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ABSTRACT

Reducing and eliminating waste heat has become a primary concern for industry over the
past few decades. With more research being done on the subject, industries are making the push
to clean up and improve efficiencies. Though there are many solutions implemented into cleaner
energy, many sources generate byproducts (disturbs wildlife, generates further waste, etc...) which
left unchecked limits the development and implementation of environmental waste heat
management. The byproduct of Verdicorp’s Organic Rankine Cycle systems (ORC) is an excess
noise production during the system’s start up and shutdown. During these phases of the system’s
operation gases are rerouted to the bypass line rather than through the turbine which results in an
unacceptably loud noise. The deadening of the bypass line will require extensive analysis of the
existing hardware and acoustic research to locate the exact location(s) where the noise is being
generated. After the problem area(s) are located, various solutions will be designed, prototyped,
and tested to determine the best noise reducing method. An overall reduction in the noise produced
by this ORC in bypass will result in quieter operation enabling further distribution of these systems

in noise sensitive environments.
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1.Introduction

Over the past few decades there has been a significant drive for renewable energy and
increased efficiency in industry. One company that wants to improve efficiency and reduce thermal
waste is Verdicorp. Their ORC system begins by taking waste heat such as bio-gas, solar thermal,
geothermal, bio-mass, heat streams, or any other source of excess heat and using it to run a turbine
to produce grid level electricity. The integration of these systems would make use of the thermal
waste produced and improve the overall efficiency of most systems. Currently their ORC systems
are installed in over 40 countries worldwide [1]. After observing the noise generated on site, the
first task for mitigation of the noise will involve determining the origin of the noise. Verdicorp
only provided the general location of the noise as the bypass line, but did not include any specific
locations on the line. With the future objective of the company to keep the ORCs in shipping
containers for easier transportation and setup, this makes the noise testing more challenging and
will be discussed later in the paper. In order to make this system more viable in sound sensitive

environments the noise that is generated through the bypass line must be mitigated.
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2. Project Definition

2.1 Need Statement

When operating in bypass, the ORC system generates an unacceptably loud amount of noise.
A solution needs to be found to mitigate the bypass line noise while not impeding the performance

of the system or requiring significant modifications of existing components.

2.1.1Goal Statement, Objectives, and Constraints

The optimal goal of our sponsor is for the startup and shutoff of the ORC to be as close to
nominal steady-state operating noise levels as viably possible. Within the range of steady-state
operating condition the noise generated from the ORC should abide by OSHA standards.
Objectives

e Create a reasonably cost effective solution to dampen the noise

e Generate prototype(s) for onsite testing on Verdicorp’s test bed

e Mitigate startup and shutdown noise to steady-state operational levels
e Create a solution that is replicable across their ORC product line

Constraints
e No significant modification of existing components that would hinder performance
e Designs must be manufactured onsite by Verdicorp personnel

2.2 Background Research
2.2.10rganic Rankine Cycle (ORC)

The organic rankine cycle is a thermodynamic process where heat is transferred to a fluid
at a constant pressure. The fluid is evaporated and then expanded through a vapor turbine which

drives a generator, producing electricity which is then stepped up to grid level [2].
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Figure 1. Verdicorp Cutaway Turbo Expander [1]

As explained by Verdicorp, the system is described as a chiller running backwards, instead
of using electrical energy to produce cooling, the organic rankine cycle takes heat from different
sources and turn it into economical electrical energy [1]. This system is often used by companies
who have significant waste heat and want to increase the efficiency of their systems. The heat
sources vary from solar concentrators, waste engine heat, manufacturing processes, or even waste
steam [2]. Compared to various other forms of waste heat electrical generation, Verdicorp’s ORCs
are unique in the fact that they do not depend on a stand-alone heat sources to power them, but are
only fed with byproduct heat of another process. In this way the ORC is self-sufficient and only
adds efficiency and a reduction in thermal waste for a company. Although not implemented widely
in the United States where energy costs are lower than other parts of the world, at around 12 cents
per KWh, overseas the cost of electricity is around 18 to 20 cents per kWh [3]. With this system

installed the monetary return on electricity alone can pay for the system in a few years.

2.2.2Noise Level Measurement

As previously mentioned and indicated by the sponsor, the noise generated from the bypass
line does not have a clear source or location. Whether the noise is the result of purely fluid in pipe
flow or vibration or another unknown source, the first action that needs to be taken by the team is
a detailed analysis of the noise source. Without the proper equipment to measure the noise

available at Verdicorp, further research was conducted to choose a proper array of testing

3
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equipment. The first aspect that needs to be taken into consideration is the room in which the ORC
is operating. Verdicorp’s long time goal is to have the ORC shipped and operated within shipping
containers, the same conditions as the test rig which our team has access to. Due to the steel walls
and confined space of the shipping container, determining the location of the sound proves difficult
due to the noise reflection and reverberation conditions that the container creates. To determine
the noise levels created by the bypass line a selection of recording devices are available. While
adhering to federal standards of safety and testing from the occupational safety and health

administration (OSHA), one potential device is a sound level meter or SLM.

Figure 2. 3M Type 2 SLM [4]
As shown in figure 2, a type 2 SLM is qualified for noise surveys for OSHA and is capable of

measurements of £2 dBA. OSHA also qualifies a type 1 SLM for measurement, but is not required
and is more suited for laboratory testing with a smaller measuring tolerance of £1 dBA. With the
proper measurement devices, the next issue as mentioned previously is dealing with the
environment in which the measurements will be taken. Due to the small space within the steel
shipping container, additional steps will be required to conduct accurate sound measurements.
When choosing a location to measure the noise level of a system, there are three principle zones

to account for.
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Figure 3. Graphical depiction of practical room with measurement zones

Figure 3 above shows the three regions where sound can be measured. These are the near
field, the transition (or free) field, and the far field. The near field is measured at either two times
the length of the machine or device creating the noise, or the lowest frequency wavelength
emanating from the machine. Setting up a SLM in this range can result in a large variance in the
recorded readings based on the location in the zone, and is not recommended. On the opposite end
of the spectrum, measurements taken in the far field (in this case near the walls of the container)
can also lead to misreading due to the reverberating of the sound waves on the walls. The preferred
location to measure the noise is between the far and near fields in the free field.

An addition made with recent research is that a SLM is the generally accepted tool for
measuring sound pressure waves, but in the absence of substantial funding for the expensive
equipment and the difficulty in procuring these tools, a SLM may be substituted with a microphone
and some additional software. Using a high quality microphone with a logging software such as
LabVIEW, the SLM may be replaces using the sound and vibration software package that is
provided by National Instruments. In effect this turns a microphone into a SLM and would be a
satisfactory and cost effective solution to recording the noise levels. Further communication with
local academic resources will also provide an DAQ card, which for the case of our testing is simple
enough to plug into any software and hardware compatible laptop and serve to sample the data at

an appropriate rate.
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2.2.3Vibration Effects on Noise Levels

As mentioned before, the source of the noise generated by the bypass line is unclear. Many
suggestions have been stated in order to find the possible source of noise and one of them could
be due to vibration. In its simplest form, vibration can be considered as the oscillating motion of a
body around an equilibrium position, which is the position of the body when the sum of the forces
acting on the body is equal to zero [5]. These oscillations are carried out by using small mechanical
transducers called accelerometers, which are connected to the vibrating object. The accelerometer
is then connected to a pre-amplifier which allow the device to measure the vibration velocity,
displacement and acceleration [6]. A frequency analysis of the vibration signal is often needed in
order to determine the most appropriate means of mitigating the vibrations. In terms of piping,
vibration is a serious issue that needs to be attended to in order to prevent fatigue failure. The two

types of piping vibration are steady-state and transient.

Steady-state vibration is forced, repetitive, and happens over a relatively long period of
time. Rotating equipment, pressure pulsations, or even fluid flow are within the issues that lead to
a steady-state vibration [7]. This type of vibration can cause a fatigue failure due to a large number
of high stress cycles. On the other hand, transient vibrations occur for a relatively short period of
time and are usually generated by larger forces than the ones involved in steady-state [7]. The most
common cause of this type of vibration is related to the pressure pulses traveling through the fluid.
These pulses produce dynamic forces on the pipe that are proportional to the straight length of the
pipe between bends and are usually related to water hammer. Water hammering is usually caused

by rapid pump stops or starts or by a quick valve opening or closing.

2.2.4Noise Types and Dampening Materials

The objective of this project is to mitigate the noise produced by the ORC. There are many
different types of noise and corresponding dampening techniques. It is important to identify the
type of noise being produced in order to select the correct mitigation procedure. Types of noise

are displayed in Table 1.

Table 1. Noise Types and Examples [8]

Type of Characteristics Example
Noise
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Continuous Noise produced without interruption Air Conditioning hum
. « Noise that increases and decreases in level . . .
Intermittent - Train passing a station
rapidly
Impulsive Sudden burst of high level noise Constructlvc\JIg/rEemolltlon
Low . . .
Low background humming Large Diesel Engine
Frequency

*When in bypass mode, the ORC issues continuous noise with intermittent swells.

Noted in Table 1, the ORC emits a continuous noise in bypass mode with swells of
intermittent noise until the pump reaches 40 Hz. This information will be used to select an
appropriate mitigation method. Noise levels can be reduced in a large number of ways including:
distance, dampening, absorption, reflection, diffusion, noise cancellation and vibration
cancellation. Dampening material could be placed on the bypass line itself as long as the material
could withstand the temperature and vibrational parameters of the line.

The Verdicorp ORC’s in commission today are housed in a variety of ways based on user
preference. It is desired in the future to house the ORC units inside large commercial shipping
containers. These containers will be located as close to the warehouse or place of business as
possible in order to run the system and perform maintenance. This eliminates distance as a viable
mitigation technique. One option that is currently employed in industry is active noise cancellation,
which involves the process of using a microphone to collect sound that is analyzed by a computer.
Applications of this type of technology are seen with Bose headphones and many of today’s
automobile manufacturers. Sound waves of opposite polarity (180° out of phase) are emitted from
a speaker causing destructive interference and canceling the noise produced by the source. This
method is feasible but may lack practicality if a simpler solution exists. There is a high possibility
that the bypass line in question experiences strong vibrational forces from the turbulent 245fa
refrigerant passing through it. These vibrations can lead to resonation of larger pieces of equipment
which could be the main source of the noise. If this is the case, metal braces could be introduced
between the bypass line and either the ORC system itself or the wall of the container. This method
would reduce the vibration experienced by the bypass line as well as the corresponding resonation.
Noise absorbing materials function by making use of friction inside the materials cellular structure

to dampen oscillation [9]. These materials are used in noise cancelling panels, foam, fiberglass,
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and cotton. Typically these materials are hung from walls and ceilings to catch a large number of

reflecting sound waves.

2.2.5 Fluid Noise inside Pipes

While there are a number of possibilities that can lead to the noise in the turbine bypass
line, a likely cause or at the very least contributor to the noise is from the fluid flow passing through
the bypass line. This is a common issue that can be found in many industrial settings that use
piping systems during operation [10]. There are a number of reasons that noise is generated from
this process, with the most common reason having to do with the flow transmitting across a high
pressure drops due to complex piping systems. These pressure changes can be created from bends
in the pipes, expansion valves, contractions, and even control valves and regulators. When the
fluid passes through these devices it can disrupt the fluid flow and cause the flow to become

turbulent.

N

Figure 4. Flow going through a contraction value

The flow becomes turbulent by the vast amount of pressure differences in the pipe, giving
off energy that can be perceived as sound. This means there is a direct relation between the amount
of pressure differences and the amount of noise given off by the flow. Figure 4 above shows how
the flow changes as the diameter of the pipe changes. When the diameter of the pipe decreases its
velocity increases, and its pressure decreases. This is further explained by Bernoulli’s equation

that shows the relation between the flows in two different pipe diameters [11].

2 2
V \%
Py =P2,% .
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More issues can arise once this noise from the flow is created, as it can also then be amplified by
propagating through the pipes and can travel through the pipe walls by way of acoustic
transmission.

The superheated flow that runs through the turbine is switched to the bypass line by a
control valve, which is also a very well documented source of noise in other industrial pipelines].
The control valve is an essential component of piping systems, but vary greatly in how much

turbulence and noise they create depending on the manufacturer.
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3.Methodology

In order to better understand how the customer’s requirements relate to the product’s

capabilities, a house of quality matrix was created. Since the design has not yet been completed

and there are currently no competitors, a scaled down version of the HOQ was used. A house of

quality takes the customer’s requirements and compares them with the engineering characteristics

of the product in a rankings system to better understand which properties and requirements

outweigh others. The HOQ can been seen below in Figure 5.

ENGINEERING CHARACTERISTICS

CR C I ;-E;:;?:;m Lot E?xs:ﬁ:::s a ;S:ilsl::?:t:re ‘;::::;:gssion }Ti:rni:ilfi:sinu
Adaptable 7 6 7 7
Low Cost 8 10 6
In-house Manufacturing 8 10 10 4
Non-Intrusive to Performance 10 8 5
Steady-State Noise Levels 10 10 10 10 8
Compact 2 6 8 5 6
Ease of Installation 5 10 8
Maintenance 3 10 8 10 8
Score 180 382 262 40 201 153
Relative weight 14.78 31.36 21.51 3.28 16.50 12.56
Rank 4 1 2 6 3 5

Figure 5. Bypass Line Noise Mitigation HOQ

On the left side of the HOQ is the customer’s requirements; these were compiled after both

speaking to the sponsor and from the problem statement. There are 8 customer requirements, and

each of these 8 requirements are given a value between 0 — 10 depending on their importance to

the customer. The customer requirements are:

e Adaptable — The product can fit on many different sizes of their system.

e Low cost — Ensures Verdicorp can retrofit existing systems affordably.

¢ In-house Manufacturing — Verdicorp would like to be able to manufacture the product in
their own machine shop.

¢ Non-Intrusive to Performance — The ORC system requires closely monitored flow rates
and velocities that can easily be disrupted with the addition of complex components.

10
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Steady-State Noise Levels — Verdicorp would like the sound of the bypass line to sound
similar to the ORC at steady-state, which is when the turbine is active.

Compact — The ORC pipelines often have small clearances around them and the product
needs to be able to fit within these spaces.

Maintenance — As the product becomes worn the customer would like it to be easily
replaceable without requiring extensive modifications.

After compiling a list of the customer requirements, the engineering characteristics of the product

needed to be examined and then determine what effects the customer requirements the most. There

were 6 engineering characteristics used to help determine this relationship, which are seen at the
top of the HOQ and are listed below:

Meets OSHA standards — The Occupational Safety and Health Administration has very
stringent and specific standards that equipment used in the workplace must adhere to.
This means the product must adhere to these same standards or risk steep fines and the
inability to be used.

Material Choice — The material choice is especially important in making sure the
customer’s specific requirements are best met.

Fasteners and Fixtures — How the product is connected to the ORC system plays a major
role in fulfilling the customer requirements.

Temperature Resistance — The product will see significant temperatures on a consistent
basis and will need to be able to withstand said temperatures without causing damage to
the product that would hurt its performance.

Acoustic Transmission — The overall goal of the product is to mitigate the noise from the
turbine bypass line which means that the product needs to limit the amount of acoustics
that will pass through it.

Vibration Transmission — The possibility of vibrations being a leading factor in the cause
of the noise means that the product should also limit the amount of vibrations that can
pass through it.

After compiling both the customer requirements and the engineering characteristics, and

adding them to the HOQ, both topics can be related to one another. This process looks at what

engineering characteristics effect customer requirements, and if applicable rank that value between

0 — 10. Once complete, the value is then multiplied by the customer importance and that

engineering characteristic’s values are totaled. Once all of the engineering characteristics have

their values totaled, it is possible to rank them from 1 to 6 and see which the most important

engineering characteristic is.

11
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For this product it was determined that the most important characteristic is what material is
used, followed by how the product is fastened to the ORC system. Its acoustic transmission was
the next most important characteristic, followed by it meeting OSHA standards, its ability to limit

vibrations, and finally its temperature resistance.

12
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4.Project Planning

Proper planning and organization are required to ensure that work is done both on time and of

the highest possible quality for the sponsors. To achieve this a few methods for planning were

employed, the first is the critical path method or CPM.

Table 2. CPM table of tasks and durations

Activity | Duration (Days) Predecessor Description
A 1 - Contact Sponsor
B 14 A Background Research
C 18 A Equipment Gathering
D 2 B&C Test Site Schematics
E 14 D On-Site Noise Measurements
F 7 E Measurement Analysis
G 7 F Concept Design
H 7 F CAD Modeling
I 14 G&H Prototype Manufacturing
J 14 I Prototype Testing

Table 2 shows the overall task list for the research, design, and testing of solutions to mitigate
the turbine bypass noise levels. For the purpose of generating an overview of the project these
tasks are simplified as singular items, not including the multiple aspects that may go into each.
From table 2 a CPM network diagram may be formed to generate a visual depiction of the
progression of tasks throughout the problem solving process. By processing the tasks using the
critical path method the total time for the completion of the project can be determined, and setbacks
due to unforeseen circumstances can result in certain tasks being prioritized to finish the project

on time.

13
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OHl0,0,6i0.0

Figure 6. Network diagram of ORC noise mitigation

From table 2 and using figure 6, the longest course of action uses the path
{A,C,D,E,F,(G/H),1,J}. This longest time to completion dictates the prioritized tasks that must be
completed according to their assigned time. The only slack that occurs throughout the process is
with stage B, which is background research. Although important, obtaining the equipment for the
project is projected to take a significantly longer period of time than the research, resulting in more

play for the total length of the research task.

ORC Bypass Line
Noise Mitigation

Equipment On-Site Measurement
Gathering Measurements Analysis

Background
Research

Concept Development
and Testing

Ly Organic Rankine | Sound Level curves manufactaring
Cycle Meter
|l Building A 35 and Tost bed
5 verage dB an est
|, | Environmental L, baQ schematics R orototyping
noise factors System
Steady and - - - ;
Local and LabVIEW |—»| transient state N""s: gradient Residential
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Compatible Environmental
OSHA hearing Laptop Conditions
>
Residential
L
Noise Surveys
generation in
™ pipe from

Figure 7. Work breakdown structure of design process
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Following the CPM the work breakdown structure (WBS) was used to provide more definition to
some select tasks from the CPM. Where the WBS excels is to better show in detail the steps that
are required in order for each task to be completed. This is a power tool due to the ability of
spreading the workload of each task over its pre-described working dates and completion time.
Together both of these project planning methods develop hard due dates, with progressive steps
for achieving each of the dates. Due to the nature of the project, the majority of the time for this
project as shown in figure 7 is in the beginning phases of the project with research and proper
measurement procedures. The additional time is required due to the lack of information in regards
to the exact location, type, and loudness of the noise generated by the bypass line. With this
knowledge the best approach and breakdown of each task can be assigned throughout the team and
achieved with the optimal efficiency. The task and their durations can be seen in more detail in the
appendix where a full Gantt chart has been provided, this serves as a rough and setback assumed

guide that can assist in guiding the project to its completion.

15
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5.Resource Management

Table 3: Personnel task list

Task Team Member Responsible
Acquire DAQ card Luis Figueroa
Acquire LabVIEW data processor William Mauch
Acquire microphone Austin Houser
Develop measurement plan All members
Schedule visit to Verdicorp for measurements Chad Adams
Take measurements at Verdicorp All members

The most important step that needs to be taken is finding the source of the noise. In order to find
the source, we must take very detailed measurements of the area surrounding the ORC. A
measurement plan must be developed and a measurement device must be acquired. The
measurement plan will involve analyzing the blueprints of the Verdicorp facility (obtainable upon
request) and finding the best areas to test; best meaning the areas where we can test waves that
experience the least amount of interference. We will also need to plan for testing outside of the
facility. The available measurement areas are limited by an RV park, a pond, and a busy highway.
The selected testing areas must also be located a distance from the outside boiler. The boiler is
stored in a shipping container in the southwest corner of the grounds. The noise from the boiler
could interfere with the measurements being taken of the bypass line noise. This measurement
device will be a “virtual” sound level meter. This virtual SLM will be composed of a battery
powered microphone connected to a laptop with a DAQ card running LabVIEW along with
National Instruments Virtual SLM software. This virtual SLM is being chosen over a conventional
SLM because of the availability of the components and the conventional SLM would require some
form of training. In order to measure the noise, multiple team members will need to hold the
microphone, battery pack, and laptop. Once measurements are taken, the data will be analyzed and
a noise mitigation solution will be selected. The frequency, decibel level and noise type will dictate

what mitigation solution is chosen.

16
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6.Conclusion

From the initially provided problem statement and communication with the sponsor, it has
been indicated that further research and on-site testing is required to begin the evaluation of noise
mitigation. Until a more accurate measurement of the system during startup, steady-state, and
shutoff can be taken, the original problem statement issued to the group needed a revision. As
indicated to our team from our sponsor, the peak bypass noise generation and steady-state noise
levels are not well known and defined, thus the initial statement of 80 dBA as the reference point
will most likely need alteration. The test bed location in the city of Tallahassee must abide by local
noise ordinances, which for commercial and residential areas are 55dBA and 70 dBA respectively.
Due to this the need statement of the problem has been modified to account for these unknowns
and as such became the following: when operating in bypass, the ORC system generates an
unacceptably loud amount of noise. A solution needs to be found to mitigate the bypass line noise
while not impeding the performance of the system or requiring significant modifications of
existing components. Once the steady-state noise levels have been recorded a common reference

point will have been created and a solution set can be designed to solve the sponsor’s problem.

17
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Appendix A

Task Name Duration Start Finish Oct 9, '16 Oct 30,16
L o ™= | 5% a8 ] & T g
Background Research 14 days Thu 10/20/16  Tue 11/8/16
Equipment Gathering 18 days Thu 10/20/16  Mon 11/14/16 =
On-site Noise Measurements 14 days Tue 11/15/16 Fri 12/2/16
Measurement Analysis 7 days Mon 12/5/16 Tue 12/13/16
Concept Design 7 days Wed 12/14/16 Thu 12/22/16
CAD Modeling 7 days Wed 12/14/16  Thu 12/22/16
Prototype Manfacturing 14 days Fri 12/23/16 Wed 1/11/17
Prototype Testing & Analysis 14 days Thu 1/12/17 Tue 1/31/17
bet 30, '16 [ Nov 20,'16 | Dec 11, '16 [Jan1,"17 [Jan 22,17
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