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Abstract
The overall goal of this project is to design, build, and test an ultrasonic humidifier unit to
be integrated into calorimetric testing chambers of Friedrich AC, a local air-conditioning
company. This design is part of a process to optimize the testing facilities of the company and
requires improving upon current systems already in place at Friedrich. The previous system
employed, in a very basic sense, is a “boiling pot of water” method to increase the amount of
humidity in the testing chambers. While this also posed a thermodynamic problem, with excess
energy entering the closed system, the primary issue was that precise water output control was
not possible. The realization was that a system with low energy input and a precise, controllable
humidity output was required to enhance the ease of testing, but specifically to allow for tighter
tolerances on testing parameters.
The group went through many iterations for the humidifier, the cart, and the electrical
aspect of the project. Finite element analysis was conducted to determine the factor of safety and
the displacement of the cart under the applied load. Many components were considered for the
project until the group chose one that met the requirements and specifications of the sponsor.
Preliminary tests were conducted, and much knowledge was gained in the expediting of this
senior design project.
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1. Introduction
An ultrasonic humidifier is a machine that converts water into cool mist by utilizing
transducer diaphragms to vibrate in the water tank and create micro water droplets.
Piezoelectric transducer diaphragms function by converting an electric signal from our
Programmable Logic Controller, or PLC, into vibrations. The piezoelectric transducers will
be placed at the bottom of the water tank and their vibrations will work to expel micro water
droplets into the air, also known as mist, to create relative humidity.
Relative humidity is the measure of the percentage of moisture against the highest
possible level of moisture in the air at a specific temperature, whereas humidity is the amount
of moisture or water present in the air.
The relative humidity created from this device will be used in Friedrich Air’s
environmental test chamber to help with calorimetric testing on their AC units with the goal
of creating highly competitive AC units on the market. This involves exposing their air
conditioning units to a wide variety of simulated indoor and outdoor conditions within
calorimetric chambers. These tests include more extreme conditions as well. As a result, it is
vital that the humidifier includes precise control to the 100th degree and have a humidity
range between 10% and 100%.
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1.1 Company Description
Friedrich Air Conditioning was founded in 1883. The company has had great success in
becoming one of the largest refrigeration manufacturers by 1950. Since then, Friedrich has
expanded their company to incorporate air conditioners. Friedrich strives to continually improve
and is committed to selling quality products. As a show of this commitment, Friedrich has built a
Design and Development Center (DDC) in San Antonio. The company has held one
manufacturing standard since 1883, quality without compromise.1

1.2 Problem Statement
The goal of the Design and Development Center (DDC) at Friedrich Air conditioning is
to deliver the best product possible. Most of this is accomplished through extensive testing and
component optimization.
The goal of the project is to design and build a self-contained, portable Ultrasonic
Humidifier to be used inside an environmental test chamber. This humidifier must have very
precise control and will be built from a previous nonworking design. This project requires all
facets of design (schematics and assembly drawings), Programmable Logic Controller (PLC)
ladder logic, integration into the test room, construction, testing, and verification. Special
emphasis needs to be placed on control and monitoring how much water is output from the
system.
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1.3 Objective
The main objective is to design, build, and test an ultrasonic humidifier from a previous
non-working prototype for Friedrich AC. Our goal is to modify the unit to be able to precisely
add a specified amount of water into the air as per the control settings to make a room humid
between 10% and 100%. We shall accurately measure water consumption to ensure the correct
amount of water is released. Our design should be portable and can be rolled from one
environmental test chamber to another. We shall have a functioning and tested working
prototype ultrasonic humidifier.

1.4 Literature Review
1.4.1 Commercial Humidifiers
Air quality is not simply about purity or temperature, but an essential part of air quality
control, especially in residential areas. Humidity can influence how the temperature feels on a
person (with the general rule being that more moisture means warmer temperatures). Ideal
humidity for indoor comfort is 45% humidity.2

Humidifiers come in five basic forms: ultrasonic, warm-mist, vaporizer, impeller, and
evaporative.3 Vaporizer and warm-mist type humidifiers both create moisture by boiling water
and releasing steam, on the other hand, the ultrasonic, impeller, and evaporative humidifiers all
take more mechanical approaches to releasing water molecules into the air.

What sets ultrasonic humidifiers apart from their counterparts is that they rely on a metal
vibrating component called a “diaphragm” to release moisture into the air. These characteristics
come from the crystalline nature of certain materials where a compressive or tensile force results
in an electric polarity being generated in the material. This effect can also occur in the opposite
10

direction, so an electric current being run through a piezoelectric material result in a tension or
compression in the crystalline pattern. With a strong enough voltage and frequency, piezoelectric
ceramic components can be used to repeatedly hammer water into a mist, acting as a humidifier.4

These types of humidifiers produce very small molecules and are very quiet when
operating, however, because the water is not boiled, the water released into the air can
contain any impurities that were stored in the water still. One thing to consider about
evaporative humidifiers is that they are self-regulating.5 This may be good for indoor use, but
less so for a testing scenario. Many heating, ventilation, and air-conditioning (HVAC) products
incorporate humidifier or dehumidifier components to help regulate air quality. It is important
that in quality assurance, these products are tested in more extreme humidity levels, which is
why a commercial-level humidifier is important for testing.

Commercial humidifiers are used in testing. While these work at a much larger size and
scale than residential humidifiers, the general function is the same. An example of where
these humidifiers are applied is in environmental testing chambers, which are rooms that are
used to replicate different conditions that a product might experience in its lifecycle. Using
environmental testing chambers is important in determining product reliability, in catching
design flaws, and in catching issues that may occur with a product over time, such as
corrosion. Humidity in environmental test chambers can range between 10% and 100% and can
appear on small scales such as little environmental chambers all the way to walk-in testing
rooms. Friedrich’s outdoor environmental test chamber has a temperature range of 15℉ and
125℉, and a humidity range of 20% to 95%. Their indoor environmental test chamber has
specifications ranging from 60℉ to 95℉ and their humidity ranges from 20% to 95%.
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An example of a commercial humidifier already on the market is Global Industrial’s
Ultrasonic Humidifier as shown in Figure 1. This is a self-contained and wheeled humidifier. It
accounts for the safety concerns of the ultrasonic humidifier by filtering the water that
is converted to moisture. Another consideration built into this product is an external humidity
sensor that can be placed at a distance away from the machine itself.6` Another key feature of
this product is that it connects directly to a water supply, so it does not need to be filled
periodically in a storage tank.

Figure 1: Global Industrial® ULTRASONIC Humidifier

This differs from other on-the-market solutions, such as the Carel humiSonic humidifier,
shown in Figure 2, which uses a small water storage tank and is installed on a fan coil (compared
to having its own internal fan.)7

Figure 2: Carel’s Ultrasonic Humidifier
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Going in another direction, Aprilaire’s model 1160 Humidifier shown in Figure 3, is
steam based. As explained above, a steam humidifier operates by heating water in a reservoir
which then converts the water to steam. Unlike an ultrasonic humidifier, a steam humidifier will
distribute pure and clean water when operating since the water will leave behind any impurities
after being converted to steam.
Aprilaire’s 1160 model consists of features such as an automatic drain and flush cycle.
The system will drain and flush the chamber with clean water. This prevents any build-up of
minerals and bacteria in the chamber. With this “self-cleaning” feature there is little maintenance
required. Additionally, the system will drain the chamber completely after a 72-hour period of
inactivity where no humidity is needed. Since steam humidifiers automatically filter the water by
design, tap water or softened water can be supplied to the system.8 While other ultrasonic
humidifiers exist on the market, they do not meet the budget, precision control, and low
temperature and power emitting needs of Friedrich.

Figure 3 Aprilaire 1160 Steam Humidifier
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A comparison of the three models discussed in the above paragraphs can be found in
Table 1 below:
Model

Price
Capacity
Output
Water Usage
Supply Water
Type
Dimensions
(D x W x H)
(in.)

Global
Industrial
Ultrasonic
Humidifier
$1,744.00
53 pints
450 pints/day
2.34 gal/hr
tap, softened, or
demineralized
24.75 𝑖𝑛
× 18.25 𝑖𝑛
× 22.25 𝑖𝑛

Carel humiSonic Humidifie Aprilaire 1160
r Direct UU08
Steam Humidifier
$2800-$5000
5.6 pints
17.6 lbs/hr (≈405 pints/day)
2.11 gal/hr
demineralized
10.8 𝑖𝑛 × 33.8 𝑖𝑛 × 12.5 𝑖𝑛

$7,087.50
N/A
24 lbs/hr (≈552
pints/day)
2.9 gal/hr
tap or softened
9.99 𝑖𝑛 × 24.06 𝑖𝑛
× 18.93 𝑖𝑛

Table 1: Literature Review-Humidifier Information

We wanted to incorporate many of the design ideas that are available in on-the-market
humidifiers currently such as portability via wheels, direct connections to water sources, the use
of ultrasonic technology instead of a heat-based humidity. However, we wanted to best meet the
needs of our sponsor by ensuring that we could meet the precision control requirements
necessary to test all of Friedrich Air Conditioning’s units properly.
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1.4.2 Current Humidifier
Shown below in Figure 4 is the current humidifier that Friedrich owns. It is the Humidifirst
Mist Pac, module MP-25. This is an ultrasonic humidifier an it features the following:
•

24 VAC solenoid valve which controls the water flow

•

One float switch to monitor and control the water level and provide low water shut-down

•

22 piezoelectric transducers with printed circuit boards featuring UL recognized safety
rating

Figure 4: Humidifirst Mist Pac series, MP-25 Humidifier

The reservoir of the humidifier is a high-grade stainless steel. The unit has a power
consumption of 700 watts and a capacity of 25 #/hr. The overall dimensions and weight of
the humidifier are 29.0" x 16.0" x 13.0" (L x D x H) and 42 lbs, respectively.
This met Friedrich’s standards to match their A/C’s dehumidification rate. However, the
humidifier only works on a 100% ON or OFF condition with no variability. This did not suit
the company’s needs on precision for their testing environment.

15

1.5 Problem Constraints, Requirements, and Specifications
The constraints and necessary requirements for our ultrasonic humidifier are as follows,
the ultrasonic humidifier built for Friedrich’s environmental test purposes shall:
•

Instantaneously disperse humidity

•

Be portable and fit through a standard size door (36 𝑖𝑛 × 80 𝑖𝑛)

•

Withstand extreme environments including a temperature range of 10°F to 130°F

•

Output relative humidity ranging from 10% to 100%

•

The humidifier tank shall fill and drain quickly

•

Adjust humidity to the 100th degree place

•

Handle an input of 115 VAC

•

Be controlled by a 0 – 10V input signal or 4mA to 20mA input

•

For Friedrich units that produce less than 0.75pts/hr, the humidifier must be
power-conscious and shall not exceed 351 Watts

•

Produce a humidity level between 0.1 and 11.0 pints per hour

•

PLC must be Allen Bradley Micrologic Controller 1400

Students shall investigate the safety aspects of separating electronic controls from
mechanical components, and the overall budget shall be kept under $3000.

16

1.6 Standards and Regulations
ASHRAE and AHRI, or the American Society of Heating, Refrigerating, and AirConditioning Engineers and Air-Conditioning, Heating, and Refrigeration Institute are the two
standard defining entities related to our project. These two bodies outline the standards that
humidifiers must be able to meet at a commercial level. These organizations also define what
testing standards HVAC units must go through in psychrometric and calorimetric tests. An
example is that in simulating outdoor conditions, ASHRAE defines that winter conditions must
involve a range of 70% to 80% relative humidity range if the temperature condition is below
32˚F. AHRI standard 640 indicates that humidifiers shall have either scale and tank instruments
or pressurized cylinder instruments for measuring water quantity in humidifiers.
Regarding electrical standards, the Analog Input module must follow the Industrial
Automation Wiring and Grounding Guidelines, for additional installation requirements, AllenBradley publication 1770-4.1 and NEMA Standards 250 and IEC 60529, as applicable, for
explanations of the degrees of protection provided by different types of enclosure.
According to the Allen Bradley MicroLogix 1400 Programmable Controller datasheet there
had to be a minimum of 2.5 inches around the transformer. Therefore, around all sides, units
were places 3 inches away.
When determining how to best approach testing for the humidifier unit, reference was
made to ANSI/AHRI Standard 640. To test our second system, which maintained the water level
within the humidifier water reservoir, we pulled from AHRI 640 C5.3.3 which discusses the
performance test of commercial and industrial humidifiers. The purpose of this test in particular
is to ensure that the water level is maintained in a reservoir, and as a result, is ideal for testing
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our water supply system. The goal of this test is to maintain the water level for “no less than 30
minutes.”
Likewise, the importance of understanding the testing procedure for a system is also
important for knowing how to measure regular performance for regular operation. Because of
this, our understanding of ANSI/AHRI 640 was critical in helping us to identify what monitors
will be important for monitoring humidifier performance. We discussed these topics regularly
with our sponsor, but in conclusion from both of sponsor’s prior knowledge and the standards,
we know that the amount of water consumed, and the dry-bulb and wet-bulb temperatures are all
critical to understanding humidifier performance and so are all monitored in the psychometric
chamber for testing. The water quantity measuring apparatus is a Coriolis flowmeter that is
located within Friedrich ACs test chambers already.
Additionally, the Canadian Centre for Occupational Health and Safety (CCOHS) has
standards for the ergonomic factors of the pushing and pulling of a cart. This is due to many
injuries that may occur with the ergonomics of a cart during operation. It was found the
maximum weight that could be pushed on a 4-wheeled cart should be no more than 500 pounds.
It was also found that the cart handle must be between 91 centimeters and 112 centimeters above
the floor.9

1.7 Initial Proposed Solution
Our planned approach is to create an ultrasonic humidifier using multiple diaphragms
which will help vibrate and create instantaneous moisture. To be power-conscious and within the
given voltage range, we plan to build an ultrasonic humidifier as it is the lowest energy and heatproducing humidifier out of existing ones on the market, and it also allows for instantaneous
humidity. We plan to implement a fan to increase the spread of humidity at a faster rate. Our
18

design has dimensions of 12 𝑖𝑛 × 30 𝑖𝑛 × 16 𝑖𝑛 as its height, width, and depth respectively,
which is designed to produce approximately 24 pints per hour, which will be achieved by 40
piezoelectric transducers. The maximum amount of water consumption any Fredrich unit
produces is 12 pints per hour, our design is made to not only match this consumption but add
additional output for correction regarding precision control. Our design will have wheels for easy
mobility and is small enough to fit through a standard-sized door. A separate compartment will
be built for the electrical component to minimize chances of water leakage and we will
incorporate an automatic shut-off system in case of water leaks. A sketch of this initial solution
can be seen in Figure 5.
For the system controls, we plan to utilize the PLC and RSLogix 500 to maximize control
of humidity precision. The output from Friedrich’s PLC system will contain the desired humidity
and if the humidity is at the desired percentage. This will be the input of the ultrasonic
humidifier’s PLC, and our PLC will oversee turning OFF or ON groups of transducers to help
adjust for the desired humidity level up to the 100th degree place. Further testing needs to be
done in order to determine how to group the transducers in such a way that creates the most
precise outcome of humidity.

Figure 5: Proposed Solution with 20 Piezoelectric Transducers
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1.8 Division of Labor
Division of labor is shown in Table 2 where even distribution of work was ensured for
each member.
Task

Bryanna Herrera

Point-of-Contact

××××××

Fluid Mechanics
Calculations
Controls Design/RS
Logix

Scott Siler

××××××
××××××
××××××

Wiring of Design
Structural
Calculations

××××××

Fabrication

××××××

SolidWorks &
Rendering

××××××

××××××
××××××

××××××

××××××

Multisim Diagram
Reporting/Presenting

Sarah Nguyen

××××××

××××××

××××××

Table 2: Division of Labor

2. Summary of Engineering Method
The beginning steps of the design process involved properly defining our problem
statement, objectives, requirements, and constraints to match the needs of Friedrich AC. After
having confirmed what the job demanded, we then began initial research to understand what has
been done around humidification and how it has been done. This initial research led us to our
first major decision as engineers: the choice of what broad approach we wanted our design
solution to take. The team had to answer the question of, “What humidifier did we want to
20

create?” Considering the problem Friedrich was already facing with heat-based humidifiers, we
determined that an ultrasonic approach would be best to maintain a reliable water output in our
design without worrying about negative thermodynamic effects.
After justifying why, the humidifier was to be ultrasonic, the next step was to flush out
the entirety of the system, looking at what components were necessary in getting our input water,
and output at a particular humidity level. This planning was done using a context diagram, and
necessary components for the water flow to be controlled were determined to be the following:
•

Flow Control Valve

•

Water level Sensor

•

Multiple Piezoelectric Transducers

•

PLC Control System

In determining what was needed, the next steps were to begin drafting some designs and
beginning calculations. Calculations included fluid calculations to determine the necessary sizing
of the control valve, as well as basic calculations to determine the number of transducers necessary
to match the dehumidification of the AC units to be tested in the calorimetric chambers. The fluid
calculations are as shown below:
Given Values:
𝑝𝑖𝑛𝑡𝑠
o Outflow of the 22 piezoelectric transducers: 𝑄𝑜𝑢𝑡 = 20.92 ℎ𝑟
o Maximum velocity allowed: 7
o Radius of pipe: 𝑟 = 0.125 𝑖𝑛

𝑓𝑡
𝑠

The volumetric flowrate of the piezoelectric transducers was based on the water
consumption supplied by vendors for the individual components multiplied by the number of
transducers we expect to use. The maximum velocity allowed was determined by the 1997
ASHRAE Fundamentals Handbook section 33.3 on Water Piping. The velocity was determined to
21

account for the extremely high annual usage expected for the humidifier and for the usage in a
pump line. The radius of the pipe was given by Friedrich AC.
The calculated expected velocity of the water, shown in equation ( 1 ), was determined by
dividing the volumetric flow rate by the area of the pipe. Both values were given initially, and we
were able to verify that the value was below that maximum value as defined by ASHRAE.

𝑄

Velocity of Water: 𝑣 = 𝐴 =

𝑝𝑖𝑛𝑡𝑠
1 𝑓𝑡3
1 ℎ𝑟 1 𝑚𝑖𝑛
∗
∗
∗
ℎ𝑟 59.8442 𝑝𝑖𝑛𝑡𝑠 60 𝑚𝑖𝑛 60 𝑠
2
1𝑓𝑡
𝜋∗(0.125 𝑖𝑛)2 ∗(
)
12 𝑖𝑛

20.9224

= 0.285

𝑓𝑡
𝑠

(1)

Reynold’s Number: 𝑅𝑒 =

𝜌𝑢𝐿
𝜇

, the Reynold’s value of 3500 was used to calculate what

the maximum length would be required to convert our flow from laminar to turbulent. To keep
our flow steady, we wanted to keep the flow out of a turbulent state, and therefore, we must keep
the length below the lengths defined above. At minimum, this length was determined to be about
3916 ft, and which according to our calculations, is a reasonable value to stay below. These
calculations can be seen in equation ( 2 ) equation ( 3 ) and equation ( 4 ) below.
𝑙𝑏∗𝑠

@ 𝑇 = 32℉: 𝐿𝑚𝑎𝑥 =

𝑅𝑒𝑚𝑎𝑥 ∗𝜇
𝜌∗𝑢

=

3500∗3.746 2
𝑓𝑡

𝑠𝑙𝑢𝑔
𝑓𝑡
∗0.28489
𝑠
𝑓𝑡3

1.940

≈ 23722 𝑓𝑡
(2)

𝑙𝑏∗𝑠

@ 𝑇 = 130℉: 𝐿𝑚𝑎𝑥 =

𝑅𝑒𝑚𝑎𝑥 ∗𝜇
𝜌∗𝑢

=

3500∗1.069 2
𝑓𝑡

𝑠𝑙𝑢𝑔
𝑓𝑡
∗0.28489
𝑠
𝑓𝑡3

1.913

≈ 6865 𝑓𝑡
(3)

@ 𝑇 = 212℉: 𝐿𝑚𝑎𝑥 =

𝑅𝑒𝑚𝑎𝑥 ∗𝜇
𝜌∗𝑢

=

𝑙𝑏∗𝑠
3500∗0.593 2
𝑓𝑡
𝑠𝑙𝑢𝑔
𝑓𝑡
1.860 3 ∗0.28489
𝑠
𝑓𝑡

≈ 3916 𝑓𝑡
(4)
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The pressure difference is important to consider in deciding what valve to purchase.
Thus, we had to consider the pressure generated by the pumps connected to Friedrich’s water
input systems as well as the pressure of the water within the psychrometric chamber. This change
in pressure was determined to be 22 psi, shown in equation ( 5 ), because the pressure within the
chambers is regulated to be at atmospheric pressure.
Δ𝑃 = 𝐷𝑟𝑜𝑝 𝑖𝑛 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐴𝑐𝑟𝑜𝑠𝑠 𝑉𝑎𝑙𝑣𝑒 = 22 𝑝𝑠𝑖
(5)

Considering the pressure difference occurring cross the valve in our system, along with
the volumetric flowrate, the CV was determined to be 0.0092, shown in equation ( 6 ). This is the
valve sizing coefficient and is important to consider when selecting what valve to purchase for
the water control.

𝐶𝑣 =

𝑄
√Δ𝑃

20.9224
=

𝑝𝑖𝑛𝑡𝑠 0.125 𝑔𝑎𝑙
1 ℎ𝑟
∗ 1 𝑝𝑖𝑛𝑡𝑠 ∗ 60 𝑚𝑖𝑛
ℎ𝑟
√22 𝑙𝑏2
𝑖𝑛

= 0.0092
(6)

Beginning the instrumentation process, we used our previous calculations along with new
research to determine what valve would best fit our design. We determined that a 1/4 in, 2-way,
NC, electrically actuated brass globe valve with a small Cv value would best fit our design. The
brass material would be fitting because the valve does not have to withstand high pressures, but it
would be able to handle the long-term exposure to water. The size would fit the constraints defined
by our sponsor and it would be able to be programmed to our PLC through an electrical valve
actuator, allowing for communication among the different parts of the humidifier with the control
valve.
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After finding a valve that would be fitting for our design, we determined what the best
corresponding valve actuator would be. We selected a proportional valve actuator, which has the
highest control of the varying types of valve actuators. Proportional valves receive a 4-20mA input,
which is what our PLC would output, and open a percentage from 0-100% depending on that
electrical input signal. We selected the Belimo B207B+LF24-SR-S US characteristic-control valve
and electric actuator. We selected an electrically actuated globe valve to consider the amount of
electricity pulled to the valve. Solenoid valves require electricity to maintain an open position,
while electrically actuated globe valves pull smaller amounts of electricity to change positions and
to hold their open positions; as a result, they have more efficient power usage. Because the valve
must maintain its open position for extended periods of time, it is also critical that the component
does not overheat and burn itself out. This can happen with solenoid valves, and so we concluded
that the use of a globe valve would be best for our project.
This is a 2-way valve that features a spring return actuator when not connected to power.
The actuator has an angle of rotation of 90°. The valve design is equal percentage meaning it will
have a slow increase in flow rate with its position. The flow rate will increase exponentially as the
valve opens more. Under operating conditions this valve will have linear characteristics, so a given
percentage open for the valve will be linearly proportional to the volumetric flow rate through the
valve.
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3. Iterative Design Summary
All previous designs were mindful of the necessary water storage and created
humidification using ultrasonic methods. In our first designs, we incorporated a water filter, but
we no longer need to incorporate this aspect, as Friedrich only tests with zero-total-dissolvedsolids water. In our original proposed solutions, we have three different ideas.
In the first design, Figure 6, had a large reservoir inside it has four diaphragms on the
bottom which will vibrate and expel water. The large fan will disperse the water outwards. The
PLC was designed to be attached to the outside, and the electrical components were to be placed
between the wall and the water tank. Drainage for the tank is designed to be at the bottom with
the other diaphragms.

Figure 6: Initial Design 1

Figure 7 worked similarly to Design 1 but contained the water tank on the outside for
easy removal when testing extreme cold environments. It contained two small fans instead of a
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larger one to minimize heat expelled out into the environment. The design was safer, as the tank
was on the outside, and the electrical components were located inside the body of the humidifier.

Figure 7: Initial Design 2

Figure 8 did not include fans, which minimized the heat output into the environment. The
shape of this design allowed for quick drainage and connected to a water hose which allowed for
the idea of the water tank to be filled quickly and easily. The downside to this design was that it
did not disperse water as quickly as our other designs because there is no fan. The electrical
components were to be placed inside the tank with a metal compartment separating the water and
PLC.

Figure 8: Initial Design 3

We understand that this project will undergo redesign and various iterations. One iteration
will concern the process for the transducers. This iteration decision will come from testing done
on the transducers to decide which ones will need to be turned off to maintain a set humidity
level.
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Figure 9 displays a previous reservoir design for our system. As can be seen, there are two
holes on the side of the reservoir. These holes serve as the water inlet and water outlet.

Figure 9: Basic Outline of Reservoir

Figure 10 shows a further developed design of our reservoir. This design considers the
use of the 8020 extruded aluminum for the framing of our humidifier. In this design, the
reservoir has been modified to consider the mounting technique. Additionally, cutouts have been
placed for the 40 diaphragms that were part of our original design.

Figure 10: Further Develop SolidWorks Design of Reservoir
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After getting a quote for the material, we found the design to be too expansive to fit into
our budget. Upon further consideration, the group decided it would be better to use sheet metal
for our reservoir and welding techniques rather than Computer Numerical Control (CNC)
processing.
After going through these various iterations, we thought it would be better to go with a
design similar to that of the nonworking prototype Friedrich already owns. Upon discussing this
with them, they let us reuse the humidifier they already have along with the piezo transducers
and fans. This significantly cut down cost and time of our project. The only thing that had to be
designed was the cart and the code for the humidifier.
Following, are the cart iterations for our humidifier. Figure 11 shows a basic idea of what
we wanted the cart to look like. This design implemented a bottom shelf that would store the
NEMA enclosure. This shelf was on rollers for ease of working on the PLC for any maintenance
Friedrich wanted to conduct.

Figure 11: First Iterated Cart Design
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After discussing this design with our sponsor, they informed us that they would prefer the
NEMA enclosure to stand upright so the employees wouldn’t have to bend down while working
on the humidifier.
The following design, shown in Figure 12 takes a different approach. For this iteration,
the intention was to have the cart consider ergonomics when working on the humidifier and plc.
This design allowed the user to work on both items side-by-side. When moving the cart, the
NEMA enclosure would be lowered to avoid tipping and when working on the humidifier, the
enclosure shelf could be raised to be eye level with the person performing maintenance when
sitting.

Figure 12: Second Iterated Cart Design

Our sponsor liked the ergonomic factor of the cart, but the cart was too long for the
environmental test chambers. Thus, for our next iteration, we made a note to consider the size of
the cart in relation to the test chambers.
The following figure, Figure 13, shows the final design of the cart. This design included a
shelf underneath the reservoir to place a drip pan as requested by our sponsor. Additionally, this
design has the NEMA enclosure standing upright, being 10 inches off the ground. This made it
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easy to work on the enclosure when sitting without having to bend over too much to access the
bottom of the box. Structural calculations, finite element analysis, and engineering drawings are
shown for the final cart design in Section 4.1. The overall height of the cart is 41.98 inches
which is approximately 106 centimeters. This aligned the CCOHS standard of a cart handle
being between 91 centimeters to 112 centimeters above the floor.

Figure 13: Final Iterated Cart Design

The MultiSIM design in Figure 14 is the initial wiring set up for the Ultrasonic
Humidifier. Each relay output of the Programmable Logic Controller (PLC) to have two
transducers in series, meaning two would be ON at a time. After further testing, it was
determined that wiring the transducers all in parallel allows for higher precision and accuracy for
the relative humidity. This means each piezo gets their own perspective relay and will be turned
ON individually. In this design, all four fans are ON as long as the humidifier is ON. The water
level of the tank was important to maintain at an ideal height of 1.57 inches, with a minimum of
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1.18 inches and maximum of 1.97 inches, as the transducers get damaged if the water level is too
low.
In our original design, we had planned to add an analog differential pressure transmitter
to determine the height of the water in the tank at all times. The height level would determine the
position of the ball valve; or how open or close it would be in proportion to the signal from the
pressure level sensor. We were unable to use the transmitter we originally bought, the Throw In
Type Liquid Level Transmitter from DFrobots, as it was not sensitive enough to a 0.5-inch
height change. We were not able to determine this from the datasheet and discovered this
through testing. Friedrich gave us a pressure level sensor to utilize, but after further review, we
realized it was unsafe to use with liquids.
Due to time limitations, we were unable to order a replacement, and converted our
emergency shut off float switch to our water level control. The float switch’s contact point was
placed at 1 & 15/16inches, or 1.94 inches, slightly over the 1.57 ideal height. This is because the
valve fully opens in 5 seconds. In order to fill the tank and ensure it did not go below 1 inch, we
placed the float switch contact higher to account for the delay. A float switch is a digital output,
(ON or OFF); the differential pressure sensor has an analog output, and therefore, the ball valve
could have proportionally matched the water output needed for the system based off the analog
signal from the pressure sensor. In Figure 15, you can see our original plan via flow chart.

31

Figure 14: Initial MultiSIM Wiring Diagram
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Figure 15: Initial Flowchart
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4. Overview of System
The design of our system is to use an array of transducers in a water reservoir to vaporize
water. The target humidification rate is to exceed the dehumidification rate of Friedrich Air’s
stronger units. This means our humidifier had to produce greater than 11 pints per hour. Having
22 piezoelectric transducers will allow the system to quickly reach a humidity rate of 100% as
requested by our sponsor. Once the system has reached the desired humidification rate, several
transducers will turn off. A smaller set of transducers will remain running to maintain the
humidity level. If any drop in humidity occurs, the required number of transducers to raise it
again will turn on.
The second working system in our design was the development of water control systems. The
system here ensured that the water level inside the reservoir holding the piezoelectric transducers
was maintained at the ideal level of about 1.57 inches in depth per the transducer specifications.
The system worked by taking an input from a pressure sensor that converted the current water
level into a PLC input signal before the logic in the PLC would determine the level of openness
in the control valve proportional to that signal.
In practice, our current system utilizes a float switch dry contact. When the float switch
reaches its peak height, the contact allows voltage through the sensor and signals for the control
valve to open. This is like treating our water control input as a digital signal instead of as an
analog signal.
The two systems within the ultrasonic humidifier work together in that the first system
ensures enough humidity is being output into the room and the second system is ensuring that the
piezoelectric transducers have enough water to accomplish that goal. On overview of this can be
seen in Figure 16 and the piezo characteristics are shown in Figure 17.
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Figure 16: System Overview Flowchart

35

Figure 17: Piezo transducer Characteristics

4.1 Frame Design
4.1.1 Material Selection

Part Name

Part Number Image

Rationale

1.5" X 1.5" Tslotted Profile-Four
Open T-Slots

1515

This profile is the most heavy-duty in
the fractional series. Additionally,
Friedrich already had a lot of this
profile on hand. Using this cut down
on cost and time.

15 Series 0 Degree
Structure Pivot
Nub

4387

The pivot nub will connect to the
pivot arm (part 4396) and to the cart
frame.

4396

The pivot arm will be used to mount
the cart handle. The arm can be
adjusted slightly to accommodate
different arm heights for better
ergonomics.

15 Series Standard
Straight Structural
Pivot Arm

Table 3: Material Selection
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Part
Number

Name
15 Series & Ready Tube
2 Hole- Gusseted Inside
Corner Bracket

Rationale
This connector will allow for
easy connection for tight
spots within the cart design
such as the support beams
for the plc enclosure.

4332

15 Series Triangular
Top Plate Caster:
4.625" Swivel Radius

2338

Hidden Corner
Connector: InsideInside

33450

15 Series Economy
Panel Gasket

Image

The load capacity 300
pounds per wheel and the
80/20 site mentions that
these wheels are ideal for
tight spaces due to the
mounting structure being
flush with the frame.
The hidden corner connector
is easy to use and doesn't
require any additional
machining to connect two
profiles together.
Additionally, this can be
placed anywhere to join two
pieces and is one of the
stronger connectors 80/20
offers.

The gasket can be used with
the panels to reduce noise
due to vibration of the panels
as mentioned in an 8020
”How-To” video.

2115

Table 4: Material Selection (continued)

4.1.2 Slipping and Tipping Calculations
The following was assumed when performing tipping and slipping calculations:
-

Weight is equally distributed to all casters

-

Casters are locked

-

Rubber to concrete contact
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The friction coefficient was used from the engineering toolbox website shown in the table below.

Materials and Material Combinations

Rubber

Dry Concrete

Frictional Coefficient
Kinetic
Static
(sliding)
-µslidingSurface Conditions -µstaticClean and Dry
0.6-0.85

The coefficient of friction used with in the following calculations was 0.85. This was to
be as conservative in possible and calculate to the most extreme conditions. The applied force to
the cart is a total of 406 lbs. This was determined from the weight of the components plus the
cart itself. A free body diagram is shown in Figure 18. The point of tipping was measured at the
right end, as can be seen in Figure 19. The reason for this is due to the fact that the PLC
enclosure will sitting on the front making the cart front-heavy. As can be seen from comparison
of the results from equation ( 13 ) and equation ( 17 ) the force to push the cart when fully loaded
is significantly smaller than the friction force. This means there is little probability of the cart
tipping when in use.

406 lbs
Fpush

Ff

FN
Figure 18: Loaded Tipping
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𝑾𝒕𝒐𝒕𝒂𝒍 = 𝟒𝟎𝟓. 𝟗𝟎𝟖𝟑𝟏 𝒍𝒃𝒔
(7)

𝜇 = .85
(8)

+↑ ∑ 𝐹𝑦 = 0
(9)

+↑ ∑ 𝐹𝑦 = 𝐹𝑁 − 𝑊 = 0
( 10 )

∴ 𝐹𝑁 = 406 𝑙𝑏𝑠
( 11 )

𝐹𝑓 = 𝐹𝑁 ∙ 𝜇𝑆 = 406 𝑙𝑏𝑠 ∗ .85
( 12 )

𝑭𝒇 = 𝟑𝟒𝟓. 𝟏 𝒍𝒃𝒔
( 13 )
406 lbs
Fpush

Ff
FN

Figure 19: Loaded Tipping-Moment
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+↺ ∑ 𝑀𝐴 = 0
( 14 )

+↺ ∑ 𝑀𝐴 = 𝑊(16.5 𝑓𝑡) − 𝐹𝑝𝑢𝑠ℎ (42 𝑓𝑡) = 0
( 15 )

𝐹𝑝𝑢𝑠ℎ

(406 𝑙𝑏𝑠)(16.5 𝑓𝑡)
=
42 𝑓𝑡
( 16 )

∴ 𝑭𝒑𝒖𝒔𝒉 = 𝟏𝟓𝟗 𝒍𝒃𝒔
( 17 )

The calculations below consider a slipping condition for the cart. As can be seen from the
result of equation ( 26 ) the force to cause slipping is relatively high compared to the force to
push from the result in equation ( 24 ). It would require a force greater than 345 pounds for the
cart to slip when the casters are locked. Thus, we can assume that slipping is likely never to
occur under normal operating conditions.

Loaded Slipping Calculations:

Figure 20: Loaded Slipping

𝑊𝑡𝑜𝑡𝑎𝑙 = 405.9083 𝑙𝑏𝑠
( 18 )
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𝜇 = .85
( 19 )

+↑ ∑ 𝐹𝑦 = 0
( 20 )

+↑ ∑ 𝐹𝑦 = 𝐹𝑁 − 𝑊 = 0
( 21 )

∴ 𝐹𝑁 = 406 𝑙𝑏𝑠
( 22 )

𝐹𝑓 = 𝐹𝑁 ∙ 𝜇𝑆 = 406 𝑙𝑏𝑠 ∗ .85
( 23 )

𝑭𝒇 = 𝟑𝟒𝟓. 𝟏 𝒍𝒃𝒔
( 24 )

+→ ∑ 𝐹𝑦 = 𝐹𝑁 − 𝐹𝑓 = 0
( 25 )

∴ 𝑭𝒑𝒖𝒔𝒉 = 𝟒𝟎𝟔 𝒍𝒃𝒔
( 26 )

4.1.3 Finite Element Analysis
The boundary conditions for both Figure 21 and Figure 22 are placed at the wheels. The
applied force for the top shelf is 350 Newtons which is equivalent to 78 pounds of force. The
reason for this applied force is due to the calculated weight of the max volume of water is
roughly 35 pounds and the weight of the reservoir when empty is 42 pounds. A force of 80
pounds was applied to account for any error when calculating the weight of the water.
For the second shelf, a force of 180 Newtons was applied. This force is equivalent to 40
pounds. This was to consider the full weight of the water for the drip pan and the drip pan itself.

41

Lastly, a force of 355 Newtons was applied for the PLC enclosure. This is equivalent to
80 pounds. The enclosure by itself accounts for 54 pounds while the added electrical components
add an additional 20 pounds. 5 additional pounds of force was added for any discrepancies.
The factor of safety is defined as the yield, or ultimate, stress over the working stress. We
can see from the results shown, the working stress is smaller than the yield stress since the study
shows that the factor of safety at 4 for almost the entire cart, this value being relatively small.
Thus. we can assume that our cart has a low probability of failure and this is a stable design. The
displacement seen is 0.9811 mm which can be viewed as negligible for this application.

Figure 21: FEA Displacement
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Figure 22: Safety Factor

4.2 Programmable Logic Controller Design (PLC)
PLC’s function using the information given, or inputs, to execute instructions based on
written logic to give the desired results, or outputs. If a sensor attached to the system detects the
output is not what is desired from the system, then the PLC will operate on a repeating feedback
loop until the system stabilizes and gets to the desired output. Friedrich will input a set point they
desire they relative humidity of the environmental chamber to be and the humidifier will turn ON
to provide that value by adjusting the wet bulb temperature. Friedrich’s testing chamber uses wet
bulb/dry bulb temperature to measure the relative humidity, which functions as the feedback loop
portion of the Proportional, Integrative, Derivative (PID).
Utilizing the feedback loop from Friedrich’s system, the piezoelectric transducers can
turn ON and OFF to provide precision and variability to the wet bulb temperature in the
environmental test chamber. This precision will be achieved using the feedback loop of the PLC,
shown below in Figure 23.
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Figure 23: Standard Feedback Loop

In Figure 24, is an image of Friedrich’s current system where a Warm Mist Humidifier is
used to get their desired relative humidity. The grey line is the desired relative humidity or
‘setpoint’ and is a constant because it is the value the system is trying to achieve. The white line
is the measurement from the Wet Bulb Temperature and demonstrates if the relative humidity is
on track. The red line is the humidifier’s output based on a 4-20mA signal, which converts to 0100% relative humidity. The red line and the white line counteract each other to achieve
equilibrium, which is the set point. The output from the system is a control variable which comes
in the form of a 0-10V signal to adjust the relative humidity. The humidifier turns ON if the
measured Wet Bulb is too low, and OFF is the measured Wet Bulb is too high. This same system
was utilized but with the modified humidifier, as the Warm Mist humidifier does not provide
instantaneous humidity, the precision desired, and because the Warm Mist humidifier functions
by boiling water, it constantly increases and decreases the temperature of the room, which
Friedrich strongly wants to remove as an uncontrolled factor.
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Figure 24: Friedrich’s Current System – Warm Mist

The ultrasonic humidifier will allow for nearly instantaneous humidification and because
it utilizes vibrations and not heat to produce mist, temperature output can be minimized from
non-environmental factors. The 22 piezoelectric transducers will allow for precision as the PLC
will turn groups of the piezoelectric transducers OFF and ON to adjust to get to the desired
relative humidity. Testing will be utilized to determine the most efficient and precise way of
grouping which transducers turn OFF and ON.
Before starting the programming for the Allen Bradley PLC, Friedrich tasked the team to
complete a practice project using a PLC trainer. The goal of the practice project was to keep a
cup of coffee hot using an immersion heater. Much like the humidification project where the
transducers turn ON or OFF depending on the humidity, immersion heater was used that will
turn ON if the temperature of the coffee is too low, and OFF is the temperature is too high. All
pieces of the practice project were provided by Friedrich, which can be seen in final set up of
Figure 20.
The pieces provided consists of the following:
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1.

A PLC Trainer that has ON and OFF switches

2. An immersion heater which utilizes an electric current passed through the coil to
heat the coffee
3. An RTD Transmitter which has three prongs to measure resistance of the flow of
electricity to a 4-20mA signal and is a sensor whose resistance changes with the
temperature
4. A fuse to provide protection in case of excessive current
5. A power supply and wires
The RTD is the feedback aspect of the system which will help in adjusting the
temperature of the coffee if it is too hot or cold.
The following was programmed in Figure 23to produce the maximum and minimum
temperature and provide comparison instructions. After researching the average temperature of
coffee, between 160 – 185 degrees Fahrenheit, and implementing this into the program, Excel
was used to calculate the temperature to bit conversion.
Figure 26 shows the practice project logic. Source values A and B are compared to
control the heater. The temperature is moved from the source to the destination when switch ‘S’
is on. The comparison instruction LEQ says that the heater will turn ON when the temperature of
the coffee falls below 160 degrees Fahrenheit and OFF when above 185 degrees Fahrenheit.
The heater remains ON when LOW_TEMP output is TRUE and HIGH_TEMP is
FALSE. As temperature rises, LOW_TEMP turns OFF and heating continues until the
temperature is too high. The cycle is repeated to maintain the temperature of the coffee.
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Figure 25: Practice Project Set Up

Figure 26: RS Logix Programming for Practice Project
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Shown in Figure 27, is our MultiSIM diagram set up of the Ultrasonic Humidifier, which
is electrotonically made up of an Allen Bradley Micrologix 1400 PLC, Analog Input Module,
Relay Output Module, piezoelectric transducers, four fans, and a float switch. The system
functions by utilizing an analog control variable from Friedrich’s system in the form of a 0-10V
output. The control variable comes from Friedrich’s PID loop, where they determine the relative
humidity from their wet bulb/dry bulb temperatures.
The control variable is the wet bulb temperature, which will be controlled using the
number of transducers and fans on to expel cool mist into the air. Once the analog control
variable input is received from their system and uploaded into the 1766-IF4 Analog Input
Module, it is sent to the system’s PLC. The PLC connects to relays, which are switches that are
electronically controlled.
The PLC will be programmed to send signals to the relays that will turn ON depending
on the control value sent from Friedrich determining how much they want the wet bulb
temperature to increase. The first relays which turn ON are the ones in Relay Output Module
1766 OW16, which has a total of 16 outputs. From there, they connect to the piezoelectric
transducers to turn them ON. (MultiSIM has a 50-component limit for the student version,
causing us to reduce the relays on the output module to 10 outputs due to software limitations.
Hardware wise, there are 16. There are a total of 22 transducers, so the remaining transducers
were connected to external relays using the PLC, which took up 6 of the 12 outputs on the PLC.
The remaining outputs on the PLC were used for the float switch and four fans. The blue wires
on the diagram signify that they are powered through 48VAC, the green wires are 120VAC, and
the red wire to the float switch is 24VDC.
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Figure 27: MultiSIM Diagram of Final Ultrasonic Humidifier Set Up
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Pictured in Figure 28 is the code for the PLC in RSLogix Seen is the normally closed
float switch, indicating that the reservoir is full. The ball valve is energized to be ON once the
contact from the float switch OPENS, meaning the water level is not at its desired height. The
fans turn ON based on how many transducers are ON, the fans increase proportionally with the
number of transducers ON. The number of fans ON was determined dividing the maximum
number of transducers, 22, by the maximum number of fans, 4. This calculation is shown below
in equation ( 27 ).
22 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟𝑠
4 𝑓𝑎𝑛𝑠

= 5.5 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟𝑠/𝑓𝑎𝑛
( 27 )

The transducers are not variable via frequency, meaning half a transducer can’t be turned on,
or lower the vibrations of the transducer. Therefore, the transducers must be rounded to the
nearest number:
•

Fan 1, ON from 0 transducers ON to all 22

•

Fan 2, ON at transducer 6

•

Fan 3, ON after transducer 11

•

Fan 4, ON after transducer 17
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Figure 28: Float and Fan Code Based on Number of Transducers ON

51

Figure 29, shown below, displays the transducers turning ON at their corresponding bit
values.

Figure 29: Piezoelectric Transducer Code for Final Project
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Figure 30 was the second option for the humidifier to add variability. In this piece of
code, instead of dividing the total number of transducers by 4, each integer (0-10V input) was
divided by 4 to get decimal values. This was achieved by getting the integral value from
Friedrich’s system, placing it in a limit test to determine what number to subtract by to get the
last three decimals. Doing this allows the fan would turn fan ON per ¼ of bits. This was done for
a 0–22000-bit range.

Figure 30: Fan Code, Subtracting for Decimals
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Figure 31 is the fan functionality using the logic from the previous figure. In the logic, it
states the following:
▪

Fan 1, ON if subtracted bits are less than 0-250

▪

Fan 1 and 2, ON if subtracted bits are less than 500

▪

Fan 1 through 3, ON if subtracted bits are less than 750

▪

Fan 1 through 4, ON if subtracted bits are less than 999

The reason this is not the preferred method of controlling the fans is because the decimal
place of the control variable is very sensitive and updates within seconds. The fans do not turn
OFF automatically, and still continue to spin even after they are OFF.

Figure 31: Fan Code Based on Decimal Places
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The analog control variable is sent to the system as a 0-10V signal and must be scaled to
bits for data control. The calculation for the bit conversion and actual bit value is shown in Table
5. The 0-10V input from Friedrich is labeled as I:1.0, and the scaled output is labeled as N7:0. A
Less Than or Equal to comparison was used, this states that if Source A, which is the scaled 010V input from Friedrich, is less than Source B, which is the calculated amount of bits it takes to
turn ON a piezo, then the system will turn ON a piezo so long as the wet bulb measured by
Friedrich is less than the desired relative humidity, and it will automatically turn OFF
transducers if the relative humidity is too high.

To turn on the piezoelectric transducers, a ‘word’ is used, which is 2 bytes, or 16 bits.
The formula to calculate the range of numbers accessible with bits is 2n. This will help
determine how many bits can be assigned per transducer to address each transducer to turn OFF
or ON.
As stated previously, the total number of transducers in the humidifier is 22. Once
implementing the control variable and turning it to 10V, the range was from 0-22015 bits, This
range must be divided by 22 to get the number of bits it will take to turn ON per piezoelectric
transducer, which is approximately 1000.68 bits per transducer. Therefore, 10001 bits must be
added to each ladder rung to turn ON an additional piezo transducer.
The table also shows the corresponding voltage, or control variable, to turn on all the
transducers. The reason the voltage only goes up to 7.2V is because that is where the bit value hit
its max, instead of the expected 10V.
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Transducer
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Bits Per
Transducer
1001
2001
3002
4003
5003
6004
7005
8005
9006
10007
11008
12008
13009
14010
15010
16011
17012
18012
19013
20014
21014
21900

Actual Bits Per
Transducer
1218
2127
3036
4249
5157
6065
7277
8185
9093
10305
11214
12122
13031
14241
15148
16057
17265
18173
19080
20291
21200
21804

Calculated
Voltage
0.45
0.91
1.36
1.82
2.27
2.73
3.18
3.64
4.09
4.55
5.00
5.45
5.91
6.36
6.82
7.27
7.73
8.18
8.64
9.09
9.55
10.00

Actual
Voltage
0.40
0.70
1.00
1.40
1.70
2.00
2.40
2.70
3.00
3.40
3.70
4.00
4.30
4.70
5.00
5.30
5.70
6.00
6.30
6.70
7.00
7.20

Table 5: Bit Per Piezoelectric Transducer

The goal for this project was to use the skeleton of the current nonworking prototype,
with some modifications, and rework the brain. In this system, there were three working parts.
The first part is to use the PLC to turn ON the transducers proportional to the control variable.
The second was to utilize a dynamic water flow system to ensure the water level maintained its
optimal height of 1.57 inches. Lastly, the third working part was to create an emergency shut off
system in case the water level fell below 1.2 inches to prevent damage to the transducers. The
sum of these working parts created a system which will allow Friedrich’s environmental test
chamber to be humidified with high precision.
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4.3 Power Calculations
Friedrich called for the design to be power conscious for all their units consuming less
than 0.75 pints per hour. Their smaller units were not designed to take as much heat as their
larger ones, so temperature control when in the environmental test chambers is crucial and even
the heat from the lights is considered. Therefore, the maximum power allowed in the room for
their smaller units had to be calculated.
The knowns are as follows: 1 Watt is equal to 3.41 BTU/hr where BTU’s are British
Thermal Units which is the amount of heat required to raise the temperature of one pound of
water by one degree Fahrenheit. The maximum power for the entire room is 5000 BTU/hr which
is 1466.27 Watts. Friedrich cannot have more than 1466 Watts in the entirely of the indoor room
to complete colorimetric testing. It is known that the indoor room blower uses approximately 850
Watts and the lights in the room use approximately 165 Watts.
After calculations, shown in equation ( 28 ) through equation ( 30 ), it can be seen that when
all 22 transducers are ON they produce approximately 750 Watts, and 22 pints per hour. For the
smaller units, two transducers maximum will be on at a time as each transducer has a mist
atomization rate of 0.9 pints per hour. Therefore, the humidifier will produce less than 300 Watts
per hour, meeting the requirement for power consciousness for units producing less than 0.75
pints her hour.

𝑃𝑜𝑤𝑒𝑟 𝑓𝑟𝑜𝑚 𝑂𝑡ℎ𝑒𝑟 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 = (850 𝑊𝑎𝑡𝑡𝑠 + 165 𝑊𝑎𝑡𝑡𝑠 + 10% 𝐸𝑟𝑟𝑜𝑟)
= 1115 𝑊𝑎𝑡𝑡𝑠
( 28 )
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𝑀𝑎𝑥 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝐻𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑒𝑟
= 𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑥 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑅𝑜𝑜𝑚 − 𝑃𝑜𝑤𝑒𝑟 𝑓𝑟𝑜𝑚 𝑜𝑡ℎ𝑒𝑟 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠
( 29 )

1466.27 𝑊𝑎𝑡𝑡𝑠 − 1115 𝑊𝑎𝑡𝑡𝑠 = 351 𝑊𝑎𝑡𝑡𝑠 Maximum
( 30 )

Table 6 shows the power consumption of the entire system. The maximum wattage was
calculated for when all 22 transducers are ON. The minimum was calculated for one transducer
ON and two external relays which consisted of the fan and valve. One transducer is enough for
Friedrich’s smallest unit as it produces 0.75pts/hr. Therefore, we were able to produce less than
351W for their smallest units as per the constraints.

Part

Catalog Number

PLC
Relay Output
Modules
Piezoelectric
Transducers

1766-L32BWA

Max. Wattage
Min. Wattage
Consumption (W) Consumption (W)

1762-OW16

16.10

16.10

6.10

6.10

660.00

30.00

2.50

2.50

2.4

2.4

Control Valve

NB-59S-09S-0
B207B+LF24-SR-S
US

Float Switch

XXXXXX

External Relays
Analog Input
Module

700-HK32Z24

5.50

1.00

1762-IF4

2.00

2.00

TOTAL

692.60

58.10

Table 6: Power Consumption of System
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5. Expenses
From Table 7 and Table 8 shown below, it can be seen that the group had a total spending of
42.52% of the budget at $1275.58 for the cart and other components needed.
Part number

Purpose

Price per

Quantity

Cost

3458

Bolt Assembly

$0.76

16

$12.16

3110

Screw for caster

$0.32

16

$5.12

2338

Caster

$67.99

4

$271.96

4396

Pivot Arm

$7.33

2

$14.66

4387

Pivot Nub

$6.34

2

$12.68

3613

Screw for pivot nub

$0.84

2

$1.68

3330

Screw for pivot arm

$0.47

2

$0.94

3754

Screw for Connector Rod

$0.85

2

$1.70

3754

Screw for handle

$0.85

2

$1.70

33450

Cart Connectors

$6.81

40

$272.40

2115

Gasket

$0.70

6

$4.20

TOTAL

$599.20

Table 7: 8020 Order Expenses for Cart

Part
Belimo Control Valve
Closed Gusset Bracket
Corner Concealed
Bracket
Panel Gasket
T-nuts
Multi-cord grip 0.2"0.24"
Plastic Submersible
Cord Grip 0.16"-0.31"
Plastic Submersible
Cord Grip 0.08"-0.24"
Epoxy
Rivets
Screw nuts
O-rings
Hose Connectors

Purpose
Water inlet control
8020 connectors
8020 connectors

Price per
$320.85
$9.82
$4.38

Quantity
1
15
10

Cost
$320.85
$147.30
$43.80

Noise Reduction on cart
Extra
Cord grip for enclosure

$11.16
$3.50
$0.84

5
8
2

$55.80
$28.00
$1.68

Cord grip for enclosure

$0.47

2

$0.94

Cord grip for enclosure

$0.85

2

$1.70

Repair
Repair
Repair
Water seal
Connect water supply

$6.98
$9.98
$8.12
$6.98
-

2
1
1
1
6
TOTAL

$13.96
$9.98
$8.12
$6.98
$37.27
$676.38

Table 8: Humidifier/Miscellaneous Expenses
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6. Prototype Fabrication and Preliminary Testing
The prototyping phase of our design first began by familiarizing ourselves with the
nonworking prototype that would be modified to fit our design for the ultrasonic humidifier. This
meant learning what components were already a part of the nonworking prototype, and what new
components would need to be ordered, replaced, or repaired. It was concluded that a control
valve, components for our cart, and new electrical components, including a better-sized NEMA
enclosure, all needed to be ordered. Besides these new components, the previously available
components, such as the piezoelectric transducers, their seals, and their corresponding driver
boards were to be tested and replaced as needed.
The first test conducted was on the water reservoir passing a leak test, shown in Figure 32.
The goal of this experiment was to fill the reservoir and verify the effectiveness of the seals that
surround the piezoelectric transducers. The test procedure was simple: fill the reservoir with
water and wait for a few hours before reexamining the reservoir and the electric components for
any exposure to water.

Figure 32: Filling Reservoir for Leak Test

The next essential test was to ensure that each individual piezoelectric transducer and
driver board was functioning properly. To do this, variety of combinations were tested of
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piezoelectric transducers with driver boards individually by wiring them to a 48-volt transformer
and covering the transducer with a small amount of water to protect it. After some attempts,
some working driver boards collected, and the group proceeded to test each individual
piezoelectric disk with those working driver board circuits. After knowing which piezoelectric
disks worked properly, the rest of the driver boards were tested until it could be confirmed which
circuits needed to be replaced. All components that needed to be replaced were replaced with
spare components that were supplied with the nonworking prototype. The working test system
showed a strong upwards atomization of water as shown below in Figure 33.

Figure 33: Piezoelectric Driver Board Test
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7. Final Design with Further Testing
The final design and assembly of the cart is shown below in Figure 34. The build of the cart
was fairly simple and easy due to the use of 8020 aluminum. Following, in Figure 35, is an
image taken during the testing of the humidifier. This shows the fans dispelling the humidity
from the reservoir. This testing was done prior to taking the unit to Friedrich for further testing
within their environmental test chambers. Additionally, Figure 36, shows an image of the
reservoir assembled and the testing of the piezo electric transducers.

Figure 34: Senior Design Team Standing with Assembled Cart
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Figure 35: Fans dispelling vapor

Figure 36: Piezotransducers producing humidity
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8. Results
Upon testing the system, it was discovered that the system would shut down in two
situations:
1. The 120VAC circuit breaker tripping after the 15th transducer, or 5V
2. The 120VAC circuit breaker upon start up if control variable is at 10V
The solution was both was to connect the PLC to a 115VAC power source separately, as the
PLC has 25A start up current. Only 12 transducers are needed to provide the required 12pt/hr,
and any transducers ON above that for more than 10 seconds would be more humidity their AC
units could handle. All the fans turned on proportional to the number of piezo transducers turned
on as intended. The transducers were able to run successfully in our at-home tests.
An image of the cart assembly with the assembled humidifier can be seen below in Figure 37
and Figure 38.

Figure 37: Cart Assembly with Humidifier Showing Fans
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Figure 38: Cart Assembly with Humidifier Facing Out

9. Economical, Public Health, Safety, Welfare, and Environmental
Analysis Of Results
Our plan to analyze the public health, safety, and welfare of the public is to consider the
safety of the humidifier users which will be done by incorporating a water filter into the design.
Another consideration will be to ensure noncorrosive materials are used in the design so
corroded materials are not expelled into the air at any point in the product’s lifespan. In case of
malfunction, we plan to incorporate automatic shutoff conditions into the controls of the product.
By creating a high-quality humidifier, we can allow Friedrich AC to continue to innovate
their products which can result in higher quality systems, helping people establish more comfort
and efficiency in their lives. We plan to analyze global and environmental factors such as how to
ensure our device produces low noise pollution and low energy consumption compared to other
humidifiers on the market. To ensure our device is the most economically viable product, we will
save the company money by creating a reliable system. Regarding social factors, we will help
people by making a better system that is available to the public.
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10. Health Concerns
In knowing that the humidifier would be running for long periods, it was important that we
consider the risk of mold being dispelled in the air. After doing some research, it was found that
the build-up of mineral and debris on the metal will attract mold.
One article discusses the importance of not using tap water and the problem of mold
starts with the water itself. Friedrich’s systems run on TDS (Total Dissolved Solids) 0 water.
This means the water is as pure as it can be through the use of reverse osmosis. Between testing,
the company will simply have to make sure the entire reservoir is dry.10
Additionally, the reservoir should be cleaned at least once a week to prevent the buildup
of debris. From reading the owner’s manual for the transducers, it does state to use a weak
vinegar and water solution to thoroughly clean the reservoir with a soft cloth. The transducers
should not be scraped or cleaned with an abrasive cleaner as this can damage them. Lastly, to
take a step further, there are humidifier tablets that are specifical designed to prevent mold
growth. The good news is that should mold occur, the clean-up will be simple and easy due to
the metal being non-porous.11

11. Further Implementation
Teammates were infected or exposed to COVID-19 during the time they had planned
scheduled testing. Further testing will be conducted at Friedrich’s design center using the
following test plan shown in Table 9. This will be a functional test plan to verify that all the basic
functions of the humidifier work as expected, but without too much regard for the fine tuning of
our instrumentation. The conditions of the testing will be in the Friedrich DDC training room at a
comfortable indoor temperature and atmospheric pressure. Features such as turning on and off,
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ensuring all sensors are communicating with the PLC properly, and that all transducers can
produce humidity will be tested.

Requirement
Pass
1 The humidifier shall power on from a X
115V electricity source

Fail

Comments

2 Each piezoelectric transducer shall
X
turn on at its respective bit value
3 The tank shall maintain recommended X
water height by dynamic method using
float switch and valve
4 The control valve shall open and close X
in response to the water level
5 The fans shall turn on proportionally to X
the number of transducers turned on
6 The measured wet bulb output due to
our humidifier shall have minimal
error from control variable wet bulb
input
7 Humidifier shall run continuously for
8 hours without failure

Not able to test onsite due
to COVID

Did not run for 8 hours as
we did not have an indoor
environment to do so

Table 9: Functional Test Plan

Additionally, four different cases will be tested for the power, piezoelectric transducers, control
valve, and overall system testing. These cases are explained below.

11.1 Test Case 1 – Power
1. Plug in the humidifier to a proper, 115V electrical outlet
2. Using a voltmeter, verify that every power supply in the NEMA enclosure is outputting
its proper voltage
3. Verify that all components receive the proper amount of electricity that they need
4. Turn on all components all piezoelectric transducers and fans at max speed
5. Verify that the voltage being supplied to the humidifier is sufficient for it to run at its
maximum operating conditions
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11.2 Test Case 2 – Piezoelectric Transducers
1. Command the PLC to turn on piezoelectric transducer number 1
2. Verify that the proper amount of humidity is being produced by this transducer
3. Repeat steps 1 and 2 with each respective piezoelectric transducer from number 2 all the
way through number 22
4. Turn on each piezoelectric transducer in the order that they will turn on while in use
5. Verify that this order of transducers works properly

11.3 Test Case 3 – Control Valve
1. Connect the humidifier to a water source with an empty reservoir
2. Let the control valve open until float switch it normally closed (NC)
3. Verify that the control valve starts closing when the float switch reaches its maximum
height at float switch (NC)
4. Turn on enough piezoelectric transducers to begin reducing the water level
5. Verify that once the float switch sinks, the control valve begins to open again
6. Verify that the water level begins approaching its optimal height
7. Turn on all piezoelectric transducers
8. Verify that at the maximum operating conditions, the valve can allow enough water in to
maintain optimal water level
9. Turn on one transducer
10. Verify tank does not overflow

11.4 Test Case 4 – System Testing
1. Turn on the system to its smallest operating capacity (one transducer on with one fan on)
2. Verify that all aspects of the humidifier are running properly. This includes:
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a. That the expected wet bulb temperature is being output from the system
b. That the water level maintains its optimal level
3. Turn on the system to its highest operating capacity (all transducers on with all fans on)
4. Test Different Codes
a. Code 1:
i. Piezoelectric transducers turn on based off control variable, fans turn off
based on control variable at the calculated bit values and correspond to
transducers:
1. Fan 1, ON from no transducers ON to all 22
2. Fan 1 and 2, ON at transducer 6
3. Fan 1 through 3, ON after transducer 11
4. Fan 1 through 4, ON after transducer 17

b. Code 2:
i. Based on the bit decimal place of the bit value, turn fan ON per ¼ of bits
1. Ex. Control variable is 3.789
a. Scale it to 3789 and subtract 1000 to get the last three
digits, 789. Then, using limit tester in RS Logix, turn on
fans
b. Fan 1, ON if subtracted bits are less than 0-250
c. Fan 1 and 2, ON if subtracted bits are less than 500
d. Fan 1 through 3, ON if subtracted bits are less than 750
e. Fan 1 through 4, ON if subtracted bits are less than 999
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5. Test each bit of code for an hour, varying the control input
6. Determine which method has least error and variability, then run system
7. Run the system at its highest and lowest operating settings over an eight-hour period and
ensure proper functionality at both extremes.

12. SMC Capstone Reflections
12.1 Sarah’s Reflection:
“God said to me, “I could well have made human beings in such a way that they each had
everything, but I preferred to give different gifts to different people, so that they would all need
each other.” - St. Catherine of Sienna

Reflecting on my time at St. Mary’s University, the overarching message is that God
made the world for us to share, so we should care for others and the world around us. As a
freshman, I had no idea what it would mean to receive a Marianists Education, or what the
Marianists stood for. After four years here, I’ve learned that it means not only to feed the mind
but educates the whole being. Receiving a Marianist Education helps develop a person’s
physical, spiritual, and moral qualities.

The first class that helped me recognize this idea of a Marianist Education was SMC
Others with Dr. Betsy Smith. As a class we discussed the importance of contributing to the
common good, care for creation, and the impact our actions have on others. In addition, I learned
about the tragedy of the commons, and the harmful effects taking more than you need can have
on the commons. The creation of the world, and its resources were intended to be shared, this can
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only be achieved if each person takes what is needed and share what is not, this style of living
results in a world of prosperity. This teaching made me conscious of my consumption of
resources and shifted my career aspirations towards options that would benefit the environment.

Several SMCs further deepen my understanding of this theme, especially one lesson
from Introduction to Moral Theology. We learned about the bombing of a church in
Birmingham, Alabama during the year 1963. The bombing had brought about destruction and
death, the only piece of the structure that remained intact was that of a mural of Jesus, however
the face was destroyed. The symbolism of the faceless Jesus led to a debate by two scholars that
discussed the dangers of having a portrayal of a white Jesus during the 1960s. In the article, both
scholars concluded that his face should be replaced with love. One of the scholars added on
stating that, “love as the motive but justice is the instrument.” (The meaning of the Birmingham
Tragedy, Reinhold Niebuhr). The Church community sometimes has perceptions of being
conservative, but this article made me realize that the Church calls us to help others and fight for
discriminated groups to be heard. God made all things in the image of Him, so we must treat
others as He had intended us to do.

Joining the Marianist Leadership Program (MLP) my sophomore year continued to show
me the importance of advocating and serving others. There, I learned the term ‘Servant
Leadership’, which emphasized the actions of how Jesus had served others and led his disciples
to do the same. Doing service with MLP at Good Samaritan on the Southside showed me the
poor economic conditions affecting children, and how these conditions put them at a
disadvantage and limiting their opportunities for the rest of their lives. This new understanding
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pushed me to continue advocating for justice by utilizing my position as Family Spirit
Coordinator for MLP by planning intentional events that focused on the cycle of poverty,
attributes that contribute to discrimination, and why we should advocate for justice.

“Where your talents and the world's needs cross, there lies your vocation.” - Albert Schweitzer

The teachings I learned while in MLP fostered the Marianist Charism and its
characteristics in me. On our last retreat, we reflected on our time at St. Mary’s and where our
experiences have led us on discerning our vocation. I thought back to the lessons about the
common good, and why God calls us to care for others. We discussed how we should be
motivated to find what the world needs and use our talents and skills for the betterment of
society. While I could have received my electrical engineering education anywhere, the
knowledge I learned from the Marianists has shaped my morals. During my time here, I gained a
strong passion to help the environment and learned how I could use electrical engineering to
pursue research on developing efficient renewable energy alternatives to preserve the earth for
generations to come.

12.2 Bryanna’s Reflection:
I chose St. Mary’s because I wanted to feel heard and cared for in the community in
which I was receiving my degree. Additionally, I wanted to remain close to God in my studies
with people around me who felt the same. After reflecting on the past four years here, I have
come to realize some things. The first being to remain curious and ask question and second, to
strive for understanding.
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SMC: God and SMC: Ethics gave me these realizations. SMC: God was impactful to me
because it allowed me to learn more about the bible and religion in general. I grew up Christian
so learning the Catholicism was completely new to me. My curiosity was ever ceasing and I
developed many questions about my religion and how it relates to Catholicism. The differences
between the two practices and the additional books found within the catholic bible were things I
never knew before taking the class. I enjoyed discussing these topics with close friends and
researching these questions for myself. This class was one I took in my first semester at St.
Mary’s and since then, I have brought curiosity with me. I wanted to understand other topics to
apply them to my degree and gain a further understanding of the world around me.
SMC: Ethics is possibly my favorite of the two. I enjoyed this class because it is very
much applicable to my role as an engineer. I did not know that there was a code of conduct for
engineers. This class taught me a lot with the help of the lab it took in conjunction with it. I
enjoyed going through different case studies and using the engineering code of conduct to
describe what went wrong. Additionally, this class went through so many different moral
theories. I never knew there were so many. Taking this class has caused me to think more about
my actions and how they can affect others as well as to gain a deeper understanding of the way
the world works around us. This class taught me that first and foremost safety is the number one
priority in all situations. It is important to value this above all else when working on a project or
even just going through day-to-day life!
Overall, my experience at St. Mary’s has further helped my growth as a person. The
research I have been part of through St. Mary’s helped me make my decision to attend graduate
school after obtaining my bachelor’s degree. I want to attend graduate school for marine biology
and apply the engineering concepts I have been taught in my undergraduate studies. I have taken
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Biology 1 this past semester and I am already seeing some ties to mechanical engineering.
Understanding the basics of cell structure and how the cells work together is both fascinating and
humbling. To understand the way the world works, from the vast universe to the smallest
organism, is to understand God. I look forward to continuing my education to understand the
world and help better our oceans and sea life. All I have ever wanted to do is help people and
make a difference. My time here at St. Mary’s has helped me grow to be a better person and
helped lead me to something that I believe will be God honoring and a true passion in my life.

12.3 Scott’s Reflection:
Critical to the shaping of an engineer is the development of the person that makes the
professional. This man finds his roots grounded in firm values, a strong sense of self, and a wide
base of knowledge. From here, an engineer is then capable of continually learning and giving his
work purpose. The SMC courses helped spark great internal conversation and a desire to
continue to explore topics outside of engineering and pursue personal formation. The
significance is that I have a “why” in my life, and that is to be a servant to those who need
someone. On a large scale, engineering as a profession drives business, infrastructure, and
societal quality of life forward, always seeking a better future, and then building it. I know better
that I want to partake in this, specifically looking at who I am in SMC Self and SMC Ethics, who
God is in SMC God, what society needs in SMC Civic Engagement, and what I can bring to the
table to meet those needs as an engineer, again a key discussion in SMC Ethics. By forming
myself, I feel I can do my job as an engineer in a fuller capacity and maintain a motivation to
keep with this profession as a personal career, not just making it what I do, but also a part of who
I am.
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