reinitialize the commands after any changes to your code.

Fﬁ Wolfram Mathematica 6.0 — [Untitied-
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Also, check that every command in the code is being executed. Clearing all the outputs in
the cell may be helpful to figure out which commands had not been executed. This can be

done by going to the “Cell” option found on the top and choosing the “Delete All Output™
Example:

OUTPUT IS NOT CLEARED
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As seen in the examples, it is easier to troubleshoot and debug your program when it
looks less confusing. Clearing the extra outputs helps you focus on just the code that you
have written.

7.2 First Order ODEs

Notation: In the following examples, egn represents the
ODE, y represents the function being solved for, i
represents the initial condition, and x and t are
independent variables.

7.2.1 ODEs With Initial Conditions

NDSolve will not display a numerical value, but rather an “Interpolating Function” which
can be displayed graphically. The easiest way to display this graph is to assign the
solution to a variable (called Solution in the example) in the input line, and then use the
“Plot” function to display it.

Input for One ODE: Solution = NDSolve[{eqn,y[0] == i}y {x,xmin xmax}]

Input for Multiple ODEs: Solution = NDSolve[{egnl eqn2,...,y1[0] == il y2[0] == i2,...},
{rl y2,...} {x xmin,xmax}]

Input for Partial Differential Equations: Solution = NDSolve[{eqn.y[0] == i}.y,
{x,xminxmax}{ttmintmax}]

After Mathematica solves the ODE, plot the solution by typing: Plot[Evaluate[y[x] /.
Solution] {x,xmin,xmax}], where “/.” is a notation used by Mathematica meaning
“following the rule of”. It basically recalls the function stored as the variable in the
previous input line. Depending on the needs of the user, the functions “ParametricPlot” or
“Plot3D” may also be useful. The notation for these functions is the same as “Plot”.

Here is a simple example of what you would type into Mathematica:



* Solution = NDSolve[{y'[x]==y[x]*Cos[x+y[x]],y[0]==1},y,{x,0,30}]
Mathematica will output:

*  Output[1]= {{y->InterpolatingFunction[ { { 0.,30.} },<>] } }
To plot this function you would type:

* Plot[Evaluate[y[x]/.Solution],{x,0,30}]
Note: Remember to type "Shift"+"Enter" to input the function

7.2.2 ODEs Without Initial Conditions
Input for One ODE: DSolve[egn,yx]
Input for Multiple ODEs: DSolve[{eqnl eqn2,...} {yly2,...}x]
Input for a Partial Differential Equation: DSolve[eqn,y.{x1 x2,...}]
Here is a simple example of what you would type into Mathematica:
* Solution = DSolve[y'[x] ==4*x-2*x*y[x],y[x],X]
Mathematica will output:
* Output[1]= {{y[x]->2+ C[1]}}

7.3 Second Order and Higher ODEs

Input for Higher Order ODEs: Solution = NDSolve[{eqny[0] == il,y' [0] ==i2,...}.y,
{ x,xmin,xmax}]

Plotting the solution: Plot[Evaluate[{y[x], y' [x],...} /. Solution] {x xmin xmax}]
Here is a simple example of what you would type into Mathematica:

* Solution = NDSolve[{y/x] +Sin[y[x]]+y[x]==0,y[0]==1,y'[0]==0,y {x,0,30}]
Mathematica will output:

*  Output[1]= {{y->InterpolatingFunction[ { {0.,30.} },<>] } }
To plot this function you type:

* Plot[Evaluate[{y[x],y'[x],y/x]}/.Solution] {x,0,30}]
Mathematica should output a graph.

7.4 Algorithms Used by Mathematica

Mathematica uses two main algorithms in order to determine the solution to a differential
equation. These algorithms are the Adams method and the Gear method.

The Adams and Gear methods are forms of linear multistep methods. An example of
these would be the following:

Yn+1 = YUn + h(b(ﬁlf(:[n- Yn ' + [)pf(fn P Yn- ,:._,:l
boy. .., b

In the example above, i denotes the step size and the coefficients “<are

determined by the method used. Multistep methods are expansions of more familiar



single-step methods used to solve differentials (i.e. Euler, Runge-Kutta, Taylor). Each of
these methods requires an initial point in order to calculate the following point.
Similarily, multistep methods also require initial points in order to solve the ODE. The
number of initial points required depends on which method is used to solve the ODE.
Multistep methods typically produce less error than the single-step methods because of
multiple initial points.

In order to determine what method to use one must first find the stiffness of the function.

7.4.1 Adams Method

Euler, Taylor and Runge-Kutta methods used points close to the solution value to
evaluate derivative functions. The Adams-Bashforth method looks at the derivative at old
solution values and uses interpolation ideas along with the current solution and derivative
to estimate the new solution [4]. In order to solve an ODE using this method, f(#,y) must
be continuous and satisfy Lipschitz condition for the y-variable which states [5]:

£(h) — (0)] <= Blh|?

for all | i | < € where B and f are independent of 4, § > 0 and a is an upper bound for all
(3 for which a finite B exists

This is a basic form of the Adams-Bashforth method. Note that two initial points are
required for this method.

Yn+1 — Un + ]z'l“jl,f(ym tn ) + :~'32./"(;§/n—,1~ tn—,l )l

There is another Adams method that requires three initial points. The method is solved
the same way, however the equation varies a little bit and is referred to as the Adams-
Moulton Method.

Yn+1 = YUn + hl'f)uf(yn =1, [n +1 ) + fjl f(yn ln ) + 32“%1 -1 [n- -1 )l
The coefficients/constraints, 3 can be solved for using knowledge of ODE's and other

dy , __
— = f(t,y)

math tools. It was stated earlier that ([t . We can let f(z,y) = Ay,

dy

= A Y o oen
therefore (L1 Wecanalsolet Y7 — 7 Y0ifthere is a constant step size
and o represents a polynomial. Through substitution we find [6]:

—o? 4 (31X + 1)o + GohA =0

We can expand the quadratic using another math identity and ultimately solve for
constraints 31 and 2. Another method for solving for coefficients f1,02 is mentioned
below:


https://controls.engin.umich.edu/wiki/index.php/Stiffness
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In order to find the coefficient [3; one must first use polynomial interpolation to find the
polynomial p of degree s — 1 such that:

p(tn—z) - f(:tn—i-yn—i)sfor P = l. I

From this the Lagrange formula for polynomial interpolation yields

£ 0 - (_l)s f(tn~J Yn— J)
p(t) = YT (t—tni).
] ; (j — D)!(s — j)hs1 ]:[1

£
7=

Now the polynomial p is a locally good approximation of the right-hand side of the
differential equation y' = f(z,y) that is to be solved. Now we must consider the equation y
= p(?) instead. This equation can be solved exactly by simply taking the integral of p.

£, -
Un = Yn—1 + / P(”CH
tn—1

!

The Adams—Bashforth method arises when the formula for p is substituted. The
coefficients b; turn out to be

—1)5d
.;3j:( (l)( /H(u+z)du

The Adams-Bashforth method is typically used for Linear and Non-liner
ODE's with dense systems.

7.4.2 Gear Method
Taking

8, =0

fori=1

The Gear method, also known as the backward differentiation formulae (BDF, a k.a.
Gear’s formulae) is another multi-step method but is generally used for multiple
equations. In order to use the gear method your function must have a stiffness greater
than 500, meaning that the function is stiff.

m

Yn+1 = hBof(Yr+1,tir1) — Zaz'yk+l—i
=1



As a particular cases, taking @i = 0 for i = 2 and optimizing the remaining
coefficients to maximize the accuracy of the resulting scheme recovers the Implicit Euler

(1;

method. Taking =0 fori= 3 gives

Yni1 = —QYp — QY1 + /?':30f(_yn+1~ tn+1)

We now focus on this case in particular. Applying this method to the scalar model

dy/dt = \y

, I D
Yn = & Yo , we find the following quadratic equation for

problem and assuming constant h and a solution of the form

(1 — ,3012,)\)02 + a0 + as

the two roots of which are given by

—ap + /(1 +€) —ar—y/7(1+¢€
o = . or .
2(1— %) 21— )

9
v = Q‘I — —JCI'Q
€ — (40230{.’“‘; )/2/\
Applying the identities, we may expand both roots in terms of powers of h. By our
n n
Yn = 0_ Yo, +0_ Yo Th

leading-order term in the expansion in h of 0- (a “spurious root”) is proportional to h.
n

assumed form of the solution, it follows that

For small h, — quickly decays to zero, and thusmay be neglected. The leading-order

terms in the expansion in h of O+ (the “physical root”) resemble the Taylor-series
expansion of the exact solution over a single timestep.

, v\ , ) 2a 1 2009 2 5
oy = t—$+‘/——)—+-do(—cfl P 2] Mt 53 -2ty V Sl i 3 UV

~2
7 )




Matching coefficients with the expansion of the exact solution

A2h?

(T — €

2 as 1nd1cated by underbraces in the

above expression, and applying the definition , we arrive at three

., apand 3

equations for Uto achieve the highest order of accuracy possible with

this form. It is easily verified that

ay = —4/3, a5 = 1/3,and3, = 2/3

satlsfy these three equations.

The leading-order error term of this method is proportional to / ! . Thus, over a single

timestep, the scheme is “locally third-order accurate”; more significantly, over a fixed

time interval [0,T], the scheme is globally second-order accurate. The resulting method,
4 1 2

Yn+1 = §yn — 3" SUn—1+ h f ( Yn+1, b1 )

is thus referred to as BDF2, and may be viewed as a implicit alternative to AM3 that, for
the same number of steps into the past, p = max(m,n), has reduced order of accuracy but
greatly improved domain of stability. Higher-order BDFs may be derived in an analogous
fashion; BDF3, BDF4, BDF5, and BDF6 in particular are found to have excellent
stability properties as compared with their AM counterparts with the same number of
steps.

7.5 Worked out Example 1

You have been assigned a non-isothermal reactor with the following material and
enthalpy balances.

de,

- = ca(t) = e(t) = T(t)°

dt Species a Material balance
dcy /13 N 2

— = plt)” —cult) = T'(t)

dt Species b Material balance
— = Calt) —cp(t) = T'(t)

dt ~ Enthalpy balance

When is the concentration of species a and species b equal? The initial conditions for the
reactor are as follows:



To=1

cd0=20
c0=1.8
=02

s = NDSolve[{x'[t] == x[t]A2 - y[t] - z[t]A2, y'[t] == y[t]*3 - x[t] - z[t]*2, z'[t] == x[t] -
Y[t] = Z[t]AZ, X[O] == 29 Y[O] == 1-89 Z[O] == 1}9 {X’ Y, Z}9 {t9 0°2}]

Plot[Evaluate[{x[t],y[t]} /. s], {t, 0, 0.2}]

L
T

[
wn
I

7.6 Worked out Example 2

You have been asked to study a semi-batch reactor for the reaction ‘4 — ]3 . The

k('

’ ~Y
rate law is 1 _*_ ( b , where k = 2.7. Other parameters are: initial volume
=5, volumetric flow rate = 0.05, initial concentration of A = 2500. Use Mathematica to
create a Conversion versus Time plot for 100 time units.

1. Mole Balance:
dX r,V
d t J'\r--l 0

2. Rate Law:

_,’a f—




k('

“1r G
3. Stoichiometry:
NAD (1 - \)

Vo + vot
N 40X
‘0 + Vg
4. Combine:
dX k(1 —X)(Vy+ vot)
dt N 4o X

a— ,‘a

Cy=

Cp —

If the semi-batch reactor runs for 100 time units, the conversion is about 0.8. This can be

seen in the plot below or by running the two commands that follow into Mathematica.

s = NDSolve[{y'[t] == 2.7 (1 - y[t]) (S + .05 t)/(2500 y[t]), y[0] == 0.0001}, Yy, {t, O,
1003];

Plot[Evaluate[y[t] /. s], {t, 0, 100}, PlotRange -> All]
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This is the Mathematica notebook file for the example: Media:MathematicaEx2.nb

Note: The parameters used in this problem are fabricated and are intended to illustrate the

use of Mathematica in solving ODEs.


https://controls.engin.umich.edu/wiki/images/1/11/MathematicaEx2.nb
https://controls.engin.umich.edu/wiki/images/1/11/MathematicaEx2.nb

7.7 Formatting Plots in Mathematica

Here are some useful tips to formatting plots in Mathematica:

Label Plot: e.g. Plot[Sin[x], {x,0,2Pi}, PlotLabel->" Volume of Tank vs. Time" ]
Label Axes: e.g. Plot[Sin[x], {x,0,2Pi}, AxesLabel->{" time(min)"," volume(L)"}]

Color Plot: e.g. Plot[Sin[x], {x,0,2Pi}, PlotStyle->Red]. You can also make the plot
thick, dashed, etc. e.g. Plot[Sin[x], {x,0,2Pi}, PlotStyle->{Red,Thick,Dashed}]

Insert Legend: e.g. Needs["PlotLegends "] <--MUST insert this BEFORE your plot
command. Plot[{Sin[x],Cos[x]}, {x,0,2Pi}, PlotLegend->{"sine", "cosine"}]

7.8 Sage's Corner

Solving ODEs with Mathematica Video
http://video.google.com/googleplayer.swf?docld=5007050669435611182

slides for this talk

7.9 Additional Tips and Tricks for Troubleshooting in Mathematica

Mathematica is a powerful computing tool, however the syntax can be a bit difficult to
understand. Here are some notes for troubleshooting in Mathematica.

1. Check to make sure that your variable names and signs are consistent.
* Ex) Make sure you use xI everywhere instead of xI and x1 or xlI.

* Ex) Functions, including the ones you create, are usually followed by brackets
such as Sin[x] or y[x]. However, brackets are not necessary when you are solving
for a function in a set of differential equations such as NDSolve[eqns, {y}, {X, 0,
5031

* EXx) Check to see if your parentheses are aligned such that you are actually
entering the function you think you're entering. Recall order of operations and the
distributive property. x*(a+b) is NOT equal (x*a) + b. This seems simple, but
often gets overlooked when dealing with several lines of code.

2. You may find it easier to define all of your variables together at the beginning of your
code. This makes it easy to go back and change the values assigned to each variable if
trying to determine the impact one variable has on a system of equations. For instance,
say you are trying to determine the effects the flow rates into two different tanks (F1, F2)
will have on the tank volumes over ten time steps. The differential equations governing

d V] o dVs |
— =4F -V = Iy — 515

the situation are: dt and dt 3 , where F1

=2,F2=12,V1(0)=0,V2(0)=0.

If you write the ODEs in Mathematica by directly substituting in F1 =2 and F2 = 12, you
will have to change the ODEs each time you change the values of F1 and F2. Below is an
example of what the Mathematica equations would look like.



http://video.google.com/googleplayer.swf?docId=5007050669435611182
http://video.google.com/googleplayer.swf?docId=5007050669435611182
http://controls.engin.umich.edu/wiki/index.php/Image:SolvingODEswithMathematicaSlides.ppt
http://controls.engin.umich.edu/wiki/index.php/Image:SolvingODEswithMathematicaSlides.ppt

s = NDSolve[{V1’[t] == 8 — V1[t], V2[t] == 12 — (1/3)*V2[{], V1[0] == 0, V2[0] == 0},
{V1,V2}£{t0,10}]

Another option is to define F1 and F2 before your equations, and then call them when
solving for your ODEs. This allows you to easily substitute in new values for your
variables without changing the differential equations, and reduces the odds of making
simple computational errors in your ODE in the process. The Mathematica code would
look as shown below.

variables = {F1 > 2, F2 -> 12};

s = NDSolve[{VI’[t] == 4*F1 — V1[t] , V2’[t] == F2 — (1/3)*V2[t], V1[0] == 0, V2[0]
== 0} /. variables,{V1,V2} {t,0,10}]

3. Be Aware of the Kernel

The Mathematica Kernel stores all of the information about variable definitions. When
you define a variable , the definition is stored there. The kernel is automatically started
when a new Mathematica session is started. You may also start it manually. To start the
kernel manually go to Evaluation -> Start Kernal -> Local. Once the kernel is started and
you wish to go back and change a variable definition you must "Quit the Kernal" before
you see the change occur. In order to "Quit the Kernal" you must go to Evaluation -> Quit
Kernal -> Local. Terminating the Mathematica Kernal, erases all of the definitions
previously entered. For this reason, after you "Quit the Kernal" and enter in new
definitions for your variables you must re-enter all of your code. The images below show
how to "Start Kernal" and how to "Quit the Kernel."
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Example:

An example of when you would want to "Quit the Kernal" when using Mathematica for
Controls is when you are finding a steady state point using a PID controller. We start by
defining the variables for vset, taui, taud, and Kc. Mathematica solves this equation using
the defined variables and shows that (x->3.9, V->10) is the steady state point. This is

shown in
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the figure 1 below.
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nel= vars = {vset-» 10, taui-» .1, taud -+ 1, Kc - 10};
e(nss =
{(.5+ .5«Kcwvset- . SwKcaV+ (.5/taui) wx-2+«V)/(1+.5xtaud) ==0,

vset -V == 0}

s = Solve[egqnss, {V, x}] /. vars
0.5-2V-0.5KcV+0.5Kcvset - 15X . 3
Out]T)= < i s = -0, -Vevset=0,
+ U.o tau <
- [{x=3.9, V=10.)} i]

m

Now, say you want to solve for the steady state point, but you do not want to define Kc
because you will be varying it later to see its impact. You again start by imputing the
variables and definitions for vset, taui, and taud, but not Kc. As you see in Figure 2, you
still receive the identical answer as in Figure 1 when you defined Kc even though you
have not defined it here.

nj2;= vset = 10;

taui=.1;

taud =1;

™
"

eqnss =
{(.5+ .53«Kcwxvset- .5«KcxV+ (.51-’taui) *X-2%«V)/(1+.5«xtaud) == 0,
vset -V ==0}

m

s = Solve[eqgnss, {V, x}]

outjs}= {0.6666687 (50.5-7.V+5.x) =0, 10-V =20}

Out[B]= {{V-=10., x= 3.9}} ]—

This is because the Kernel is still storing the definition for this variable. In order to
terminate this definition you must "Quit the Kernel." Once you do this, you must also re-
enter your code and you will receive the correct answers. Figure 3 shows the output once
you have "Quit the Kernel" and re-entered the Mathematica code.



nz= vset = 10; ]
n4)= taui = .1; ]
s1= taud = 1; ]
2= eqnss = ]

{(.5+ .5xKcwvset- .5xKcweV+ (.5/taui) wx-2+«V) /(1+.5«taud) ==0,

vset -V == 0}

m

s = Solve[egnss, {V, x}]

= {0.666667 (0.5+5.Kc-2V-0.5KcV=+5.x) =0,10-V=20}

out7j= {{X=-0.1-10. (-0.4-0.1Kc) -1.Kec, V= 10.}} i

Now you see that the definition for Kc has been deleted because the steady state points
are in terms of Kc. To find the impact of Kc you can use this solution.

4. Define functions or formulas that are used often

If you will use a function often and it is not already defined in Mathematica by default,
define your own. This can be especially helpful if you intend repeat the same function
multiple times while only changing variables. A scenario where defining your own
function could save you time and error is when comparing P-Fisher's values while
keeping the margins constant. Only the variables will change but the function will remain
the same. The new function will only last as long as each session in Mathematica.

To define a function, begin by naming the function followed by an open bracket. List all
the variables with an underscore after each name and separate each variable with a
comma. Close the bracket when all the variables have been listed. To let Mathematica
know that this is a newly defined function, after closing the bracket place a semi-colon
and equal sign. Now define what the formula is using the variable names. When you have
finished, click shift-enter simultaneously. To test the new formula, start with naming the
function and open bracket, then list all the variables numerical values separated by
comma's in the same order that was listed when defining the function. Close the bracket
after all the variables have been listed and click shift-enter simultaneously. The output
will be the next line in Mathematica with the answer.

Example:
3% Wolfram Mathematica 6.0 - [Untitled-1 *] [ol[& ==
File Edit Insert Format Cell Graphics Evaluation Palettes Window Help
46 Untitled-1 * ol
In(1]:= FunctionName[varli , var2 , var3 ] := varl + var2 + var3
FunctionName[1l, 2, 3]
out2]= 6 1]




It is also possible to use this tool to put equations in terms of unknown variables. To do
this begin by defining the function the same way as before. When plugging in the
numerical values of the variables, leave the unknown variables as their variable name.
The Mathematica output will provide the answer in terms of the unknown variables.

Example:
3% Wolfram Mathematica 6.0 - [Untitled-1 *] =3[Ec =)
File Edit Insert Format Cell Graphics Evaluation Palettes Window Help
H¢ Untitled-1* [olfer-m=s)
In[3]:= FunctionName([varl , var2 , var3 ] := varl + var2 + var3
FunctionName[1l, var2, 3]
outi4]= 4 + var? 1l

5. "Make it pretty"

Oftentimes when people program in any language, they tend to crowd lines, almost as if
they were trying to save paper. Well, since this does not apply when you are typing on a
screen, don't worry about it.

* Ex) You could write:

vars = {V -> 1000, Cao -> 0.2, UA -> 20000, F -> 2000, DE1 -> 30000, k1 -> 1.0 10713,
DHI -> 50000, rcp -> 60, R -> 1.987, To -> 500, Tf -> 500, Tjin -> 500, Fj -> 1000, Vj ->
100, Caf -> 0.2, DH2 -> -192000, DE2 -> 30000, k2 -> 1.0 10A13};

eqns = {Ca'[t] == (Caf - Ca[t]))/V - Ca[t]*k 1 *Exp[-DE1/(R*T][t])], Cb'[t] == (O - Cb[t])/
V +k1*Ca[t]*Exp[-DE1/(R*TJ[t])] - k2*Cb[t]*Exp[-DE2/(R*T[t])], T'[t] == (Tf - T[t])/V
+ (-DH1/(rcp))*k 1 *Ca[t]*Exp[-DE1/(R*T[t])] + (-DH2/rcp )*k2*Cb[t]*Exp[-DE2/
R*T[t)] - (UA (T[t] - T)/(V *rep), Tjlt] == (Fj (Tjin - Ti[th)/Vj + (UA (T[t] - Tilt]))/
(Vj *rep), Ca[0] == 0.2, Cb[0] == 0, T[0] == 500, Tj[0] == 500};

sol = NDSolve[eqns /.vars, {Ca, Cb, T, Tj}, {t, 0, 50}]; Plot[{Ca[t]} /. sol, {t,0, 50},
AxesLabel -> {t, Ca}, PlotRange -> Full];Plot[{Cb[t]} /. sol, {t, 0, 50}, AxesLabel -> {t,
Cb},PlotRange -> Full];Plot[{T[t]} /. sol, {t, 0, 50}, AxesLabel -> {t, T}, PlotRange ->
Full];Plot[{Tj[t]} /. sol, {t, 0, 50}, AxesLabel -> {t, Tj}, PlotRange -> Full]

* but it looks much better if you do this:

vars = {V -> 1000, Cao -> 0.2, UA -> 20000, F -> 2000, DE1l -> 30000,
kl -> 1.0 1013, DH1 -> 50000, rcp -> 60, R -> 1.987, To -> 500,

Tf -> 500, Tjin -> 500, Fj -> 1000, Vj -> 100, Caf -> 0.2,

DH2 -> -192000, DE2 -> 30000, k2 -> 1.0 10°13};

egns = {
Ca'[t]) == (F (Caf - Ca[t])))/V - Ca[t]*kl*Exp[-DE1/(R*T[(t])],

Cb'(t] == (F (0 - Cb[t]))/V + kl*Ca[t]*Exp[-DE1/(R*T(t])] - k2*Cb[t]*Exp[-DE2/(R*T(t])], :
T'[t] == (F (Tf - T(t]))/V + (-DH1/(rcp))*kl*Ca[t]*Exp[-DE1/(R*T(t])] + (-DH2/rcp )*k2*Cb[t]*Exp[-DE2/(R*T[t])] - (UA (T[t] - Tj[t]))/(V *rcp),
T3'(t) == (Fj (Tjin - Tj(t]))/Vj + (UA (T[t] - Tj[t]))/(V] *rcp), Ca[0] == 0.2, Cb[0] == 0, T[0] == 500, TJ[0] == 500}; :

sol = NDSolve[egns /.vars, {Ca, Cb, T, Tj}, {t, 0, 50}1;



Plot[{Ca(t]} /. sol, {t, 0, 50}, AxesLabel -> {t, Ca}, PlotRange -> Full]
Plot[({Cb(t]} /. sol, {t, 0, 50}, AxesLabel -> {t, Cb}, PlotRange -> Full)
Plot({T[t]} /. sol, {t, 0, 50}, AxesLabel -> {t, T}, PlotRange -> Full]

Plot[{Tj(t]} /. sol, {t, 0, 50}, AxesLabel -> {t, Tj}, PlotRange -> Full)

These thoughts will hopefully help you later on and make it easier to read your code.
6.) "Check the colors!"
Here is a list of font color that Mathmatica will output for a specific reason.
Local Variables in a certain Font Color
Local variables of Module and With in Green
1. Example:
Module[{:-: =2, ¥y=3, exponent}, exponent =2; {x, '_.'}’:;':"’”':”‘]

Function arguments and pattern names in Green (Italics)

L) BN
- o [up : wpd . e POWER
X =i, X7, X

func[x , pow
1. Example:

41]

Variables made special by use in arguments in Turquoise

Table [xP™**, {x, 1, 5}, {power, 1, 5}]

Example:
Errors and Warnings in a certain Font Color

Syntax Errors in Purple
Table[triangle[{x+ , ¥, 2]]

Example:

Emphasized Syntax Errors in Dark Red with Yellow Background
Table[triangle[{x+, ¥, 2]]

Example:

Missing arguments in Bright Red

{N[_.], Rule[expr ]}
1. Example:

Excess arguments in Bright Red

{Sgrt[5, 7], Log[base, a, wrong]}
1. Example:

Possible unwanted assignments in Bright Red

Iffx=4, 3=9]

Example:

Unrecognized option names in Bright Red



Plot[Sin[x], {x, 0, 2 x}, PlotArea» {-1, 11}]
* Example:

Local Scope conflicts in Dark Red with Yellow Background

* Example:
f[>x , conflicted ] := Module[{ok, x, conflicted}, ok + x]

Variables that will go out of scope before being used in Bright Red

Table [Dynamic[var], {var, 1, 10}]
Example:

Shadowing in multiple contexts in Bright Red
{Global "Sin, Sin}

Example:
Other in a certain Font Color

Comments in Light Grey

* Example:
Strings in Dark Grey
"A string of characters"
* Example:

Global symbols that have no value assigned in Bright Blue

{Table, undefinedsymbol, qql}

Example:

7.10 Accessing Mathematica from your personal computer

If you prefer to use Mathematica from your home computer rather than one on campus, you can remotely
log into a CAEN computer through U-M’s Virtual Sites service. Follow the steps outlined below:

2. Visit http://virtualsites.umich.edu/ [[1]]. The U-M WEBLOGIN page will

appear. Log in using your unique name and Kerberos password.

3. The Virtual Sites page should appear on your screen. Click on the large,
orange Connect Now button.

4. Under the heading What software do you need?, select Engineering
(CAEN) Legacy XP. Then click on the Request Connection button toward
the bottom of the page.

5. Follow the instructions under the heading Launch Virtual Sites by
downloading and opening the file in the Internet Explorer information bar. A
window will pop up on your screen titled Remote Desktop Connection.
Click the Connect button.


http://virtualsites.umich.edu/
http://virtualsites.umich.edu/
http://virtualsites.umich.edu/
http://virtualsites.umich.edu/

6. You will then see the screen that appears when logging into a CAEN

computer. Your unique name should already be included. Type your
Kerberos password and click OK to log in to the CAEN computer.

Click OK on the Notice window that pops up and your personal settings will
be applied. Also click OK if a System Requirements Wizard window
appears.

If you scroll down using the scroll bar on the right-hand side of the screen,
you will see the Start button. Click Start -> All Programs -> Math and
Numerical Methods -> Wolfram Mathematica -> Mathematica 6. Once
Mathematica opens on the computer screen, you may use it as though you
were actually sitting in front of a CAEN computer on campus.

To log out, click Start -> Log Off. Under the Log Off Windows window, click
Log Off.
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Section 8. Fitting ODE parameters to data using Excel: Using
regression to fit complex models in Excel

Note: gVideo lecture available for this section!

Authors: Anthony Campbell, Victoria Cardine, David Hines, Stephen Kerns /Date Revised: 14th September
2007

Stewards: Jeff Byrd, Khek Ping Chia, John Cruz, Natalie Duchene, Samantha Lyu

8.1 Introduction

One of the most important abilities of an engineer is to model measured values of a
system. Modeling of a system aids in optimizing objectives, as well as predicting future
operations. This can be especially helpful when changes cannot be immediately
implemented. In general modeling terms, a set of data can always fit a set of variables.
However, an excessive number of degrees of freedom usually exist, creating multiple
solutions. Therefore, the physical significance of the variables is an important
consideration.

As time proceeds, various values may need to be changed to accommodate variations
within the system. The following sections will discuss the use of Microsoft Excel© as a
tool to adjust the values of variables given a set of experimental data. The models
presented below take into account the design equations of the system being modeled, and
the rate laws, where applicable.

8.2 Adding in the Solver Application in Excel 2007

In order to use "Solver" in Excel 2007, one must first add the Excel tool-pack. To add the
tool-pack, follow these instructions:

*  Click on the Microsoft Office symbol at the top left corner of the screen
* Click on “Excel options” at the bottom right corner of the drop box

* Click on “Add-Ins” in the left hand column

* Click on the “Solver Add-In” option at the bottom of the list

* Click on “GO” at the bottom right corner

* Check the “Solver Add-in” box at the bottom of the list

* Click on “OK” at the top of the right column

To access Solver, click on the “Data” tab at the top of the screen. The Solver tool is
located in the "Analysis" box on the right side of the screen.

The user interface of Excel 2007 differs from those of previous versions. The following
images illustrate the process just described.
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(Excel Options

Popular
Formulas
Proofing
Save
Advanced
Customize
 Add-Ins —
Trust Center

Resources

View and manage Microsoft Office add-ins.

Add-ins
Name Location Type L’j
Active Application Add-ins
Acrobat PDFMaker Office COM Addin C:\... 8.0\PDFMaker\Office\PDFMOfficeAddin.dll COM Add-in
Adobe Contribute Plugin ‘/Adobe Contribute CS3/OfficePlugin.dll COM Add-in
SLMAddin.Connect C:\...en Icarus 2006'\Program\Sys\SLMAddIn.dll COM Add-in
Inactive Application Add-ins
Analysis ToolPak C:\...fice\Office12\Library\Analysis\ANALYS32.XLL  Excel Add-in
Analysis ToolPak - VBA Officel2\Library\Analysis\ATPVBAEN.XLAM  Excel Add-in
Conditional Sum Wizard osoft Office\Officel2\Librany\SUMIF.XLAM  Excel Add-in
Custom XML Data C:\..iles\Microsoft Office\Office12\OFFRHD.DLL  Document Inspector | =
Date (Smart tag lists) «iles\Microsoft Shared\Smart Tag\MOFL.DLL  Smart Tag
Euro Currency Tools ft Office\Officel2\Library\EUROTOOLXLAM  Excel Add-in
Financial Symbol (Smart tag lists) les\Microsoft Shared\Smart Tag\MOFL.DLL  Smart Tag
Headers and Footers les\Microsoft Office\Officel2\OFFRHD.DLL Document Inspector
Hidden Rows and Columns les\Microsoft Office\Officel2\OFFRHD.DLL Document Inspector
Hidden Worksheets wiles\Microsoft Office\Officel2\OFFRHD.DLL Document Inspector
Internet Assistant VBA crosoft Office\Officel2\Library\HTML.XLAM  Excel Add-in
Invisible Content C\.iles\Microsoft Office\Office12\OFFRHD.DLL Document Inspector
Lookup Wizard C\...soft Office\Office12\Library\LOOKUP.XLAM  Excel Add-in
Person Name (Outlook e-mail recipients) C\...es\Microsoft Shared\Smart Tag\FNAME.DLL  Smart Tag
Solver Add-in G\ fice\Officel12\Librany\SOLVER\SOLVER.XLAM  Excel Add-in

Related Add-ins

Documen

Add-in:
Publisher:
Location:

Solver Add-in

C\Program Files\Microsoft Office\Office12\Libran/\SOLVER\SOLVER.XLAM

Description: Tool for optimization and equation solving

y
Manage: | Excel Add-ins . m

OK ] [ Cancel

= ~
Add-Ins 2J&d
Add-Ins available:
[ analysis ToolPak m
[ analysis ToolPak - vBA
[ conditional Sum ‘Wizard
E Euro Currency Tools
Internet Assistant VBA
» | Lookup Wizard oty
| Solver Add-in i :
Solver Add-in

Tool for optimization and equation solving




In order to use the Solver function, click on Data and then the Solver button in the
Analysis box.
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NOTE: If using Microsoft Office 2003, the Solver Application can be added by clicking
on the "Tools" tab at the top of the screen. The same directions can be followed after this
step.

NOTE: If you receive an error message while trying to access Solver, it may already be

added in Excel. Uninstall Solver (by following the same steps, but unchecking "Solver
Add-in") then reinstall it.

8.3 Adding in the Solver Application in Excel 2008

Excel 2008 for Macs does not come with the solver add-in. The software can be
downloaded at Solver.com

This solver application requires Excel 12.1.2. If this is not the current version of Excel
being used, it can be updated by running Microsoft AutoUpdate or by opening excel,
going to help and then clicking on "Check for Updates". Make sure when updating Excel
to close all Microsoft Applications.

This application allows the user to have a solver program that can be opened and used
while running Excel. It works the same way as the solver add-in.
8.4 Using Excel Solver to Fit ODE Parameters

Excel Solver is a tool that can be used to fit function variables to given experimental data.
The following process can be used to model data:

* Define the data set by entering values into an Excel spreadsheet
* Define the model that you want to fit to the data
* Define the sum of least squares in one of the spreadsheet blocks

* In Solver, have Excel minimize the sum of least squares by varying the
parameters in the model

Accurate modeling is dependent on two factors; initial values and verifying results.

Initial values: As stated in the introduction, many data fitting problems can have multiple
“solutions”. In numerical methods, given a set of initial parameters the data will converge
to a solution. Different initial values can result in differing solutions. Therefore, if the
initial values are not set by the problem statement, multiple initial guesses should be
entered to determine the “best” value for each variable.


http://www.solver.com/mac/
http://www.solver.com/mac/

Verification of curve fit: When fitting a curve to given data points, it is important to
verify that the curve is appropriate. The best way to do this is to view the data
graphically. It is fairly simple to use the Chart tool to graph the data points. Adding a
trend line will show the mathematical relationship between the data points. Excel will
generate a function for the trend line and both the function and the R-squared value can
be shown on the plot. This can be done by clicking “Options” next to “Type” of trend and
checking the empty boxes that are labeled “Display equation on chart” and “Display R-
squared value on chart”.

There are various types of trendlines that can be chosen for your given data points.
Depending on the trend that you may see, you might want to try a few of the options to
obtain the best fit. Sometimes the squared residual value will be better for a certain type
of trend, but the trend is not necessarily “correct”. When you have obtained sample data,
be aware of the trend you should be seeing before fitting a certain trend type to the data
points (if this is possible). The polynomial trend type gives you the option to change the
order of the equation.

Typically, you will not acquire a squared residual value of zero. This value is a simple
analysis of the error between the trend line, and the actual data. Once the function and
squared residual values are generated, you can begin to evaluate the generated solution.

During your solution analysis, it is important to check for variables or parameters that
may be unnecessarily influencing the data. Excel can generate a "best" solution, which is
not correct due to background calculations or Excel's misinterpretation of the modeled
system. To assess this possibility, you can graph data generated by using the solved for
variables against the given data.

Additional information about the Excel Solver Tool can be found in Excel Modeling.

8.5 Worked out Example 1: Mass Balance on a Surge Tank

In this example we will walk through the scenario in which you want to model a non-
heated surge tank in Microsoft Excel©. This model would be very critical in a process
where smooth levels of process flow are required to maintain product specifications.
Therefore, an engineer would like to know whether they will need to periodically refill or
drain the tank to avoid accidents. Let's look at this simple example:


http://controls.engin.umich.edu/wiki/index.php/ExcelModelingGeneral
http://controls.engin.umich.edu/wiki/index.php/ExcelModelingGeneral

10 ft3/mm

—

hft Q=2h

10 ft

Problem statement:

Suppose water is being pumped into a 10-ft diameter tank at the rate of 10 ft3/min. If the
tank were initially empty, and water were to leave the tank at a rate dependent on the
liquid level according to the relationship Qout = 2h (where the units of the constant 2 are
[ft2/min], of Q are [ft3/min], and of h are [ft]), find the height of liquid in the tank as a
function of time. Note that the problem may be, in a way, over specified. The key is to
determine the parameters that are important to fit to the experimental surge tank model.

Solution:

The solution with fitted parameters can be found here: Surge tank solution This Excel file
contains this scenario, where given the actual data (the height of the liquid at different
times), the goal is to model the height of the liquid using an ODE. The equations used to
model h(t) are shown and captioned. In order to parameterize the model correctly, Solver
was used to minimize the sum of the least square differences at each time step between
the actual and model-predicted heights by changing the parameters' values. The model
predicts the actual height extremely well, with a sum of the least squared differences on
the order of 10/A-5. A graph showing the modeled and actual height of the tank as a
function of time is included as well.

8.6 Worked out Example 2: Fitting a heated surge tank model(a heated CSTR)
parameters to data in Excel

Problem Introduction: In this example we will analyze how we can fit parameters used
for modeling a heated CSTR to data stored in Excel. The purpose of this problem is to
learn how to vary ODE parameters in Excel in order to achieve a square difference
between the calculated and experimental data of zero. Some questions to consider are,
“How do I model this? Is this a first order ODE? Are there any coupled ODE's? How
many variables need to be considered?" This example will use an Excel file to help you in
this process.

Problem Statement: Download the heated CSTR problem file. CSTR Problem Take the
experimental data produced from the heated CSTR model in the Excel spreadsheet*. You
are modeling a heated CSTR. It would be wise and is highly recommended to review
both the heated CSTR problem and a wiki on using Excel's solver.



http://controls.engin.umich.edu/wiki/index.php/Image:Surge_tank_problem_solution.xls
http://controls.engin.umich.edu/wiki/index.php/Image:Surge_tank_problem_solution.xls
http://controls.engin.umich.edu/wiki/index.php/Image:CSTR_problem.zip
http://controls.engin.umich.edu/wiki/index.php/Image:CSTR_problem.zip

You know this is a heated CSTR...

2. Numerically solve the ODEs through modifying the given wrong set of
parameters.

3. While changing the parameters, use Excel to calculate the error between the
calculated model and the experimental data.

4. Use the Excel solver function to solve for some of the parameters to minimize
error to less than 5%

5. How would your approach be different if our heat transfer area needed to be
as small as possible due to capital constraints? Explain.

6. How would your approach be different if our mass feed rate has to be in the
range of 3-3.5 kg/s? Explain.

Problem Solution: The solution with fitted parameters can be found here. CSTR Solution

With the model and data given in the example the error must first be defined. Here there
error is the squared residual or [(model observation at time 1)-(data observation at time
1)]*2 over (all 1).

Chemical engineering intuition must be used to reasonably approximate some variables.
In real life we would double check that "parameters normally known, but erroneous" are
correct. (Due to problem constraints, we will assume these are accurate, but a true
chemical engineer would check regardless). We must now modify "parameters often
needing fitting". For part 3, we can modify the parameters as shown in the solution.


http://controls.engin.umich.edu/wiki/index.php/Image:CSTR_Solution.zip
http://controls.engin.umich.edu/wiki/index.php/Image:CSTR_Solution.zip

G Al
ca

4

CSTR_Heat_Effects.xls [Compatibility Mode] - Microsoft Excel
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Given Information ‘Description Tl

2 Parameters often needing fittin dC 4 m
3 Activation energy Ft“ ¥ ;)T(C
4 ko Rate constant
5 UA Heat Transfer Coefficient and Area
6 AHpy Heat of reaction g e %
it Mass feed rate and product r. dt

11| Cao,2 9 mol/L Change Initial Feed Concentration (leave the same if this does not occur)
12 (tfor Cap 2 0s Time when Initial Feed Conc changes
13 To 400 K Feed temperature
14| To2 400 K Change Initial Feed Temperature (leave the same if this does not occur)
15  tforTo 2 0s Time when Initial Feed Temperature Changes
16 T 350 K Coolant temperature
17\ Te.2 350 K Change Initial Coolant Concentration (leave the same if this does not occur) | !
18 tforTs 2 0s Time when Initial Coolant Temperature Changes
19
20 Parameters that do not normally vary
21 v 3000 L Reactor volume
22 p 1 kg/L Density of reactor feed and product (assumed constant)
23 AC, 1000 J/kg-K heat capacity of the reactor feed and product
24
25 Parameters that do not effect actual results®
26 At s Time Step *Change only time steps are not equal between experimental and calculated values
27 R 8.314 J/mol-K  Ideal gas constant
19966.32 K Normalized activation energy

28 ER

The original parameters have been modified to produce an error of zero.
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i & Rate constant

5| ua Heat Transfer Coefficient and Area AT mAC,(To—T) = VAH,1,Cakoe™ /%8 4 UA(Te —T)

8| A Heat of reaction =

7 m Mass feed rate and product rate dt VpC,

2 Parameters normally known, but possibly erroneous c c ) &AI

0] Cu 9 molL  initial Feed Concentration % -+

[0 9 molL  Change Initial Feed Concentration (ieave the same if this doeSigot occur) ar

12t for Cac.z 0s Time when Initial Feed Conc changes ] PO IR

B T 400 K Feed temperature dt

14 400 K Change Intial Feed Temperature (lsave the same if this does not oc

18 0s Time when Initial Feed Temperature Changes

6 T 350 K Coolant temperature

Taz 350 K Change Intial Coolant Concentration (leave the same if this does not ffccur)
8| tforT.. 0s Time when Initial Coolant Temperature Changes

Parameters that do not normally vary
Vv 3000 L Reactor volume

P 1 kglL Denstty of reactor feed and product (assumed constant
¢, 1000 Jikg-K  heat capactty of the reactor feed and product

Total square difference
is equal to zero (0)

Parameters that do not effect actual results*
s Time Step *Change only time steps are not equal bgfveen experimental and calculated values

8.314 J/imolK  Ideal gas constant
19966.32 K Normalized activation energy

Calculated and Experimental Data match

(Parameters have a good fit) ftotal square differency "
t(s) i)
—p— total square difference 0 0
3 Calculated — Experimental square
[ T X o Ca deyot  dTidt - t(s) 0 -
¥ 0 400 400 3s0 s 9 0.00E+00 0 0 9 0 0
12 1 400 400 3s0 s 9 372601 -0.04227 0 o 0 0
3 2 400 399.9577 3s0 9 8627994 1 - S0 9 862799377 -0.3 - 0 0
“ 3 400 399.9122 3s0 9 8273736 -3.37E-01 - 3400 299912174 350 9 827373628 -0.33729001 -0.048692964 0 0
s 4 400 399.8535 3s0 97936446 -321E-01 - 4400 399.863481 350 9 79344627 -032108402 -0.051685678 0 0

If we have restrictions on heat exchange area then we should try to fit the "heat transfer
coefficient and area" as low as possible. Likewise, if we have restrictions on feed rate, we
must keep this above 4 while fitting other parameters as best as possible to achieve a
small error. These have certain industrial applications as costing of heat exchangers and
limitations on mass flow rates need to be modeled before a reactor design is
implemented.

Side Note: The example above assumes a first order rate law. This is not always the case.
To change the equations to fit a new rate law, one must derive a new dCa/dt equation and
dT/dt using their knowledge of reactor engineering. Once the new equations are derived
write the formula in an excel format in our dCa/dt and dT/dt column and then drag it to
the end of the column. All other columns should stay the same.

8.7 Sage's Corner

A brief narration for a better understanding of Example 1 - Surge Tank Model and tips for
effectively picking a model equation can be found here: http:/video.google.com/
googleplayer.swf?docld=70222262469581741

A copy of the slides can be found here:

Unnarrated Slides

An example of fitting an ODE parameter to data using excel - based on a simple
radioactive decay rate ODE: http://video.google.com/googleplayer.swf?



http://video.google.com/googleplayer.swf?docId=70222262469581741
http://video.google.com/googleplayer.swf?docId=70222262469581741
http://video.google.com/googleplayer.swf?docId=70222262469581741
http://video.google.com/googleplayer.swf?docId=70222262469581741
http://controls.engin.umich.edu/wiki/index.php/Image:ODESurgeTank.ppt
http://controls.engin.umich.edu/wiki/index.php/Image:ODESurgeTank.ppt
http://video.google.com/googleplayer.swf?docId=8229764325250355383
http://video.google.com/googleplayer.swf?docId=8229764325250355383

docld=8229764325250355383
A copy of the slides can be found here: Unnarrated Slides
A copy of the excel file can be found here: Excel File

An example of modelling a reaction rate ODE with rate constant and rate order variable
parameters:

http://video.google.com/googleplayer.swf?docld=-4220475052291185071

A copy of the slides can be found here: Unnarrated Slides

A copy of the excel file can be found here: Excel File

8.8 References

Holbert, K.E. "Radioactive Decay"”, 2006, ASU Department of Electrical Engineering, Online:
October 1, 2007. Available http://www.eas.asu.edu/~holbert/eee460/RadioactiveDecay.pdf
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Section 9. Helpful Mathematica Syntax: Hints on how to use
Mathematica to model chemical processes

Title: Useful functions in Mathematica as pertaining to Process controls

9.1 Introduction

Mathematica has many different functions that are very useful for controlling chemical
engineering processes. The Mathematica syntax of these functions is often very
complicated and confusing. One important resource is the Mathematica Documentation
center, which is accessed through the program help menu. The Documentation Center
provides an extensive guide of every function in the program including syntax and
sample code. A "First Five Minutes with Mathematica" tutorial is also present in the
menu, which provides a quick guide to get started with Mathematica. This article will
briefly outline several useful Mathematica functions and their syntax.

9.2 Mathematica Basics

Here are some basic rules for Mathematica.

Notebook, Cells and Evaluation

The standard file for Mathematica is called a notebook. The notebook consists of two
kinds of cells: input and output. The inputs are typed into one cell and the outputs are
displayed in another (See Below).

7
|n[1 ]:: Denotes the boundaries
of the cell

Shows whether the 1 * 2 * 3
cell is for input or
output

Out[1]=

o

In order to have Mathematica calculate your inputs, you must evaluate the cells. Do this
by pressing Shift+Enter. This will only evaluate the current cell that your cursor is
located. To evaluate all the cells of a notebook press Ctrl+A, to select all, and then press
Shift+Enter.

Parentheses vs. Brackets

Brackets, [], are used for all functions in Mathematica. The only thing parentheses, (), are
used for is to indicate the order of operations.



Equality, = vs. ==

The single equal sign (=), is used to assign a value or a function to a variable. The double
equal sign (==) is used to set two values equal to each other, such as solving for a value,
or to test equalities. When testing equalities, Mathematica will output "True' or 'False.'

If you recieve "True' or 'False' as an output when you are expecting it, you likely used a
== somewhere that you should have used a =.

Semicolon Use

Placing a semicolon after a line of code will evaluate the expression; however, there will
be no output shown.

Mathematica Functions

All Mathematica functions start with a capital letter, eg. Sin/x], Exp[x], Pi or Infinity.

Assigning and Inserting Variables or Parameters

To assign values to variables, use -> rather than an equals sign. For example,

param = {Kc - 0.5, Ca0 » 1}

{Kc-=0.5, Ca0 =1}

To insert a set of parameters to a function use /. This symbol applies a rule or list of rules
in an attempt to transform each subpart of an expression.

For example, if you want to enter the above parameters into the expression y = K¢ * x +
Ca0, enter the following in Mathematica:

¥y = Kcex + Cal /. param

1+0.5x

Variables are case sensitive. For example, X is different than x. Also, if you define a
variable, it will remain defined until you redefine it as something else or clear it. You can
clear a variable, for example, x, by using the Clear[x] command. You can also quit the
Kernel, which will clear all variables.

Forcing a Numerical Expression

To force Mathematica into giving a numerical solution, use the function Nfexpression].
For example,



in71= (5 » 10 = 20 - 3) / (3! = 5)

o

97

30

injgl= N[(5 » 10 » 20 - 3) / (3! % 3)]

out{s}= 33.2333

Another method to do this is to place a decimal place in any of your numbers (i.e. "5."
instead of just "5")
9.3 Integration

Mathematica can do some very complex integrations with fairly little coding. Integration
can be very helpful for many engineering applications, but when the functions become
very complex they become increasingly difficult to integrate. Mathematica will integrate
any function that is possible to integrate.

To integrate a function f{x) the Mathematica, the command is Integrate/].

For an indefinite integral the correct coding is Integrate[f(x),x] where x is the
independent variable.

For a definite integral with limits of y and z the correct coding is Integrate[f(x).{x,y,z}]

For example:

We can integrate a function like the one below:
fix) =Sin(5 * x/8) *x

We can find the indefinite integral as seen here:

Inf@5]= Integrate[Sin[5 x /8] » (x), x]

(5] Sx 64  5x
Out[ds]= - =X Cos[ — + — Sln[ —
5 g A g

We can find the definite integral from O to st as seen here:



inj46)= Integrate[Sin[5x /8]« (x), {x, 0, Pi}]

8 7 -
Out [46]= 2—5 [8 COS[g] +57t31n[§”

9.4 Solver

Mathematica's Solve function attempts to solve an equation or set of equations for the
specified variables. The general syntax is Solve[egns, vars]

Equations are given in the form of left hand side == right hand side.

A single variable or a list of variables can be also be specified. When there are several
variables, the solution is given in terms of a list of rules. For example,

Solve[{y ==5%xx+3, v==6%xx-2}, {v, x}]

Co

T . .
{{y—=28, x=5}}

When there are several solutions, Solve gives a list of them. For example,

z = 0;

Solve[z == w*2 - 4»xw + 3, W]
{{w=1}, {w=3}}

Solve will not always be able to get explicit solutions to equations. It will give the explicit
solution if it can, then give a symbolic representation of the remaining solutions in terms
of root objects. If there are few symbolic parameters, you can the use NSolve to get
numerical approximations to the solutions.

9.5 Plotting

Mathematica contains a very powerful plotting interface and this overview will go over
the basics of plotting. Using Mathematica's Plot[ ] function there is a basic syntax to be
used:

Plot[function, {variable, variable_min, variable_max}]

For example, the command "Plot[y=x, {x,0,10}]" will output a graph of the function y=x
for a range of x from 0 to 10.



The function could also be previously defined and then referenced in the Plot [ ]
command, this functionality provides a lot of simplicity when referencing multiple
functions and helps prevent a typo from affecting your Plots.

y[x]==x
Plot[y[x],{x,0,10}]

To plot multiple functions on the same plot, use an array of functions using curly brackets
{ },1n place of the single one:

Plot[{y=x,y=2%x}, {x,0,10}]



Another useful plotting option in Mathematica is the ListPlot function. To use this
function, the following formatting should be used: ListPlot[Table[f(x),{x,min,max}]
so -

40

30

20

10

2 4 6 8 10

This is obviously only the basics, Mathematica provides many more options including
colors, legends, line styles, etc. All of these extra features are well documented at
Wolfram's Reference Site.

An additional piece of information: Type the following command on the line after the
Plot command to determine the max value plotted. It will display the number associated
with the absolute max of the function within the plotting range.

Max[Last/@Level[Cases[ % ,_Line Infinity],{-2}]]

9.6 Solving ODEs

Within Mathematica, you have the option of solving ODEs numerically or by having
Mathematica plot the solution.

Explicit solution:

The built-in function DSolve solves a differential equation or a list of differential
equations for either one indepedent variable or a list of independent variables, which
solves a partial differential equation. The most basic syntax for the function DSolve is
DSolve[egn,y,x]. For example,

DSolve([y'[x] + 3¥y([x] + 4 == Sin[x], y[x], x]

“XC[1] + — (-40-3Cos[x] +9Sin[x]) }!}
30 J]

n

{{¥I[x] =


http://reference.wolfram.com/mathematica/ref/Plot.html
http://reference.wolfram.com/mathematica/ref/Plot.html

The syntax for solving a list of differential equations is DSolve[{eqnl eqn2,...},
{yl,y2,...},x], while the syntax for solving a partial differential equation is DSolve[{eqn, y,
{x1,x2,..}]. For example,

DSolve[{y'[x] ==2»«y[x], 2'[X] ==3»x2[x] +4«xSin[x]}, {y[x], z[x]}, x]

< S EX mran ot X ~rmys
1¥[x] =e" " C[l], z[x] =" C[2] -

Cos[x] +3Sin[x]]

TS

Note that differential equations must be stated in terms of derivatives, such as y'[x].
Boundary conditions can also be specified by giving them as equations, such as

y'[0]==b.

Plotted Solution:

Solutions given by DSolve sometimes include integrals that cannot be carried out
explicitly, thus NDSolve should be used. NDSolve finds a numerical solution to an
ordinary differential equation within a specified range of the independent variable. The
result will be given in terms of InterpolatingFunction objects, and thus the solution
should be plotted. For example,

s = NDSolve[{y'[x] ==2«y[x], ¥[0] ==1}, ¥, {x, O, 30}]

{{y—= InterpolatingFunction[{{0., 30.}}, <>]1}}

Pleot[Evaluate[y[x] /. 8], {x, 0, 30}]

Note that a place holder was defined to store the NDSolve solution in order for the
solution to be plotted. The general syntax for plotting is Plot[Evaluate[y[x] /. s], {x,
xmin, xmax}], where s is said placeholder. The plot below shows the solution to this
example.
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9.7 Another Example Solving ODEs

In this example the water level of a tank is controlled by adjusting the feed rate of water
into the tank. The system is modeled by the following equation:

dV Fin .

—_— ' - 2 * ‘

dt 2

There is a PID controller on the valve but is not important in explaining the Mathematica
syntax. Consider it just a different way to define Fin.

Parameters are assumed to be Vset = 10, Kc = 10, taul = 0.1, and tauD = 1

For this problem the differential equation needs to be modeled with the given parameters
in Mathematica. The problem asks what the steady state of the system is. This is solved
for by substituting in a PID expression for Fin (not important in this context), setting the
derivatives equal to zero, and solving for V and Xi(a made up variable for the PID
controller). The following Mathematica code does all said things.




Fin=z1+Kc (Vset -V[t]) +1/tiwsxi[t] -td»V'[t];

eqns = {V'[t] == 0.5«Fin -2V [t], xi'[t] == Vset -V[t], V[0] =0, xi[0] == 0};
param= {Kc -+ 10, ti + 0.1, td -+ 1, Vset -+ 10};

tmax = 10;

sol = NDSolve[egns /. param, {V[t], xi[t]}, {t, O, tmax}];

Plot[{V[t], xi[t]} /. sol, {t, O, tmax}]

10}

6HF

"o
T

2 4 6 8 10

s = DSolve[eqns /. param, {V([t], xi[t]}, t];
Limit[s[[1]1][[1]1]1[[2]], £t <+ Infinity]
Limit[s[[1]][[2]]1([[2]], £t < Infinity]

Solve[eqns /. param /. {V'[t] -0, xi '[t] -0}, {V[t], xi[t]}]
10.

3.9

[{xi[t] » 3.9, V[t] » 10.

L

The final line shows that the steady state values for the problem are V = Vset or 10 units
of volume, and Xi (the made up variable for the PID controller) has a steady state value
of 3.9

In this example there is syntax for defining parameters, applying those parameters to
equations, setting up equations, and solving equations for steady state values. There is
also syntax for plotting multiple equations on the same graph and how to evaluate
multiple functions over time periods. Overall very useful for solving Controls
Engineering problems in Mathematica.

9.8 Matrix

It is very simple to create a matrix in Mathematica. Simply pick a name for the matrix
(for this example we will use a) then simply enter each row inside of curly brackets {}
with the individual values separated by commas, and the the row separated by a comma.
The function MatrixForm[] will display a matrix in its matrix form rather than as a list of
numbers.



EX:a={{5,2,3},{7,9,11},{8,13,9}}
MatrixForm[a] displays:

523

7911

8139

You can refer to any specific position in the matrix by using the system:
matrix[[row],[column]]

EX: For the matrix above a[[1],[2]] a value of 2 would be returned.

9.9 Jacobians and Eigenvalues

The Jacobian is a helpful intermediate tool used to linearize systems of ODEs.
Eigenvalues can be used with the Jacobian to evaluate the stability of the system.
Mathematica can be used to compute the Jacobian and Eigenvalues of a system by the
following steps.

1. Enter the system as individual equations
dr _

dy
dt

entered as

) . 2

=x" — 3y

eql = 3*xA2+2y

eq2 = xA2-3%yA2

2. Compute the Jacobian with Mathematica's Derivate function

br 2
Jac = |
2r —0Oy

computed by
Jac = {{D[eql x].D[eql.y]},{D[eq2.x].Dleq2,y]} }

3. Use Mathematica's Eigenvalues function to evaluate the stability of the system



Begin by entering a desired value of {x,y} into the matrix (i.e. steady state values of x and
y)-

~231 2
—0.77 1.33
Jac =
Then call the Eigenvalue function.
Eigenvalues[Jac]
Result: A={-1.82,0.85}

The Jacobian can be computed as long as the matrix is square. Many other function types
are acceptable when entering eql and eq2, including trigonometric and exponential
functions.

9.10 User-Defined Functions

Mathematica also supports user-defined functions. Defining your own functions helps to
simplify code, especially when lengthy expressions are used consistently throughout the
code. The generic Mathematica syntax for defining a function is as follows:

fla_,b_,c_]:=(atb)/c

Here, the function name is "f" with three arguments: a, b, and c. The syntax ":=" assigns
the expression on the right hand side to the function "f." Make sure that each of the
arguments in the brackets on the left hand side are followed by underscores; this
identifies the variables being called by the function as local variables (ones that are only
used by the function itself). For this example, the function "f" will take three arguments
(a, b, and c) and calculate the sum of a and b, and then divide by c.

After defining the function, you can use the function throughout your code using either
real numbers, as the first example shows, or any variables. This is done by calling the
function with the correct number of arguments. When referencing variables, if the
variable already has an assigned value the value will be used, if it does not, Mathematica
will display your function's results with the variables displayed. A few examples are
shown below.

b

o 143
f11,3,2) = —— =



9.11 Nonlinear Regression

Mathematica can be used to solve multiple variable, nonlinear regression problems. This
form of regression can be useful to create models of how temperature or pressure sensors
depend on different valves in a system. The NonLinearRegress function in Mathematica

can be used to find a best-fit solution to a user defined functional form.

The NonLinearRegress function is not part of the standard package in Mathematica. For
this reason, this function must be loaded into Mathematica before an attempt to use.

After this step, the NonlinearRegress is loaded and can be used to solve for a set of data.
To use the this function, enter NonlinearRegress[data, expression, parameters, variables].
The best fit values for the parameters will be returned along with statistical information
about how well this form fits the given data. An example of Nonlinear Regression in
Mathematica is shown in the image below.

n[g1):= Needs|["NonlinearRegression "]
egress[{{1, 2, 2}, {3, 2, 4}, {5, 4, 5}, {6.5, 4, 3}},
axxl+bxx2+c, {a, b, c}, {x1, x2}]|

NonlinearR

' BestFitParameters = {a = 0.1¢

ParameterCITable — ?ff

EstimatedVariance = 3.92

DF SumOfSq MeanSqg
Model 3 50.08 6.69
ANOVATable - Error 1 3.09:
Uncorrected Total 4 54.
Corrected Total 3 S

g7

Curvature
Max Intrinsic 0 '
Max Parameter-Effects 0

5. % Confidence Region|0.0680875

FitCurvatureTable

9.12 Probability Density Function

Often in controls, it is necessary to calculate the probability that a certain event will
occur, given a particular known distribution. In these scenarios, it is helpful to know how
to use the built-in probability density function in Mathematica. The syntax for using the
probability density function to calculate the probability of observing a value x for a
generic distribution dist is shown below.

PDF|dist x]



A variety of distributions can be used in conjunction with the probability density
function. These distributions include the normal distribution and the binomial
distribution.

Normal Distribution

For a normal distribution with a mean y and a standard deviation o, use the following
syntax to specify the distribution.

NormalDistribution[u,0]

To calculate the probability of observing a value x given this distribution, use the
probability density function as described previously.

PDF[NormalDistribution[u,0] ,x]

To calculate the probability of observing a range of values from x/ to x2 given this
distribution, use the following syntax.

Nlntegrate[ PDF[NormalDistribution[u,0] x],{xx1 x2]

For the theory behind the probability density function for a normal distribution, click
here.

Binomial Distribution

For a binomial distribution with a number of trials n and a success probability p, use the
following syntax to specify the distribution.

BinomialDistribution[n,p]

To calculate the probability of observing a successful trial exactly k times given this
distribution, use the probability density function as described previously.

PDF[BinomialDistribution[n p] k]

To calculate the probability of observing between a range of k/ number of successes and
k2 number of successes given this distribution, use the following syntax.

Nlntegrate[PDF[BinomialDistribution[n,p] k] ,{k.kI k2]

Alternatively, binomial distribution can be found using a user defined function. Define the
equations as follow: binom[nn_kk_,pp_]:= nn!/(kk! (nn-kk)!) pp~kk (1-p)A(nn-kk)

where:
number of independent samples = nn
number of events = kk

probability of the event = pp


http://controls.engin.umich.edu/wiki/index.php/Continuous_Distributions:_normal_and_exponential
http://controls.engin.umich.edu/wiki/index.php/Continuous_Distributions:_normal_and_exponential

To find the odds of getting 5 heads out of 10 coin tosses,assuming the probability of head
= 0.5, substitute the values for nn,kk and pp as following: binom[10,5,0.5]

Using the same scenario, but instead for the odds of getting 5 or more heads in the 10
tosses, the function can be used as: Sum[binom[10,i,0.5].,{i,5,10}]

For the theory behind the probability density function for a binomial distribution, click
here.

9.13 Manipulate Function

Often in controls, it is useful to manipulate certain variables dynamically and see the
result in a plot or table. This is particularly useful in setting the constants in tuning PID
controllers. The Manipulate function in Mathematica lets you do this. You can use the
manipulate function in conjunction with the Plot command. The general syntax for using
the manipulate function is as follows:

Manipulate[expr,{u,umin,umax}]

Where expr is the function that you want to add controls to and u is the variable you wish
to manipulate.

Manipulate a function:

You can change the variable x in the function s. Moving the bar lets you change the
variable x.

Manipulate[s = x*3+2x*2-3x+6, {x, -10, 10, 1}]

Manipulate a plot:

You can also manipulate a plot. The slider bar lets change the variable n and the plot
changes accordingly.

Manipulate[Plot[Tan[nw»x-1], {x, 0, 10}], {n, 0, 1}]


http://controls.engin.umich.edu/wiki/index.php/Discrete_Distributions:_hypergeometric%2C_binomial%2C_and_poisson
http://controls.engin.umich.edu/wiki/index.php/Discrete_Distributions:_hypergeometric%2C_binomial%2C_and_poisson
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The Mathematica file used to create this example, can be downloaded below.

Manipulate Command Example

For more information regarding manipulate, please see the Wolfram's Reference Site.

[Note - need to add manipulate for the Bode plots - R.Z.]


http://controls.engin.umich.edu/wiki/images/e/e6/ManipulateExample.nb
http://controls.engin.umich.edu/wiki/images/e/e6/ManipulateExample.nb
http://reference.wolfram.com/mathematica/ref/Plot.html
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9.14 Adding Gridlines

"PLOTTING WITH GRIDLINES

Make your graphs more readable and attractive!

TO ADD STANDARD GRIDLINES TO YOUR PLOT:

use GridLines->Automatic

Other gridline options:
IF YOU HAVE A SINUSOIDAL GRAPH:
use Gridlines->{{Pi,2Pi},{-1,-.5,.5,1}}
IF YOU WANT TO DRAW GRIDLINES AT SPECIFIC PLACES:
use Gridlines->{{x1,x2},{yl,y2}}"

PL=BN2
Plot[{yl}, {t, 0, 10}, PlotStyle » Thick, PlotRange - Full, Frame - True, GridLines - Automatic]

PLOTTING WITH GRIDLINES

Make your graphs more readable and attractive!

TO ADD STANDARD GRIDLINES TO YOUR PLOT:

use GridLines->Automatic

Other gridline options:
IF YOU HAVE A SINUSCIDAL GRAPH:
use Gridlines->{{Pi,2Pi},{-1,-.5,.5,1}}
IF YOU WANT TO DRAW GRIDLINES AT SPECIFIC PLACES:
use Gridlines->{{x1,x2},{yl,y2}}

ot
(8]

80

/

40

) 2]




9.15 Plotting Log-Log Graphs

"CREATING LOG-LOG PLOTS

Sometimes when graphs are in the form of y = axx®b, it is more visually appealing for
the graph to be plotted on a log-log plot. A log-log plot uses a logarithmic scale
for both axes. It is so simple to create log-log plots in Mathematica; use the simple

steps below to create beautiful, functional graphs!"

omega = 4%t*5;
LogLogPlot[AR, {t, 0.01, 100}, PlotStyle - {Thick}, GridLines - Automatic]

CREATING LOG-LOG PLOTS

Sometimes when graphs are in the form of y = axx"b, it is more visually
appealing for the graph to be plotted on a log-log plot. A log-log plot uses
a logarithmic scale for both axes. It is so simple to create log-log plots in

Mathematica; use the simple steps below to create beautiful, functional graphs!
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9.16 Other Useful Mathematica Tips

vAdditional Features of Mathematica-
"The following code demonstrates how to plot multiple curves in the same
space in Mathematica. Details are also outlined for customizing axis labels,

plot ranges and finding minimum/maximum values of a function for a certain range."

"Define the functions. Here 'a', 'b' and 'c¢' are the dependent variables and
are functions of 'x'"

ar=xA2ixk

(x-10)*2+1

x*2+10

(=]

Define the functions. Here 'a', 'b' and

c' are the dependent variables and are functions of 'x'

"To plot multiple functions in one graphing space, list the function names and
separate with commas inside { }. Here the PlotRange command takes arguments
for the 'x' range and the 'y' range in { }. The axes can be labeled using

'AxesLabel' and large, bold style can be used."

Plot[{a, b, ¢}, {x, -10, 10}, PlotStyle » Thick, PlotRange - {{-10, 15}, {0, 100}},
Axes » True, AxesLabel » {Style[x, Large, Bold], Style[y, Large, Bold]}]

"FindMinimum takes as arguments a function, then an independent variable range"
FindMinimum[b, {x, -10, 10}]

40

"Results from FindMinimum:"

{1., {x>10.}}

"Conversely, use FindMaxmimum to find the maximum value of a function for a given range."

[It would be good to replace this images with actual text - R.Z.]



Chapter 3. Sensors and Actuators

More information on sensors and actuators at ECOSSE

Section 1. Control systems: Measurement Devices

Christian Hatfield, Varun Kaushik, Alon Mandel

1.1 Control Systems: Industrial Applications

Many control systems are used today in a large number of industries consisting of
applications from all kinds. The common factor of all control types is to sustain a desired
outcome that may change during a chemical reaction or process. The most common
control type used today in industry is a PID controller (proportional, integral, derivative),
which allows the operator to apply different control techniques that can be used to
achieve different settings in an experiment or process. A PID controller can be used in
two main control mechanisms that include feed back and feed forward. The purpose of
this article is to provide examples of common industrial control systems that apply
different control architectures.

1.2 Temperature control: Thermocouple

A thermocouple is a device to measure and control temperature within a system. They are
used in a wide variety of industrial applications (gas turbines, chemical reactors, exhaust,
chemical manufacturing etc) due to their low cost and portability. The fundamental
working principle for thermocouple operations is the Seebeck Effect. Mostly,
thermocouples operate in a P or a PID control mode. In order to measure temperature
between two points, the thermocouple employs two metallic ends (made from different
alloys). When the two conductor ends are exposed to a thermal gradient, they generate a
voltage between them. This voltage drop gives rise to the temperature measurement
output that a thermocouple provides. Depending on the types of alloys in both conductor
ends, and the magnitude of the thermal gradient, thermocouples can measure temperature
differences between 1-23000C. They can operate in feedback loops or feed forward
loops. Thermocouples are mostly digital control units. Thermocouple prices started
around $100 and cost up to $2500 for more accurate, and self-calibrated models.


http://eweb.chemeng.ed.ac.uk/courses/control/restricted/course/second/course/outline4.html
http://eweb.chemeng.ed.ac.uk/courses/control/restricted/course/second/course/outline4.html

1.3 Pressure Control: Pressure Switch

A pressure switch is a device that controls systems against pressure drops or pressure
spikes. The most basic types of pressure switches work on an ON-OFF basis, but can also
be manufactured to work in PID mode. The fundamental method of operation is to set the
“Set-Pressure” to a given quantity. This deactivates the pressure switch from the circuit
connecting it to the control valve upstream. If, at any point during the process, the
pressure rises past the set-point, the switch is activated and completes the circuit, thus
shutting off the control valve. Pressure switches can be hydraulic, or pneumatic based
(air-based pressure). One common application of a pressure switch in the industry is to
protect PD (positive-displacement) pumps from over-pressurization. A PD pump can
generate very high pressures if not controlled by a pressure switch; thus setting a pressure
switch inline with a PD pump will prevent over pressurization since it shuts off the
control valve. Pressure switches are common in any industry since all require
pressurization of certain components during manufacturing, processing or refining stages.
They sell between $200-$2000 depending on the magnitude of the set-point required for
protection.

1.4 Composition Control: Ratio Control



A ratio controller is used to ensure that two or more process variables such as
material flows are kept at the same ratio even if they are changing in value. Control
modes can be operated in different types, but mostly feedback PI controller is used
for ratio control. In industrial control processes, ratio control is used in the
following processes: burner/air ratio, mixing and blending two liquids, injecting
modifiers and pigments into resins before molding or extrusion, adjusting heat
input in proportion to material flow. The prices for industrial ratio controllers start
around $500 and increase depending on the sensitivity of the unit to different
magnitudes of compositional changes and size of the equipment to be annexed to.

Level controls are used to monitor and regulate the liquid level in industrial vessels.
There are many various sensors used in level control including ultrasonic, lasers, and
floatation sensors. They all work on the same general principle. A sensor measures the
distance from the base of the vessel to the top of the liquid level, mainly by using sonar
waves or a laser beam. Based on the time it takes for the wave or for the laser beam to
return to the emitting source, the controller sends information to change or maintain the
level. The magnetic float control reads on a sensor located on the wall of the vessel and
sends that information to the controller. Some examples of level control in industry are:
maintaining the liquid level in a distillation column, protecting from overflow, and
measuring the amount of product in storage tanks. Level sensors/controls vary in price
based on the type and the accuracy required. Below is a picture of a magnetic float level
control.

1.5 Level Control: Level Switches



1.6 Flow Control: Flow Meters

Flow controls are used to regulate the flow of a liquid or gas through a system. The main
form of flow control is a valve. There are many different types of valves, but they all
change flow rates by opening or closing based on what amount is needed. A flow sensor
reads the flow rate, and a controller will operate the valve to increase or decrease the
flow. Some basic types of flow sensors are rotameters and digital mass meters. These
controls are used in all forms of industry to control flows including water treatment,
product measurement, and fuel flow to furnaces. The low price end for flow sensors is
typically around $500, and depending on the size of the process, and the process material,
the price can range into the thousands. Below are two pictures. The first is a manual
control valve that can be opened or shut to regulate flow. The second is a valve that can
be used in an automatic control system to regulate flow.




Section 2. Temperature Sensors

Note: EVideo lecture available for this section!
Authors: (14 September 2006) Ardemis Boghossian, James Brown, Sara Zak
Stewards: (11 September 2007) Arthur L. Edge III, Kathryn Meintel, Renu Rao, Kaveh Saba

* First round reviews for this page
Rebuttal for this page

2.1 Introduction

Temperature sensors are vital to a variety of everyday products. For example, household
ovens, refrigerators, and thermostats all rely on temperature maintenance and control in
order to function properly. Temperature control also has applications in chemical
engineering. Examples of this include maintaining the temperature of a chemical reactor
at the ideal set-point, monitoring the temperature of a possible runaway reaction to ensure
the safety of employees, and maintaining the temperature of streams released to the
environment to minimize harmful environmental impact.

While temperature is generally sensed by humans as “hot”, “neutral”, or “cold”, chemical
engineering requires precise, quantitative measurements of temperature in order to
accurately control a process. This is achieved through the use of temperature sensors, and
temperature regulators which process the signals they receive from sensors.

From a thermodynamics perspective, temperature changes as a function of the average
energy of molecular movement. As heat is added to a system, molecular motion increases
and the system experiences an increase in temperature. It is difficult, however, to directly
measure the energy of molecular movement, so temperature sensors are generally
designed to measure a property which changes in response to temperature. The devices
are then calibrated to traditional temperature scales using a standard (i.e. the boiling point
of water at known pressure). The following sections discuss the various types of sensors
and regulators.

2.2 Temperature Sensors

Temperature sensors are devices used to measure the temperature of a medium. There are
2 kinds on temperature sensors: 1) contact sensors and 2) noncontact sensors. However,
the 3 main types are thermometers, resistance temperature detectors, and thermocouples.
All three of these sensors measure a physical property (i.e. volume of a liquid, current
through a wire), which changes as a function of temperature. In addition to the 3 main
types of temperature sensors, there are numerous other temperature sensors available for
use.

Contact Sensors


https://controls.engin.umich.edu/wiki/index.php/Recorded_Lectures
https://controls.engin.umich.edu/wiki/index.php/Recorded_Lectures
http://controls.engin.umich.edu/wiki/index.php/Image:TemperatureSensorsReviews.doc
http://controls.engin.umich.edu/wiki/index.php/Image:TemperatureSensorsReviews.doc
http://controls.engin.umich.edu/wiki/index.php/Image:TemperatureSensorsRebuttal.doc
http://controls.engin.umich.edu/wiki/index.php/Image:TemperatureSensorsRebuttal.doc

Contact temperature sensors measure the temperature of the object to which the sensor is
in contact by assuming or knowing that the two (sensor and the object) are in thermal
equilibrium, in other words, there is no heat flow between them.

Examples (further description of each example provide below)
* Thermocouples
* Resistance Temperature Detectors (RTDs)

* Full System Thermometers

Bimetallic Thermometers

Noncontact Sensors

Most commercial and scientific noncontact temperature sensors measure the thermal
radiant power of the Infrared or Optical radiation received from a known or calculated
area on its surface or volume within it.

An example of noncontact temperature sensors is a pyrometer, which is described into
further detail at the bottom of this section.

2.2.1 Thermometers

Thermometers are the most common temperature sensors encountered in simple,
everyday measurements of temperature. Two examples of thermometers are the Filled
System and Bimetal thermometers.

Filled System Thermometer

The familiar liquid thermometer consistsof a liquid enclosed in a tube. The volume of the
fluid changes as a function of temperature. Increased molecular movement with
increasing temperature causes the fluid to expand and move along calibrated markings on
the side of the tube. The fluid should have a relatively large thermal expansion coefficient
so that small changes in temperature will result in detectable changes in volume. A
common tube material is glass and a common fluid is alcohol. Mercury used to be a more
common fluid until its toxicity was realized. Although the filled-system thermometer is
the simplest and cheapest way to measure temperature, its accuracy is limited by the
calibration marks along the tube length. Because filled system thermometers are read
visually and don’t produce electrical signals, it is difficult to implement them in process
controls that rely heavily on electrical and computerized control.

Bimetal Thermometer

In the bimetal thermometer, two metals (commonly steel and copper) with different
thermal expansion coefficients are fixed to one another with rivets or by welding. As the
temperature of the strip increases, the metal with the higher thermal expansion
coefficients expands to a greater degree, causing stress in the materials and a deflection in
the strip. The amount of this deflection is a function of temperature. The temperature
ranges for which these thermometers can be used is limited by the range over which the
metals have significantly different thermal expansion coefficients. Bimetallic strips are



often wound into coils and placed in thermostats. The moving end of the strip is an
electrical contact, which transmits the temperature thermostat.

2.2.2 Resistance Temperature Detectors

A second commonly used temperature sensor is the resistance temperature detector (RTD,
also known as resistance thermometer). Unlike filled system thermometers, the RTD
provides an electrical means of temperature measurement, thus making it more
convenient for use with a computerized system. An RTD utilizes the relationship between
electrical resistance and temperature, which may either be linear or nonlinear. RTDs are
traditionally used for their high accuracy and precision. However, at high temperatures
(above 700°C) they become very inaccurate due to degradation of the outer sheath, which
contains the thermometer. Therefore, RTD usage is preferred at lower temperature ranges,
where they are the most accurate.

There are two main types of RTDs, the traditional RTD and the thermistor. Traditional
RTDs use metallic sensing elements that result in a linear relationship between
temperature and resistance. As the temperature of the metal increases, increased random
molecular movement impedes the flow of electrons. The increased resistance is measured
as a reduced current through the metal for a fixed voltage applied. The thermistor uses a
semiconductor sensor, which gives a power function relationship between temperature
and resistance.

RTD Structure

A schematic diagram of a typical RTD is shown in Figure 1.
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Figure 1. Schematic Diagram of Resistance Temperature Structure

As shown in Figure 1, the RTD contains an outer sheath to prevent contamination from
the surrounding medium. Ideally, this sheath is composed of material that efficiently
conducts heat to the resistor, but resists degradation from heat or the surrounding
medium.



The resistance sensor itself is responsible for the temperature measurement, as shown in
the diagram. Sensors are most commonly composed of metals, such as platinum, nickel,
or copper. The material chosen for the sensor determines the range of temperatures in
which the RTD could be used. For example, platinum sensors, the most common type of
resistor, have a range of approximately -200°C — 800°C. (A sample of the temperature
ranges and resistances for the most common resistor metals is shown in Table 1).
Connected to the sensor are two insulated connection leads. These leads continue to
complete the resistor circuit.

Table 1. Common Metal Temperature and Resistance Ranges

ot | "t | ot | TR0/
Copper -100-260°C [10Qat0°C 0.00427
Nickel -100-260°C [120Qat0°C |0.00672
Platinum [-260-800°C [100Qat0°C [0.003916

There are 4 major categories of RTD sensors. There are carbon resistors, film
thermometers, wire-wound thermometers and coil elements.

Carbon resisters are the most commonly used. They are inexpensive and are accurate for
low temperatures. They also are not affected by hysteresis or strain gauge effects. They
are commonly used by researchers.

Film thermometers have a very thin layer of metal, often platinum, on a plate. This layer
is very small, on the micrometer scale. These thermometers have different strain gauge
effects based on what the metal and plate are composed of. There are also stability
problems that are dependent on the components used.

In wire-wound thermometers the coil gives stability to the measurement. A larger
diameter of the coil adds stability, but it also increases the amount the wire can expand
which increases strain and drift. They have very good accuracy over a large temperature
range.

Coil elements are similar to wire-wound thermometers and have generally replaced them
in all industrial applications. The coil is allowed to expand over large temperature ranges
while still giving support. This allows for a large temperature range while decreasing the
drift.

RTD Operation

Most traditional RTD operation is based upon a linear relationship between resistance and
temperature, where the resistance increases with temperature. For this reason, most RTDs
are made of platinum, which is linear over a greater range of temperatures and is resistant
to corrosion. However, when determining a resistor material, factors such as temperature
range, temperature sensitivity, response time, and durability should all be taken into
consideration. Different materials have different ranges for each of these characteristics.



The principle behind RTDs is based upon the Callendar — Van Dusen equation shown
below, which relates the electrical resistance to the temperature in °C. This equation is
merely a generic polynomial that takes form based upon experimental data from the
specific RTD. This equation usually takes on a linear form since the coefficients of the
higher-order variables (a2, a3, etc.) are relatively small.

Ry = Ro(1+ a\T + a;T% + asT” + asT' + ... + 0, T") (1)

Rr: Resistance at temperature T, in ohms
Ro: Resistance at temperature = 0°C, in ohms
an: Material’s resistance constant, in °Cn -~ !

Another type of RTD is the thermistor, which operates based upon an exponential
relationship between electrical resistance and temperature. Thermistors are primarily
composed of semiconductors, and are usually used as fuses, or current-limiting devices.
Thermistors have high thermal sensitivity but low temperature measuring ranges and are
extremely non-linear. Instead of the Callendar - Van Dusen equation, the thermistor
operates based upon the nonlinear equation, equation (2), shown in degrees K.

) (2)

[1)] o 11).067.1‘])( ,)(Tl ~ Tn/

To: Initial temperature, usually set at 298K
b: Material's temperature coefficient of resistance, in K

Errors associated with resistance thermometers will occur due to the individual or
collective efforts of: defective insulation, contamination of the resistor, or insecure lead
wire connections.

2.2.3 Thermocouples

Another temperature sensor often used in industry is the thermocouple. Among the
various temperature sensors available, the thermocouple is the most widely used sensor.
Similar to the RTD, the thermocouple provides an electrical measurement of temperature.

Thermocouple Structure

The thermocouple has a long, slender, rod-like shape, which allows it to be conveniently
placed in small, tight places that would otherwise be difficult to reach. A schematic
diagram of a typical thermocouple is shown in Figure 2.



Figure 2. Schematic Diagram of Thermocouple Structure

As illustrated in Figure 2, the thermocouple contains an outer sheath, or thermowell. The
thermowell protects the contents of the thermocouple from mechanical and chemical
damage.

Within the thermowell lies two metal wires each consisting of different metals. Various
combinations of materials are possible for these metal wires. Three common
thermocouple material combinations used for moderate temperature measurements are
the Platinum-Rhodium, Iron-Constantan, and Chromel-Alumel metal alloys. The metal
alloys chosen for a thermocouple is based upon the emf value of the alloy pair at a given
temperature. Sample emf values for the most common materials at various temperatures
are shown in Table 2. For a given pair of materials, the two wires are connected at one
end to form a junction. At the other end, the two wires are connected to a voltage
measuring device. These ends of the wires are held at a different reference temperature.

Table 2. Common Metal Temperature and Emf Values

Emf Value/[Emf Value|Emf Value
at20°C | at50°C |[at100°C

Platinum-Rhodium [0.113 mV [0.299 mV [|0.646 mV
Iron-Constantan 1.019 mV [2.585 mV [5.269 mV
Chromel-Alumel 0.798 mV 2.023 mV [4.096 mV

Alloy Type

Various methods are used to maintain the reference temperature at a known, constant
temperature. One method consists of placement of the reference junction within either an
ice bath or oven maintained at a constant temperature. More commonly, the reference
temperature is maintained electronically. Though not as stable as an ice bath,
electronically controlled reference temperatures are more convenient for use. Reference
temperatures could also be maintained through temperature compensation and zone



boxes, which are regions of uniform temperature. The voltage difference across the
reference junction is measured and sent to a computer, which then calculates the
temperature with this data.

Thermocouple Operation

The main principle upon which the thermocouple function is based on is the difference in
the conductivities of the two wire materials that the thermocouple is made of, at a given
temperature. This conductivity difference increases at higher temperatures and
conversely, the conductivity difference decreases at lower temperatures. This disparity
results in the thermocouples being more efficient and useful at higher temperatures. Since
the conductivity difference is small at lower temperatures and thus more difficult to
detect, they are inefficient and highly unreliable at low temperatures.

The conductivity difference between the two wires, along with a temperature difference
between the two junctions, creates an electrical current that flows through the
thermocouple. The first junction point, which is the point at which the two wires are
connected, is placed within the medium whose temperature is being measured. The
second junction point is constantly held at a known reference temperature. When the
temperature of the medium differs from the reference temperature, a current flows
through the circuit. The strength of this current is based upon the temperature of the
medium, the reference temperature, and the materials of the metal wires. Since the
reference temperature and materials are known, the temperature of the medium can be
determined from the current strength.

Error associated with the thermocouple occurs at lower temperatures due to the difficulty
in detecting a difference in conductivities. Therefore, thermocouples are more commonly
used at higher temperatures (above -125°C) because it is easier to detect differences in
conductivities. Thermocouples are operable over a wide range of temperatures, from
-200°C to 2320°C, which indicates its robustness and vast applications. Thermocouples
operate over this wide range of temperatures, without needing a battery as a power
source. It should be noted that, the wire insulation might wear out over time by heavy
use, thus requiring periodical checks and maintenance to preserve the accuracy of the
thermocouple.

To determine the temperature of the medium from the current strength, the emf or voltage
values of the current and of the wire materials at the reference temperatures must be
known. Often, the measured temperature can be found by using standard thermocouple
tables. However, these tables are often referenced at 0°C. To correct for this different
reference temperature, equation (3) can be used to calculate the temperature from a given
current.

C‘ i ) [ « A\
Enmn=&nm+ & (3)

[

S :emfofan alloy combination generated at two different temperatures
T1: temperature of the medium whose temperature is to be determined



T»: reference temperature of the thermocouple
Ts: reference temperature of the standard thermocouple table, which in this case is 0°C

Once the emf between two alloys is calculated relative to a reference temperature when
T3 is 0°C, the standard thermocouple table can be used to determine the temperature T1
of the medium. This temperature is usually automatically displayed on the thermocouple.

Apart from the common occurrence of the thermocouples being placed in the fluid to
measure temperature change, thermocouples can be also embedded in solids with
excellent results. This is highly effective while establishing the different thermal
properties for a solid. The heat transfer to the thermocouple will now be in the form of
conductive heat transfer. As a result, this setup would be very similar to heat conduction
in series, since the thermocouple is almost always made from a different material then the
actual solid. Such discrepancies depend on the manner in which the thermocouple is
embedded in the solid and should be taken into account when the thermal properties are
being calculated and analyzed. One example is shown in the photo below.

Wire's
Thermowell

Sample
Matenal

Junction

Figure 3. Schematic diagram of how the thermocouple function
Laws for thermocouples
Law of homogenous material

o If all the wires and the thermocouple are made of the same material, temperature
changes in the wiring do not affect the output voltage. Thus, need different materials to
adequately reflect the temperature.

Law of intermediate materials

o The sum of all the thermoelectric forces in a circuit with a number of dissimilar
materials at a uniform temperature is zero. This implies that if a third material is added at
the same temperature, no net voltage is generated by the new material.

Law of successive or intermediate temperatures



o If two dissimilar homogeneous materials produce thermal emf1 when the junctions are
at T1 and T2 and produce thermal emf2 when the junctions are at T2 and T3 , the emf
generated when the junctions are at T1 and T3 will be emf1 + emf2 .

Application

Steel industry

0 Monitor temperature and chemistry throughout the steel making process
Heating appliance safety

o Thermocouples in fail-safe mode are used in ovens and water heaters to detect if pilot
flame is burning to prevent fire and health hazard

Manufacturing
o Used for testing prototype electrical and mechanical apparatus
Process plants

o Chemical production plants and refineries use computer programs to view the
temperature at various locations. For this situation, a number of thermocouple leads are
brought to a common reference block.

2.2.4 Pyrometers

Unlike the thermometer, RTD and the thermocouple, pyrometers (non-contact
temperature sensors) measures the amount of heat radiated, rather than the amount of heat
conducted and convected to the sensor. Various types of pyrometers, such as total
radiation and photoelectric pyrometers, exist. Below is a schematic of an optical
pyrometer in Figure 4.
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Figure 4. Schematic diagram of an optical pyrometer

These pyrometers differ in the type of radiation they measure. There are many factors that
influence the amount of radiated heat detected, thus there are many assumptions that must
be made regarding the emissivity, or the measure of the manner in which heat is radiated,
of the object. These assumptions are based upon the manner in which heat is radiated as
well as the geometry of the object. Because temperature is dependent on the emissivity of
a body, these assumptions regarding the emissivity introduce uncertainties and
inaccuracies in the temperature readings. Therefore, because of the error associated with

them, pyrometers are not often used in industry.

Table 3. Summary of Temperature Sensors

Themnistor
(uses a
semiconductor
sensor)

computerized system

Type Function Operating Range Advantage Disadvantage
(C)
Thermometer |Liquid Filled Calibrated with markings -200 Cto 260 C |Cheap, good for everyday usage |Limited range, can't connect to
along the tube to provide a temperature regulation systems
Bimetal visual reading of the -10Cto 110 C |Good for quick checks on Visual readouts lead to limited
temperature temperatures, no batteries, accuracy
inexpensive
RTD Traditional Provides an electrical means| -200C to 700C |Easy to recalibrate, provides Smaller temperature range than
(uses metallic |oftemperature readings with two significant thermocouples, higher start up
sensing measurement, making it figures, remain stable for long costs, sensitive to environmental
elements) compatible with a periods of time disturbances

Thermocouple

Consists of two metal wires
connected to a voltage
source to provide an
electrical means of

-200C to 2320 C
depending on the
metals chosen for

the two wires

No batteries needed, quick, can
be used forwide temperature
ranges

Can lose their accuracy after
being used for a long time due to
'wearin the insulation between
wires

There are a few different types of pyrometers. There are optical and radiation pyrometers.




How Optical Pyrometers Work:

* Compares the color of visible light given off by the object with that of a electrically
heated wire

* The wire can be preset to a certain temperature
* The wire can be manually adjusted to compare the two objects
How Radiation Pyrometers Work:

* This sensor works by measuring the radiation (infrared or visible light) that an object
gives off

* The radiation heats a thermocouple in the pyrometer which in turn induces a current

* The larger the current induced, the higher the temperature is

Pyrometers are usually used at very high temperatures, but can be used at colder
temperatures as well. There are lots of industrial applications to pyrometers. Plant
operators can use pyrometers to get a sense of what temperature certain processes are
running at. The downside to pyrometers is that they are not very accurate as
thermocouples or RTD sensors are. This is because they rely on quantifying colors of
light.

2.3 Temperature Regulators

Temperature regulators, also known as temperature control valves (TCVs), physically
control, as well as measure, temperature. Temperature regulators are not capable of
directly maintaining a set value; instead, they relate the load (in this case the valve
opening) with the control (temperature measurement). These regulators are most useful
when temperature is correlated to a flow of a substance. For example, a TCV may be used
to control the temperature of an exothermic reaction that requires constant cooling. The
TCV measures the temperature of the reaction and, based upon this temperature, either
increases or decreases the flowrate of cooling fluid to adjust the temperature of the
reaction. Similarly, the regulator could be used to adjust the flow amount of steam, which
is typically used to heat a substance. Therefore, by adjusting flowrate, the regulator can
indirectly adjust temperature of a given medium.

2.3.1 Regulator Structure

The structure of a typical thermal regulator consists of four main parts, as shown in
Figure 3. The temperature detecting element, which in most cases is a temperature sensor,
as described above, sends either an electrical or mechanical signal through the connector
to the actuator. The actuator then uses this signal to act upon the power source, which
determines the position of the valve. (This will be further described in the next section.)



Connector (computer,
capillary tube, etc.)

Temperature Sensor

I

+«————Actuator (vapor-filled, etc)

Power Source
(bellows, diaphragms)

— Controlled Medium +—— Controlling Medium

—— T
LVaIve

Note: The actuator consists of the capillary tubing, the power source, and the adjustment.

Figure 3. Schematic Diagram of Temperature Regulator Structure

2.3.2 Regulator Operation

The temperature regulator operates based upon a mechanical means of temperature
control. As previously mentioned, the bulb of the regulator is typically filled with a heat
conducting substance. Due to the thermal expansion properties of this substance, the
substance expands as the temperature increases. This expansion causes a change in the
pressure of the actuator, which correlates to the temperature of the medium. This pressure
change repositions a valve on the regulator, which controls the flowrate of a coolant. The
temperature of the medium is then altered by the change in the flowrate of this coolant.

2.3.3 Types of Temperature Regulators

Though all regulators have the same basic build and purpose, they exist in a variety of
forms. In particular, these regulators vary in four primary ways: temperature detecting
elements, temperature detector placement, actuator type, and valve type.

Temperature Detecting Elements

Most temperature regulation systems use thermocouples or RTDs as temperature sensing
devices. (Described above) For these systems, the connector is a computer. The sensors
send an electric signal to the computer, which calculates the temperature. The computer
then compares the temperature measured by the sensor to a programmed set-point
temperature, thus determining the required pressure in the actuator. The pressure in the
actuator changes position of the power source (diaphragm or bellows), which
consequently changes the flowrate through the valve.



Some temperature regulation systems use a filled bulb as a temperature sensor. Based on
the thermal expansion properties of the material within the bulb, the material expands as
the temperature increases. This expansion causes a change in the pressure of the actuator.
The pressure change actuator then repositions power source. Again, the change in the
power source changes the flowrate through the valve.

Temperature regulation systems using thermocouples or RTDs as temperature sensing
devices are much more common than regulation systems using filled bulbs.

Temperature Detector Placement: Internal and Remote Detection

Temperature detection can be done with internal or remote elements. For internal
temperature detectors, the thermal actuator and temperature detector are located entirely
within the valve. For remote temperature detectors, the primary temperature detecting
element is separate from the actuator and valve, and is connected to the actuator with
either electrical wiring or capillary tubing, depending on the mechanism of the
temperature sensor. Remote temperature detectors are more common, as internal
temperature detectors are limited in use. Internal temperature detectors can only measure
the temperature of the fluid flowing through the valve and not the temperature of the
process.

Actuator Type: Thermal Systems

There are four main categories of thermal actuators used in temperature regulators.
Thermal actuators produce power and work, proportional to the measured temperature of
the process, on the power source. Actuator types include the vapor-filled system, the
liquid-filled system, the hot chamber system, and the fusion-type or wax-filled system. Of
all the thermal systems mentioned, liquid-filled systems are the most common, because
they relate temperature and pressure change in a linear fashion.

Vapor-Filled Systems

In the vapor-filled system, the thermal actuator is partially filled with a volatile liquid. As
the temperature of the sensor increases, the vapor pressure of the liquid also increases.
This increases the pressure on the power source, and adjusts the flowrate through the
valve.

Liquid-Filled Systems

In liquid-filled systems, the thermal actuator is filled with a chemically stable liquid, such
as a hydrocarbon. As the temperature increases, the liquid expands, which produces a
force on the power source.

Hot Chamber Systems

In hot chamber systems, the thermal actuator is partially filled with a volatile fluid. An
increase in temperature of the system forces some of this fluid into the power unit, where
the heat of the unit causes this liquid to turn into a superheated vapor. The pressure
increase produces a force on the power source.

Fusion-Type (Wax-Filled) Systems

Of all the systems mentioned, the fusion-type system is the least common. In the fusion-
type system, the thermal actuator is filled with special waxes such as hydrocarbons,



silicones, and natural waxes. The wax contains large amounts of copper, which increases
the heat-transfer quality of the wax. As temperature increases, the wax expands,
producing a force that repositions the power source.

Valve Type: Direct and Pilot Actuated

The two main types of valves used in thermal regulators are the direct and pilot actuated
valves. In all such thermal regulators, there is a power source (such as bellows and
diaphragms) that provides the force required to reposition the valve to control the
temperature. These power sources rely on a change in the pressure of the actuator in order
to properly regulate temperature. In direct-actuated TCVs, this power unit is directly
connected to the valve, which provides the force required to open and close the valve. In
pilot-actuated TCVs, the thermal actuator moves a pilot valve, which then transfers
energy in the form of pressure to a piston, which then provides the work necessary to
reposition the main valve.

Direct-actuated TCVs are often much simpler in structure than pilot-actuated TCVs, and
therefore they are also much cheaper. In addition, they respond better to smaller changes
in temperature and more accurately reflect the temperature of the medium. Thus, if the
exact temperature of the system is essential to ensure correct operation, a direct-actuated
TCV should be used. Pilot-actuated TCVs usually have much smaller temperature
sensing devices, a faster response time, and the ability withstand much higher pressures
through the regulating valve. Therefore, at high pressures or rapid temperature changes, a
pilot-actuated TCV should be used.

2.4 Resistance Temperature Detector Example

Note: This example problem has been made up for demonstration purposes.

A newly hired chemical engineer at Hypothetical Industries is responsible for monitoring
and maintaining temperatures for one of the company’s exothermic reactions. The
process uses a platinum resistor thermometer to measure the temperature of the process,
the properties of which are given below. The reaction’s ideal range is between 250°C —
350°C. Below 250°C, the catalyst ceases to function, and above 350 °C, it can be
classified as a runaway reaction. The engineer can control steam and cooling water to
regulate the process temperature.

Describe what changes the engineer should make to either the flowrate of the coolant or
the steam to keep the system functioning optimally.

Case I: Rr=250hms
Case II: Ry = 13.90hms
Case III: Ry = 19.40hms

GIVEN DATA:
Rr=Ro(1 +a:T + asz)

Ro =10 ohms



a1 =391x10-3(°C)
a»=—6.72x10-8(°C-2)

SOLUTION:

Substitute the given value of Ry for each of the 3 cases into the mathematical calculations

below to get the answers, we have worked out Case I with the corresponding numbers
below.

Case I:

1. Factor Ro throughout the right side of the equation.
2. Subtract Rt from both sides of the equation.
3. Solve for T using the quadratic equation.

25 = 10(1 + 3.19 x 10°T + —6.72 x 107 °T%)
25 =104+ 3.19x 10 2T + —6.72 x 10 "7T?

0=—15+ 3.19x 107°T + —6.72% 10" 'T"

~3.19 % 1072 £,/(3.19 x 1072)2 — 4 x (—6.72 x 10°7) x (—15)
(2 x —6.72 x 1077)

T = 474.97°C

ALTERNATE SOLUTION:
1. Since the constant a> is so small (x10-7) we can just neglect that term.

2. Now the problem is just a simple linear equation, which can be solved by isolating T
on one side of the equation.

25 = 10(1 + 3.19 x 10°°7)
25 = 10+ 3.19 x 10°°T

15 = 3.19 x 10727
15

.T —
3.19 x 102

T = 470.21°C



ANSWERS:

Case I. The engineer should start flowing cooling water
into the reaction process because the temperature is ~ 500°C
which is

above the appropriate range.

Case II. The engineer should increase steam feed to the
reaction process because the temperature is ~ 125°C which is
below

the appropriate range.

Case III. The engineer does not have to do anything
because the temperature is in the appropriate range ~ 300°C.

2.5 Temperature Sensor Example
Note: This example has been made up for demonstration purposes.

You are a chemical engineer at Hypothetical Industries and you are responsible for
monitoring and regulating the temperature for one of the company’s reactions. Determine
which temperature sensor should be used to optimally measure and regulate the reaction’s
temperature in each of the following situations.

Case 1. T=900°C

Case II. T=500°C but sensor location in a large continuous reactor makes it difficult to
repair

Case III. T=50°C and you are estimating the current temperature of a lab scale reaction

SOLUTION:

Case I. We know that the reaction occurs at 900°C. Taking
this optimal temperature as the

only necessary parameters, the temperature sensor would be
a thermocouple. The temperature is outside of the range for
resistance

thermometers. Regular thermometers do not send electric
signals; therefore they can not be used for this process.
Case II. Although this temperature is within the
operating ranges of both thermocouples and RTDs, since the
sensor may not

be readily accesible for repair, we must use an RTD
because thermocouples lose accuracy after extended usage.
Case III. Since the temperature is within the range of
all three sensors, and we

only need a rough estimate of temperature, we can use a
thermometer which will be much less costly than the
alternative sensors.



2.6 Sage's Corner
A brief narration for better understanding of temperature sensors.

http://video.google.com/googleplayer.swf?docld=-1336940015427451435
A copy of the slides can be found here: [[1]]
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3.1 Introduction

Pressure must be considered when designing many chemical processes. Pressure is
defined as force per unit area and is measured in English units of psi and SI units of Pa.
There are three types of pressure measurements:

1. Absolute pressure - atomospheric pressure plus gauge pressure.
2. Gauge Pressure - absolute pressure minus atmospheric pressure.
3. Differential Pressure - pressure difference between two locations.

There are various types of pressure sensors that are available in the market today for use
in industry. Each functions best in a certain type of situation.

3.2 Sensor Selection Criteria

In order for a pressure controlled system to function properly and cost-effectively, it is
important that the pressure sensor used be able to give accurate and precise readings as
needed for a long period of time without need for maintenance or replacement while
enduring the conditions of the system. Several factors influence the suitability of a
particular pressure sensor for a given process: the characteristics of the substances being
used or formed during the process, the environmental conditions of the system, the
pressure range of the process, and the level of precision and sensitivity required in
measurements made.

3.2.1 Process

The pressure sensing element (elastic element) will be exposed to the materials used in
the process, therefore materials which might react with the process substances or degrade
in corrosive media are unsuitable for use in the sensor. Diaphragms are optimal for very
harsh environments.

3.2.2 Environment

The environment (as in the system -- pipes, vibrations, temperature, etc.) in which the
process is carried out also needs to be considered when choosing a suitable pressure
sensor. Corrosive environments, heavy vibrations in the piping units, or extreme
temperatures would mean that the sensors would have to have an added level of
protection. Sealed, strong casing materials with interior liquid containing glycerine or
silicone are often used to encase the internal components of the sensor (not including the
sensing element), protecting them from very harsh, corrosive environments or frequent
vibrations.
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3.2.3 Pressure Range

Most processes operate within a certain pressure range. Because different pressure
sensors work optimally in different pressure ranges, there is a need to choose pressure
gauges which are able to function well in the range dictated by the process.

3.2.4 Sensitivity

Different processes require different levels of precision and accuracy. In general, the
more precise the sensor, the more expensive it is, thus it is economically viable to choose
sensors that are able to satisfy the precision desired. There is also a compromise between
precision and the ability to detect pressure changes quickly in sensors, hence in processes
in which the pressure is highly variable over short periods of time, it is unadvisable to use
sensors which take a lot of time to give accurate pressure readings, although they might
be able to give precise pressure values.

3.3 Pressure Measuring Methods

Several pressure measuring methods have been developed and utilized; these methods
include visual inspection of the height of liquid in a column, elastic distortion, and
electrical methods.

3.3.1 Height of Liquid in Column

The height of a liquid with known density is used to measure pressure. Using the
equation P = Qgh, the gauge pressure can be easily calculated. These types of pressure
measuring devices are usually called manometers. Units of length may be used to
measure the height of the liquid in the column as well as calibrated pressure units.
Typically water or mercury is used as the liquid within these columns. Water is used
when you desire greater sensitivity (its density is much less than liquid mercury, so its
height will vary more with a pressure change). Mercury is used when you desire higher
pressure measurements and not as great sensitivity.

3.3.2 Elastic Distortion

This pressure measuring method is based on the idea that deformation of an elastic
material is directly proportional to the pressure being measured. There are mainly three
sensor types that are used in this method of measuring pressure: Bourdon-tubes,
diaphragms and bellows. (refer to “Types of Sensors” Section)

3.3.3 Electrical Methods

Electrical methods used for measuring pressure utilize the idea that dimensional changes
in a wire affect the electrical resistance to the conductor. These devices that use the
change in resistance of the wire are called strain gauges. Other electrical sensors include
capacitive sensors, inductive pressure transducers, reluctive pressure transducers,
potentiometric transducers, piezoresistive transducers and piezoelectric sensors. (refer to
“Types of Sensors” Section)



3.4 Types of Sensors

There are many different pressure sensors to choose from when considering which is
most suitable for a given process, but they can generally be placed into a few categories,
namely elastic sensors, electrical transducers, differential pressure cells and vacuum
pressure sensors. Listed below each general category are specific internal components,
each functioning best in a certain situation.

3.4.1 Elastic Sensors

Most fluid pressure sensors are of the elastic type, where the fluid is enclosed in a small
compartment with at least one elastic wall. The pressure reading is thereby determined by
measuring the deflection of this elastic wall, resulting in either a direct readout through
suitable linkages, or a transduced electrical signal. Elastic pressure sensors are sensitive;
they are commonly fragile and susceptible to vibration, however. In addition, they tend to
be much more expensive than manometers, and are therefore preferentially used for
transmitting measured data and measuring pressure differences. A wide variety of flexible
elements could conceivably be used for elastic pressure sensors; the majority of devices
use some form of a Bourdon tube, bellows, or diaphragm.

Bourdon Tube Gauges

The principle behind all Bourdon tubes is that an increase in pressure on the inside of the
tube in comparison to the outside pressure causes the oval or flat shaped cross-section of
the tube to try to achieve a circular shape. This phenomenon causes the tube to either
straighten itself out in the c-type or spiral cases or to unwind itself for the twisted and
helical varieties. This change can then be measured with an analog or digital meter
connected to the tube. Tube materials can be changed accordingly to suit the required
process conditions. Bourdon tubes can operate under a pressure range from 0.1-700 MPa.
They are also portable and require little maintenance; however,they can only be used for
static measurements and have low accuracy.

Types of Bourdon tubes include C-type, spiral (a more coiled C-type tube), helical and
straight tube Bourdon tubes. C-type gauges can be used in pressures approaching
700MPa; they do have a minimum recommended pressure range, though -- 30 kPa (i.e., it
is not sensitive enough for pressure differences less than 30 kPa).

Bellows

Bellows elements are cylindrical in shape and contain many folds. They deform in the
axial direction (compression or expansion) with changes in pressure. The pressure that
needs to be measured is applied to one side of the bellows (either inside or outside) while
atmospheric pressure is on the opposite side. Absolute pressure can be measured by
evacuating either the exterior or interior space of the bellows and then measuring the
pressure at the opposite side. Bellows can only be connected to an on/off switch or
potientiomenter and are used at low pressures, <0.2 MPa with a sensitivity of 0.0012
MPa.

Diaphragms

Diaphragm elements are made of circular metal discs or flexible elements such as rubber,
plastic or leather. The material from which the diaphragm is made depends on whether it



takes advantage of the elastic nature of the material, or is opposed by another element
(such as a spring). Diaphragms made of metal discs utilize elastic characteristics, while
those made of flexible elements are opposed by another elastic element. These diaphragm
sensors are very sensitive to rapid pressure changes. The metal type can measure a
maximum pressure of approximately 7 MPa, while the elastic type is used for measuring
extremely low pressures (.1 kPa - 2.2 MPa) when connected to capacitative transducers
or differential pressure sensors. Examples of diaphragms include flat, corrugated and
capsule diaphragms. As previously noted, diaphragms are very sensitive (0.01 MPa) .
They can measure fractional pressure differences over a very minute range (say, inches of
water) (elastic type) or large pressure differences (approaching a maximum range of 207
kPa) (metal type).

Diaphragm elements are very versatile -- they are commonly used in very corrosive
environments or with extreme over-pressure situations.



Examples of these elastic element pressure sensors are shown here.
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3.4.2 Electric Sensors

Sensors today are not neccessarily only connected to a gauge meter needle pointer to
indicate pressure, but may also serve to convert the process pressure into an electrical or
pneumatic signal, which can be transmitted to a control room from which the pressure
reading is determined. Electric sensors take the given mechanics of an elastic sensor and
incorporate an electrical component, thus heightening the sensitivity and increasing the
amount of instances in which you could utilize the sensor. The types of pressure



transducers are capacitive, inductive, reluctive, piezoelectric, strain gauge, vibrating
element, and potentiometric.

Capacitive

A capacitive sensor consists of a parallel plate capacitors coupled with a diaphragm that
is usually metal and exposed to the process pressure on one side and the reference
pressure on the other side. Electrodes are attached to the diaphragm and are charged by a
high frequency oscillator. The electrodes sense any movement of the diaphragm and this
changes the capacitance. The change of the capacitance is detected by an attached circuit
which then outputs a voltage according to the pressure change. This type of sensor can be
operated in the range of 2.5 Pa - 70MPa with a sensitivity of 0.07 MPa.

An example of a capacitive pressure sensor is shown on the right.
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Inductive

Inductive pressure sensors are coupled with a diaphragm or a Bourdon tube. A
ferromagnetic core is attached to the elastic element and has a primary and 2 secondary
windings. A current is charged to the primary winding. When the core is centered then the
same voltage will be induced to the two secondary windings. When the core moves with
a pressure change, the voltage ratio between the two secondary windings changes. The
difference between the voltages is proportional to the change in pressure.

An example of an inductive pressure sensor utilizing a diaphragm is shown below. For
this kind of pressure sensor, taking Chamber 1 as the reference chamber with a reference
pressure P; coming into the chamber and the coil being charged with a reference current.
When the pressure in the other chamber changes, the diagphragm moves and induces a
current in the other coil, which is measured and gives a measure of the change in
pressure.



These may be used with any elastic element (though, it is typically coupled with a
diaphragm or a bourdon tube). The pressure reading generated will be determined by
voltage calibration. Thus, the range of pressure in which this sensor may be used is
determined by an associated elastic element but falls in the range of 250 Pa - 70 MPa
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Reluctive

Reluctive pressure sensors also charge a ferromagnetic core. When the pressure changes,
the flexible element moves a ferromagnetic plate, leading to a change in the magnetic flux
of the circuit which can be measured. The situations in which one would use a reluctive
electric element is one in which the inductive sensor does not generate a precise enough
measurement. The pressure range is 250 Pa - 70 MPa with a sensitivity of 0.35 MPa.



An example of a reluctive pressure sensor can be seen on the right.
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Piezoelectric

Piezoelectric sensors use a crystal sensor. When pressure is applied to the crystal, it
deforms and a small electric charge is created. The measurement of the electric charge
corresponds to the change in pressure. This type of sensor has a very rapid response time
to constant pressure changes. Similar to reluctive electric element, the piezoelectric
element is very sensitive, but responds much, much faster. Thus, if time is of the essence,
a piezoelectric sensor would be desired. The pressure range is .021 - 100 MPa with a
sensitivity of 0.1 MPa.



On the right is an example of a piezoelectric pressure sensor.
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Potentiometric

Potentiometric sensors have an arm mechanically attached to the elastic pressure sensing
element. When pressure changes, the elastic element deforms, causing the arm to move
backwards or forwards across a potentiometer and a resistance measurement is taken.
These sensing elements do posess an optimum working range, but are seemingly limited
in their resolution by many factors. As such, they are low end sensors that aren't used for
much. With a low sensitivity and working range, they may be best suited as a cheap
detector evaluating a coarse process.The pressure range is 0.035 - 70 MPa with a
sensitivity of 0.07 -0.35 MPa.



An example of a potentiometric pressure sensor is shown on the right.
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Strain Gauge

The strain gauge detects changes in pressure by measuring the change in resistance of a
Wheatstone bridge circuit. In general, this circuit is used to determine an unknown
electrical resistance by balancing two sections of a bridge circuit such that the ratio of

Ry R,

resistances in one section ( RQ ) is the same as that in the other section( R 1 ), resulting
in a zero reading in the galvanometer in the center branch. One of the sections contains
the unknown component of which the resistance is to be determined, while the other
section contains a resistor of known resistance that can be varied. The Wheatstone bridge
circuit is shown below:



R4
R1

R2 R3

The strain gauge places sensors on each of the resistors and measures the change in
resistance of each individual resistor due to a change in pressure. Resistance is governed

| L

R = p—
by the equation .‘l where Q = resistivity of the wire, L = length of the wire,
and A = cross-sectional area of the wire. A pressure change would either elongate or
compress the wire, hence a compression sensor is needed on one resistor and an
elongation sensor on the other. To control the effects of temperature (a wire would also
either elongate or compress with a change in temperature), a blank sensor would be
placed on the remaining two resistors. These gauges are frequently a type of
semiconductor (N-type or P-type). Thus, their sensitivity is much greater than their metal
counterparts; however, with greater sensitivity comes a more narrow functional range: the
temperature must remain constant to obtain a valid reading. These gauges are affected
greatly by variations in temperature (unlike the other types of electrical components). The
pressure range is 0 - 1400 MPa with a sensitivity of 1.4 - 3.5MPa.

An example of an unbonded strain gauge is shown below. This makes use of strain-
sensitive wires one end fixed to an immobile frame and the other end attached to a
movable element, which moves with a change in pressure.



Strain-sensitive wires Moveable armature

/ kL Applied
’“ . pressure
7/ T
Clamped
S 7 elastic
clement

, . Fixed frame
Electrically

insulated pins

An example of a bonded strain gauge can be seen below. This is placed on top of a

diaphragm, which deforms with change in pressure, straining the wires attached to the
diaphragm.
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Vibrating Element



Vibrating element pressure sensors function by measuring a change in resonant frequency
of a vibrating element. A current is passed through a wire which induces an electromotive
force within the wire. The force is then amplified and causes oscillation of the wire.
Pressure affects this mechanism by affecting the wire itself: an increase in pressure
decreases the tension within the wire and thus lowers the angular frequency of oscillation
of the wire. The sensor is housed in a cylinder under vacuum when measuring absolute
pressures. These absolute pressure measuring sensors are very efficient: they produce
repeatable results and are not affected by temperature greatly. They lack sensitivity in
meausurement, though, so they would not be ideal for a process in which minute
pressures need monitoring. The pressure range is 0.0035 - 0.3 MPa with a sensitivity of
1E-5 MPa.

A vibrating wire pressure sensor is shown below.
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A vibrating cylinder pressure sensor (for absolute pressures) is shown below.
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3.4.3 Differential Pressure Cells

Differential pressure cells are used with various kinds of sensors in which measurement
of pressure is a result of a pressure differential such as orifice plates, flow nozzles, or
venturi meters. The differential pressure cell converts the pressure differential into a
transmittable signal. Where the differential pressure (DP) cell is placed depends on the
nature of the fluid stream that is being measured. A typical DP cell is minimally invasive
(an external component attached across the point of measurement); it is commonly
employed with a capacitive element paired with a diaphragm that allows the capacitive
body to separate or move together, generating a signal (via change in capacitance) that
can be interpreted to a pressure drop. They are often used to detect small differences in
large pressure drops. Its placement is similar to connecting a voltmeter in parallel to a
resistor to measure its voltage "drop" (analgous to the pressure drop).

An example of a differential pressure cell using bellows can be found here: http://
www.tpub.com/fluid/ch2s.h49.gif

The range of pressure measured and sensitivity of a differential cell depends upon the
electric and elastic components used in the cell itself. It is a great sensor to use when
measuring a pressure drop; however, for all other applications, it is fairly useless.
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3.4.4 Vacuum Sensors

Such sensors are able to measure extremely low pressures or vacuum, referring to
pressures below atmospheric pressure. Besides diaphragm and electric sensors designed
to measure low pressures, there are also thermal conductivity gauges and ionization
Sensors.

Thermal Conductivity Gauges

The principle involved here is the change in gas thermal conductivity with pressure.
However, due to deviation from ideal gas behavior in which the relationship between
these two properties is linear, these kind of gauges, which are also called Pirani gauges,
can only be used at low pressures, in the range of (0.4E-3 to 1.3E-3) MPa. They are
amazingly sensitive elements as well (can detect changes of 6E-13 MPa).

In these gauges, a coiled wire filament has a current flowing through it, which heats up
the coil. A change in pressure changes the rate of heat conduction away from the filament,
thereby causing its temperature to vary. These changes in temperature can be detected by
thermocouples in the gauge, which are also connected to reference filaments in the gauge
as part of a Wheatstone bridge circuit.

An example of a Pirani gauge can be found here: http://www.bama.ua.edu/~surfspec/
vacbasics files/image046.jpg

Ionization Gauges

There are two categories for these types of gauges: hot cathode and cold cathode. For hot
cathode gauges, electrons are emitted by heated filaments, while for the cold cathode
gauges electrons are released from the cathode due to collision of ions. Electrons hit the
gas molecules entering the gauge forming positive ions, which are collected and cause an
ion current to flow. The amount of cation formation is related to the gas density and
consequently the pressure to be measured, as well as the constant electron current used,
hence the ion current flow is a direct measure of the gas pressure. These both are highly
sensitive instruments and thus most suited for fractional pressures. The hot cathode
gauges are even more sensitive than cold cathode gauges and are able to measure
pressures near 10-8Pa. Their sensitivity ranges from (1E-16 to 1E-13) MPa

An example of an ionization gauge can be found here: http://www.bama.ua.edu/
~surfspec/vacbasics files/image049.jpg
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3.4.5 Summary

Types of ek X Press. Range Sensitiv ity Advanta Disadvant
Bourdon tube 0.1-700 IvPa 003 MPa Portable Static measwreraents
Low-Maintenance Low accuracy
Bellows =0 .2MPa 00012 IMPa Can be used at low press. Canonlybe connected to onfoff’
switch or potentiorae ter
Diaphragras 0.1-2.2 MPa 001 MPa Quick response tirae Veryexpensive
Veryaccurate
Generally good linearity
Can be exposed to conosives
Capacitive 2.5Pa-70 WPa 007 MPa Used for low pressure or vacuura ranges | Electronically coraplex
Robust Capacitor plates can stick together
Inductive 250Pa - 70 IMPa 0.35MPa High sensitivity Liraited by elastic eleraents
More coarse than reluctive
Reluctive 250Pa — 70 MPa 0.35MPa High sensitivity Requires external AC source
Piezoelectric 0.021- 100 MPa 0.1 IPa Veryrapid response tirae Affected by high terap. and static
forces
Potentioretric 0.035- 70 MPa 007-0.35 MPa Can be made very small Low sensitivity and working range
Strain Gauge 0-1400 IvPa 1.4-3.5 MPa Very high sensitivity Extreraely slow response time
Can be used on raobile parts Verysmall signal output
Differential Depends on other eleraents Deyends on other Used for pressure drop Canonlybe used for press. drop
elements
Themaal Conductrvity 0.4E-3 - 13E-3 MPa 6E-13 MPa Ivleasures vacuum ranges Has linearity only at low pressures
Ionization 1.3E-13 - 1.3E-81Pa 1E-13 - 1E-16 IMPa Highly sensitive Lirited by photoelectric effect
Can measure high and ultra-high
Vacuum ranges
Vibrating 0.0035MPa - 0.3MPa 1E-5 IMPa Veryaccurate Not affected by temp. Can’t be used at high pressures
changes

3.5 Semi-batch Reactor Problem

Suppose you have a semi-batch reactor (1,000 L) with 50 kg of zinc within the reactor at
1 atm pressure and 25 C. 6M hydrochloric acid is flowing in at 1 L / min to react with the
zinc to produce zinc chloride for use in another process.

A) What factors should be considered?

B) Say the valve fails at an operating pressure of 4 atm (i.e., it will not close and the
reactor will be flooded with HCI) At what pressure would you (safely) set the shutdown
point?

C) What type of sensor should be used?
Ans:

3.5.1 The factors that should be considered are:
1. Process

1. Hydrochloric acid is very, very caustic (especially at such a high
molarity), and thus whatever sensor you choose, it should be able to
withstand the corrosive nature of hte process.

2. Range of pressures

1. Initially the reactor is at 1 atm of pressure. Considering the reaction 2
HCl(aq) + Zn(s) --> Hz(g) + ZnClz(aq), you're producing one mole of
hydrogen gas in addition to the existing air pressure in the vessel. As
the reaction proceeds, the pressure would increase substantially
within the vessel. Modeling the pressure of Hz(g) ideally, P=nRT / V

p_ (6 M HCU) (1L /min)(1mol Hyg) /2mol H C'li44)(0.08206 Latm /mol K )((25 + 273)K)
2. - 10001
=0.073 atm / min.



3. After about 1 hour, the pressure of Hz(g) would increase to 4.38 atm,
putting the total pressure in the vessel at 5.38 atm (past failing
pressure for the valve).

3. Environment

1. There is no danger of high temperatures or excessive vibration due to
high flow / reaction.

4. Sensitivity

1. Since this is a moderately dangerous process, we need to have the
sensor output to a computer so an engineer can monitor the process
as a fail-safe. We assume the sensor will signal the HCl valve to close
once the operating pressure becomes 3 atm, however devices do fail
from time to time. We also need high sensitivity, so electric
components will be preferrable (i.e., we don't want the process to
runaway as it potentially could if the sensor isn't highly sensitive to
incremental changes).

3.5.2 The shutdown point

Considering the rapid increase in pressure, as evaluated in (2), and the failure of the valve
at 4 atm, the shutdown point should be approximately 3 atm.

3.5.3 The type of sensor:

1. Considering the types of sensors discussed, we can automatically eliminate
vacuum sensors as they operate at very low pressures (almost vacuum,
hence the name). We can also eliminate differential pressure sensors as we
are not looking for a pressure drop across the vessel.

2. Since we desire high sensitivity, we would like to use electric components.
Considering the range of pressures (3 atm max ~ .3 MPa) a capacitive
element would be optimal because it is robust and functions well in low
pressure system.

3. Noting the corrosiveness of the HCl in the system, a diaphragm is likely to be
used as the elastic element. Diaphragms are also fairly robust and offer quick
response times.

4. This combination is likely to be filled in a strong, sealed, glycerine/silicone
filled case so as to protect the sensor from degradation.

So, overall, the sensor we choose will utilize a diaphragm as the elastic component, a
capacitive element as the electrical component, and an anti-corrosive body.
3.6 Worked out Example 2

Your supervisor told you to add a pressure sensor to a very expensive and important piece
of equipment. You know that the piece of equipment is operating at IMPa and at a very
high temperature. What sensor would you choose?

Solution



Because the piece of equipment that you are dealing with is very expensive, you need a
sensor that has the greatest sensitivity. An electric sensor would be desired because you
could have it connected to a computer for quick and easy readings. Also, you need to pick
a sensor that will operate at 1 MPa and a sensor that will be able to withstand high
temperatures. From the information given in this article you know that there are many
sensors that will operate at 1 MPa, so you need to decide on the other factors. One of the
most sensitive electric sensors is the capacitive sensor. It has a sensitivity of 0.07MPa.
The capacitive sensor usually has a diaphragm as the elastic element. Diaphragms have a
rapid response time, are very accurate and work at 1 MPa.

3.7 Sage's Corner

If you are a sage for this page, please link your narrated PowerPoint presentation here.
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Section 4. Level Sensors
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4.1 Introduction

Level sensors allow for the level control of fluid in a vessel. Examples of where these
sensors are installed include reactors, distillation columns, evaporators, mixing tanks, etc.
Level sensors provide operators with three important data for control: (1) the amount of
materials available for processing, (2) the amount of products in storage, (3) the operating
condition. Installing the correct level sensor ensures the safety of the operator and the
surrounding environment by preventing materials in vessels from overflowing or running
dry.

There are several different types of level monitors, including:

Visual

* Float

* Valve Controlled
* Electronic

* Radiation

These different types of sensors can also be grouped into categories of process contact
and non-process contact. As the name suggests, process contact sensors are within the
tank, in physical contact with the material. Non-process contact sensors transmit various
types of signals to reflect off of the material and thus measure the level. This sensor
design can maintain its integrity within a potentially corrosive material and/or be
positioned such that it can monitor the level changes from above the tank.

4.2 Visual Level Sensors

Visual level controls were the earliest developed level sensor. These types of monitoring
devices can be something as simple as looking into an open container or inserting a
marked object such as a dipstick. This type of sensor is the simplest and possibly the
most reliable. These devices do not provide a way of connecting to a control device. They
require human input with no way of automation; however, electronic issues will not be a
possible problem.
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4.2.1 Common Uses

Visual indicators can be found in many places and are not limited to chemical
engineering applications. Examples of these are: dipsticks found monitoring the oil levels
in a car and measuring cups with markings indicating different volumes. In chemical
plants, visual indicators are used to measure changes in level as well as for high and low
level alarms.

4.2.2 Benefits of Visual Level Sensors

Visual sensors are generally less expensive than other types of sensors. They are more
reliable because of the simplicity of design.

4.2.3 Restrictions

Visual indicators do not always accurately measure how much volume is in the tank.
They do not allow for any digital connections to process control systems. In the case of
the sight tubes, they must be affixed directly to the tank and cannot be read remotely
without a camera or other transmission tool. Tanks placed in hard-to-reach places would
also cause problems contributing to inaccuracies in measurement, such as not reading
markers on eye level or interpolating between marker intervals. Also, the connections
between the tube and the tank are subject to residue buildup which could prevent the
readings from being accurate. Weather is also a concern with sight tubes. External
temperature changes could affect the fluid in the tube and thus measurement inaccuracy.
For example, the fluid in the sensor could freeze, or the sensor could become clogged.
This type of indicator requires modification to the vessel wall and would therefore be
optimally installed at the time of initial construction. If considered at the time of the
initial capital installation of the tank a sight tube will not add a large cost to the project.
Yet, later modification to include this in the design and associated tank changes are
potentially very costly. Despite these shortfalls, a sight tube is a reliable and appropriate
choice in many common level reading applications.

4.2.4 Sight Tube Indicators

Sight tube indicators allow operators to monitor levels with precision while keeping
the tank sealed. This type of monitoring device is comprised of a vertical tube equal
in height to the actual vessel. This tube is connected in at least two places directly to
the vessel so that its contents can flow into the monitoring tube. This ensures that
the height of liquid in the tank will be equal to the height of liquid in the sight tube.
Markings can be affixed to the indicator for both calibration and volume readings.
There are many styles of this indicator. Some models have a float ball contained in
the tube so that it will float on top of the liquid. Other models of the indicator have
many paddles on fixed posts through the length of the tube. These paddles float
horizontally when submerged and are vertical when not submerged. This results in
a color change allowing for an easy identification of the tank volume.
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A sight tube.

More pictures of this type of gauge can be found on Seetru Limited's website.

4.3 Float Type Level Sensors

Float Types of level sensors are based on the principle of buoyancy which is the upward
force produced on a submerged object by the displaced fluid. This force is equal to the
weight of the displaced fluid. Float sensors take their measurements at the interfaces of
materials, where the movement of the float and/or the force on the float are caused by the
differing densities of the float and the fluid. There are two broad categories of Float Type
level sensors: Buoyancy and Static.

4.3.1 Buoyancy Types

Buoyancy level sensors are less dense than the fluid and thus change position along with
the fluid level. The movement of the float transmits the level information through some
mechanical linkage to an output such as a valve or operator observation. There are basic
three types of mechanical linkage - chain / tape sensors, lever / shaft mechanisms and
magnetically coupled devices.

Chain / Tape sensors - The linkage is by a flexible chain or tape.

* Lever / Shaft mechanisms - The linkage is a rigid shaft.
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* Magnetically coupled devices - These devices are similar to the Chain/Tape
sensors, except a magnet is attached to the float and another is acted upon by
the floating magnet moving a tape like the chain/tape type devices. The
moving magnet can be sequestered from the float attached magnet for use in
corrosive media.

Schematic of a float type level sensor is shown below. As the fluid level rises or falls,
buoyant force is transferred through mechanical linkages to your output device.

Mechanical Linkage

Fluid WValve or Meter

4.3.2 Static Types

Static level sensors are denser than the media being measured and thus do not move. As
the level changes, the buoyant force acting on the "float", which is actually a weight,
changes. The change in weight is measured by a scale. The level of the tank is calculated
by measurements of the weight change in the float, not its actual change in position.

4.3.3 Formulas

Changes in the volumetric rate of material flow, resulting from changes in such things as
the pressure of your pump will affect the operation of a float type level sensor. The same
movement of the float will have the same effect on the valve, but as valve is moderating a
different flow it has a different proportional sensitivity Kc.



(q)
k

where q is the flow rate and k is the height the float moves to completely traverse the
valves operating range.

! \’C -

This is important because the given change in fluid height used to previously design the
system will still change the valve’s position in the same manner, but won’t affect the
same change in flow rate. If your pressure has dropped, your valve will have to be opened
wider to match the same flow rate. The amount wider that it has to be opened is called an
offset. Manipulating the valve response to the float movement, also known as the gain:

l l"(lh'{responsc )
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can be used to alleviate this problem, but it won’t work exactly the same way it did
before the change in load.

Gain =

Operation power is the amount of power the float has available to perform actions to
control the system. Changes in the specific gravity of the fluid (or the float) will affect
buoyancy of the float and thus will affect the amount of force exert on your system. A
temperature is a very common parameter that can change your fluid’s specific gravity.
Warmer fluids tend to be less dense, and so your float will generate less buoyant force for
a given change in fluid level.

Zero buoyancy force level is the level at which the weight of the float is exactly as
buoyant as the fluid it replaces. It can be approximated by the following formula:

/ ' ( SG lo )
ZeroBuoyant Force Level = - float,

SG fruid
where D is the diameter of the float and SG is the specific gravity.

4.3.4 Common Uses

Float Type Level Sensors regulate how much water is in the reservoir of a flush toilet; the
float is attached to a lever which has a rotating axis that stops when the flow of water
reaches a certain level.

* Chain / Tape sensors - regulating the level on storage tanks at atmospheric
pressures.

* Lever / Shaft Mechanisms - regulating the level on vessels under pressure.



4.3.5 Benefits

Float Type level sensors do not require external energy sources to operate. Since they are
simple robust machines it is easy to repair. The cost of these units makes them on the
economical side, ranging from approximately $20 (homedepot.com) for the apparatus in
a standard toilet to a few hundred dollars for a 3/4" cast iron valve with float (Liptak
2005). Prices would increase with higher quality materials and valve size. Floats could be
made out of plastics or metals (steel, stainless steel, etc.). Material selection will depend
on the application; more chemically resistant materials would be used for corrosive
mediums.

4.3.6 Restrictions

Float type level sensors should only be used in clean fluids. Fluids that are a suspension
of solids or slurries could foul the operation of the machine. Anything that could increase
friction on the mechanical linkages could increase the dead band, which is the delay the
sensor experiences due to the excess of force required to overcome the static friction of a
non-moving system. An excess of force is required to be built up, so a float type level
sensor will not respond immediately to changes in level.

4.4 Valve-based Level Sensors

Valve-based level sensors not only measure the fluid level, but also cause the fluid level
to change accordingly. Two basic types of valves that will be discussed are altitude valves
and diverter valves.

4.4.1 Altitude Valves

A simple altitude valve uses a spring that opens and closes different ports and lines when
pressure changes due to the changing fluid levels. When fluid levels exceed the setting of
the spring, a diaphragm connected to the spring lowers, closes the drain port, and opens
the main line pressure. This turns off the main valve and stops fluid from flowing into the
tank. When fluid levels decrease, the diaphragm raises, opens the drain port, and closes
the main line pressure. This turns on the main valve and more fluid is supplied to the
tank.

An example of an altitude valve is shown in the bottom left corner of the following
website: http://www.gaindustries.com/html/Ola SAVV.htm

Common Uses

Altitude valves are on/off controls and can be found in supply lines connected to basins,
tanks, and reservoirs. The main job of these valves is to prevent overflow of the fluid and
to hold fluid level constant.

Benefits

There is no external power source needed when operating altitude valves because they
are controlled by the pressure of the process fluid. More complicated altitude valves can
also be used for other purposes other than an on/off control. These features include the
following:

Open the valve when pressure drops to a predetermined point
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* Delayed opening so the valve only opens when fluid level drops a certain
amount below the set point

* Close the valve slowly to eliminate pressure build-up

* Two-way flow to allow fluid to return when the level has dropped below the
set point

* Open the valve while maintaining constant inlet pressure and plant
distribution pressure

* Reduce pressure for outlet streams. This may be needed when working with
equipment that has high supply pressures, such as aerator basins. Aerator
basins are typically used in wastewater treatment because they have the
capability of holding large amounts of water.

* Check valves can be installed to allow the valve to close if the pressure
reaches a predetermined low point (which could be the cause of equipment
failure elsewhere in the plant)

Restrictions

Altitude valves should not be used in pressurized vessels. These valves are constructed
from a limited number of materials, such as cast iron. This restricts the number of fluids
that can be used with the valves. Therefore, altitude valves are usually used for water
service. Since these valves are usually used to operate a large amount of fluid, they are
subsequently large with multiple functions that make them very expensive. A 30 inch
altitude valve can cost over $50,000. In addition, frequent maintenance is required
because of the many components and moving parts. These valves are operated at ambient
temperatures and should be checked for freezing of stationary sensing lines.

4.4.2 Diverter Valves

Diverter valves are connected to a dip tube that is submerged in a controlled tank. When
the fluid level of the tank drops, the dip tube is exposed to atmospheric pressure. Once air
enters the dip tube, it utilizes the Coanda effect. Coanda effects occur when a curved
surface exists. Gases tend to follow the nearest curved surface while pushing other fluids
in a different direction. In the case of the diverter valve, air from the dip tube follows the
curved surface of the control port back to the storage tank and pushes fluid flowing out of
the storage tank to the other wall of the valve. This fluid then flows into the controlled
tank to adjust the level.
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Common Uses

Diverter valves control fluid level by acting as an on/off switch. They can also be
modified to be used for throttling. Diverter valves are used as low level indicators so they
should only been used when low levels of a tank are a concern.

Benefits

Diverter valves need no external power source for operation. They have no moving parts,
plugs, or packing, so they require minimal maintenance. Diverter valves can be operated
at any temperature and are not affected by vibration. They can be constructed from many
materials such as metals, plastics, and ceramics. Therefore, there is limited restriction to
the type of liquid used with the valves. However, when using fluidized solids and slurries,
the dip tube must remain open, so build-up does not occur. Any build-up near or in the
tube should be removed.

Restrictions

Diverter valves should not be used when operating under conditions other than
atmospheric pressure. They are also not for use when dealing with hard to handle
processes. Outlet pressure cannot be greater than atmospheric pressure or back pressure
will occur and the valve will not operate correctly.



4.5 Electrical Level Sensors

4.5.1 Conductive Level Sensing

Example of a conductive level sensor.

Conductive level sensors work by applying a low-voltage across two electrodes at
different levels in a vessel. When both electrodes are immersed in a conductive liquid, a
current flows. This type of electrical conductivity setup is best applicable for point level
detection (level detection at a specific point in the material.) They are typically made of
titanium, Hastelloy B, or stainless steel.

Common Uses

Conductive level sensors are commonly used to measure both conductive and
corrosive liquids. A common conductive liquid is water, whereas some common
corrosive liquids are nitric acid, ferric chloride, and hydrochloric acid.

Benefits
This method is considered extremely safe due to the low voltages and currents used.
Conductive level sensors are also known for their easy installation and use.

Restrictions

The greatest concern with conductive sensors is maintenance. The probe needs to
be monitored for buildup on the sensor. Residues from wet or sticky fluids that
cause build up can be prevented by coating the sensors with Teflon or polyethylene-
based materials.

4.5.2 Capacitance Level Sensing

A capacitor is made up of two conductors (electrodes/plates) that are electrically
separated by a nonconductor (dielectric). In the case of level sensing, one of the
electrodes is typically a vertically positioned rod while the other is the metallic vessel
wall. The dielectric between them is the material being measured in the vessel. The
principle of capacitance level sensing is based on the formula below:

Capacitance = Dielectric constant x (Area of the plates + Distance between
plates)

If the dielectric is a liquid, the capacitance probe can measure the combined capacitance



of both the liquid and gas. When the liquid level rises or falls, the total capacitance value
will change. Since the dielectric constant and distance between the plates are constant
(the rod and the vessel are stable), the only value changing the capacitance is the area of
the plates immersed in the liquid. Total capacitance changes approximately proportionally
to the liquid rise or fall in the column. Consequently, the liquid level can be calculated by
the change in capacitance.

Common Uses

The list below shows just a few applications of capacitance level sensors found in
industry and the materials they sense.

* Chemical/Petrochemical - Oil, clay, soda ash

* Food - Flour, Powered Milk, Sugar

* Charcoal - Wood, Charred sawdust

* Pharmaceuticals - Various powders and liquids

* Mining - Various minerals, metals, stone,
Benefits

Capacitance level sensing is useful in its ability to sense a wide variety of materials such
as solids, organic and aqueous solutions, and slurries. For example, materials with
dielectric constants as low as 2.1 (petroleum oil) and as high as 88 (water) or more can be
detected with capacitance level sensing. The equipment, typically made of stainless steel,
is simple to use, clean and can be specifically designed for certain applications. For
example, they can be made to withstand high temperatures and pressures or have built-in
splashguards or stilling wells for environments prone to turbulence.

Restrictions

There are limitations to using capacitance level sensors. One major limitation for
capacitance probes is found when using tall bins that store bulk solids. Probes are
required to extend for the length of the vessel, so in a lengthy vessel the long cable probes
can be subject to mechanical tensions and breakage. Another limitation is from build up
and discharge of a high-voltage static charge that can result from the rubbing and
movement of low dielectric materials, but this danger can be eliminated with proper
design and grounding. Also, abrasion, corrosion, and build up of material on the probe
can cause variations in the dielectric constant of the material being measured. To reduce
this issue, capacitance probes can be coated with Teflon, Kynar, polyethylene or other
materials.

4.6 Radiation-based Level Sensors

Radiation-based level sensors are based on the principle of a material’s ability to absorb
or reflect radiation. The common types of radiation used in continuous level gages are
ultrasonic, radar / microwave and nuclear.

4.6.1 Ultrasonic (Sonic) Level Sensors

Ultrasonic level sensor transmitters emit high frequency ultrasonic acoustic waves which
are reflected back by the medium to the receivers. By measuring the time it takes for the



reflected echo to be received, the sensor can calculate the actual distance between the
receiver and the fluid level. These sensors can be accurate from a distance of Smm to
30m.

Common Uses

Ultrasonic level sensors are commonly used for point level detection. They are best used
for viscous liquids, slurries and bulk solids.

Benefits

The combination of ultrasonic level sensors’ high functionality for relatively low prices
makes them a popular choice for non-contacting level sensing.

Restrictions

Since the speed of sound in air can fluctuate in different conditions, ultrasonic sensors are
not suitable for use in all applications. Environments that have varying moisture and
temperatures will influence the sensors readings. Turbulence, steam, and foam prevent
waves from reflecting properly and distort readings. In addition, the level sensor must be
mounted properly so that it correctly senses the distance between the transmitter and the
fluid level.

4.6.2 Microwave / Radar Level Sensors

Microwave / radar level sensors are similar to ultrasonic level sensors in that they require
a transmitter and receiver. In addition to these materials, radar sensors also need an
antenna and operator interface to use electromagnetic waves to calculate level distance.

Common Uses

These sensors are frequently used for non-contacting situations that require level sensing
in varying temperature and pressure environments.

Benefits

Microwave / radar sensors have an advantage over ultrasonic sensors in that they are able
to operate in high pressure and high temperature environments. They can also sense
solids with grain sizes larger than 20mm.

Restrictions

When fluid level is under a thick layer of foam or dust, these sensors may not detect the
fluid level, but instead detect the level of the dust or foam. Microwave / radar level
sensors are also more costly than ultrasonic level sensors.

4.6.3 Nuclear Level Sensors

Nuclear level sensors rely on gamma rays for detection. Although these gamma rays can
penetrate even the most solid of mediums, the intensity of the rays will reduce in passage.
If the gamma ray emitter and the detector are placed on the top and bottom of a vessel,
the thickness of the medium (level) can be calculated by the change in intensity.

Common Uses



These sensors are usually used when the material being measured presents a risk to
human life or the environment. These include, for example, materials that are toxic,
carcinogenic, or explosive.

Benefits

Nuclear radiation has the ability to detect level even through solid tank walls. Since they
appear to “see” through walls, the nuclear gage may be modified and/or installed while
the process is running and avoid expensive down time.

Restrictions

Nuclear level sensors are typically the last resort when choosing a level sensor. They not
only require a Nuclear Regulatory Commission (NRC) license to install, but are
extremely expensive in comparison to other level sensors.



4.7 Summary of Benefits and Restrictions

| | Benefits Restrictions
Visual = Economical, less expensive = Require human operator
= Not subject to much technical/electronical issues = No connection to process control systems
= Cannot be read remotely
= Connections between tube and tank subject to
clogging, freezing, etc
= Require modification to vessel wall
Float = Do not require external energy source to operate = Should be used in clean fluids
= Economical
= Easy to repair
Valve = Do not require external energy source to operate = Should not be used in pressurized vessels
Controlled = Can be hooked up to process control systems = Require frequent maintenance
= Allow for two-way flow = Costly
= Eliminate pressure issues
Electronic Conductive Level Sensing
= Considerably safe, low voltage and current = Maintenance
= Easy installation
Capacitance Level Sensing
= Able to sense a wide variety of materials = Probes must extend for full length of vessel, prone to
= Flexible in design mechanical damage
Radiation Ultrasonic Level Sensors
= Non-contact level sensing = Speed of sound fluctuates depending on conditions
« Low cost = Readings can be influenced by environment
Microwave/Radar Level Sensors
- . = More costly
= Able to operate in high pressure, high temperature, and L X . .
. = Cannot work if liquid level is under thick layer of airy
vacuum environments
" ) L foam or dust
= Able to sense solids with grain size > 20 mm
Nuclear Level Sensors
= Able to detect even through solid tank walls
= Able to be modified while process is running to avoid = Require licensing
expensive down time = Extremely expensive

4.8 Example 1 - Plant Storage Vessel

Imagine that you are responsible for maintaining a certain amount of chemical in a
storage vessel for use later on downstream in your process. Your chemical has a specific
gravity of 1.2. Assume that it is effectively independent of temperature. At maximum
flow rate, a valve is feeding 80 gallons per minute into a storage vessel. 2 inches of valve
travel is required to completely shut off the flow through the valve. The spherical float
you are given to work with is 8 inches across, chemically compatible with your chemical,
and its specific gravity can be altered. Your process dictates that you have to maintain
about 400 gallons in this tank for use downstream, and that corresponds to a height of




twenty inches from the bottom of the tank. At this height, the ball is 4 inches submerged.
The ball has to travel 5 inches to completely close your valve. Calculate:

a) the specific gravity the float should be
b) the gain of the regulator
¢) the proportional sensitivity of your system

d) assume the specific gravity of your chemical increases dramatically. Explain
qualitatively what that should do to the gain, zero buoyant force level and dead band of
the sensor

e) was a float type valve appropriate to be used in this problem?

4.8.1 Answers

a) Using the formula for Zero Buoyant Force level

(SGy)
ZeroBuoyant ForceLevel = [D———

SG

P and plugging in values
from the problem statement, we come up with the following

(SGy)
)

«&  We used 4 inches, and not 20 inches because the zero
buoyant force level indicates the level the float is submerged, not the level of the fluid.

Isolating the value for SGf, we arrive at a specific gravity of 0.6 for the float.
.- (‘l’(l['l' response )
Gain =

b) Using the formula for the gain of the regulator t loat FESponae
and values from the problem statement, we come up with the following

dain = 8in————

o (2in)

Gain = ——
DUTL proceeding with the calculation we arrive at a value of 0.4 for the
gain.
. (q)
K, =
¢) Using the formula for the proportional sensitivity of the system A and
values from the problem statement, we come up with the following
(80gpm |

] \.C —

2in proceeding with the calculation we arrive at a value of
(40gpm )
in

] \.C —



d) Float type level sensors work on the principal of buoyancy. If the density of the liquid
being displaced increases, the buoyant force on the float increases for the same change in
liquid height. The gain of the sensor refers to the amount of travel in the valve versus the
amount of travel in the float, so for a given change in fluid height, the valve will still
change the same amount as it did. However, since the buoyant force is increased due to
the increased process fluid density, the dead band should decrease because the force of an
incremental increase in height should enable the sensor to overcome friction more easily.

e) A float type valve was appropriate to be used in this problem, because the requirements
were that "about 400 gallons" be maintained and the fluid was chemically compatible
with the float. Due to unavoidable dead band, or the time it takes the float to respond to a
given change in fluid, it won't maintain exactly 400 gallons, but it will stay close to that.

4.9 Example 2 - Sensor Selection

Please answer the questions for the four hypothetical scenarios regarding selection of an
appropriate level sensor. Give reasons for your selections.

1) A commonly used tank contains Dichloromethane which requires constant monitoring
to ensure that no leaks exist. The precise volume will be regulated to monitor any
decrease in level when a known transfer is not taking place. This tank will be filled to
~5,000 gallons and not be refilled until the level is less than 1,000 gallons of
dichloromethane. What type of sensor should you install?

2) Under what circumstances would you select a radiation sensor?

3) Toilets have a Float Level Sensor to indicate when a flush has occurred and the bowl
needs to be refilled. Which type of Float Sensor does the toilet have?

4) When would be a good time to use a visual sensor?

4.9.1 Answers

1) The most appropriate selection of level sensor for this application is the capacitance
sensor or the ultrasonic sensor. These are both electrical sensors that allow for
measurements of changes in height, whereas other types offer a binary result: either the
level is above or below a set point. The capacitance and ultrasonic sensors differ only by
the way they are installed. Capacitance sensors require contact with the liquid while
ultrasonic sensors do not. In this specific case for dichloromethane, which is non-
corrosive, it is not necessary to monitor the volume without contacting the liquid, and
therefore the capacitance sensor is also an acceptable selection.

2) A radiation-based level sensor is most appropriate when sensors cannot be brought into
direct contact with the measured substance. This is only a possible option and often an
expensive one.

3) Toilets have a lever/shaft mechanism. This float is less dense than the water which fills
the tank. It will drop quickly when the toilet is flushed and will slowly rise as the tank
fills with water. When the tank is full the float will rotate the shaft upwards enough to
close off the flow of water.



4) Visual sensors should only be used when an electrical sensor is not required or as a
backup. This is because they cannot be monitored automatically as visual sensors do not
provide a digital response. It is also a good idea to provide a secondary way of obtaining
level information when installing a new tank, and manual checks are often a good idea.

4.10 Sage's Corner

Automotive Applications of Level Sensors

http://www.youtube.com/v/AIMK920joa4
Unnarated Powerpoint Presentation
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5.1 Introduction

Flow is defined as the rate (volume or area per unit time) at which a substance travels
through a given cross section and is characterized at specific temperatures and pressures.
The instruments used to measure flow are termed flow meters. The main components of a
flow meter include the sensor, signal processor and transmitter. Flow sensors use acoustic
waves and electromagnetic fields to measure the flow through a given area via physical
quantities, such as acceleration, frequency, pressure and volume. As a result, many flow
meters are named with respect to the physical property that helps to measure the flow.

Flow measurement proves crucial in various industries including petroleum and chemical
industries. Consequently, flow measurement becomes a major component in the overall
economic success or failure of any given process. Most importantly, accurate flow
measurements ensure the safety of the process and for those involved in its success.

Before reading about the intricate details of various flow meters it's a good idea to think
about aspects other than the design, governing equations, and the mechanism a flow
meter uses in identifying a flow profile. To gain more from this section consider the
following questions when learning about each flow meter because when choosing a flow
meter the two main things to think about are cost and application:

1. What mechanism does this flow meter use to measure flow?
2. How expensive is it?

3. What impact does it have on the system? (How much power does it withdraw from
the system and does the disturbance of flow cause significant problems up or
downstream?

4. What are the accuracy limits of the tool? (Increased accuracy and precision results
in higher cost especially for those with automated noise filtering and signal amplifying
capabilities.

Sometimes you may be given an assignment to purchase a tool for your company's
system and given with it a list of qualities to look for in order of importance, sometimes
you're going to have to make this list yourself. The following table is a component of the
TRIZ method for developing a list of qualities in descending order of importance on the
left, perpendicular to the factor it has an impact on, to the right. For a given system you
figured out that the cheapest solution for accurately measuring the flow rates of various
pipe lines is by placing multiple flow meters in a series of positions. From a few
calculations using propagation of error you find a moderate range of accuracy limits
necessary for your system to be considered well monitored. You know the accuracy limits
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are less important than the total cost of all the flow meters because your boss told you not
to waste any money. On the table you can see that Cost is at the top of the left column so
Cost is the main concern. Accuracy is in the farthest left column on the top row so Cost
most dramatically exacerbates the Accuracy of the flow meter when it's minimized. In
the intersecting box you see that the lowest price flow meters are the ones with the least
amount of accuracy, generally speaking. The next most important quality of your
assignment is to get flow meters with the appropriate accuracy, thus Accuracy is below
Cost in the left column. Looking to the top row you see that the Accuracy of the flow
meter most greatly effects the Impact on the system. If you have a low quality flow
meter it may be due to the side of the mechanism used to measure flow or the power the
meter draws from the system (through mixing, frictional losses, increase in the turbulence
of the flow, or buoyant effects caused from heat transfer). Completing the rest of the table
you can decide if there are contradictions to what you thought were the most important
qualities based on the inputs in the intersecting cells.

Accuracy
Cost Low

accuracy/pre-

cision meters

costs the least
Accuracy

Maintenance Application
dependent,
more Maint.
Increases
reliability
Lowerimpact
may mean
lower accuracy

Impacton
system

Impacton
system

Lower costs will
resultin larger
meters that
increaseit
effectson flow

Higher accuracy
low cost flow
meters have
more surface
area

Down time,
accumulation of
deposits,
disturbing flow

Cost

Whatis the
right price?
How much error
can | afford?

Down time,
buildup on
meter increases
drag

Areg there other
costs of impact
from installing

the flow meter

Maintenance

Lowest cost

means the flow
meter will need
frequent Maint.

How long will it
be reliable
before it neads
to be cleaned
and
recalibrated?

How intricateis
the meter, can it
be quickly
cleaned and
recalibrated

An example where this model is important is for a system containing suspended particles
in a fluid. If you want to measure the flow rate it might be cheapest to use a pitot tube yet
the increased cost of maintaining the flow meter extends into down time of the system,
more work from the technicians for a relatively small aspect of the process and lower
profits as a result. For this system, maintenance would be the most important factor



followed by accuracy, impact on the system and cost. If cost were least important factor
you could afford to install a couple doppler meters, gather accurate measurements and the
impact of the measurements on the system would be relatively low.

5.2 Common Types of Flow Meters

The flow rate as determined by the flow sensor is derived from other physical properties.
The relationship between the physical properties and the flow rate is derived from
fundamental fluid flow principles, such as Bernoulli’s equation.

5.2.1 DIFFERENTIAL PRESSURE

These sensors work according to Bernoulli’s principle which states that the pressure drop
across the meter is proportional to the square of the flow rate.

—Ap x V*

Using the pressure drop across a pipe’s cross section is one of the most common manners
to determine a flow measurement. As a result, this property has heavy implications for
industrial applications. Flow meters characterized by differential pressure come in several
different varieties and can be divided into two categories, laminar and turbulent.
Differential pressure sensors operate with respect to Bernoulli’s principle. Bernoulli’s
principle states that the pressure drop across the meter is proportional to the square of the
flow rate.

Orifice Meter

Orifice plates are installed in flow meters in order to calculate the material balances that
will ultimately result in a fluid flow measurement on the sensor. An orifice plate is placed
in a pipe containing a fluid flow, which constricts the smooth flow of the fluid inside the
pipe. By restricting the flow, the orifice meter causes a pressure drop across the plate. By
measuring the difference between the two pressures across the plate, the orifice meter
determines the flow rate through the pipe. The larger the pressure drop, the faster the flow
rate would be. There are two types of orifice meters that are usually used in industry, they
are the orifice-square edge and the orifice-conic edge. The orifice-square edge has
insignificant friction at the interface between the fluid and the orifice plate. These types of
orifice plates are recommended for smooth fluid flows, particularly clean liquids and
gases such as steam. Generally, drain holes are incorporated in the design so that liquids
and gases do not accumulate inside the pipes. Multi-phase fluids are not recommended
for the orifice-squared edge because clogging becomes a significant problem as time
progresses. The orifice-conic edge is similar to the orifice-square edge, the primary
difference being that the orifice-conic edge has a gradually expanding cross-sectional
area, and this cross-sectional area is circular in shape. A conic-edge design is often a
better choice for low velocity, high viscosity flows. Both types operates best under
comparable temperature and pressure conditions, pipe sizes and provide similar
accuracies.

Orifice meters used in conjunction with DP (Differential Pressure) cells are one of the
most common forms of flow measurement. In addition, an orifice meter can be used to



measure flows when there is a significant difference in pressure in the pipe, like between
the upstream and downstream sides of a partially obstructed pipe, which is exactly what
the orifice meter does on its own. The plate offers a precisely measured obstruction that
essentially shrinks the pipe and forces the flowing substance to constrict. A DP cell allows
the comparison of pressure on the upstream (unobstructed) side and the downstream
(constricted) side. A greater rate of fluid flow would usually result in a larger pressure
drop, since the size of the orifice remains constant and the fluid is held longer building
potential energy on the upstream side of the orifice. Some of the other types of orifice
plates include concentric, eccentric and segmental plates, each having different shapes
and placements for measuring different processes. These plates are available in varied
shapes so that the meter has the optimum structure for different applications. Moreover,
the density and viscosity of the fluid, and the the shape and width of the pipe also
influences the choice of plate shape to be used.

Pipe Wall

Flow
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Such a pressure drop across the plate is then related to the flow rate using basic fluid
mechanics principles that incorporate parameters such as density of the fluid and size of
the pipe. The flow rate Q, given by the orifice meter, is usually modeled with the
following equation:
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Where p1 — p2 is the pressure drop across the plate, o is the fluid density, A; is the pipe
cross-sectional area, A» is the orifice cross-sectional area, and Cy is the discharge
coefficient (usually about 0.6). Cy is used to account for energy losses within the system.

The orifice meter is one of the most commonly used flow meters, since it is inexpensive
to install and operate, it is uncomplicated and easy to construct, and it is highly robust
and long lasting. Orifice meters are not only simple and cheap, they can also be delivered
for almost any application and be made of any material. This simplicity of its design and
function is one of its paramount advantages, with the meter essentially consisting of just a
modified plate. This not only reduces its initial price but also shrinks its operating costs,
maintenance expenses, and spare parts expenditure and availability. Lower flow rates
reduces their accuracy, whereas higher flow rates combined with high quality, unworn
orifice plates increases it. The orifice plate is best when a sharp edge is present towards
the upstream side of the meter. Wear reduces the accuracy of orifice plates. The turndown
rate of orifice plates are generally less than 5:1. More information about turndown rates is
mentioned in a later section.

Venturi Meter

Venturi meters can pass 25 — 50% more flow than an orifice meter. In a Venturi meter
setup, a short, smaller diameter pipe is substituted into an existing flow line. Because the
Venturi meter is insensitive to changes in the velocity profile of the fluid flow, the pipe
design does not need to be straight like the orifice meter. Though initially expensive, the
Venturi meter has relatively low maintenance and operation costs.

In the Venturi Tube the fluid flowrate is measured by reducing the cross sectional flow
area in the flow path, generating a pressure difference. After the constricted area, the fluid
is passes through a pressure recovery exit section, where up to 80% of the differential
pressure generated at the constricted area, is recovered.

There are two main types of Venturi meters. The first one, known as the classical
Herschel Venturi meter, is a very long meter characterized below. Pressure readings at
different points in the meter are combined to provide an average pressure reading.
Cleaning the classical Venturi meter is limited. The second type of Venturi meter is
known as the short form Venturi meter. This differs from its longer counterpart by
reduced size and weight.

By Bernoulli’s principle the smaller cross-sectional area results in faster flow and
therefore lower pressure. The Venturi meter measures the pressure drop between this
constricted section of pipe and the non-constricted section.
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The discharge coefficient for the Venturi meter is generally higher than that used for the
orifice, usually ranging from .94 to .99.

The Venturi meter is most commonly used for measuring very large flow rates where
power losses could become significant. The Venturi flow meter has a higher start up cost
than an orifice, but is balanced by the reduced operating costs.

Due to simplicity and dependability, the Venturi tube flowmeter is often used in
applications where higher turndown ratiosor lower pressure drops than orifice plates can
provide are necessary. With proper instrumentation and flow calibrating the venturi meter
flowrate can be reduced to about 10% of its full scale range with proper accuracy. This
provies a turndown ratio of around 10:1.

Flow Nozzle

Another type of differential pressure flowmeter is the flow nozzle. Flow nozzles are often
used as measuring elements for air and gas flow in industrial applications. At high
velocities, Flow Nozzles can handle approximately 60 percent greater liquid flow than
orifice plates having the same pressure drop. For measurements where high temperatures
and velocities are present, the flow nozzle may provide a better solution than an orifice
plate. Its construction makes it substantially more rigid in adverse conditions and the flow



coefficient data at high Reynolds numbers is better documented than for orifice plates.
Liquids with suspended solids can also be metered with flow nozzles. However, the use
of the flow nozzles is not recommended for highly viscous liquids or those containing
large amounts of sticky solids. The turndown rate of flow nozzles is similar to that of the
orifice plate. The flow nozzle is relatively simple and cheap, and available for many
applications in many materials.

www. EngineeringToolBox. com

The Sonic Nozzle- Critical(Choked)Flow Nozzle

One type of flow nozzle is the sonic nozzle. The Sonic Nozzle is a converging-diverging
flowmeter. It consists of a smooth rounded inlet section converging to a minimum throat
area and diverging along a pressure recovery section or exit cone.
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The Sonic Nozzle is operated by either pressurizing the inlet (P1) or evacuating the exit
(P3), to achieve a pressure ratio of 1.2 to 1 or greater, inlet to outlet. When a gas
accelerates through a nozzle, the velocity increase and the pressure and gas density
decrease. The maximum velocity is achieved at the throat, the minimum area, where it
breaks Mach 1 or sonic. At this point it's not possible to increase the flow by lowering the
downstream pressure. The flow is choked. Pressure differences within a piping system




travel at the speed of sound and generate flow. Downstream differences or disturbances in
pressure, traveling at the speed of sound, cannot move upstream past the throat of the
Nozzle because the throat velocity is higher and in the opposite direction.

Sonic Nozzles are used in many control systems to maintain fixed, accurate, repeatable
gas flow rates unaffected by the downstream pressure. If you have a system with
changing or varying gas consumption downstream and you want to feed it a constant or
locked flowrate, a Sonic Nozzle is an excellent way to achieve this.

Pitot Tubes

Pitot tubes measure the local velocity due to the pressure difference between points 1 and
2 in the diagrams below. Unlike the other differential flow meters, the pitot tubes only
detect fluid flow at one point rather than an overall calculation. The first diagram shows a
simple pitot tube configuration while the second shows a compact pitot tube
configuration.
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Both tubes work in a similar manner. Each pitot tube has two openings, one perpendicular
to the flow and one parallel to the flow. The impact tube has its opening perpendicular to
the fluid flow, allowing the fluid to enter the tube at point 2, and build up pressure until
the pressure remains constant. This point is known as the stagnation point. The static
tube, with openings parallel to the fluid flow gives the static pressure and causes a sealed



fluid of known density to shift in the base of the tube. Pressure drop can be calculated
using the height change along with the fluid densities and the equation below.

Ap = Ah(ps—p)g

with Ap as the pressure drop, Q4 as the known fluid density, @ as flowing fluid’s density,
and g as the acceleration due to gravity.

This pressure drop can be related to the velocity after accounting for the losses
throughout the piping in the system, given by C,. This dimensionless coefficient is found
through accurate calibration of the pitot tube. The equation below describes this
relationship.

L [2(py — pa)
v =Cpyj
Voo

with v as the fluid velocity, C, as the loss coefficient, p; as the pressure at point 1, p> as
the pressure at point 2, and © as the flowing fluid’s density.

By placing the tube at the exact center of the pipe, the maximum velocity can be
measured and the average velocity can be calculated via the Reynolds number. The
governing equation and chart are below.

Dz p
[

with Re as the Reynolds number, D as the pipe diameter, Vi as the maximum velocity, 0
as the flowing fluid’s density, and p as the flowing fluid’s viscosity.

Re =
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Finally, the flow rate can be found by accounting for the area of the pipe.

W .
Q = Vgpg =T~
avg o

with Q as the volumetric flow rate, vay, as the average velocity, and r as the pipe’s radius.

It should be noted that all the equations apply to incompressible fluids only, but these can
be used to approximate gas flows at moderate velocities. This flow meter must also be
placed at least 100 pipe diameters in distance, downstream of the nearest flow
obstruction. This ensures no unwanted pressure fluctuations and accurate pitot tube
readings. Furthermore, fluids containing large particles can clog the pitot tube and should

be avoided.

5.2.2 DIRECT FORCE
These flow meters are governed by balancing forces within the system.

Rotameter



A rotameter is a vertically installed tube that increases in diameter with increasing height.
The meter must be installed vertically so that gravity effects are easily incorporated into
the governing equations. Fluid flows in through the bottom of the tube and out through
the top. Inside the glass tube there is a float that changes position with the flow rate.
When there is no liquid flow, the float rests in the bottom of the meter.
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The applied concept for the rotameter is differential area. As the flow rate of the fluid
changes, the position of the float changes and annular area change directly, keeping a
constant pressure drop across the meter. Changes in float position and annular area are
approximately linear with changes in flow rate. Upon achieving a stable flow rate, the
vertical forces are balanced and hence the position of the float remains constant. The
volumetric flow is given by the following equation:

Q) = CA,

2
Ay \©

Ve ()

with C being the discharge coefficient, A, being the cross sectional area of the top of the

float, V;y volume of the float, or the density of the float, ¢ the density of the fluid Ay the
height of the float, A, the cross sectional area of the bottom of the float.



Generally, rotameters are inexpensive and simple to use. This allows them to be used in
many plant applications.

For the full derivation of the above equation, refer to the attachment.

i
Turbine Meter

A turbine wheel is placed in a pipe that holds the flowing fluid. As the fluid flows through
the turbine, the turbine is forced to rotate at a speed proportional to the fluid flow rate. A
magnetic pick-up is mounted to the turbine wheel, and a sensor records the produced
voltage pulses. Voltage information can then be translated into the actual flow meter
reading.

D

The following is the equation used to model the turbine meter:

. w (7)* A2
O—VA-—— AV
’ rAtand — 0.037TRe "2n (R, + R;) Dsin/3

with A the pipe area, I” the root mean squared radius, o rotational speed,} the angle
between the flow direction and the turbine blades,R, the outer blade radius, R; the inner
radius, and D the distance between blades.

There are two main advantages of the tubine meter over conventional differential head
devices

1) The extended are more accurate registatrion of flow in the low flow range of process
operation. This results from the registration being proportional to the velocity rather than
the velocity square

2) The comparatively low head loss across the meter

Another advantage to using this type of flow meter is reliability. Extensive testing has
proven these results. Additionally, the turbine flow meter does not have a high installation
cost. However, due to the turbine wheel motion, a low to medium pressure drop can
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result. Turbine wheel replacement may also be required due to abrasion caused by
particles within the fluid.

For a more detailed derivation of the above equation, please look at the following:
2]
Propeller Flow Meter

Propeller flow meters have a rotating element similar to the wheel in turbine meters.
Again, rotation is caused by fluid flow through the propeller, and voltage pulses are
created as the propeller passes a magnetic or optical sensor. Similarly, the frequency of
the pulses is proportional to flow rate of the fluid and the voltages can be directly
correlated with the fluid flow rate.

HL) t%—

Propellorfrotating element

Propeller flow meters are often used specifically with water, though other fluids may also
be used. Low cost coupled with high accuracy make propeller flow meters a common
choice in many applications.

Paddle Wheel Sensors

A kind of propeller sensor is the paddle wheel sensor. Paddle wheel sensors are similar to
turbine sensors, except for one thing. The shaft of the paddle wheel sensor is
perpendicular to the flow of the fluid while the turbine sensor’s shaft is parallel to the
flow of the fluid. This adds several advantages for the paddle wheel flow sensor. Due to
the shaft being perpendicular to the flow, it sustains less axial from the fluid, and thus less
friction. Paddle wheel sensors also have a smaller number of blades, so there is less force
needed to turn the paddle wheel. This means that a paddle wheel can be accurate at lower
flows, have a high efficiency, as well as a longer lifetime.

There are two kinds of paddle wheel sensors, insertion and inline sensors. There is more
than one design for an insertion sensor, but one popular design has the bearing built into
the rotor and the shaft sliding through it as the center axis of spin. The blade sticks out
and is inserted into the pipe with the flowing fluid.

An inline paddle wheel sensor is used for smaller pipes. It contains a rotor assembly with
the magnet sealed inside and a main body.

For detailed mathematics of paddlewheels, see Paddlewheel Flow Sensors: The
Overlooked Choice

Coriolis Mass Flow Meter
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A Coriolis flow meter harnesses the natural phenomenon wherein an object will begin to
“drift” as it travels from or toward the center of a rotation occurring in the surrounding
environment. A merry-go-round serves as a simple analogy; a person travelling from the
outer edge of the circle to its center will find himself deviating from his straight-line path
in the direction of the ride’s rotation.

Coriolis flow meters generate this effect by diverting the fluid flow through a pair of
parallel U-tubes undergoing vibration perpendicular to the flow. This vibration simulates
a rotation of the pipe, and the resulting Coriolis “drift” in the fluid will cause the U-tubes
to twist and deviate from their parallel alignment. This Coriolis force producing this
deviation is ultimately proportional to the mass flow rate through the U-tubes.

‘ F.
MassF'low = -
2w
where Fc is the Coriolis force observed, w is the angular velocity resulting from rotation,
and x is the length of tubing in the flow meter.

vibration
vibration

flow
flow

vibration vibration

Coriolis flow meter undergoing no flow, Coriolis flow meter exhibiting deflection as a result of
mass flow

Adapted from Wikipedia's entry on Coriolis Mass Flow Meters.,
http: f fen.wikipedia.org/wiki/Mass_flow_meter

Because the Coriolis flow meter measures the mass flow rate of the fluid, the reading will
not be affected by fluctuations in the fluid density. Furthermore, the absence of direct
obstructions to flow makes the Coriolis flow meter a suitable choice for measuring the
flow of corrosive fluids. Its limitations include a significant pressure drop and diminished
accuracy in the presence of low-flow gases.

To understand how the mass flow rate is measured with this device, refer to the following
attachment.

[31
5.2.3 FREQUENCY

These flow meters use frequency and electronic signals to calculate the flow rate.
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Vortex Shedding Flow Meter

A blunt, non-streamline body is placed in the stream of the flow through a pipe. When the
flow stream hits the body, a series of alternating vortices are produced, which causes the
fluid to swirl as it flows downstream. The number of vortices formed is directly
proportional to the flow velocity and hence the flow rate. The vortices are detected
downstream from the blunt body using an ultrasonic beam that is transmitted
perpendicular to the direction of flow. As the vortices cross the beam, they alter the
carrier wave as the signal is processed electronically, using a frequency-to-voltage circuit.
The following diagram shows the basic principle of the vortex-shedding flow meter:

Shedded Yortices Transmitting
(/_— Transducer

Receiving Transducer

Blunt Body

Vortex-shedding flow meters are best used in turbulent flow with a Reynolds number
greater than 10,000. One advantage of using this type of flow meter is its insensitivity
from temperature, pressure, and viscosity. The major disadvantage to using this method is
the pressure drop caused by the flow obstruction.

5.3 Ultrasonic Flow Meters

There are two types of Ultrasonic meters, the transit time/time of flight and Doppler
models, both of which have unique equations representing the principles behind them.
The basis for these meters is monitoring ultrasonic waves in fluid passing through a pre-
configured acoustic field. These meters are based on the technique of sound waves that
change.

5.3.1 Transit Time/Time of Flight Flow Meters

Transit time meters have two opposing transducers outside of the pipe to measure the
time of a signal sent from a transducer upstream to a transducer downstream and vice
versa.
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where d is the diameter of the pipe, o is the angle between direction of the flow and the
pipe, fup is the time for the signal to reach downstream transducer from the upstream
transducer, and #py is the time for signal to reach upstream transducer from the
downstream transducer.

With the Time of Flight Ultrasonic Flowmeter the time for the sound to travel between a
transmitter and a receiver is measured. This method is not dependable on the particles in
the fluid.
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Two transmitters / receivers (transceivers) are located on each side of the pipe. The
transmitters sends pulsating ultrasonic waves in a predefined frequency from one side to
the other. The difference in frequency is proportional to the average fluid velocity.

Downstream pulse transmit time can be expressed as
td=L/(c+ v cosd)

where td = downstream pulse transmission time L = distance between transceivers

Downstream pulse transmit time can be expressed as
tu=L/(c-vcosd)
where tu = upstream pulse transmission time

Since the sound travels faster downstream than upstream, the difference can be expressed
as

t=td-tut=2vLcos®/(c2-v2cos2®)t=2v L cosd/c2(4)(since Vv is very small
compared to ¢)



5.3.2 Doppler Meters

Doppler meters use the frequency shift of an ultrasonic signal when it is reflected by
suspended particles or gas bubbles (discontinuities) in motion. The Doppler Effect
Ultrasonic Flowmeter uses reflected ultrasonic sound to measure the fluid velocity. By
measuring the frequency shift between the ultrasonic frequency source, the receiver, and
the fluid carrier, the relative motion are measured. The resulting frequency shift is named
the Doppler Effect.
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where f is the actual frequency and Afis the change in frequency or frequency shift.



The fluid velocity can be expressed as

v =c (fr - ft) / 2 ft cos®

where

fr = received frequency

ft = transmission frequency

v = fluid flow velocity

® = the relative angle between the transmitted ultrasonic beam and the fluid flow

¢ = the velocity of sound in the fluid

This method requires that there are some reflecting particles in the fluid. The method is
not suitable for clear liquids.

Advantages with the Doppler Effect Ultrasonic Flowmeter

Doppler meters may be used where other meters don't work. This could be in liquid
slurries, aerated liquids or liquids with some small or large amount on suspended solids.
The advantages can be summarized to:

Obstruct less flow

Can be installed outside the pipes

The pressure drop is equal to the equivalent length of a straight pipe
Low flow cut off

Corrosion resistant

Relative low power consumption

Limitations with Doppler Effect Ultrasonic Flowmeters

Doppler flowmeters performance are highly dependent on physical
properties of the fluid, such as the sonic conductivity, particle density, and
flow profile.

Non uniformity of particle distribution in the pipe cross section may result in
a incorrectly computed mean velocity. The flowmeter accuracy is sensitive to
velocity profile variations and to the distribution of acoustic reflectors in the
measurement section.

Unlike other acoustic flowmeters, Doppler meters are affected by changes in
the liquid's sonic velocity. As a result, the meter is also sensitive to changes in
density and temperature. These problems make Doppler flowmeters
unsuitable for highly accurate measurement applications.

5.3.3 Benefits with Ultrasonic Flowmeters As A Whole

Obstruction less flow
Pressure drop equal to an equivalent length of straight pipe

Unaffected by changes in temperature, density or viscosity



* Bi-directional flow capability
* Low flow cutoff

* Corrosion-resistant

Accuracy about 1% of flow rate

Relative low power consumption

Both meters are effective in measuring open channels and partially filled pipes but are
very sensitive to flow conditions and hence should be calibrated with care. Also, there is
no pressure drop since there are no obstructions in the flow path.

5.3.4 Limitations with Ultrasonic Flowmeters as A Whole

The operating principle for the ultrasonic flowmeter requires reliability high
frequency sound transmitted across the pipe. Liquid slurries with excess
solids or with entrained gases may block the ultrasonic pulses.

Ultrasonic flowmeters are not recommended for primary sludge, mixed
liquor, aerobically digested sludge, dissolved air flotation thickened sludge
and its liquid phase, septic sludge and activated carbon sludge.

Liquids with entrained gases cannot be measured reliably.

The following link will help to show how both types of the Ultrasonic meter works and
how the above equations are derived.

[4]

5.3.5 OTHER TYPES
Magnetic Flow Meter

One magnetic model flow meter positions electric coils around the pipe of the flow to be
measured. A pair of electrodes is set up across the pipe wall. The fluid flowing has a
minimum value of electrical conductivity, the movement of the fluid through the pipe acts
as a conductor moving across the magnetic field. There is an induced change in voltage
between the electrodes, which is proportional to the flow velocity.
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The flow velocity is found by measuring the changes of induced voltage of the
conductive fluid passing through a controlled magnetic field at right angles. According to
Faraday’s Law, the magnitude of the voltage induced is directly proportional to the
product of the magnetic flux, distance between probes and the velocity of the medium
(fluid).

| do dA dz
E=— \T: 7\BT: i

where E is the voltage of induced current, N is the number of turns, B is the external
magnetic field, ¢ is the magnetic flux, D is the distance between electrodes and v is the
velocity of the fluid.

= —NBDv

Some of the advantages are minimum pressure drop because of minimum obstructions in
flow path; low maintenance cost because of no moving parts. One of the disadvantages is
that it usually requires a fluid with an electrical conductivity of higher than 3 xS/cm.

Calorimetric Flow Meter

This type of flow meter is suitable for monitoring the flow rates of liquid and gaseous
mediums. The calorimetric principle is based on two temperature sensors in close
quarters of one another but thermally insulated from one another.
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One of the two temperature sensors is constantly heated and the cooling effect of the
flowing fluid is used to monitor the flow rate. In a stationary phase fluid condition there is
a constant temperature difference between the two temperature sensors. When the fluid
flow increases, heat energy is extracted from the heated sensor and the temperature
difference between the sensors are reduced. The reduction is proportional to the flow rate
of the fluid. The calorimetric flow meter can achieve relatively high accuracy at low flow
rates.
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Common applications: air compression, argon compression, nitrogen compression,
carbon dioxide compression and flow detection of all fluids ( liquids and gases)

Gear Flow Meter

This type of flow meter has oval shaped gears with fitting teeth which control the amount
of fluid passing through. The flow rate is calculated by number of times the gears are
filled and emptied. These meters have high accuracy and are used for measuring low flow
and for high viscosity fluids. It is very easy to install these types of meters because it
requires no pipe.
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Thermal Flow meters

These flow meters take advantage of the thermal properties of the fluid to measure the
flow of the fluid in a pipe. In most thermal flow meters, a measured amount of heat is
applied to the heater of the sensor. Portions of this heat is lost to the fluid as it flows.
Accordingly, as the fluid flow increases more heat is lost. The amount of heat lost is
tracked using a temperature measurement instrument in the sensor. Then an electronic
transmitter uses the heat input and temperature measurements to calculate the fluid flow,
taking into account the thermal properties of the fluid.

Common applications of thermal flow meters are measuring the flow rate of clean gases
like air, nitrogen, hydrogen, helium, ammonia, and argon. Most thermal flow meters are
used to measure pure gases that would be used in laboratory experiments or
semiconductor production. Mixtures like flue stack flow can also be measured but the
mixture compositions must be known to use the appropriate thermal properties of each
component in the mixture. The key advantage of this technology is its dependence on the
thermal properties which are mostly independent of the gas density.

However caution should be taken if this type of flow meter is used to measure a fluid of
unknown or varying composition. Additionally, thermal flow meters should not be used to
measure abrasive fluids because they may damage the sensor. Some fluids can coat the
sensor causing it to be inoperable and must be regularly cleaned to be useful.

5.3.6 Table of Flow Meters

The following table outlines specifics for most of the flow meters. This may be helpful in
answering example 1. Accuracy is given in terms of FSD (full scale deflection) which is
the deflection of meter's pointer to the farthest point on the scale. This implies the highest
measurement.



Operating Pressure
Tyeof |Temperatureof Change Pipe Size
Flowmeter Sensor(K) (com parative) {mm) Accuracy Measurables Adwantages Disadvantages
Orifice- <800 High =40 +1-2%FSD steam, clean hiquids, most dirty | Negfigible friction atthe boundary between the |Not suited for multi-phase fluids because
Square Edge| quid ost corrosive iguids fiuid and the orifice plate cl becomes a significant problem as time|
o =
Orifice- <800 High =40 2% FSD Clean fiquids, viscous iiquids, Has a gradually expanding cross-sectionalarea  |Not recommended for high velocity, low
Conic Edge iquids, and most cor: good for low velocity, high viscosity flows |viscous flows
venturi <B00 50-90% of >50 +1-2%FSD ezign does notneed to be straight, Insensitive to changes inthe velocty profie of
Enerzy relativelylow maintenance and operation costs  |the fiuid flow, relatively expensive to orifice
Recovered flow meters
Pitot Tube <800 Low >10 +1-2%FSD Detects fiuid flow at one point from pressure Clogs occur from fiuids containing large
\quids, jorop particles
Electromagn| 230450 Low Jun00 | *0.2 flow rate |Cle; Minimum P-drop because of few obstructionsin |Requires a fiuid with an electrical conductivity
etic 10 1.0% FSD sive |flow path; low maintenance cost becauseofno  |=3 ps/cm
E |moving parts
Turbine 10-530 Medium 6600 + 05 flow rate |C sive |Relatively high-tested refabiity and low May cause low to medium P-drop from turbine
nstallation cost wheel motion, may require turbine whee!
replacement dueto abrasion
Ultrasonic- 100-530 Low >12 *1 flow rate to |Clean hiquids, most viscous liquids, and Effective in measuring open channels and Very sensitive to flow conditions and thus need|
TransitTime +2%FSD corrosive liquids partially filled pipes to be cafibrated with care
Doppler 100-400 Low >12 *1 flow rate to |Most viscous fiquids, dirty fiquids, corrosive Effective in measuring open channels and Very sensitive to flow conditions and thus need
+2%FSD \quids, fibrous and abrasive slurries partially filled pipes [to be calibrated with care
Rotameter |  Glass <400 Low <=75 +0.5 flow rate |Clean gases, clean Fiquids, viscous liquids, and |Relatively inexpensive and simple to use Typically fragile, must specifically be instalied
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Vortex 80-680 Low 15-400 05 flow rate |Clean gases, most dirty gases, steam, clean Insensitive to temperature, pressure, and Causes pressure drop due to flow obstruction
0 +1 flow rate |iiquids, and most corrosive liqu viscosity
Coriolis Insensitive to Low 10-100 +1% FSD Al Exception - Both clean an Significant pressure drop and diminished
Temperature be measured only athigh pr accuracyin the presence of low-flow gases
temperature, pres:
fuctuatios densits

5.4 Flow Profile Distortion

In the real world, the flow profile is not always symmetrical. Pipe fittings such as elbows,
tee-pieces, and reducers can change the flow profile. One example of a fitting that
alternates the flow profile is a sharp elbow which causes pure swirls throughout the fluid.
Some flow meters are more sensitive to particular types of flow distortion. More complex
flow conditions produce better velocity profile but there is a trade off since they are more
expensive and give higher pressure drops.

5.5 Turndown Ratio

The turndown ratio is a term used to describe the range of accurate operability of a
specific flow meter. This rangeability is critical when selecting flow meters for specific
applications. Typically, in a plant setting gas flow may not be constant, but accurate
measurement of gas flow is needed ranging from no flow to full flow.

For example if nitrogen gas is being used in a plant conducting multiple batch reactions,
sometimes the little nitrogen (100 m3/min) will be needed and other times full nitrogen
flow (1000 m3/min) will be needed. For this system, the turndown ratio is 10:1.
Accordingly, a flow meter must have a turndown ratio of at least 10:1.

For each type of flow meter, the turndown ratio is limited by the theoretical and physical
constraints. For example, for an orifice meter the accuracy may be compromised near the
limits of the rangeability. Orifice meters create a pressure drop in the measured fluid
which is proportional to the velocity squared. If the range of differential pressures
becomes too large the overall accuracy of the flow meter at its range limits may be
inconsistent.

Turndown ratio can be expressed as:
TR = gmax / gmin (1)

where



TR = Turndown Ratio
gmax = maximum flow
gmin = minimum flow

The table below shows a list of typical turndown ratios for different flow meters.

Type Turndown Ratio
Orifice Meter 3
Turbine Meter 101
Rotary Displacement Meter 10:1-30:1
Diaphragm Meter 801
Ultrasonic Meter 501
Thermal Meter 10:1-100:1

Example - Turndown Ratio for an Orifice Meter

The turndown ratio - TR - for an orifice meter with maximum flow of 12 kg/s and a
minimum flow of 3 kg/s can be calculated as:

TR = (12 kg/s) / (3 kg/s) = 4 - normally expressed as turndown ratio of 4:1

This is a typical turndown ratio for a orifice plate. In general a orifice plates has turndown
ratio between 3:1 and 5:1.

Turndown Ratio and Measured Signal
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The graph above shows how the turndown ratio effects the measured signal % and
flowmeter %. With an increased turndown ratio there is a larger range that the flowmeters
can operate within. In a flow meter based on the orifice or venturi principle, the



differential pressure upstream and downstream of an obstruction in the flow is used to
indicate the flow. According the Bernoulli Equation the differential pressure increases
with the square of flow velocity. A large turndown ratio will cramp the measurement
signal at low flow rate and this is why venturi and orifice meters are not accurate at low
flowrates.

5.6 Example 1

a) Oil is flowing in a medium sized pipe which is insensitive to temperature and
pressure. Pressure drop measured is relatively low. Which type of flow meter is
recommended?

Coriolis flow meter because it effectively measures flow rates of high viscous liquids at a
low pressure drop. Coriolis flow meters are also insensitive to temperature and pressure.

(b) Why is Doppler only recommended for liquids containing suspended solids or
gases?

The Doppler sensor transmits sound into the flow stream, which must be reflected back to
the sensor to indicate flow velocity. Gas bubbles or suspended solids act as reflectors for
the Doppler signal. Doppler flow meters are recommended for liquids containing solids
or bubbles with a minimum size of 100 microns and a minimum concentration of 100

ppm.
(c) When would you use Vortex flow meters?

Vortex is mainly used to measure steam flow rates. They are also used to measure gases
and liquids with low viscosity that contains hardly any solids.

(d) A conductive liquid is flowing in a pipe (1000 mm size) at the temperature of
430K. Which type of flow meter is recommended to measure the flow rate?

Electromagnetic flow meter is used in this case as it measures flow rates of conductive
liquids.
5.7 Example 2

Kerosene at 20 deg C flows at 18 m3/ h in a 5 cm diameter pipe. If a 2 cm diameter
thin plate orifice with corner taps is installed, what will the measured drop be in Pa?
Why is orifice meter used in this case?

Data given: C;=0.6030; u = 192E-3 kg/ (m s) for kerosene; ¢ = 804 kg/mA3
Solution: Orifice meter is used in this case because Kerosene is a clean and non viscous
liquid.

Usually, pipe velocity is calculated using the velocity formula to calculate Re and Cy
values. The pipe velocity is:

() ( 3:1J:n ) .
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In this case, we already have the Cy. So,using orifice pressure drop formula, calculate
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Final step is to solve for Ap to give 273 kPa.

(0.04)%
(0.02)2

(0.005) + (1 — 2202 (804)

| —__{ 273k Pa
(0.6030)2(27)2(0.02)4(2) | )

|

Ap =

5.8 Sage's Corner

Selection of an Industrial Flow Sensor
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6.1 Introduction

There are many useful analytical tools, such as photometric analysis, electrometric
analysis, chromatography, mass spectrometry, thermal conductivity, and various physical
property measurements (density and specific gravity), which can be used to determine the
composition of mixtures. A wide array of methods to measure composition are available,
so 1t 1s important to choose the best method given a set of conditions. The first step is to
decide between measuring physical or chemical properties to determine the composition.
If you choose to measure a physical property, make sure that it is unique to the desired
component of the mixture and will accurately allow you to determine the composition.
The goal of this article is to explain the various analytical methods and tools used to
determine the composition of a given sample. After reading this, you should be able to
determine which method of composition measurement is most appropriate for a given
circumstance.

6.1.1 Types of Testing: On-line v. Off-line

On-line analysis is the continuous monitoring of the composition of a sample, which is
under the influence of a control system and directed by an actuator which can respond
and regulate the operating conditions in real time such that the desired set points are
maintained. On-line testing can either be performed in-line or by slip stream testing. In
on-line testing, the sensor is attached directly to the line and provides feedback via a
transmitter. On the other hand, in slip stream testing, a side stream of the process runs
alongside the main line. Such an apparatus closely resembles the set up of a bypass. The
slip stream process conditions can be continuously manipulated to make the
measurements easier to obtain. Similar to in-line testing, the sensor is directly attached to
the slip stream and provides feedback through a transmitter. Advantages of on-line
analysis include an immediate and continuous feedback responding to changes in process
conditions. The main disadvantage of on-line testing is that it is usually much more
complicated and more expensive than off-line testing. Also, off-line testing is more robust
and has more varied applications, while on-line testing may not work in every situation.
On-line testing prevents the continued production of undesired product, with an
immediate response and correction of the flawed material.

Off-line analysis involves the extraction of a sample from the process or reaction, and its
subsequent testing in a machine that may be situated at a location far away from the
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process line in a lab. In this case, a sample is manually removed which is later sent to the
composition analyzer. The results of the analysis are examined and then they are sent to
the control system or actuator to make the appropriate adjustments. On-line analysis is
comparable to off-line testing, the primary difference being that in on-line testing, the
samples are analyzed on a machine that is next to the process line. This greatly reduces
time lost in transporting the sample, though it still permits the prospect of introducing
contaminants into the sample. In off-line analysis, some of the disadvantages include
sample dead-time, which is the time lost during transportation, variability of sample
testing locations, and lag time for adjustments to be made to the process. In off-line
analysis, the lag time between removing the sample from the system and receiving the
results of the test could cause significant losses to the company, since the defective
product is produced and the process is not corrected until the results are received. This
prolonged defective processing could result in the accumulation of losses worth
thousands of dollars, which could have been avoided if an on-line analysis system was set
up in place.

While both methods are widely used in industry, there is a push towards more on-line
testing. A paper published in 2003 urging drug companies to adopt more in-process
analytical testing such as on-line testing, endorsed by the Food and Drug Administration
reflects this trend. This has been a part of a broader effort by the FDA to encourage
companies to move towards better manufacturing practices. While on-line testing maybe
comparatively expensive to install at first, the savings from the process would not only
recoup the costs associated with installation, but also prevent significant losses. Many
companies have adopted lean manufacturing techniques, and one of its hallmarks is to
correct a defect as early in the production process as possible, not allowing defective
products to move on to the next processing step. Allowing defective products to
perpetuate through the system may even contaminate other non-defective materials in the
production process.

6.1.2 Standards and Calibration Curves

Before discussing the different ways to measure the composition of a sample, one needs
to understand that composition sensors use standards or calibration curves to measure an
unknown composition against a known one(s). The standard can either be an internal
standard against which all other measurements are compared, such as a reference cell or a
series of standards used to create a calibration curve. With a calibration curve, a series of
known standards are measured with the sensor and the signal produced by the sensor is
graphed on the y-axis of a plot; the known information about each sample is graphed on
the x-axis. From this information, a relationship can be developed between the signal
output from the sensor and the known quantity that you are trying to measure. The data
measured for the unknown sample can then be compared to the calibration curve
graphically or using the equation written to describe the curve. Using this information,
the measurement made by the sensor can be interpreted as a useful composition
measurement of weight percent, volume percent, mole percent, etc.



6.2 Photometric Analysis

Photometric analysis is the measurement of the intensity of visible light and other
electromagnetic (EM) waves. Through the measurement of these values, the composition
of samples or flows can be determined in various different ways. A wide range of
photometric devices based on many differing principles are used in the chemical
engineering industry for this purpose. A few of the most common instruments are covered
in this article.
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6.2.1 Types of Photometers

A photometer is any type of instrument used to measure characteristics of light. There are
two broad categories of photometers: dispersive and non-dispersive.

Dispersive Photometers

In dispersive photometers, the light from the source is dispersed and a narrow
spectral band is selectively directed to the sample and detector. A monochromator
is usually the tool that performs this function. The dispersing element of the
monochromator can be a diffraction grating, prism, and interference filters.
Diffraction gratings are the most common; for each position of the grating a narrow
band of dispersed light passes through an exit slit. Dispersive devices can scan
across a spectrum and make measurements at several wavelengths. This capability
allows them to be used for the analysis of multiple components.

Non-dispersive Photometers

Non-dispersive photometers use a narrow-band-pass filter to block out a large
amount of undesired radiation. They make measurements at selected discrete
wavelengths. The filter passes radiation at the selected reference and measurement
wavelengths. The reference wavelength filter selects a band where none of the
components present in a process stream absorb radiation; the measurement
wavelength filter is selected to match the absorption band of the component being
analyzed. The ratio of the transmitted light at the reference and measurement
wavelengths is measured by the photometer. Non-dispersive photometers are
usually used to measure a single component in the process stream.

An example of such a device is the Non-Dispersive Infrared (NDIR) analyzer that is
frequently used to measure the concentrations of certain gases in a mixed gas flow. The
NDIR analyzer uses a reference non-absorbent gas such as O», Clb and N> and compares
that to a sample gas like CO, CO», SO, CHs, etc. Two beams of infrared radiation are
used: a reference beam for the non-absorbent gas and an analyzing beam for the sample.



6.2.2 Spectrophotometers

Spectrophotometers are widely used as composition sensors. Spectrophotometers are
photometers that measure the intensity of light at specific wavelengths. Many different
types of spectrophotometers exist, and they are typically categorized based on the ranges
of wavelengths they monitor: ultraviolet (280-380 nm), visible light (400-700nm),
infrared (0.7-1000p¢m), or microwave (1-300mm). Other important distinctions are the
measurement technique, the method of obtaining the spectrum, and the source of intensity
variation.

The emission spectrum recorded by the spectrophotometer typically consists of a series of
narrow peaks of varying heights, also known as spectral lines. The height or amplitude of
those lines can be related to the concentration or abundance of the specific material
through a calibration curve and their position on the spectrum distinguishes the
components of the material. While there are numerous methods for obtaining a spectrum,
the most common application of a spectrophotometer is for the measurement of light
absorption.

Absorption

The degree of absorption of electromagnetic waves exhibited by the components in the
sample is a distinctive feature that can be used to reveal the composition of the sample.
Absorption is related to the inverse of transmittance by:

1
A =log T

A = Absorbance (Absorbance unit, AU)

T = Transmittance (as percentage)

Spectrophotometers based on absorption have a radiation source that will emit a specified
range of EM waves to be absorbed by the sample by measuring the intensity of light that
passes through the sample. A useful relationship used to quantitatively determine the
concentration of an absorbing species in solution is the Beer-Lambert Law:

A = —log [i) = €*C* L
0/
I = Intensity of incident light at a particular wavelength
Io = Intensity of transmitted light
epsilon = molar absorptivity or extinction coefficient (1 / M * c¢m)
¢ = concentration of the absorbing species

L = path length through the sample

According to the Beer-Lambert Law, the absorbance of a solution is directly proportional
to its concentration. The constant epsilon is a fundamental molecular property for a given



solvent. It can be found from references tables or determined through the construction of
a calibration curve. The Beer-Lambert Law is useful for characterizing many compounds,
but does not hold for all species. For example, very large, complex molecules such as
organic dyes often exhibit a 2nd order polynomial relationship between absorbance and
concentration.

Two widely-used devices that measure the absorbance of samples are Ultraviolet and
Infrared spectrophotometers.

Ultraviolet (UV) Spectrophotometers

UV spectrophotometry is a useful method for detecting and quantifying substances in
solution. Certain compounds in the gaseous or liquid state absorb ultraviolet radiation,
resulting in absorption peaks that can be correlated with specific functional groups. These
species include aromatic and carbonyl compounds in organic substances and transition
metal ions in solution. This property is useful for categorizing and measuring the
composition of these types of samples, however this property cannot be used as a specific
test for a given compound. The nature of the solvent, the pH of the solution, temperature,
high electrolyte concentrations, and the presence of interfering substances can influence
the absorption spectra of compounds, as can variations in slit width in the
spectrophotometer. Many organic solvents have significant UV absorption and therefore
will add peaks to the species dissolved in them. Solvent polarity, high electrolyte
concentration, and pH can effect the absorption spectrum of an organic compound by
causing protonation or deprotonation of the compound. Temperature can also cause
complex molecules to change in conformation and can also alter the properties of the
solvent used. Variations in the slit width will alter the effective bandwidth, distorting
wavelength measurements.

The basic components of the overall analyzer are the UV light source, sample holder,
optical filters, and detector (typically a phototube). Optical filters (typically a
monochromator or diffraction grating) separate the wavelengths of light going through
the sample and ensure that only the desired wavelengths reach the detector.

Most UV analyzers are dispersive photometers that also function in the visible light
spectrum and are called UV-Vis spectrophotometers. Since these instruments are
generally found in laboratories, they are generally used for offline analysis. However,
there are inline UV machines and sensors available for real-time inline measurements of
process flow streams. UV spectrophotometers used throughout many industries for
various applications.

Infrared (IR) Spectrophotometers

Infrared spectroscopy is based on the fact that there are specific frequencies at which
molecular bonds rotate or vibrate when exposed to discrete energy levels of radiation. A
beam of infrared light is passed through the sample, either one wavelength at a time with
a monochromatic beam or using a Fourier transform instrument that measures all
wavelengths at once. Inspection of the transmitted light reveals how much energy was
absorbed at each wavelength, this data is then plotted (see example below). This plot
allows the frequency of the vibrations to be associated with a particular bond type. The



characteristic IR absorption spectra obtained for a sample can be used to identify the
compound, while the amplitude of absorbance is proportional to the analyte
concentration. IR analyzers are used to analyze gaseous or liquid compounds that can
absorb IR waves. The system components are generally similar to those of an UV
spectrophotometer, with the exception of the IR light source.

IR instruments have been used regularly in a fixed laboratory setting for decades now.
Both dispersive and non-dispersive IR techniques exist. More recently, manufacturers of
instruments have significantly reduced their size and power requirements. In addition to
inline IR sensors for process streams, portable instrumentation is available for field
analysis such as the monitoring of stack gases. Another relatively modern technology, the
Fourier Transform Infrared (FTIR) Spectrometer, is widely used in industry today
because of its high sensitivity and broad range of application. For example, FTIR analysis
is used in the quantification of harmful organic peroxides in lubricants and fuels.
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Instead of measuring the absorption of light, many spectrophotometers measure the
radiation of EM waves. Samples may radiate EM waves in many forms such as heat,
luminescence, fluorescence, and phosphorescence. The measurement of such radiation is
often employed in biological and pharmaceutical areas because of its high sensitivity and
specificity. For example, fluorescence spectrophotometers are used to assay the presence
and concentration of target biological compounds. Fluorescent probe molecules are
introduced to the sample that will attach selectively to the biological molecule of interest
and the device will then detect and measure the amount of fluorescent radiation. In these
experiments, the appropriate standards must be measured to properly calibrate the
radiation measured with sample concentration. Additionally, contamination of the sample
can affect the radiation patterns.



Examples of other techniques utilizing the radiation EM waves include flame emission
spectroscopy, particle-induced X-ray emission, and X-ray fluorescence. These methods
are strictly used for laboratory analysis.

6.2.3 Photometry Using Visible Light

The manner in which certain materials interact with visible light can be used to analyze
the composition of the sample material. Refractometers, turbidimeters, and opacity
meters are all analyzers which utilize this principle.

Refractometry

The theory behind refractometry is that visible light bends (or refracts) when it passes
two opaque media of differing densities. Snell’s Law relates the angle of incidence a to
the refractive index 1) by:

1 ¥

19 ¥

a1, ap = angles of incidence

N1, N2 = refractive indices of the two media (unitless)

Alternatively, the critical angle may be used to analyze the composition. The critical
angle is defined as the angle of incidence that produces a 90° refraction with respect to
normal of the interface i.e. o = 0°. Thus, Snell’s Law becomes:
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Figure 1: Light refraction at a glass-medium interface



Different materials will have different refractive indices; the experimental refractive
index measured can be compared to a list of refractive index values at a data bank.
Continuous process or online refractometers generally measure the changes in the critical
angle at a glass-sample interface caused by the variations in composition concentrations.
Refractometers are used in numerous industries such as food, chemical, metalworking
industry because of its high accuracy and repeatability, low maintenance and easy
installation. An example is the use of a refractometer to monitor the amount of juice
concentrate in juice.

Turbidimeters

Turbidimeters measure the turbidity, or sample clarity, of fluids. A light beam passes
through the analyzer and if the water, or other chemical that is to be tested, is "pure," then
the light would travel undisturbed. However if the sample contains suspended solids or
particles, the light would interact with the particles causing the particles to absorb the
light and reflect it into different directions. An example is smoke in air that gives the air a
hazy look.

Most modern turbidimeters are nephelometers. Nephelometers or nephelometric
turbidimeters measure the scattered light reflected off the suspended particles in the
sample. This instrument contains a light source, some sort of container to hold the
sample, and photodetectors to sense the scattered light. A tungsten filament lamp is most
commonly used as a light source. If the suspended particles, typically measured in
nanometers, are smaller than the wavelength than the incident light, the reflected light is
scattered equally in all directions. If the particles are larger than the wavelength of the
incident light, the pattern of scattering will be focused away from the incident light.

Nephelometers are usually used when solids are present in the sample in small
concentrations. When there is high turbidity in a sample, multiple scattering occurs and
the turbidimeter may no longer be able to analyze the fluid. Disadvantages of
nephelometers include being prone to fouling and incapability of analyzing fluids that
have high concentrations of solid particles.

Turbidimeters are important to industry, specifically for chemical plants, oil refineries,
and waste water treatment plants. For example, nephelometers are used in detecting the
pollutants in water in water quality monitoring. There are specific EPA design
requirements for turbidimeters that can be found at: <http://www.epa.gov/ogwdw/mdbp/
pdf/turbidity/chap 11.pdf>

Opacity Monitors

Opacity monitors measure the attenuation of light due to scattering and absorption by
the sample. Attenuation is defined as the decrease in intensity and amplitude of the
measured light beam when compared to the emitted light beam. Opacity monitors differ
from turbidimeters in that they analyze samples by measuring the percentage of
transmission of the light source that passes through the sample and NOT the scattering of
the light source. A common application is the measurement of smoke density in chimney
stacks. The density of the pollutant or particle is expressed as percent opacity, percent
transmittance, or optical density.
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% opacity = 100 x opacity = 100 — % transmittance

6.3 Electrometric Analysis

Electrometric analysis uses the principles of electrochemistry to analyze the composition
of different samples.

6.3.1 Conductivity Cells

Conductivity cells measure a liquid’s ability to conduct an electric current. Since liquids
conduct current due to the presence of ions, the composition can be determined by
measuring the concentration of the ions present. Conductivity cells determine
concentration from the definition of molar conductivity (lambda). Molar conductivity is a
property that can be influenced by temperature. It also varies with concentration if the
chemical being measured is a weak electrolyte. It is defined by the following equation:

(
A = molar conductivity [Sm?/kmol]

% = conductivity [S]

C = concentration [kmol/m?3]

Since it is difficult to directly measure conductivity, conductivity cells measure the
resistance (R) of a sample liquid between two electrodes when a small current is applied.
Resistance is related to conductivity by the following equation:

A |
T R

% = conductivity [S]

H;

A = area of electrode [m?]
x = distance between electrodes [m]

R =resistance [ohm, Q]

Note that the electrode area, A, and distance between the two electrodes, x, are fixed for a
particular sensor and are often expressed as a cell constant (k).

The following flow chart shows how composition is determined in terms of
concentration:
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Conductivity cells can be used in flow system and installed directly into the system of
pipelines. Conductivity cells can come in three types: two electrode probe, multiple
electrode probe, or a non-contact, electrode-less probe (toroidal). The two electrode probe
is one of the most common types and typically uses carbon or stainless steel as the
electrodes. The multiple electrode probed has either two, four, or six electrodes. This
probe has the advantage of reducing errors due to polarization (electrochemical reaction
on the electrode surface) and fouling. Finally, the toroidal probe has no electrodes and
instead measures the AC current in a closed loop of solution using two embedded toroids
(a magnetic core with wire wrapped around it to make an inductor). The electrode-less
probe is good for solutions that tend to have problems with polarization or oily fouling.
In-line conductivity cells are suitable for temperatures up to 480K and pressures up to
1700 kN/ms.

Since concentration is found from molar conductivity, which is a property of the fluid that
is strongly dependent on temperature, a temperature sensor is often paired with a
conductivity cell so temperature effects can be accounted for in concentration
calculations.

Conductance cells are best used in applications where a single type of ion is present in a
dilute solution. Higher concentrations lead to complications that cannot be described by
the simplistic linear relation between concentration and conductivity, since molar
conductivity starts to vary with higher concentrations of weak electrolytes.

6.3.2 lon Selective Electrodes
pH Electrode

The pH electrode is commonly used in both the lab and industrial setting. This electrode
is sensitive to the concentration of the H +ions. The pH electrode basically measures the
potential difference between a reference solution and the sample. Please refer to the pH
sensor section for examples and more information on relevant theory.

Other Ion Selective Electrodes

Electrodes can also be specific to other ions such as: Na+,K+,Ag+, ClOs, BF4,SO>, and
CO:. An electrode’s ion sensitivity depends mainly on the method of separating ions in
the solution. The biggest problem with ion selective electrodes is the problem of not
enough selectivity for the desired ion, and subsequent interference by other ions with
similar chemical properties to the desired ion. Most electrodes use a membrane to
separate a specific ion, though other techniques exist. Selective ion electrodes can be
divided into the following three categories based on the mode of separation: solid
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membrane (glass or crystalline), liquid membrane (classical ion exchanger with a neutral
or charged carrier), and membrane in a special electrode (gas sensing or enzyme
electrode). Examples of ion selective electrodes used in industry include nitrate sensors
for sewage treatment or river quality monitoring, hydrazine and sodium sensors for in
boiler water, and choride and fluorine sensors for in water treatment plants.

Oxidation-Reduction Potential (ORP) Sensors

ORP sensors, or also called Redox sensors, can determine concentration of ions that exist
in two different oxidation states in solution. For example, this type of electrode can be
used to analyze the composition of a solution with Fe2+ and Fe3* ions. This type of
electrode measures the potential caused by a solution’s reduction or oxidation ability.

This type of sensor directly measures electric potential which indicates the reducing or
oxidizing strength of a solution. The reducing or oxidizing power of a solution depends
on whether the higher or lower oxidation state is preferred by the ion.

When an ion favors the higher oxidation state (or has reducing properties), the ions tend
to give up electrons and the electrode becomes more negatively charged.

When an ion favors the lower oxidation state (or has oxidizing properties), the ions tend
to gain electrons and the electrode becomes more positively charged.

When purchasing an ORP sensor from a vendor, many models come already packaged
with a pH sensor, since these two measurements are often both monitored to keep a
process running at the right conditions. For instance, in the pool and spa industry, its
important to monitor both the concentration of sanitizers in the water with an ORP sensor,
as well as measure the pH of the water.

Polarographic Sensors

Polagraphic sensors work by performing electrolysis with two types of electrodes: one
which is polarizable and one which is not. They operate very similarly to voltameters, but
with voltameters the potential is changed in a controlled manner and the voltage
measured. The oldest system of polarographic measurement used dropping mercury
electrodes. Here the principle is that that the surface tension of mercury changes with
how much charge is applied between the top and bottom of the electrode, and this surface
tension change can be seen in how the weight of the mercury drops varies with time.

More modern types of polarography use two different types of metals which are
connected in a solution with electrolytes, and electrons will move towards the more
positively charged metal. This movement of electrons induces a current, which eventually
stops once the charges are balanced (polarized). If all the charges are balanced within the
system, no current will flow. Therefore a small potential is applied to a polarographic
sensor so that a current exists for the sensor to measure.

The sample being analyzed needs to have the ability to depolarize the system, or tip the
balance of charges. The ion of interest crosses a selective membrane and reacts by an
oxidation/reduction reaction with a metal surface (often called the measuring electrode).
The reaction between the ion and electrode causes an uneven distribution of charges.



Once a system is depolarized, the potential of the system increases since a more positive
and a more negative region exists separately. The increase in potential causes current to
flow which is the signal measured by the sensor. This creates a graph showing the
relationship between applied current versus measured potential. A disadvantage to this
type of measurement tool is that this graph requires a calibration curve in order to
interpret the data, and so analysis of composition using polarography can’t be done in-
line. The advantage of this type of method is that it is highly accurate and very
reproducible.

Below is a basic schematic of a polarographic sensor.

Counter Electrode._ _

eubis

\

O 5 ‘

© 7 Measuring Electrolyte /
lon  Membrane giactrode spesaEoaist |

Reference Electrode Measuring Resistor

Polagraphic sensors are most commonly used assessing pollutants in air such as Cl», HCI,
HBr and HF . It an also be used to measure O2 and other inert gases in flue.

High Temperature Ceramic Sensors

These types of sensors have a heated section of zirconium oxide (Zr0-), also known as
zirconia, that is slightly doped with yttria (Y205). This stable lattice structure is able to
measure oxygen ion conduction at high temperatures. This sensor is exclusively used for
measuring O> and is often used to measure O> composition in flue gases.

6.4 Chromatography

Chromatography is a set of physical methods used to separate and thus analyze complex
mixtures. Chromatography consists of a mobile phase, usually a gas or a liquid, and a
stationary phase, typically a solid or a liquid. These two phases are combined in a column
of the stationary phase based on the type of chromatography one wishes to complete (i.e.
Gas-liquid, Gas-solid, Liquid) in order to separate the mixture. The retention time of a
component is the time before the component elutes from the column. The retention time
and elution order are both based on the relative interaction between each solute and each
phase. The stronger the solute’s interaction with the mobile phase, relative to the
stationary phase, the sooner the solute will elute from the column. Solute-phase
interaction is a function of the charges of the molecules, the absorption of the stationary
phase, and the relative solubility.



Chromatography by itself does not detect substances, but it is routinely coupled with a
detection unit. Each substance is detected as leaves the chromatograph. The retention
time for each substance can then be compared to a standard to determine what substances
were in the mixture. For unknown substances, the elution order can determine some
properties of the substance. For example, a substance that initially elutes after ethanol in a
nonpolar column is less polar than ethanol. However, other composition detectors are far
better suited for analysis of unknown substances.

Chromatography is the most widely used composition detecting process for on-line
analysis of samples within a complex mixture. Due to its precision, chromatography is
commonly used to separate or purify samples within the chemical or biochemical
industries. Depending on the type of chromatography used, even delicate mixtures like
proteins can be analyzed. However, chromatography is primarily useful when there are
some expectations for the components in a mixture; chromatography is not best for a
completely unknown sample, but it is useful for detecting the composition of a process
stream where most components are known and a suitable standard exists.

6.5.1 Types of Chromatography

Gas-Liquid Chromatography (GLC)

GLC is one of the more common types of chromatography. It is commonly referred
to as GC (gas chromatography). In a typical run, the liquid mixture to be analyzed is
added to the system and vaporized before entering the column. A carrier gas, often
Helium, carries the vaporized sample through a column. The column can either be
packed with stationary phase, or the column can have a very small diameter in
which case it is lined with stationary phase (capillary tube). The gas mobile phase
runs through the stationary phase within the column at various rates determined by
relative volatility and affinity to the stationary phase. The longer a sample molecule
spends in the gas phase, the faster it will elute from the column. For this reason,
temperature and the chemical identity of the coating on the stationary phase are
two important variables which may need to be manipulated to receive clear
separation of the components in the mixture. In general, lower temperature will
result in better separation but longer elution times and sample spreading due to
flow effects. Efficient use of this apparatus requires a balance between these
competing effects.

GC is relatively simple for a technician to use; a calibrated gas chromatograph can run
several samples without a large amount of sample preparation. Gas chromatography
works well on substances that vaporize below 300°C and are free of ions; however, it
does not work well on substances that decompose below 300°C.
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Figure: Diagram of Gas Chromatography

Gas-solid Chromatography (GSC)

GSC uses a gas mobile phase which runs through an absorbent solid (e.g. silica gel or
alumina) stationary phase within the glass column as determined by absorption.
This method operates along the same principles as gas-liquid chromatography. It is
most commonly used with gases (as opposed to a vaporized substance) and with
low molecular weight hydrocarbons.

Liquid-Chromatography (LC)

LC analyzes low volatility liquids within a solid stationary phase. Separation occurs
from adsorption/desorption due to the solutes having different degrees of
attraction to the stationary phase, typically due to the stationary phase having
different polarity than the mobile phase. It is common to use a mixture of solvents to
accurately separate mixtures. Liquid chromatography is used in several industries,
including the pharmaceutical and petrochemical industries.
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6.5 Mass Spectrometry

Mass spectrometry is among the most precise compositional sensing tools, and,
accordingly, one of the most expensive. The basic idea is illustrated below:
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A sample is ionized —this may be performed by a number of techniques—the ions are
subjected to an electrical force and accelerated through a tube. Because the electrical
force applied to each molecule is the same, a molecules acceleration through the tube
depends on its mass (F=ma). The acceleration is also dependent on any charge on the
molecule due to magnetic attractive or repulsive forces. At the end of the tube, a detector
calculates the time of flight for each of the molecules.

Mass spectrometry is essentially a tool to create a spectrum of distinct mass/charge ratios.
It is very often used after chromatography separation techniques to serve as a molecule
identification technique.

6.5.1 MS Components

There are 3 fundamental components for mass spectrometry —an ion source, a mass
analyzer, and a detector.

The ion source is the component responsible for ionizing the sample. There are many
different methods including chemical, electrical, or laser ionization. Selection of the
proper ion source depends on the characteristics of the sample (phase, biologically active,
etc.).

The mass analyzer is the technique and tool used to differentiate the ions in a spectrum
based on the mass/charge ratio. The technique described earlier is the Time-of-Flight
technique. Another common method is a sector field mass analyzer where the molecules
are accelerated through a tube and a magnetic force is applied perpendicular to the
direction of flight of the molecules. The molecules will deflect at different magnitudes
depending on their size.
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The detector generally amplifies changes in an electrical current that occur when
molecules hit the detector.

6.6 Thermal Conductivity for Gases

Changes in thermal conductivity may be used to detect variations in a mixture of gases.
When a heat source is present, gases and vapor will conduct heat. The change in heat
between the source and gases will stabilize to a common temperature. The temperature is
mainly dependent on the thermal conductivity and therefore the composition of the gas.

Typical equipment for thermal conductivity analyzers includes: a reference cell, a sample
cell, a combined heat source (wire filaments or thermistors), and detector. The sample cell
and reference cell are usually placed in a holder where the detector may be mounted. The
reference is an identical cell of the sample cell, through which a known gas will flow. The
reference-detector resistance will be constant and the sample-detector resistance will vary
depending on the composition. Resistance is a function of temperature and the output
from the detector bridge will be a function of sample composition.
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Cells are in equilibriumn, no analyte flowing through sample cell conductivity from wire filament to sunoundings results in an
altered resistance. Comparison of this resistance with the
reference cell serves as the composition identification
mechanism
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Thermal conductivity, like mass spectrometry, is often used in combination with gas
chromatography

6.7 Physical Property Measurements

Physical properties can be used to indirectly measure the composition, but this technique
is not as versatile as those described above, since it only applies to a limited number of
circumstances. The advantage to using physical properties to indirectly measure
composition is that these types of measures are often cheaper than the types of sensors
described above.

6.7.1 Density and Specific Gravity

Density and specific gravity measurements require a binary mixture with at least one fluid
phase to make accurate measurements. Given the temperature and pressure, the density of
a gas can be found using the ideal gas law or some other relationship, and since density is
a function of composition, the composition can be measured indirectly. See
Thermodynamicsfor more information. Specific gravity is simply the ratio of density of
water over the density of the non-compressible component at the same physical
conditions, which means that it is simply a dimensionless measurement of density.

Four different measuring devices for finding density are described below.

Liquid Column

In a liquid column, the pressure measurements in a column are used to determine
the density. The column may be open to the atmosphere, where the gauge pressure
at the bottom of the fixed-height column is measured. Or, the column may be closed,
in which case the differential pressure measurement is made between the bottom of
the fixed-height column and at the top of the column immediately below the liquid
surface.

Displacement - Hydrometer

A hydrometer is usually made of glass and consists of a cylindrical stem and a bulb
weighted with mercury or lead shot to make it float upright. The liquid to be tested
is poured into a tall jar, and the hydrometer is gently lowered into the liquid until it
floats freely. The point at which the surface of the liquid touches the stem of the
hydrometer is noted. Hydrometers usually contain a paper scale inside the stem, so
that the specific gravity can be read directly.
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The operation of the hydrometer is based on the Archimedes principle that a solid
suspended in a liquid will be buoyed up by a force equal to the weight of the liquid
displaced. Thus, the lower the density of the substance, the lower the hydrometer will
sink.

Scale

Test Fluid

Weight

Direct Mass Measurement

With this technique, fluid is continuously passing through a U-shaped tube, where
the tube is oscillating at its natural frequency. An electrochemical device strikes the
tube periodically at the curved portion of the tube. The change in frequency
between the electrochemical strike and the natural frequency is proportional to the
changes in density which correlates to the composition of the substance.

Radiation-Density Gauges
Gamma radiation inside a pipe/vessel is used to determine the density of the liquid.
Below is a diagram of the setup.
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If the path-length for the radiation source is under 610 mm then cesium 137 is used.
Above 610mm, cobalt 60 is used. The detector is usually an ionization gauge. The density
is a function of the absorption of the radiation being detected. Decay of the vessel must
be taken into consideration when calibrating

6.7.2 Viscosity

Please refer to the Viscosity Sensor section of the process control website for in-depth
information.

6.8 Comprehensive Charts

For simple, easy to read charts summarizing the advantages and
disadvantages of each type of sensor, please follow these links for a PDF
version of each chart.

Media:Photometric sensors.pdf

Media:Electroanalytical Measuring Techniques.pdf

Media:Other Types of Measuring Techniques.pdf

* For complete summary charts including more sensors not discussed in
the article, please follow the links here for a PDF version of these
summary charts.

Media:CompositionSensorsGeneral .pdf

Media:CompositionSensorsPhysical.pdf

Media:CompositionSensorsChemical.pdf

Media:CompositionSensorsElectrical .pdf

6.9 Applied Example: Mars Pathfinder Spectrometer

The Mars Pathfinder uses an Alpha Proton X-Ray spectrometer to identify the chemicals
that comprise the Martian surface. The incredible tool shoots X-Rays at the surface of the
planet and uses a backscatter detector to collect the alpha particles, protons, and X-rays
characteristic of specific elements. These atom specific scattering events allow NASA
scientists to determine the surface composition.
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6.10 Worked out Example 1
These examples are fictional but they still require the same thought process.

Your supervisor put you in charge of monitoring the emissions from an old smoke
stack that the plant just re-opened to keep up with product demand. It is important
to measure the amount of smoke and oxygen leaving the stack. Choose the proper
types of sensors to install and keep in mind that the contents of the stack are exiting
at very high temperatures.

To monitor the smoke density one could install an opacity monitor that measures the
absoprtion and scattering of light. Please refer to Sensor Assmebly on this website
Opacity Monitor Assembly for a basic schematic diagram.

To monitor the oxygen concentration one could install either a polarographic sensor or a
high temperature ceramic sensor because both types of sensors are specific to O particle.
The high temperature ceramic sensor is more suitable for this application since the
emissions are exiting at high temperatures.

6.11 Worked out Example 2

Values of constants are ficitional but are being used to illustrate the thought process.

You are in charge of calibrating a new conductivity cell acquired by the company.
The conductivity cell will be used to measure the concentration of NaCl in the
beginning reagents. NaCl has a molar conductivity of 12.6 Sm? / kmol. The cell
dimensions are as follows: area of the cells (A) is 100 72 and the distance between
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the cells (x) is 0.25 m. Calculate the concentration needed to produce a resistance of
10 ohms in the sensor.

Referring to the Conductivity Cell section, the equation can be arranged to find
concentraton:

concentration = conductivity / molar conductivity

Unknown = conductivity

A |

conductivity = €T i
100 1
0.25 10

conductivity =

conductivity = 40

Plug back into initial equation
concentration = conductivity / molar conductivity
concentration = 40/12.6

concentration = 3.17 kmol

6.12 Sage's Corner
Some examples of conductivity sensors

http://video.google.com/googleplayer.swf?
docId=-7242947671477594432

For slides of this presentation:Media:conductivity.ppt
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7.1 Introduction to pH

pH is a measure of concentration of H* ions ([H*]) in solution, and can be defined as
follows:

pH = —log([H™])

Typically, pH values range between O(strongly acidic) and 14 (strongly basic, or
alkaline). However, that is not to say that 0 and 14 are the limits of pH values. A solution
that has a H* concentration of 10 M, such as very strong HCI, would have a pH of -1.
Pure water, which has a pH of 7, is said to be neutral because its H* concentration is
equal to its OH- concentration. An acid solution is said to have a greater H* concentration
than its OH- concentration. Conversely, a base, or alkaline solution, is said to have a
greater OH- concentration than its H* concentration. See for reference:
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For weak acids and bases, the above equation is appropriate to use when calculating pH.
However, many solutions are not weak acids and bases, which means that the other ions
in solution play a large role in acidity and alkalinity, and thus a more accurate method is
needed to calculate the pH. pH sensors are used to determine the acidity or alkalinity of a
particular process solution. When dealing with a strong solutions, the sensors measure the
effective concentration, or activity, of H+ ions in solution, and do not measure the actual
concentration. Hence, for the purposes of pH sensors, pH is defined as:

pH = —log(ag+)
ag+ = (yu+)[H']

JHY — activity coefficient

The activity coefficient accounts for the interactions between all the ions present. These
interactions may prevent some of the H* ions from contributing to the acidity of the
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solution, and thus decrease the effective concentration of H+* ions. This effective
concentration is the concentration used when calculating pH.

7.2 Why is pH Relevant for Chemical Engineering?

pH sensors, while being relatively simple pieces of equipment, have numerous uses.
Knowing the pH of a solution is valuable to an analytical chemist attempting to determine
the contents of an unknown solution, as well as a farmer trying to determine the
appropriate applications to his fields and many people in between. In industry pH sensors
can be used as a simple way to monitor reactions involving acids or bases as either a
reactant or product of a chemical process. They can also be used to monitor the
conditions of a reactor to ensure optimal conditions. This is especially important in
biological systems where very minor changes in pH can result in significantly lowered
production levels or even a complete stoppage of production due to the death of the
organisms on which the reaction is dependent.

An example of pH measurement's importance in industry is seen in food processing
during the manufacture of fruit jelly. The gel formation brought about by pectin occurs
over a small pH range, which is further complicated by the concentration of sugar. Too
high of a pH value results in an unacceptably runny liquid. Too low of a pH causes the
mixture to stiffen prematurely, resulting in a nearly-solid product. Continuous pH
adjustment using edible acids such as citric acid yields the optimal gel consistency.

It is also important to keep in mind that application requirements should be carefully
considered a pH sensor is chosen. In the case above, it is important that the pH sensor be
made of a material that will not interfere with the quality of the product. For instance, the
sensor should not be made of glass in order to avoid broken glass entering the product.
Accurate pH measurement and the precise control that it allows for helps to optimize a
process and can result in increased product quality and consistency. Continuous pH
monitoring also controls chemical usage (such as the edible acids above), resulting in
minimized system maintenance (i.e. less cleaning of hardened gel from containers, less
corrosion of containers, etc.).

7.3 Typical pH Sensor Construction

Because it is difficult to directly measure the H+ concentration of a solution, pH is
typically measured by comparing the potential of a solution with a known [H+*] (this is
known as a reference solution) with the potential of a solution with an unknown [H*].
The potentials of these solutions are measured using a reference half-cell and a sensing
half-cell, respectively.

7.3.1 Reference Half-Cell

The reference half-cell generally consists of a chamber with a conductor submerged in a
reference electrolyte. The conductor, or external reference electrode wire, is typically
silver coated with silver chloride (Ag/AgCl(s)) or mercury coated with mercurous
chloride (Hg/Hg2Cl2(s)). The reference electrolyte is a standard solution such as KCI.
The last component of the reference half-cell is a porous plug, which serves as a liquid-
liquid interface between the standard solution and the process solution being analyzed.
This plug allows standard solution to travel from the chamber out into the process



solution, but does not allow process solution into the chamber. The purpose of this
interface is to establish the electrical connection, which provides the reference potential.

7.3.2 Sensing Half-Cell

The sensing half-cell is of similar construction to the reference half-cell. A glass chamber
contains an electrode (Ag/AgCl(s)), known as the internal reference electrode, which is
submerged in a standard solution of constant pH. However, instead of a porous plug
acting as the liquid-liquid interface between the standard and process solutions, there
exists a glass membrane. This membrane is coated on the inside and outside with a
hydrated gel. When the sensing half-cell is placed in solution, metal ions (Na+) in the gel
on the outside of the membrane diffuse out into the sample being analyzed and are
replaced by H+ ions from the sample. The change in energy associated with this
substitution creates the change in electric potential that is detected by the electrode. The
combination of the hydrated gel and the glass membrane are what make the sensor
specific only to H+ ions. The solution of constant pH ensures that the surface of the glass
membrane and the electrode are at the same pH before the cell is exposed to the process
solution being analyzed.

The electrode wires from the reference and sensing half-cells are each connected to the
voltage measuring device.

The diagram below shows the setup of a typical pH measurement system:
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While this figure shows the essential components of a pH sensor, it is not an accurate
depiction of what pH sensors actually look like. The reference and sensing cells in most
pH sensors are generally encased together in a sturdy housing (usually made of some sort
of plastic). This does not affect the operation of the sensor, but allows for ease of use, as
there is only one major piece of equipment that the user needs to carry around.



pH sensors can be used both online and offline. If the sensor is being used to carefully
control the pH of a system or to provide an accurate record of the pH of a solution it is
often desirable to have an online pH sensor. In order to have an online pH sensor
determine accurate readings it must be in a position to take a representative sample. This
is most often done by diverting a side stream from the main process in which the pH
sensor can be inserted. Often times continuous pH measurements are not necessary, but
rather infrequent measurements to make sure that the system is running correctly are of
interest. In these cases it is much more efficient to use an offline pH sensor.

7.4 How do pH sensors calculate pH?

pH is calculated using the potential drop between the reference and sensing electrodes.
The potential across the overall pH measurement system can be expressed as:

E = Ein!r:l‘nalrcf(rr:nCr: + Emr:mbranf + Epr::rr::usplug - Ec.rtcrnalrr:fcrr:nrrc

The potential of the porous junction is usually negligible, and the potentials of the
internal and external references can be lumped into a constant value, Eo. Thus, we get:

E — -ED + vEmcmbranf

Using the Nernst equation, the potential of the membrane in a half-cell reaction can be
expressed as:

RT

nkF

E — VED *I’

In(a)

2]
]1 _: Universal Gas Constant
. — O A/ - ) n ! b ") < n". “
F'= 9.6490 * 10" coulombs /kmol (Faraday's Constant)

7l = net number of negative charges transferred in the reaction
(I == activity of the ions involved in the reaction

This equation is the standard equation used in electrochemistry to find the potential with
respect to a reference electrode. It can be viewed as a calculation of the change in free
energy at an electrode, due to changing ion concentrations at that electrode. Assuming
that the electrode is completely selective to H* ions (a = 1) and that there is only one
positive ion carrying one elementary charge in each half-cell reaction (n = 1) the pH of
the unknown solution can be expressed as:



2.303RT

1 = temperature of solution being analyzed

7.5 Temperature Compensation

As one can see from the Nernst equation, the pH as determined using the potential
difference between the reference and sensing half-cells varies linearly with changes in
temperature. That is, the voltage drop/pH unit across the cells increases with increasing
temperature. Thus, pH measuring system needs to have some way to compensate for
temperature changes in the process solution. Many pH control kits come equipped with
automatic temperature compensation (ATC), which continuously measures and
incorporates temperature changes into their pH calculations. Other older pH control kits
require manual temperature compensation, meaning that the operator or user must
manually input the process solution temperature into the control system.

7.6 Alternative Methods for Determining pH

While glass membrane pH sensors are an effective method of measuring pH they are not
always the best choice. Certain properties of the system of interest make using a glass
membrane pH sensor impractical. Glass membrane pH sensors can become clogged by
viscous solutions or solutions containing suspended solids. Harsh conditions can also
scratch or break the glass membrane. There are also cases where a glass membrane pH
sensor would work but using one would be an unnecessary cost. In these situations there
are several alternatives that can be used to determine pH. One method is using pH paper.
This paper changes color when submerged in a solution. The color of the paper can be
compared to a standard scale included with the paper to determine an approximate pH.
pH paper is an excellent choice when all that is needed is a "ballpark" pH value. Another
method of determining pH is the use of indicators. These are substances that change color
depending on the pH of the solution. They can be very useful if the primary interest is
determining if the pH of the system is above or below a particular point. Numerous
indicators exist that change colors at different pH values.

7.7 Other lon-Specific Sensors

The same concepts that allow pH to be measured using a reference and measuring
electrode can also be applied to measure the concentration of other ions. The differences
between the pH sensors and ion specific sensors are the composition of the measuring
electrode the membrane used in the measuring electrode. For some ions of interest glass
membranes can still be used, however for other ions solid state membranes or liquid ion
exchange may be necessary. The choice of membrane depends on both the size and the
charge of the ion of interest.

While ion specific electrodes can be fairly accurate a number of problems can
compromise their accuracy. lon specific electrodes can suffer from interference. This can
be especially problematic in complex solutions, especially those containing many other



ions similar in charge and size to the ion of interest. The measurements reported by ion
specific sensors are also functions of the ionic strength of the solution. This can also
result in significantly decreased accuracy of the sensor if the effect of the ionic strength of
the solution is not accounted for. As with pH the property that is actually being measured
with an ion specific sensor is the activity of the ion, not its concentration. The activity can
no longer be considered negligable in solutions with high ionic strength. In order to
obtain proper readings the user must consider what effect the ionic strength of the
solution has on the activity coefficient and adjust the measurement accordingly. Despite
these limitations ion specific sensors can still provide accurate and valuable information,
provided an appropriate measuring electrode membrane is used and the ionic strength of
the solution is accounted for, and are widely used.

7.8 Problems with pH Sensors

Several problems can occur with pH sensors that can negatively affect the accuracy of
these devices. The majority of these problems involve the reference electrode. One such
problem is a partial clogging of the porous plug. Another error associated with the plug is
due to a junction potential which can vary depending on the electrode setup. This junction
potential adds error to the pH measurement when the ionic composition of the solution
being tested is significantly different than the ionic composition of the standard buffer
used to calibrate the electrode. In general, a junction potential develops at the interface of
two solutions with different ionic compositions because the various ions in each solution
have different mobilities, and as oppositely charged ions diffuse at different rates a charge
separation develops at the interface between the solutions. A different type of error can
occur in measurements of solutions with very low hydrogen ion concentration and very
high sodium ion concentration; pH electrodes can "mistake" the sodium for hydrogen,
leading to a lower pH reading than the true value.

Other problems include the contamination of the electrolyte in the reference electrode of
a complete depletion of the electrolyte. Any of these problems will result in an incorrect
potential in the reference electrode and ultimately inaccurate pH measurements.

Problems can also occur with the measuring electrode. Any damage to the glass
membrane including cracks, etching, or abrasion, as well as coating of the glass
membrane will result in poor pH measurements. In addition, if the electrode is dry it will
not measure pH correctly; it must be soaked in some aqueous solution for a few hours.
Problems with pH sensors can be fairly easily detected. Any problems such as difficulty
calibrating the sensor, unsteady pH readings, or significant drift in the readings usually
indicate damage to the pH sensor. It is now possible to test some forms of pH sensors
online to quickly and easily determine which electrode is the cause of the problems and
potentially the source of these problems. In some cases these problems can be fixed by a
careful cleaning of the sensor, however if problems persist it may be necessary to replace
the pH sensor.

7.9 pH Sensor Application Example

Would it be wise to use a pH electrode in the following situations? If not what method
would you use to determine the pH of the system of interest?



A) You are an engineer responsible for a wastewater treatment facility. It is important that
you know the pH of the water at several points in the treatment process to detect any
potential problems.

B) You work for a pharmaceutical company who uses bacteria to produce a desired
protein. The bacteria are very sensitive to changes in pH and production falls off
significantly if the pH varies from optimal conditions.

C) You work in a plant that uses hydrochloric acid as a catalyst. After the reaction has
gone to completion and the product is extracted it is desirable to separate the acid from
the remaining solution to be reused in the plant and allow for easy disposal of the
remaining solution. The EPA requires accurate data on the pH (among other things) of all
discharged solution.

D) You work in a plant that produces acetic acid. You want to ensure that the solution
exiting the reactor contains at least 75 mol% acetic acid.

--SOLUTION--

A) NO. A pH electrode would not hold up well under the harsh conditions of a
wastewater treatment plant. It is also not necessary in this case to have constant
measurements or exact pH values as the pH is being used simply as an early problem
detection system. Simple pH paper would be sufficient in this situation.

B) YES. The sensitivity of the bacteria, as well as the likely high value of the proteins
being produced calls for the accuracy and frequent measurements afforded the engineer
by a glass membrane pH sensor.

C) YES. Here not only constant measurements are required, but records of these
measurements must be kept to prove that environmental standards are being met. The
most cost effective way to measure and record this data would be with a pH sensor
connected to a computer.

D) NO. While pH could be used as an effective way to monitor the progress of the
reaction a sensor is not necessary. Here you are only interested in ensuring that a certain
benchmark, in this case a reaction completion percentage measured using pH, is reached.
Choosing an appropriate dye indicator would be a much simpler and more cost effective
way to make sure this standard is met.

7.10 Introduction to Viscosity

Viscosity quantifies the systematic deformation of the surface of a fluid upon an applied
shear stress. Fluid, while in motion, typically travels at varying velocities due to the
geometry of contact surfaces. It may be characterized either as a Newtonian fluid or a
Non-Newtonian fluid. A Newtonian fluid flows continuously in a uniform manner
irrespective of the forces acting upon it (a common example, water). Conversely, the
viscosity of a non-Newtonian fluid changes upon differing flow rates (common examples,
table ketchup or mud).

Also, the effect of temperature on fluid viscosity is imperative. From a thermodynamic
perspectice, temperature measures the random movement of molecules of a given
substance, and as movement increases internal energy increases, and temperature also



increases. For most traditional substances, having higher internal energy/temperature also
implies a lower viscosity, as the substance will be less resistant to movement (i.e. will
deform sooner to an applied shear stress). For example, consider honey: at room
temperature it oozes out of the squeeze bottle, but after a minute in the microwave it may
be easily poured out, similar to a syrup.

Nearly all modern viscometers have built in controls to address temperature issues, and a
competent operator or engineer may input temperature settings to that the appropriate
calculations are carried out correctly.

Viscosity may be further subdivided into two distinct forms: dynamic viscosity and
kinematic viscosity. Dynamic viscosity (W), a figure representing shear stress as
proportional to the strain rate, has the SI unit Pa*s. Kinematic viscosity, (v = p/Q),
describes shifts in momentum and has ST units m2s -1, but is also commonly reprented by
the Stoke, cm?2s —1 (content adapted from http://scienceworld.wolfram.com/physics/
DynamicViscosity.html).
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As noticed above, the typical Newtonian fluid experiences friction upon contacting a
surface and resultantly develops a characteristic velocity profile. This profile may be
described by examining the known properties of the fluid and the surrounding structure
through which it travels, commonly piping for plant chemical engineering.

In the above diagram we notice a non- cylindrical surface featuring two boundary plates,
one stationary to the observer, and one mobile. Fluid contained within the two boundaries
may behave according to the constraining conditions of the boundary plates, and
subsequently characterized by fluid mechanics:
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Assuming p as the coefficient of viscosity, the above equation describes the relationship
between the shear (parallel) stress and velocity of fluid travel per unit height above the
stationary boundary plate. Fluids having a relatively high viscosity resultantly also
require greater force to induce motion—resulting in a larger shear stress.

7.11 Why is Viscosity Relevant for Chemical Engineering?

For engineers a thorough knowledge of the physical and chemical properties of products
is essential to the successful implementation of any design. Viscosity, similar to volatility,
density, or any other physical property, offers significant insight into the potential
behavior of a substance, whether classified formally as a solid, liquid or gas. By taking
viscosity into account, engineers may correctly select and place instrumentation in an
environmentally friendly, sustainable method.

Many professional assignments necessitate a genuine understanding of viscosity and its
effects on process engineering. For a more detailed and insightful glance into the daily
upkeep and activities associated with plant maintenance, please consult Michael Pearce at
http://www.reynoldsmixers.com/whitepapers/030910 hotmelt.doc. He speaks at length
regarding the cost- effective selection of specific types of blades used in mixing
processes.

As an example, a key parameter in food process monitoring is viscosity. The viscosity is
directly related to the flow characteristics of the product, which impact pumpability,
pourability, and spreadability. In the food-processing environment there are a number of
challenges to viscosity measurement, such as harsh process conditions and the complex
rheological properties (relationships between deformations and stresses of materials).
Offline measurements are often cumbersome, labor-intensive, and prone to operator error.
Online viscometers must be able to deliver continuous measurement day after day with
minimal maintenance. Therefore, considerations when choosing viscosity sensors for
food processing should include ease of cleaning, minimal risk of fouling, and whether or
not they meet sanitary requirements.

7.12 Off-line Instruments

For the measurement of viscosity in controlled settings (typically laboratory) where the
majority of variables are maintained as constant, engineers and scientists use off-line
viscometers. Typical examples include: Capillary, Couette, Falling Ball, Cone and Plate
and Oscillating Cylinder. It is very important to keep these instruments in a regulated
environment with a stable temperature (such as in a water bath) because of viscosity's
sensitivity to changes in temperature.

7.12.1 Capillary

The Ostwald U- Tube viscometer functions by measuing the amount of time a specified
quantity of fluid takes to move from its initial position to a final position.
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Typically, a suction device holds the bottom of the fluid meniscus at the start position
(indicated by the solid horizontal red line), and upon its release the fluid drops an
approximate distance of 5 mm (to reach the solid horizontal green line). The time for this
drop is recorded so that the acquired data may then be used in Poiseuille’s Law to
determine the outcome of kinematic viscosity.

Both the dynamic and kinematic viscosities may be found by appling these formulae
(where K is the non-dimensionless viscometer constant):

Dynamic Viscosity: 1 = KoQ?

Kinematic Viscosity: v = Kot

a) b)

\\‘_,_//,
Examples of Capillary Viscometers:

a) Simple Ostwald Type
b) Cannon- Fenske Type

Content for Diagram Adapted from:

Coulson and Richardson's Chemical Enginering, Yolume 3, Third Edition, Chemical, Biochemical
Reacors, and Process Control, contributing editors: J.F. Richardson & D.G. P eacock,

7.12.2 Couette

This device may be used in both off-line and on-line applications with appropriate
modifications in the output settings.

A couette type viscometer measures viscosity by spinning a cylinder encapsulated in
fluid. This is accomplished through the synchronization (identical frequency, no phase
difference) of a motor with magnetic coupling to rotate a magnet which in turns forces
the inner cylinder to revolve within the fluid.



The torque reaction of the motor is resultant of the viscous drag on the rotating cylinder.
This torque on the motor is effectively counteracted by the torsion bar (a thin rod
connecting the control/ measuring bandto the linear variable displacement transformer).

The deflection of the torsion bar, a function of the fluid viscosity, is then subsequently
converted into local signal available for laboratory analysis.

Engineers use viscometers of the couette type in in-line or in-tank applications. Also, the
meters are appropriate for both Newtonian and non-Newtonian fluids. The acceptable
range of viscosity spans from 10-3to 5 * 103Ns / m?2.

Information for this device has been adapted from Richardson's Chemical Engineering.
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Couette- Type Viscometer for a Continuous Process

Content for Diagram Adapted from:

Coulson and Richardson's Chemical Enginering, VYolume 3, Third E dition, Chemical, Biochemical
Reacors, and Process Control, contributing editors: J.F.Richardson & D.G. Peacock,

7.12.3 Falling Ball

A substantially more direct approach to viscosity measurement, testers allow a ball to fall
through a column containing liquid of unknown viscosity and then measure the amount
of time necessary for the ball to reach the bottom of the column.

A commonly used method involves a stainless steel ball which sinks through the liquid
under scrutiny; researchers measure the time necessary for the ball to drop from one
preselected level to another. To attain the terminal velocity of the ball in the liquid, uo,



timers write the initial timing mark a minimum of six ball diameters below the ball
release point.

Also important to note, the ratio of ball diameter to column tube diameter should not
exceed 1:10 to account for the drag effects of the column tube walls on the terminal
velocity of the falling steel ball.

A simple viscosity derivation from buoyancy principles is presented in Richardson's text,
and is shown again here:

K.(ps — p)t
P

(P —

K, = Dimensional viscometer constant
ps = Density of the ball
p = Density of the liquid
t = Time required for the ball to sink the measured distance

7.12.4 Cone and Plate

Another popular method used employs a cone placed in a manner so that the tip touches
the center of a stationary plate. Fluid encapsulates the cone and researchers take a
measurement of the amount of torque required to keep the plate stationary.

This process allows the dynamic viscosity to be quantitatively described as:

T = Torque required to keep the top plate in place
Yy = Rate of shear

The rate of shear is the ratio of the angular velocity of the cone to angle between the cone
and the plate (note: this angle must be small enough so that the sin of the angle
approximately equals the angle itself).

Important Additional Notes:

Edge effects of the cone or plate are neglected. The equation may also be used for Non-
Newtonian fluids provided that v is relatively constant.



Stationary Plate

i Gap angle

7.12.5 Parallel Plates

Fluid

Example of a Cone and Plate Viscometer

Parallel plates or discs viscometer is similar to the cone and plate method. The cone in the
case is replaced with another plate. In this viscometer, the fluid flows in a gap between
two parallel discs. One of the discs rotates with an angular velocity w which creates the
shear. Torque is applied to the other plate so it stays stationary. A normal force, F, is
created by fluid elasticity and acts as to separate the two plates. No slip at boundaries is
assumed.
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Parallel Plates viscometer

w, T and F are all experimental parameters. Shear rate is given by:
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r = The radius of the disc
d = The distance between the two plates

-~

-
~

}

Shear stress, T, is given by :

- T = dinT' .
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Viscosity is, therefore, the ratio of shear stress to shear rate. Some limitations associated
with parallel plates include:

|

1. Sufficient data of T vs w and F vs w must be available

2. Uniform temperature at different points in the gap between the two plates is required
3. Error might be caused from edge fracture, wall slip, misalignment of the plates and
viscous heating.

7.12.6 Oscillating Cylinder

This instrument involves an arrangement requiring a rotating cylinder placed in a quantity
of a viscous fluid. The level of disturbance noticed in the fluid resulting from the rotation
of the cylinder is then noted, and may be used if the following equation to determine
viscosity:
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r2 = Outer cylinder radius
r1 = Inner cylinder radius
wv = Angular velocity

The outer cylinder of radius r; rotates with an angular velocity of w, while the inner
cylinder of r1 remains stationary thus allowing for the torque (alternatively reffered to as
'viscous drag'), T', to be measured at predetermined values of w,.

7.13 On-line Instruments

On-line instruments are those that are capable of giving a precise measurement of
viscos