
 

   
 

 

Salt River Project (SRP) Thermal Mass 

Final Design Report 

December 3rd, 2024 

Courtney Hiatt (Co-Project Manager, Test Engineer, and Website Developer) 

Janelle Peña (Co-Project Manager and Logistics Manager) 

Maciej Ziomber (Test Engineer and Financial Manager) 

Aaron Espinoza (CAD Engineer and Manufacturing Co-Lead) 

Steven Galloway (Manufacturing Engineer and CAD Co-Lead) 

  

 

 

 

 

 

 

 

 

 

Project Sponsor:  Salt River Project (SRP) 

Faculty Advisor:  Carson Pete  

Sponsor Mentor:  Tom Acker 

Instructor: David Willy 



 

 

DISCLAIMER 

This report was prepared by students as part of a university course requirement.  While 

considerable effort has been put into the project, it is not the work of licensed engineers and has 
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EXECUTIVE SUMMARY 

This senior mechanical engineering capstone project was funded and sponsored by Salt River 

Project (SRP).  This team consists of Courtney Hiatt, Janelle Peña, Steven Galloway, Aaron 

Espinoza, Maciej Ziomber. Salt River Project is a power company covering much of the Phoenix 

metropolitan area. SRP faces challenges with high electricity demand during peak hours (4 PM 

to 8 PM) when energy costs were at their highest. This project addresses the need for affordable, 

user-friendly thermal energy storage systems to help residential customers reduce their electricity 

bills and improve home cooling efficiency. The primary objective was to design and develop a 

thermal energy storage unit that was accessible for everyday households. By leveraging energy 

stored during off-peak hours, the system aimed to alleviate peak-load demands on SRP’s grid, 

offering both economic and environmental benefits. The unit was designed to integrate 

seamlessly into existing or new build household setups, providing efficient cooling during peak 

hours while reducing reliance on traditional air conditioning systems. 

The team adopted a systematic approach, including extensive benchmarking, mathematical 

modeling, and prototyping. The design concepts explored ranged from PCM-based systems 

integrated into HVAC setups to standalone units utilizing innovative materials and 

configurations. Compliance with relevant safety and building codes was prioritized to ensure 

practical and scalable solutions. The concrete bar was able to generate a heat transfer rate of 

30W and the water bars didn’t produce the heat transfer rate that was hoped for. The water 

produced a consistent heat transfer of 3.0E-4 W. The prototype of the water bars could not 

produce a flow that was turbulent, and the heat transfer traveled along the walls of the copper 

tube. The heat another way to produce the heat transfer that was wanted is to force a turbulent 

flow by using an inline static mixer. The copper tube used to maximize the amount of water that 

is smaller than any inline mixer made leading to the future work of designing a new heat 

exchanger outside of the scope of this project. 

This project had a budget of $5,000 and only $1,832.63 was used. The results of the proof of 

concept that were obtained through testing, demonstrating the feasibility of the proposed design. 

Specifically, the new build validated key performance metrics, including cooling capacity, 

energy efficiency, and compatibility with household systems. The prototype was tested under 

simulated peak conditions. These results supported the economic and technical viability of the 

system, aligning with SRP’s goals to optimize energy usage and reduce costs for customers. The 

proof-of-concept prototype was successfully developed and demonstrated, marking a significant 

step toward implementing thermal energy storage solutions in residential settings. This initiative 

not only supported SRP’s mission but also contributed to advancing sustainable energy practices. 
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Chapter 1: Background 

1.1 Project Description 

The project's goal is to develop thermal energy storage systems to reduce peak-load air 

conditioning expenditures for Salt River Project (SRP) customers in central Arizona. SRP, a 

community-based, non-profit organization, serves more than 2 million people in the Phoenix 

metropolitan region. With a peak load of over 8,000 MW in the summer, SRP faces difficulty in 

satisfying demand, especially during peak hours (3 PM to 8 PM), when electricity rates are 

highest. 

In response to these problems, SRP intends to investigate the viability of thermal energy storage 

systems, which might potentially lower consumers' electricity rates during peak hours. The initial 

focus on conducting state-of-the-art research exposed the limitations of cooling with thermal 

mass. The examination of typical electricity uses patterns during peak months developed an 

understanding of the potential cost savings. Coupled with the study of SRP’s consumer rate 

packages, both with and without customer-sited solar PV generation the modes of development 

became clear. The systems would have to be created for different new structures and pre-existing 

structures. 

 

The project's goals included presenting a variety of energy storage systems with technical and 

economic details. In collaboration with the client the two concepts to compare against an 

industry standard device we would develop. Based on the test results, a full-scale design and a 

preliminary techno-economic analysis will be suggested. Despite its ambitious goals, the project 

remained well within the $5,000 budget. The team fundraised 5% of the budget to ensure the 

project’s success.  

 

1.2 Deliverables 

The primary project deliverables included. 

➢ A comprehensive report evaluates thermal energy storage methods and their costs.  

➢ Analysis of SRP customer electricity usage during peak months, assessing possible cost 

savings with thermal energy storage options.  

➢ Proposal describing various energy storage technologies, including technical and 

economic requirements.  

➢ Design, build, and two thermal energy storage solutions and a datum at which to 

compare.  

➢ A full-scale design proposal is based on test results, including an initial techno-economic 

analysis.  
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These deliverables are critical to achieving the project's objectives and offering significant 

insights into the feasibility and effectiveness of thermal energy storage in lowering peak load air 

conditioning expenses for SRP customers.  

 

1.3 Success Metrics  

Our project's success will be measured using several important metrics consistent with client and 

engineering criteria. First, user-friendliness and functionality will be evaluated based on our 

thermal energy storage system's ease of use and effectiveness in cooling the house when 

activated. The system's capacity to survive as long as needed during peak hours will define its 

reliability, assuring continuous performance and comfort for residents. Safety is vital; thus we 

will assess whether the system poses minimum threats such as explosion, fire, or freezing, 

assuring the safety of all inhabitants. 

Technical Performance: The chosen thermal energy storage solution's ability to successfully 

store and release thermal energy to counter air conditioning power use during peak hours will be 

assessed. Technical performance criteria include energy storage capacity, efficiency, 

dependability, and scalability. Engineering requirements will also be critical in determining the 

success of our project. The materials and systems used in our thermal energy storage solution 

will be analyzed to determine efficiency to achieve optimal performance and energy savings. 

Thermal performance will be evaluated using various methods, including transient heat analysis 

and thermodynamic modeling, to ensure that our system efficiently stores and releases thermal 

energy as needed to maintain a comfortable interior atmosphere. 

Economic viability: The selected thermal energy storage solution's techno-economic analysis 

will determine its financial feasibility and long-term viability. The upfront costs, payback period, 

return on investment, and possible revenue streams (for example, demand response programs) 

will all be examined. Cost will be an important consideration, and we will ensure that our system 

is cost-effective, considering both pre-built and pre-existing structures. Net Present Value (NPV) 

and Internal Rate of Return (IRR) assessments will be performed to ensure favorable financial 

results and long-term viability. 

 

Cost Savings: The degree to which thermal energy storage systems lower electricity bills for SRP 

customers during peak periods will be a key success metric. Cost savings will be determined by 

comparing pre- and post-implementation electricity bills, considering various customer rate plans 

and situations. Affordability will be evaluated by determining whether the system is feasible for 

the average house buyer, whether for an existing structure or a new construction. In addition, we 
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will analyze whether our solution saves consumers energy and money, meets customer needs, 

and improves marketability. 

 

Safety will be prioritized, and the team will ensure the system complies with all applicable safety 

requirements and standards, thereby reducing dangers to occupants and property. The ease of 

maintenance and access will be assessed to ensure that the system is user-friendly and handy for 

homeowners. 

Chapter 2: Requirements 

2.1 Customer Requirements 

The customer requirements from our client SRP were mostly related to user ease and 

affordability. The customer requirements listed below are explained in further detail in the points 

and measures that we take into consideration during each part of the development of the thermal 

energy storage device. 

• Safety 

o Categorized as how likely will the design develop a lawsuit from injury. Based on 

the FMEA. The use of ethylene glycol proved to be the most dangerous aspect of 

the device and safety improves greatly using propylene glycol with some loss to 

heat transfer and additional maintenance. (CR) 

• Reliability 

o Does it cool down the house when turned on? (4 hours CR) 

o Does it prepare for use during the correct time? (10 hours) 

• Affordability 

o Can the cost of the product be offset by incentives 

o Will the return on investment be within a feasible time frame (5 years CR) 

• Material Access 

o The availability of parts on the standard market (parts on open Market CR) 

• Risk 

o Will the product provide a business opportunity (CR) 

 

2.2 Engineering Requirements 

The engineering requirements are related to the customer requirements but go more in-depth. 

The engineering requirements also require an analysis of each aspect that uses calculations and 

numerical data to support them. If the concept doesn’t have numerical calculations, we also use 

theory and content from engineering textbooks, research and professionals. One important value 
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we are aware of is battery storage. The device needs to have 4 hours' worth of storage. One 

example of this would be the Net Present Values calculated for each part. The parts must have a 

positive value to be beneficial to the device, the larger, the better even.  

• Safety 

o The same as the customer requirements 

• Ease of Access 

o Availability to install or build on site (part availability, ER) 

• Initial cost (Monetary) 

o If a buy receives “sticker shock” from the price they will not buy it.  

o Compared to the state of the art how much does it cost? (ER $15000) 

• Energy Demand 

o Will the proof of concept provide cooling to a standard size home in the valley 

(found to be the average of 1600 sq. ft.) 

o ASHRAE calculation (37000 BTU ER) 

• Heat Transfer (ER adjacent) 

o Transient Heat Analysis 

o Thermodynamic analysis 

o Thermodynamic Models 

o Radiation Heat Analysis 

o ANSYS Models 

All the engineering requirements have engineering calculations. Often alternative systems such 

as MATLAB, ANSYS, IT, and SOLIDWORKS help accomplish these too. These calculations 

have been completed in parts through the semester and will continue as the project progresses. 

As the design coalesced, it was important to categorize the safety factors for the materials and 

their uses. For example, refrigerants can cause blindness, brain damage, and death, but they are 

considered safe to use as product in a product. What makes these substances we use dangerous is 

when they are being administered, so much of the safety factor is calculated in the manufacturing 

process and not considered in our engineering requirements. 

Ethylene glycol is considered an HTF and a product in a product. If it can be demonstrated in a 

future experiment to modify the properties of water to produce a more effective thermal mass, 

the team will have to re-evaluate what is unreasonably poisonous. Ingesting 4 ounces of ethylene 

glycol may be enough to kill an average-sized man. [50] This  

One of the materials of interest initially was a paraffin called N-tetradecane (C14), originally the 

study's most promising material. Due to the flammability and toxicity, it was eliminated as a 

candidate. N-tetradecane (C14) proved costly and has now been removed from our candidate list. 
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The factor of safety for candidate materials of thermal mass is on a “go-no-go" basis. If they are 

unreasonably flammable or poisonous, they are instantly rejected. 

Once the designs were manufactured and tested, we considered eight important elements to 

create spider charts using MATLAB, which are represented in figures 1,2,3,4. On a scale of 0% 

to 100%, where 0% denotes the worst possible result and 100% the best, each factor was 

assessed. These elements were chosen to guarantee a thorough examination of our concepts by 

matching engineering and client requirements. 

Two of our designs, Water Bars and Concrete, were evaluated against these eight aspects in 

order to develop the charts: Safety, Reliability, Monetary, Material Availability, Risk, Return on 

Investment (ROI), Energy Demand, and Ease of Access. Every element was assessed to show 

how well the designs satisfy prospective clients' expectations while upholding important 

engineering principles. Data and computations unique to the performance and application of each 

design were used to support the evaluations. 

A third design, which acted as our datum, was then used to compare the outcomes of our two 

designs. We were able to objectively evaluate each design's advantages and disadvantages thanks 

to this comparison method. We provided a clear foundation for decision-making by visualizing 

the trade-offs and performance measures by charting these evaluations on spider plots. Below are 

the explanations for the particular scores given to each factor. 

• Safety 
Safety was assessed based on the product’s potential impact on the household and 
its residents. Key considerations included the risk of leaks that could cause slip 
injuries or structural damage, the possibility of collapses leading to health hazards 
or structural compromise, and the potential spread of hazardous substances. 

• Reliability 
The reliability metric measures the trustworthiness of the product to perform as 
intended. It reflects the accuracy of calculations and data used to ensure that the 
system can fully cool a home during peak energy demand hours. 

• Monetary 
The monetary scale evaluates the financial investment required to initiate the 
project. A lower percentage on the scale indicates a higher initial cost associated 
with the design and implementation of the product. 

• Material Availability 
This factor assesses the accessibility of materials required for manufacturing the 
product. For example, if 90% of the necessary materials can be procured within a 
few business days, the scale would reflect a 90% availability score. 
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• Risk 
Risk evaluates the likelihood of project success in relation to the initial investment. 
For instance, manufacturing 20,000 units of a water bar product may pose greater 
risk compared to installing a single concrete wall in a newly constructed home. For 
new thermal energy storage systems, the risk is estimated at approximately 45%. 

• Return on Investment (ROI) 
The ROI metric analyzes whether the project is financially viable, considering the 
initial investment and potential profit. 

• Energy Demand 
This metric measures the ability of the project to meet energy requirements during 
peak demand periods. Scaled-up versions of the proposed designs are projected to 
cover one-third of energy demand during these hours. 

• Ease of Access 
Ease of access evaluates the practicality of implementing the product. For 
example, water bars can be purchased and easily installed by customers, whereas 
concrete solutions require specialized equipment and a structured installation 
process. 
 
 
 

 

Figure 1 

Figure 1 

Figure 1 Figure 2 
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2.3 House of Quality (QFD) 

The QFD has been updated to reflect the customer requirements in the burnt orange section of 

the QFD and the engineering requirements can be seen in the light blue section of the QFD. 

Table 1 

  

House of Quality (QFD) 

Figure 3 Figure 4 
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Chapter 3: Research within your Design Space 

3.1 Benchmarking 

Here, the state-of-the-art cold thermal energy storage (CTES) will be identified. The 

technological categories of the CTES are substance, management, and methods. The benchmark 

substance for CTES is water, which has the highest specific heat, but expansion at freezing can 

damage containers. For management, ice or ethylene glycol chilling chambers are proven 

technologies that get results. A passive method for temperature regulation is to place a phase 

change material (PCM) into a structure to maintain a temperature at the melting point of the 

PCM. 

Many of the breakthroughs in CTES are a direct result of research and development of 

substances developed for heat transfer in sub-zero conditions or for long term cold storage. [1] 

Organic paraffin compounds have shown promise because of their general abundance. Research 

has produced exotic materials that sacrifice chemical stability to achieve remarkable results. N-

tetradecane (C14) is one such material with a melting point of 6 Celsius, and a latent heat of 228 

kJ/kg, which is as close to the thermal characteristics of water as available. [2] This is an 

expensive and less safe option that does not justify the mitigation of the expansion, but it does 

show the limits of this technology that can still be challenged. Other substances that come from 

this material science approach lend to the next benchmark of management. 

 

 

Figure 3 

Thermal Energy Storage pg.110 [3] 
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The Baltimore Aircoil Company TSU-M ice chiller is an example of the pinnacle of CTES 

technology. [4] By chilling water to freezing in containers created to control the expansion of ice 

and circulating ethylene glycol through it as the heat transfer fluid they create a low maintenance 

and efficient management system. These are large systems that are made to provide apartment 

complexes and commercial buildings. This is not the target of the Thermal Mass team but is a 

functional management system to compare to. 

The passive method used to maintain the temperature of a structure is some form of building 

material that doubles as a CTES. Armstrong World Industries capitalizes on this market using 

ceiling tiles and wall replacement panels. [5] Using Ultima Templok (PCM) these tiles phase 

change at 66 to 81 Fahrenheit and maintain a structures internal temperature with latent energy. 

Other passive methods do not need to be building materials, they can be simple stand-alone 

devices that require little to no maintenance or assembly. The Viking Cold Solutions cold storage 

system for commercial refrigeration warehouses. [6] The substance used is not disclosed but 

whether it is a eutectic or a paraffin the method is the same, a passive phase changing material 

that maintains a temperature. These substances, management schemes, and were compared 

against all our concept and cost models. 

 

 3.2 Literature Review 

Courtney –  

1. Paraffin: Thermal Energy Storage Application (book) [7] 

This article presents pros and cons of storage systems, including sensible storage 

is best if the operating temperature is higher, latent is best at narrow operating 

ranges. This will be useful for research and concept generation for everyone. 

2. Economic Analysis of a Novel Thermal Energy Storage System Using Solid Particles for 

Grid Electricity Storage (Conference Paper)  [8] 

This paper includes images of the mechanical systems used for thermal energy 

storage. Equations for calculating the economic efficiency of thermal energy 

storage systems. This will be useful for financial analysis done by Maciej.   

3. Advances in Thermal Energy Storage System (Book) [9]  

Comprehensive analysis of thermal energy storage systems using water, molten 

salts, concrete, aquifers, boreholes, and phase-change materials. This will be 

useful for prototyping/manufacturing done by Steven and Aaron. 

4.  Seasonal thermal energy storage with heat pumps and low temperatures in building 

projects – A comparative review (Article)  [10] 
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Research article that compares the coefficient of performance (COP) of different 

heat pumps used for thermal energy storage. This would be useful for 

research/data collection done by Janelle.   

5.  Thermal conductivity measurement techniques for characterizing thermal energy 

storage materials – A review (Article) [11] 

This article develops methods for testing materials and systems for their 

thermal conductivity.  Useful during the prototype testing phase by Maciej and 

Courtney.  

6.  Thermal Energy Storage (Government Website) [12] 

Provides website links to specific thermal energy storage projects. This will be 

useful during concept generation production. 

7.  Who Said Thermal Storage Has to be Only in Tanks? Thermal Storage in the Building 

Envelope (Presentation) [13]  

This source provides useful graphs showing average daily load using solar panels 

used to heating and cooling. It also provides an overview of methods to storing 

thermal masses in buildings. 

8.   1997 ASHRAE Handbook (Book) [14]  

This source provides information about how to perform a transient heat analysis 

on a house that can be used to calculate the energy needed to keep the house cool.  

9.   Cooling Load | hand calculation example | HVAC 13 (Video)  [15] 

This source provides an example of how to use the 1997 ASHRAE handbook to 

find the load calculation. It is useful to follow along with and determine which 

information in the book is most important.  

10.   Ethylene Glycol Heat-Transfer Fluid Properties (Engineering Toolbox)  [16] 

This source provides information on one of the materials we are using, ethylene 

glycol. This toolbox is also used to perform calculations about other materials and 

provides information such as the specific heat and heat of fusion.   

 

Janelle – 

1. Fluid Mechanics: Fundamentals and Applications  (Textbook) [17] 

This textbook provides information on how fluid mechanics works. This is 

important because there are many different fluid mechanic applications that are 

being used in this project. The portion of the textbook specifically that is useful is 

the portion about transition of fluids for transient heat. As well as how it provides 

useful equations on fluid mechanics. 

 

2. Fundamentals of Heat and Mass Transfer (Textbook) [18] 
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This textbook provides information on heat transfer fundamentals and applications. 

This textbook gets referred to often. Some specific applications of when this 

reference is used is for the transient heat calculations, the heat exchanger 

calculations, and the radiation calculations. 

3. Fundamentals of Engineering Thermodynamics (Textbook) [19] 

This textbook provides information on thermodynamics and thermodynamic 

systems. This is useful in calculating heat exchangers and analyzing an actual AC 

compression vapor system. This textbook is also useful for the material properties 

tables in the back of the textbook. This textbook is also useful for learning to use 

Interactive Thermodynamics Software (ITS). As well as of course it provides 

useful equations on Thermodynamics. 

4. Storing energy : with special reference to renewable energy sources (Book) [20] 

This is a textbook that Carson referred to us for assistance on this project. It has 

been useful for information on phase change materials and for phase change 

material equations. It is also useful for information on latent and ambient 

temperature. It also is useful for heat storage in general. 

5. Energy Storage (Book) [21] 

This textbook talks about the specifics of heat storage. It talks about and explains 

the importance of heat storage and heat exchange devices. It explains the different 

ways to analyze heat storage and heat exchange devices. It has useful graphs and 

figures as well. It is a great reference for storage and similar systems as well. 

6. Air Conditioning with Thermal Energy Storage (Journal Article) [22] 

This engineering document was surprising and very useful. It talks about and refers 

to aspects almost exactly related to what this project is about. It also addresses 

materials, PCMs, construction materials, ASHRAE figures, and similar prototypes. 

This was a useful paper.  

7. Hybrid HVAC with Thermal Energy Storage Research and Demonstration (Website) 

[23] 

This was a useful research project that another college team set out to complete for 

the Department of Energy. In this project, another college team set out to create a 

Thermal Energy Storage Device to support the grid. One thing they did was 

compare chemical analysis with thermal analysis. They also had a comparable 

functionality report, which was useful for comparing results and doing a sanity 

check. The Black Box model is useful and comparable, too. 
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8. Storing Thermal Heat in Materials (Website) [24] 

This website has many useful equations and data tables to use for reference. It has 

a table with the important thermal heat storage values for different materials we 

plan to test. It also has links to other information that will be useful and information 

to reference. 

9.  Energy & Buildings: Experimental and numerical investigation of the thermal 

performance of phase-change module using built-in electrical heating (Journal 

Article) [25] 

This research talks about the usefulness of latent heat in thermal energy storage. It 

also breaks down information on complex materials, specifically different complex 

phase change materials. Also, the tables 1-3 in the paper and figures 4&5 were 

useful. This paper also talks about PCMs and electric energy storage. 

10. Energy & Buildings: Component-level analysis of heating and cooling loads in the 

U.S. residential building stock (Journal Article) [26] 

This article talks about how residential homes use most of the energy in the US, 

and heating and cooling systems use most of the energy that they use. This article 

then talks about how to reduce the demand on the load. It also goes through specific 

materials in a home and how heat transfers through them. 

Steven- 

1. Energy & Buildings: Component-level analysis of heating and cooling loads in the 

U.S. residential building stock (Journal Article) [26] 

This article talks about how residential homes use most of the energy in the US, 

and heating and cooling systems use most of the energy that they use. This article 

then talks about how to reduce the demand on the load. It also goes through specific 

materials in a home and how heat transfers through them. 

2. Heat and cold storage containers, systems, and processes (Patent) [27] 

Proposes CTES devices that are buried underground in flexible tubes. A flexible 

tube allows the PCM to occupy more space around a home without using a large, 

hard-to-create hole that would require special permits. This is an undeveloped 

patent but references the creation of polymers that function in the same way. This 

is proposed as a supplement to geothermal as well. 

3. Eutectic salt cold-storage material (Patent) [28] 

Explains applying an organic-inorganic cold storage device using a newly 

constructed eutectic salt. This method is a novel way to overcome the issue of 



 
 
 

17 
 
 

water expansion that causes cracking and leakage and uses a higher working 

temperature. The inefficiency caused by condensate depression of other eutectics 

is discussed. 

4. Armstrong World Industries BUILDING PANEL SYSTEM Patent Application (Patent 

Application) [29] 

A method of installing a PCM in existing structures with minimal intrusion into 

the existing building. The unintrusive method is important here regarding failure 

caused by installation mitigation. This passive system requires a large amount of 

whatever PCMs are used. 

5. Novel strategies and supporting materials applied to shape-stabilize organic phase 

change materials for thermal energy storage – A review (Journal Article) [30] 

A short discussion of previous methods stabilizes organic phase change materials. 

The authors categorize and use experimental data to justify the current industrial 

uses of these materials. Of particular interest is using microencapsulation and 

nanomaterials to stabilize the PCMs and prevent leakages. 

6. Phase change materials for thermal energy storage – (Journal Article) [31] 

Another large study of PCMs specifically focused on stabilizing and creating safe 

ways to use them. Many of the organic PCMs are dangerous to ingest or corrosive 

to containers. The discussion of how PCMs fail is enlightening as well. 

7.  Effect of Ethylene glycol as Phase Change Material in a Cold Storage Unit on 

retention of cooling (government-supported study) [32] 

A government agency in India performed and funded a cold storage containment 

unit study, which shows how to replicate the experiment. Empirical data for using 

ethylene glycol as a PCM instead of using it solely as a heat transport fluid is 

presented. This inspires more experimentation but does not deliver a 

comprehensive list of data from the experiment. 

8. Advanced Strength and Applied Elasticity (Textbook)[33] 

Systematic Exploration of real-world stress analysis. Shows the derivations and 

application for buckling stress analysis. The equations and boundary conditions 

are discussed here. 

9. A First Course in Finite Elements (textbook) [34]  

Finite element methods for numerical heat transfer approximations and failure 

mode analysis. Developing numerical methods to approximate the values  

10. Ansys Learning Resources (website) [35] 
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Resources about how to use and understand ANSYS. Specifically, Workbench 

(Mechanical and Fluent) to complete the analysis. 

 

Maciej- 

1. Air Source Heat Pumps Tax Credit | ENERGY STAR (government website) [36] 

Lays out the requirements for a company to apply for ENERGY STAR. How to 

create a device that is ENERGY STAR compliant. 

2. 2018 International Fire Code (IFC) (government website) [37] 

The requirements for wiring and spacing. Also discusses the safety requirements 

for some products like air conditioners. 

3. 2018 International Building Code (IBC) (government website) [38] 

Identifies the rules about the sizes and shapes of objects on residential properties. 

4. 2018 International Mechanical Code (IMC) (government website) [39] 

All the rules for ducting and air handling for a structure. Hints at digging holes 

and how and why regulations apply to burning things. 

5. 2018 International Plumbing Code (IPC) | ICC Digital Codes (government website) 

[40] 

The rules and regulations for geothermal devices. Hints back to the IMC and 

digging holes and points to the swimming pool and Spa Code. 

6. 2018 International Swimming Pool and Spa Code (ISPSC) (government website) [41] 

The rules about digging shallow holes. Give the ways to classify the use of a hole. 

7. The Consumer Product Safety Improvement Act (CPSIA) (government website) [42] 

A list by category of every type of product. Every category has rules about how to 

create and injury-proof a device safely. Led to the discussion about what this 

device does in an earthquake or tornado. 

8. Engineering Economy (book) [43]  

Through solved examples, problems, and case studies, the book addresses 

contemporary engineering challenges in areas such as energy, ethics, the 

environment, and evolving economics, providing practical insights and solutions 
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for real-world scenarios. The book retains its extensive coverage of engineering 

economy principles even with the addition of new features and themes like ethics 

and staged decision making, guaranteeing that readers will gain a comprehensive 

understanding of the subject. 

9. Engineering Economics: Problems and solutions (book) [44] 

Examples of problems and solutions for different engineering problems and 

applications. 

10. Essentials of Engineering Economics (book) [45] 

Explores economic analysis methods such as cash flow analysis, cost estimation, 

and decision making under uncertainty. Provides practical examples, case studies, 

and problems to illustrate the application of economic concepts in real-world 

engineering scenarios. 

Aaron – 

1. Armstrong World Industries | Armstrong Ceiling Solutions (website)[5] 

A building material that uses a salt hydrate PCM in ceiling tiles to regulate 

temperature passively. Data is provided from testing and of application of these 

tiles used in New Hampshire High School. Their products can be purchased on a 

website. 

2. Phase Change Materials | PCMs | Ceiling Systems (website) [46] 

Ceiling tiles using the passive method and a different PCM that is not listed. They 

advertise a PCM that is a cable to distribute in a building. They also offer wall 

panels with the same PCM to increase room thermal mass. The PCM is said to be 

inside the panel as a microencapsulated metal fiber composite that the panels are 

made of. 

3. Hybrid HVAC with Thermal Energy Storage Research and Demonstration 

(government website) [23]  

Government research into a working model of CTES for a small commercial or 

residential structure. Simulations demonstrate expected results since testing was 

not yet conducted when published. Models are shown to demonstrate the system, 

including investment and material costs. 

4. PCM Products (website) [47] 
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Products with PCMs into the range of refrigeration or freezer usage. A very wide 

range of items for heating and cooling applications are described and offered. 

There is deep research for many PCM and their intended uses. Energy saving 

designs are listed systems are shown and explained. 

5. Cold Storage - Viking Cold Solutions™ (website) [6] 

A PCM built simply for refrigerators and freezers is used in warehouses. The 

simple design lowers cost and maintenance due to higher efficiency and 

temperature stability. Eutectic PCM is packed into many small Cells that are used 

to increase the thermal mass of warehouse-size freezers. 

6. Paratherm- Low Temperature Heat Transfer Fluids (website) [48] 

Specialized heat transfer fluids are purchasable on the website. These incredibly 

low-temperature fluids could be used as working fluids in a heat exchanger. 

Specialized fluid would allow efficient and safe heat transfer through a system to 

freeze a Eutectic PCM.  

7. SRP Time-of-Use (TOU) Price Plan | SRP (website) [49] 

 The chart of on-peak and off-peak hours for SRP members started to discover the 

number of cooling hours. This led to the discovery of the cooling value and the 

baselines of the project. Pricing of kWh is used for energy cost calculations. 

8. Green Building Advisor - Storing Heat in Walls with Phase-Change Materials 

(website) [50] 

Drywall made from the PCM ‘Micronal’ and Gypsum Crystals for mold 

resistance is held together by fiberglass. The product is not on the market, but 

there is information on the exact PCM, a paraffin-based material. Website leads to 

the use of PCM in building materials in homes. 

9. Portland Cement Association – Thermal Mass (website) [51] 

Covers the use of concrete as a thermal mass/ energy storage in homes. Provides 

info on peak loads and peak shifting using concrete. This led to the interest in 

using concrete since it is already used in home buildings. 

10. Microtek Laboratoires – MICRONAL® DS 5039 X (Document) [52] 

The Material data sheet covers the Micronal PCM properties used in the 

ThermalCore drywall panels. The material is paraffin-based and made to melt at 

23 °C, allowing the material to sit around that temperature. Gives details of 
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processing and incorporating the material into other composites and applications. 

Using a PCM with a melting point at the desired temp will help regulate the 

temperature of the rooms. 

 

3.3 Mathematical Modeling  

Janelle- Resistive Heat Network 

For this project it was important to conduct an analysis of the resistive heat network  of the water 

bars. To complete this calculation, it was necessary to calculate specific numbers in relation to 

the flow of liquid and heat transfer. The values that were important to calculate were the 

Reynolds number (Re), Prandtl number (Pr), the convective heat transfer coefficient (h). These 

values are either calculated or can be looked up in table A.3 from the heat transfer textbook [18]. 

Other important calculations that were completed were finding the change in temperature and the 

conductive resistance at each part. A visual of this process can be seen in the appendix as well as 

in figure 8.11. [18] Figure 5.24 is a visual of what a general resistive heat network functions, 

were Fig 8.11 is an example of a concentric bars network. [18] All of the equations listed below 

can be found and referenced from the Heat Transfer textbook. [18] Convective heat transfer is 

modeled based on Reynolds and Prandtl numbers, emphasizing the importance of fluid flow 

dynamics, as discussed in Chapter 8 on internal flow and concentric tube annulis. [18] 

Conductive resistance calculations through materials like copper and PEX rely on their thermal 

conductivities (k), which align with Fourier's law, emphasizing the transfer from high to low 

temperature regions as detailed in Chapter 1. [18] These calculations provide a comprehensive 

thermal resitive network. This is critical for optimizing the performance of the TES units.  

The inputs that are needed for the code is the geometry of the PEX pipe and the properties of the 

fluid. The ethylene glycol and water. 

 𝑅𝑒 =
𝜌𝑣𝐷

𝜇
  Reynolds Number (1) 

•  ρ: Fluid density (kg/m³) 

•  v: Velocity of the fluid (m/s) 

•  D: Characteristic length (pipe diameter or equivalent, m) 

•  μ: Dynamic viscosity (Pa·s) 

 𝑃𝑟 =
𝐶𝑝𝜇

𝑘
  Prandtl Number  (2) 

•  Cp: Specific heat capacity at constant pressure (J/kg·K) 

•  k: Thermal conductivity (W/m·K) 



 
 
 

22 
 
 

 𝑁𝑢 = 0.023 ∗ 𝑅𝑒0.8 ∗ 𝑅𝑒0.4  Nusselt Number Flow (3) 

 ℎ = 𝑁𝑢 ∗
𝑘

𝐷
  Convective Heat Transfer Coefficient (4) 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑐𝑜𝑛𝑣1 + 𝑅𝑐𝑜𝑛𝑑1 + 𝑅𝑐𝑜𝑛𝑣2 + 𝑅𝑐𝑜𝑛𝑑2 

Thermal Resitance (Conductive and Convective) (5) 

 𝑅𝑐𝑜𝑛𝑣 =
1

ℎ𝐴
  Convective Resistance (6) 

 𝑅𝑐𝑜𝑛𝑑 =
ln(

𝑟2

𝑟1
)

2𝜋𝑘𝐿
  Conductive Resistance (7) 

 𝑞 =
Δ𝑇

𝑅𝑡𝑜𝑡𝑎𝑙
  Heat Transfer Rate (8) 

The outputs generated from the code to calculate the thermal resistivity of the water bars can be 

seen below. 

Total Thermal Resistance: 1.1541 K/W 

Heat Transfer Rate: 69.3194 W 

The calculation of the total thermal resistance was important because it allowed the team to have 

values to compare the calculated results to versus the actual experiment results. The proof-of-

concept testing, backed by the code’s predictions allowed for validation  of the calculated total 

thermal resistance and the heat transfer rate. The code's ability to simulate thermal behavior 

under varying operational conditions ensures that the TES system's ability to store energy 

efficiently during off-peak hours and release it during peak demand. The code also ensures that 

the ehanced understanding of how design variations (pipe dimensions, flow velocities) impact 

overall performance. 

 

 

Courtney- Transient Heat Model 

Calculating the amount of heat that enters the house during the time that the thermal mass is 

discharging is necessary to determine the amount of energy that should be removed from the 

mass. These calculations are made using the 1997 ASHRAE handbook method with all of the 

formulas and values taken from there, then Excel is used to apply to method to our project. [14] 

To find the amount of heat entering the house, the heat entering from windows, walls, and roofs 

is added together for each hour that the mass is discharging. This is calculated by multiplying the 
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subsequent area by the heat transfer coefficient and a variable CLTD which is determined 

through the ASHRAE handbook based on location and material.  

𝑸𝒘𝒊𝒏𝒅𝒐𝒘 = 𝑼 ∗ 𝑨 ∗ 𝑪𝑳𝑻𝑫𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 (𝟏) 

𝑸𝒘𝒂𝒍𝒍𝒔 = 𝑼 ∗ 𝑨 ∗ 𝑪𝑳𝑻𝑫𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 (𝟐) 

𝑸𝒓𝒐𝒐𝒇 = 𝑼 ∗ 𝑨 ∗ 𝑪𝑳𝑻𝑫𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 (𝟑) 

 

𝑸𝒕𝒐𝒕𝒂𝒍 = 𝑸𝒘𝒊𝒏𝒅𝒐𝒘 + 𝑸𝒘𝒂𝒍𝒍𝒔 + 𝑸𝒓𝒐𝒐𝒇 (𝟒) 

 

To find the CLTD corrected value, the CLTD is found in the tables of the ASHRAE handbook 

using the correct latitude and longitude of phoenix and the material of the building. Those values 

are then plugged into the following formula. In this report, the average roof and wall CLTD 

values are shown, however our calculations also include the roofs and walls with the highest and 

lowest CLTD values.  

𝑪𝑳𝑻𝑫𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 = 𝑪𝑳𝑻𝑫 + (𝟕𝟖 − 𝑻𝑹) + (𝑻𝑴 − 𝟖𝟓) (𝟓) 

TR = Indoor Room Temp                                                      (6) 

TM = Max Outdoor Temp (Dry bulb) – Daily Range/2                           (7) 

Table 2 

Initial Data 

Latitude 33.43   

Longitude 112.02 F 

Outdoor Dry Bulb 110 F 

Outdoor Wet Bulb 80 F 

Daily Range 23 F 

Area of Wall - North 
Facing 395 ft^2 

Area of Wall - South 
Facing 395 ft^2 

Area of Wall - East 
Facing 395 ft^2 

Area of Wall - West 
Facing 395 ft^2 

Area of Roof 1700 ft^2 

Area of Windows 100 ft^2 
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U Walls Max 1 Btu/h*ft^2*F 

U Roof Max 0.2 Btu/h*ft^2*F 

U Walls Min 0.05 Btu/h*ft^2*F 

U Roof Min 0.04 Btu/h*ft^2*F 

U Windows 0.55 Btu/h*ft^2*F 

 

Table 3 

Min Roof - Assume Roof 14  
  

Hour 
CLTD 
(F) 

CLTD corrected 
(F) 

Qdot 
(Btu/hr) 

14 32 45.5 3094 

15 36 49.5 3366 

16 39 52.5 3570 

17 42 55.5 3774 

18 44 57.5 3910 

19 45 58.5 3978 

20 45 58.5 3978 

Total     25670 

 

Table 4 

Min North Wall - Assume Wall 16 

Hour 
CLTD 
(F) CLTD corrected (F) Qdot (Btu/hr) 

14 9 22.5 444.4 

15 10 23.5 464.1 

16 11 24.5 483.9 

17 13 26.5 523.4 

18 14 27.5 543.1 

19 16 29.5 582.6 

20 17 30.5 602.4 

Total     3643.9 

 

Table 5 

Min East Wall - Assume Wall 16 

Hour 
CLTD 
(F) CLTD corrected (F) Qdot (Btu/hr) 
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14 26 39.5 780.1 

15 28 41.5 819.6 

16 30 43.5 859.1 

17 31 44.5 878.9 

18 31 44.5 878.9 

19 32 45.5 898.6 

20 32 45.5 898.6 

Total     6013.9 

 

Table 6 

Min South Wall - Assume Wall 16 

Hour CLTD (F) CLTD corrected (F) Qdot (Btu/hr) 

14 11 24.5 483.9 

15 14 27.5 543.1 

16 17 30.5 602.4 

17 20 33.5 661.6 

18 23 36.5 720.9 

19 25 38.5 760.4 

20 27 40.5 799.9 

Total     4572.1 

 

Table 7 

Min West Wall - Assume Wall 16 

Hour 
CLTD 
(F) CLTD corrected (F) 

Qdot 
(Btu/hr) 

14 11 24.5 483.9 

15 12 25.5 503.6 

16 14 27.5 543.1 

17 17 30.5 602.4 

18 20 33.5 661.6 

19 25 38.5 760.4 

20 30 43.5 859.1 

Total     4414.1 

 

 



 
 
 

26 
 
 

Table 8 

Windows (Conduction Load) 

Hour CLTD CLTD corrected Q (Btu/hr) 

20 8 21.5 1182.5 

21 6 19.5 1072.5 

22 4 17.5 962.5 

23 3 16.5 907.5 

24 2 15.5 852.5 

1 1 14.5 797.5 

2 0 13.5 742.5 

3 -1 12.5 687.5 

4 -2 11.5 632.5 

5 -2 11.5 632.5 

6 -2 11.5 632.5 

Total     9102.5 

 

 

Table 9 

Max Q Values (Btu) Max Q Values (kJ) Max Q Values (kWh) 

Roof 188870 Roof 199258 Roof 55 

Windows 9817.5 Windows 10357 Windows 3 

Walls 278475 Walls 293791 Walls 82 

Total 477163 Total 503406 Total 140 

Min Q Values (Btu) Min Q Values (kJ) Min Q Values (kWh) 

Roof 25670 Roof 27082 Roof 8 

Windows 9818 Windows 10357 Windows 3 

Walls 18644 Walls 19669 Walls 5 

Total 54132 Total 57109 Total 16 

 

Courtney- Heat Equation and Phase Change Diagram Applications 

An important project component is understanding phase change diagrams and the difference 

between latent and sensible heat. A phase change diagram is shown below, demonstrating the 

difference between latent and sensible heat.  
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Figure 4 Phase Change Diagram [53] 

An important aspect of the project is determining which material takes up the least space. To 

calculate this fact, a series of calculations are made in MATLAB using the equations for latent 

and sensible heat to determine the heat energy density of the materials and compare that to the 

energy requirements. The formulas for latent and sensible heat are given below.  

𝑳𝒂𝒕𝒆𝒏𝒕 𝑯𝒆𝒂𝒕 = 𝑸 = 𝒎 ∗ 𝒄 (𝟖) 

𝑺𝒆𝒏𝒔𝒊𝒃𝒍𝒆 𝑯𝒆𝒂𝒕 = 𝑸 = 𝒎 ∗ 𝑪 ∗ ∆𝑻 (𝟗) 

𝑫 =
𝒎

𝑽
(𝟏𝟎) 

 

Where 

m = mass 

c = heat of fusion 

C = specific heat 

T = temperature 

V = volume 

D = density 

 

The volume of material needed is calculated by rearranging the above equations and including 

the additional variables of energy needed to cool the house through the night calculated in the 

transient heat analysis done previously in Excel. This is inputted in MATLAB in the code that 

can be found in the appendix, and the following graphs are created for water and concrete.  
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Table 10 

 

 

Figure 5 

 



 
 
 

29 
 
 

 

Figure 4 

 

Table 11 
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Figure 6 

 

Table 12 
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Figure 7 

 

Figure 8 
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Steven- Morphological calculations 

Now that the energy calculations can produce a value that pertains to the volume of the product, 

some morphology can be derived. Using SolidWorks to model a general geometry prototype is 

created, which can be used to gain preliminary measurements. SolidWorks will conveniently 

provide all the values required for the morphology of a prototype in any units required. Because 

the Pex-A pipe is in imperial units, the volume of the material is converted 0.1621 𝑚3is 5.724 

𝑓𝑡3. According to the SolidWorks model, per foot of 1-inch Pex-A with a .25-inch copper pipe 

inserted inside is 0.00371185 𝑓𝑡3 means that our prototype will require 1542.1 feet of the 

prototype. 

Using this method as a template and executing the rest of the materials, the calculations can 

inform the team how they apply to the customer and engineering requirements. It is already 

understood that this would be 161.7 kg of water or 356.5 pounds. Paraffin in the prototype means 

2852 feet of Pex-A (10.6 𝑓𝑡3 and 661.4 pounds). Concrete is 33.956 𝑓𝑡3 and 5088 pounds in our 

prototype would be 4232.8 ft. Interestingly, in concrete, the temperature of the prototype can be 

decreased to values of -40 degrees Celsius or if the prototype required is cut in half. Given that 

concrete would not require a container like water, it can give a distinct advantage in the cost of 

the device. 

Courtney- Arduino Temperature Sensors 

During the project's testing phase, we may need to use an Arduino and temperature sensors to 

determine how well our design stores thermal energy. Depending on the type of sensor we use, 

we will need to convert the input voltage or current into temperature.  

To prepare for this, the online simulation tool TinkerCad was used to model an Arduino and 

temperature sensor. This tool only has a TMP temperature sensor, so the modeling is based on 

that. To convert a TMP sensor voltage to temperature, the following equation is used: [54] 

𝑻𝒆𝒎𝒑 (𝑪) = (𝑽 − 𝟎. 𝟓) ∗ 𝟏𝟎𝟎 (11) 

In Tinkercad, the code (found in the appendix under Figure 9)  and the equation above was used 

to calculate the temperature using the Arduino. The values were then sent to the serial monitor.  

Maciej- Net Present Value (NPV) 

Net Present Value (NPV) is a crucial financial metric used to evaluate the profitability and cost-

efficiency of investment projects over time. When it comes to renewable energy technologies, 

such as home thermal energy storage systems, net present value (NPV) analysis offers important 

information on how feasible these projects are. To calculate net present value (NPV), all project-
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related future cash flows are discounted using a predefined discount rate to their present value. 

When referring to a single-household thermal energy storage system, this includes: 

o Initial investment: The initial outlay needed to buy and install the thermal energy storage 

system. 

o Cash Flow: The total net cash inflows and outflows that result from the system's lifetime 

operation. This includes any applicable charges as well as money from energy savings 

and maintenance. 

o Annual Discount Rate: This rate, which takes into account both the investment risk and 

the time value of money, is used to discount future cash flows to their present value. 

Usually, this rate takes into account variables like opportunity cost, inflation, and project-

specific risk. 

The NPV formula is expressed as: 

𝑁𝑃𝑉 =  
𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤

(1+𝑟)𝑡 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 (12)

  

Where: 

r = annual discount rate 

t = number of periods 

With other financial data and qualitative considerations, decision-makers should evaluate the net 

present value (NPV) of a thermal energy storage system for a single-family household. A 

positive net present value (NPV) suggests that the investment may be profitable and could 

support moving forward. It is imperative, nonetheless, to assess net present value (NPV) in 

tandem with sensitivity analysis, taking into account fluctuations in critical factors, including 

discount rate, energy costs, and system longevity. 

 

The team evaluated two of their thermal energy storage final designs, Water Bar, and Concrete 

wall made of concrete blocks. Water Bar design is expected to be manufactured. The team 

performed their NPV and ROI calculations based on a price of manufacturing 20,000 units. 

Therefore, the price of each single unit is estimated to be $367. Multiplying this number by 

20,000 the total manufacturing price is estimated to be $7,333,500.00. It is assumed to sell 4,000 

units annually for 5 years for the price of $700/unit. The present value is therefore calculated in 

table 18. The discount rate of 4.75% is being considered regarding this project. Using the Net 

Present Value and all of the assumptions it is calculated that the project will bring a profit of 

$4,873,270.52 after 5 years. The Return on Investment is estimated at 13%, that is because 5 

water bar devices are needed to cool off a 1,600 ft^2 house. Therefore, the ROI value was 

divided by 5 units. 

As for the Concrete blocks, the team decided to apply it only to a new built house. It is calculated 

that our design can cover 1/3 of a electricity load during on-peak hours. This design consists of 
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45 units of 4x4x84 inch concrete blocks. Therefore, the team came up with a design to put a wall 

of concrete blocks while designing and building a house. The estimated cost of materials and 

labor of this design is $5,416.40 as shown in table 16. Additionally, a customer is charged a $500 

engineering fee and 40% mark up on materials. That brings the company a $2,292.40 profit for 

each project performed. It is assumed to perform 5 projects annually for 5 years. The present 

value is therefore calculated in table 18. Using the Net Present Value and all of the assumptions 

it is calculated that the project will bring a profit of $32,624.92 after 5 years. The ROI is 

estimated at 24%.  

Below are tables supporting the NPV calculations.  

 

Table 13 

 

Table 14 
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Table 15 

 

Table 16 

 

Table 17 

 

Table 18 
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Janelle- Analyzing a Vapor-Compression Refrigeration Cycle 

Having an analysis of the Vapor-Compression cycle of this system is crucial. This is essentially 

what we are doing with our device. To accomplish this I read chapter 10 of Fundamentals of 

Engineering Thermodynamics (Textbook) [19] to learn about vapor compression refrigeration 

cycles. From there I went through different examples of compression cycles until I was able to 

create one for our system. I did this in conjunction with finding the mass flow rate. I used excel 

to calculate some values from tables, and after that I completed the rest of the calculations by 

hand. The hand calculations can be seen in the figures below. The heat transfer rate (Q_dot) for 

the system is Q_dot= 1.310664 kJ. Refer to the figures 11 and 12 below to see the worked-out 

calculations.  
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Figure 9 
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Figure 10 
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Figure 11 

Table 19 
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Aaron – Biot Number Calculation and Lumped Capacitance  

 

 

Figure 12 

The calculation for the Biot number was necessary to determine if the lumped capacitance 

method would apply to our system. I wrote a MATLAB script seen in figure 12 that would 

compute a simple calculation and check to see if it meets the parameters being if the Biot number 

is calculated to be less than 0.1 then if  the lumped capacitance method applies it can be used to 

determine how the concrete thermal mass or the Waterbars would cool/heat over time. The script 

needs the user to input the temperatures of the thermal mass and the ambient as well as the heat 

transfer coefficient, the surface area, density, volume, specific heat capacity, thermal 

conductivity, and time that the mass will be subjected to these parameters.  

After the parameters for the calculations are set the next thing, the script does is calculate for the 

characteristic length. That is the last variable needed to solve for the Biot number. The next 

calculation which is for the Biot number uses the equation used in the Heat transfer textbook 

[18]. After running this code for the parameters for the water thermal mass which can be seen in 

appendix B, the Biot number was calculated and was not less than 0.1. The same was done for 

the concrete thermal mass and the Biot number led us to determine that the lumped capacitance 
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would not apply to either of the thermal energy storages designed by the team because the 

assumption of the materials thermal resistance being negligible could not be made. 

Steven- External flow and bank of tubes external flow 

The external flow of air over the device is the method of delivery of cold air. In the fashion of 
the datum is to pump glycol and operate a fan. Ours is only to operate a fan over the chilled 
surface. To obtain the theoretical model Matlab was employed. 

To solve the external flow over the water bars a Matlab lab code was created. Simulating a 
bank of tubes with five bars in staggered rows.  

 

Chapter 4: Design Concepts 

4.1 Functional Decomposition 

The following models demonstrate the function of the system. The color codes correlate the 

varying graphs to demonstrate which functions happen in their corresponding component.  

Figure 13: Removing Thermal Energy from Thermal Mass  
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Figure  

 

14

Figure 15 
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Figure 16 

4.2 Concept Generation 

After taking in the research and other designs we developed a method for categorizing and 

quantifying the ideas we generated. This is a conglomeration of design criteria, customer 

requirements, and engineering models. The first rounds of concepts are raw with no values that 

coincide with the engineering models. As more input from the client were added values for 

volume, energy capacity, and latent heat. 
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Figure 17 

Aaron 

 
Figure 18 

Aaron 

 
Figure 19 

Courtney 

 
Figure 20 

Courtney 

 
Figure 21 

Janelle 
 

Figure 22 

Janelle 

 
Figure 23 

Maciej 

 
Figure 24 

 

 

 

Maciej 

 

 
Figure 25 

Courtney 

 
Figure 26 

Courtney 

 

Initial Brainstorming Ideas 

The design process began with brainstorming ideas and creating ideas for systems. Each member 

of the team sketched out some ideas with not many requirements and not too many. These 

sketches can be seen in the table above.  

The first two designs were created by Aaron and the first one to the left is a PCM panel that has a 

microencapsulated phase change material that is inside of a composite type of panel such as a 

fiber panel that is perforated to allow for high airflow through the panel to ease in the phase 
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change process. To the right of that design is a ‘Radiant Cooling’ design that works by having 

copper piping run through the walls with a mixture of Ethylene Glycol pumped through that is 

chilled and with the walls being cooled so much that the room encased will be cooled radiantly. 

The next two designs to the right were created by Courtney and the first she made consists of 

filled with water that flows through a phase change material that could possibly sit inside of a 

wall and the piping also leads to a high air flow area such as an air vent. The next consists of a 

panel much like the PCM Panel mentioned above but the main improvement here is that there is 

more of the PCM and more surface area for there to be more heat conductivity. The idea with 

this design is to place the panel right at the exit of the AC vents to force more air flow and phase 

change the material and therefore be able to quickly use the energy stored inside. 

Janelle's ideas began with ‘Puffy Cement’ which in theory is a block of cement which will be the 

material used to dump heat out of and then with insulation the block will be held at a low 

temperature. The insulation is where the name puffy comes from, assuming pink fiberglass 

insulation is used. Also, there is the idea of using solar energy to heat water and storing that 

energy to be used in an HVAC unit. 

Maciej’s ideas consist of a block of phase change material that can be incorporated into a 

preexisting HVAC system. The idea is to redirect the airflow into another air vent that led to the 

PCM when it needs to be cooled and melted to be used at that temperature. The other design is 

very similar to Courtneys updated design where the PCM has copper tubes running though to aid 

in conducting heat. The copper will allow for the temperature of the PCM to be controlled 

depending on the fluid that flows through. 

These initial concepts were also used to develop all the sub functions of the later devices that are 

combined to make the final design. This process also informed the need for data about 

substances that still need values that will be found through experiment. This process allows us to 

move into the selection criteria. 

4.3 Selection Criteria 

4.3.1 Applying the Requirements. 

Using the ideas the team generated, and the newly created sub functions the concepts are refined 

into 6. The requirements and models are applied to find what the 6 will look like and cost. Here 

every subfunction’s value needs to be justified. Such that expensive paraffin’s will need a 

morphological aspect to justify the cost. N-Tetradecane with an estimated cost of $380 per 

kilogram and using geometry and listed values of latent heat a value for the device is 

developed.[55]  The team had to discuss what would cause paraffin to no longer be allowable. In 

that case the paraffin latent heat will need to have some way to mitigate the lag in water. If the 

concept cannot overcome the cost, it will be removed and the mitigation techniques for the 
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damage caused by water expansion will become the winning concept. Along with these criteria 

restrictions we needed to include government regulations. 

4.3.2 Government Regulations 

Our team is thoroughly examining various building codes, such as the International Existing 

Building Code (IEBC), International Energy Conservation Code (IECC), and International Fire 

Code (IFC), to ensure the safety and compliance of integrating thermal energy storage systems 

into air conditioning units in Phoenix homes. [38], [56], [37] Understanding these standards is 

critical because they provide broad concepts and regulations for retrofitting, energy efficiency, 

and fire safety in buildings. By examining these codes, we want to acquire useful insights into 

building and implementing thermal energy storage solutions that optimize energy usage, improve 

environmental sustainability, and limit possible hazards such as flammability issues connected 

with phase change materials (PCMs). The team’s goal is to build integrated systems that not only 

fulfill high safety and performance standards, but also help Phoenix households save energy and 

money on utilities while maintaining their comfort and safety. Another team’s goal is to meet 

criteria for the energy star program that would enhance financing and marketing of our product 

and attract other companies and clients to partner up with our team. [36] 

 

The International Existing Building Code (IEBC) establishes comprehensive principles and 

requirements for retrofitting and renovating existing buildings, assuring their safety, 

sustainability, and energy efficiency. [38] By studying this code, we can gain significant insights 

into creating a thermal energy storage system that integrates with wall-mounted air conditioning 

units. Incorporating thermal energy storage into these systems is consistent with IEBC's 

emphasis on energy conservation and sustainability. Using materials with high thermal mass, 

such as phase change materials (PCMs), in building walls can efficiently absorb and release heat, 

minimizing reliance on traditional HVAC systems during peak demand periods. Compliance 

with IEBC standards guarantees that these integrated systems meet safety and performance 

requirements, which improves overall building efficiency and environmental sustainability. 

Furthermore, using the IEBC rules can help with the smooth integration of thermal energy 

storage solutions into existing building structures, maximizing space use and improving overall 

building performance. 

 

The International Energy Conservation Code (IECC) establishes critical criteria and principles 

for improving building energy efficiency, providing useful insights for constructing a thermal 

energy storage system integrated into the air conditioning unit of a single-family home in 

Phoenix. Given Phoenix's hot environment, thermal energy storage can help optimize energy 

consumption during peak demand hours. By introducing phase change materials (PCMs) or other 

thermal storage mediums into the air conditioning system, excess thermal energy generated 
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during off-peak hours can be stored and released during peak periods, reducing grid load, and 

increasing overall energy efficiency. Compliance with IECC assures that the integrated system 

meets high energy efficiency regulations, resulting in reduced energy usage and lower utility 

costs for Phoenix homeowners while preserving comfort levels within the home. [56] 

Additionally, following IECC rules allows for seamless integration with current building 

regulations and standards, ensuring compliance and safety in the design and implementation of 

thermal energy storage solutions. 

 

The International Fire Code (IFC) establishes crucial norms and standards for building fire safety 

and essential recommendations for constructing thermal energy storage systems that use phase 

change materials (PCMs) that may represent flammability risks. [37] When incorporating such 

materials into a single-family home in Phoenix, where fire safety is crucial, following IFC 

requirements is critical. Installing fire-resistant enclosures and containment measures around the 

PCM storage units can reduce potential fire risks. Furthermore, adding automatic fire 

suppression systems and using non-flammable PCM substitutes whenever available is consistent 

with the IFC's objective on reducing fire threats. By adhering to IFC requirements, engineers 

may ensure the safe integration of thermal energy storage systems using PCMs within residential 

constructions in Phoenix, increasing both energy efficiency and fire safety for homeowners. 

 

The United States Environmental Protection Agency (EPA) established the Energy Star program 

to promote energy efficiency and sustainability in consumer products, buildings, and enterprises. 

Products and technologies that earn the Energy Star label meet the EPA's high energy efficiency 

criteria, showing that they use less energy than standard versions while providing the same or 

improved performance. [36] Our proposal, which involves the integration of thermal energy 

storage into air conditioning systems, is in line with Energy Star's objectives. Thermal energy 

storage allows us to optimize the energy consumption of air conditioning devices, lowering 

overall power consumption during peak demand periods. This meets Energy Star's requirements 

for energy-efficient products and technologies. 

 

Meeting Energy Star criteria with our thermal energy storage technology can provide various 

advantages for our project. First, it improves marketability by highlighting our system's energy 

efficiency and environmental friendliness, thus attracting additional consumers and clients. 

Second, it can lead to cash incentives and rebates from Energy Star and other energy efficiency 

programs, lowering the initial expenses of implementing our solution. Furthermore, satisfying 

Energy Star standards may lead to new financial opportunities or collaborations with groups 

dedicated to sustainability and energy efficiency. 
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4.4 Concept Selection 

Table 20 

 

 

 

 

Table 21 

Decision Matrix 
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Table 22 

 

Final Design Ranking 

 

The top criteria that our design was ranked on in the decision matrix were: Listed lowest 

importance to highest. (8= highest,1=lowest) 

1. Power Saving/Grid Assistance 

a. Saves Power because it doesn't use prime time power. 

b. How well does it ease the load off the grid during peak time, use power during 

low? 
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2. Internal Rate of Return (IRR) 

a. The expected compound annual rate of return that will be earned on a project or 

investment. 

3. Comfort Level 

a. How Hot/Cold will it make the house of the customer? 

4. Ease of Maintenance 

a. Does it need monthly/yearly/Every 5-year maintenance. Refills, Parts, Repairs, 

Ease of Access? 

5. Pre-Existing 

a. Is it realistic for the average home buyer, Pre-Build? 

6. Efficiency 

a. How efficient is it? 

7. Net Present Value (NPV) 

a. The difference between the present value of cash inflows and the present value of 

cash outflows over a period. 

8. Safety 

a. Does it explode, catch fire, freeze unexpectedly? How heavy is it? Will it fall on 

someone and kill them? 

Since the last report there have been many designs that have been eliminated for various reasons. 

The underground systems would have been extremely difficult to maintain. The designs that 

integrated the thermal mass into the air conditioning system received positive reviews from our 

client, ranking them higher on the decision matrix. 

After lots of deliberation, calculations, and realization of time and what is possible with the 

timeline and costs, we finally came to a decision of 2 high quality designs. As well as completing 

the calculations and deliberating as a team, we also re-ranked our designs on each of the fields, 

we had two final designs: Placing panels directly on AC ducts and integrating them into the air 

conditioning cycle. We selected these two designs because as we move into the testing and 

prototyping phase, we need to determine through testing if the mass stores cool energy better 

through the expansion line or in the evaporator. This is very important step in this process. At 

this point, the main and last step is to test materials within the different prototypes we have 

created, both physical and digital models. 

A thermodynamic model of the general design is shown below, with the two designs integrated 

into their respective locations. We will test these designs using temperature sensors to determine 

the best. The final design can be found in the appendix under Figure 11. 
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Chapter 5: Schedule and Budget 

5.1 Schedule 

Spring Semester Schedule 

TASK ASSIGNED TO PROGRESS START END 

 

Presentation 1    2/5/24  

Schedule Courtney 100% 4/22/24 2/1/24  

Meet with Client  Everyone/Janelle 100% 2/2/24 2/2/24  

Find 3 Existing Designs Aaron  100% 1/31/24 2/3/24  

Literature Review Everyone   100% 1/31/24 2/3/24  

Mathematical Modeling Steven 100% 1/31/24 2/3/24  

Budget Maciej 100% 1/31/24 2/3/24  

QFD Janelle 100% 2/3/24 2/3/24  

PowerPoint Presentation everyone 100% 2/4/24 2/5/24  

Presentation 2    2/26/24  

Update Gantt Chart  Courtney  100% 2/6/24 2/10/24  

Concept Generation Split evenly  100% 2/6/24 2/17/24  

Pugh Chart Steven, Aaron  100% 2/12/24 2/19/24  

Decision Matrix Janelle 100% 2/18/24 2/21/24  

Bill of Materials  Maciej 100% 2/22/24 2/25/24  
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Engineering Calculations Steven  100% 2/6/24 2/25/24  

Function Flow Handout Courtney 100% 2/6/24 2/25/24  

Hypothesized Functional Models Janelle 100% 2/6/24 2/25/24  

Look for Fundraising  Maciej 100% 2/6/24 2/25/24  

PowerPoint Presentation Everyone   100% 2/26/24 2/26/24  

Website Check 1    3/15/24  

Team Pictures Janelle  100% 3/5/24 3/9/24  

Project Description Aaron  100% 2/19/24 3/9/24  

Team about us  Maciej  100% 2/19/24 3/9/24  

Documents Steven 100% 2/19/24 3/9/24  

Gallery Janelle  100% 2/19/24 3/9/24  

Project Description Page Code Courtney 100% 2/19/24 3/15/24  

Team About Us Page Code Steven  100% 2/19/24 3/15/24  

Gallery Page Code Steven 100% 2/19/24 3/15/24  

Documents Page Code Courtney 100% 2/19/24 3/15/24  

Website Active  Courtney, Steven  100% 2/19/24 3/15/24  

Report 1    3/15/24  

Background Maciej  100% 2/26/24 3/16/24  

Customer/Engineering Req Janelle 100% 2/26/24 3/15/24  
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Executive Summary Janelle 100% 2/26/24 3/8/24  

Format and Grammer Courtney 100% 3/13/24 3/15/24  

QFD Janelle 100% 2/26/24 3/8/24  

Literature Review 7 each  100% 2/26/24 3/15/24  

Mathematical Modeling  2 each  100% 2/26/24 3/15/24  

Decision Matrix Janelle  100% 2/26/24 3/15/24  

Pugh Chart Aaron  100% 2/26/24 3/15/24  

Consumer regulations Maciej, Steven 100% 2/26/24 3/15/24  

Building Codes Maciej, Steven  100% 2/26/24 3/15/24  

Functional Decomposition Chart Courtney 100% 2/26/24 3/15/24  

Concept Generation  Aaron  100% 2/26/24 3/15/24  

Conclusion Courtney 100% 2/26/24 3/15/24  

Analysis Memo    3/22/24  

Select Individual Topic Everyone 100% 3/19/24 3/22/24  

Write About Topic in Report Everyone 100% 3/19/24 3/22/24  

Presentation 3    4/1/24  

Drawing Views of Designs Aaron  100% 3/24/24 4/8/24  

Top Level Design functions Steven  100% 3/24/24 4/8/24  

Important sub-assemblies Aaron 100% 3/24/24 4/8/24  
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Flow Charts Courtney 100% 3/24/24 4/8/24  

Project Description   Courtney   100% 3/24/24 4/8/24  

QFD Janelle  100% 3/24/24 4/8/24  

Engineering Calculations 
Janelle, Steven, 
Courtney 

100% 3/24/24 4/8/24  

Analysis Tools (Arduino, Material 
Analysis) 

Courtney 100% 3/24/24 4/8/24  

Analysis Tools (Ansys) Steven  100% 3/24/24 4/8/24  

ER and CR's yet to be quantified Janelle  100% 3/24/24 4/8/24  

FMEA/list potential failures Steven, Maciej 100% 3/24/24 4/8/24  

Testing Procedures Maciej, Aaron 100% 3/24/24 4/8/24  

List equipment needed Maciej 100% 3/24/24 4/8/24  

Schedule for next term Courtney   100% 3/24/24 4/8/24  

Project Budget Maciej  100% 3/24/24 4/8/24  

Physical Copies of 
Diagrams/Drawings 

Aaron 100% 3/31/24 4/8/24  

Prototype Demo    4/1/24  

Physical Prototype Aaron, Maciej 100% 3/19/24 4/1/24  

Virtual Prototype Steven, Janelle 100% 3/19/24 4/1/24  

Report #2    4/26/24  

Project Description Courtney  100% 4/1/24 4/23/24  

Deliverables Team 100% 4/1/24 4/23/24  
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Success Metrics Team 100% 4/1/24 4/23/24  

Customer Requirements Janelle 100% 4/1/24 4/23/24  

Engineering Requirements Janelle 100% 4/1/24 4/23/24  

House of Quality (QFD) Janelle 100% 4/1/24 4/23/24  

Benchmarking Aaron 100% 4/1/24 4/23/24  

Literature Review (10+ each) Everyone 100% 4/1/24 4/23/24  

Math Modeling – Vapor      
Compression Cycle 

Janelle 100% 4/1/24 4/23/24  

Math Modeling - NPV Maciej 100% 4/1/24 4/23/24  

Transient Heat Model  Janelle*/Courtney 100% 4/2/24 4/23/24  

Math Modeling - Morphology Steven 100% 4/1/24 4/23/24  

Math Modeling - Materials Courtney  100% 4/1/24 4/23/24  

Functional Decomposition Courtney 100% 4/1/24 4/23/24  

Concept Generation Maciej 100% 4/1/24 4/23/24  

Selection Criteria Aaron 100% 4/1/24 4/23/24  

Concept Selection - Decision Matrix Janelle 100% 4/1/24 4/23/24  

Concept Selection - Fos Steven 100% 4/1/24 4/23/24  

Schedule   Courtney 100% 4/1/24 4/23/24  

Budget Maciej 100% 4/1/24 4/23/24  

Bill of Materials Maciej 100% 4/1/24 4/23/24  
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FMEA (failure analysis) Steven 100% 4/1/24 4/23/24  

Initial prototyping Aaron 100% 4/1/24 4/23/24  

Other Engineering Calculations Team 100% 4/1/24 4/23/24  

Future Testing Potential Maciej and Aaron 100% 4/1/24 4/23/24  

Final CAD and BoM    4/26/24  

   CAD Aaron, Steven 100%  4/26/24  

Bill of Materials  Maciej 100%  4/26/2024  

2nd Prototype Demo    4/29/24  

Physical Prototype Aaron Maciej 100%  4/29/24  

Virtual Prototype Janelle, Steven   100%  4/29/24  

Project Management 
Assignment 

   5/3/24  

List of Successes  100%    

List of imporvements  100%    

List of action items  100%    

Remaining design efforts  100%    

Gantt chart for 2nd semester  100%    

Purchasing plan  100%    

Manufacturing Plan  100%    

Website Check #2    5/5/24  
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CAD and prototyping images      

Update Pages      

Submit live link      

      

      

 

Fall Semester Schedule 

  
TASK ASSIGNED TO 

PROGRES
S 

START END 
  

  
Initial Tasks         

Initial tasks 

Update Gantt chart Courtney  100% 8/1/24 8/26/24 

Submit Purchase 
Request 

Maciej 100% 8/26/24 9/5/24 

Assign parts Courtney  100% 8/26/24 9/5/24 

  

Project 
Management 
Assignment 

    8/31/24 

Updates 
from last 
semester 

Update Header 
Information 

Janelle 100% 8/26/24 8/31/24 

Update Gantt Chart Courtney 100% 8/26/24 8/31/24 

Update design efforts 
for what was completed 
over summer 

Steven 100% 8/26/24 8/31/24 

Update purchasing 
plan 

Maciej 100% 8/26/24 8/31/24 

Update 
manufacturing plan 

Aaron 100% 8/26/24 8/31/24 

Submit assignment Courtney 100% 8/31/24 8/31/24 
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Engineering 
Calculations 
Assignment 

    9/7/24 

Top Level 
Design 

Summary 

State problem you're 
trying to solve/solution 

Maciej 100% 8/31/24 9/7/24 

Show image of top-
level CAD/engineering 
drawings 

Aaron 100% 8/31/24 9/7/24 

Describe sub 
systems 

Aaron 100% 8/31/24 9/7/24 

Show updated QFD Janelle 100% 8/31/24 9/7/24 

Summary of 
Codes and 
Regulations 

Summarize codes 
and regulations that apply 
to your design space 

Maciej/Steven 100% 8/31/24 9/7/24 

Summary of 
Equations 

and 
Solutions 

Cooling Load/Mass 
of Materials Needed 

Courtney 100% 8/31/24 9/7/24 

Summarize 
conditions that led to your 
'load cases' 

Courtney  100% 8/31/24 9/7/24 

NPV Maciej 100% 8/31/24 9/7/24 

Resistive Network Janelle 100% 8/31/24 9/7/24 

Thermo Control 
Volume deltaT (mdot) air 

Steven 100% 8/31/24 9/7/24 

Lumped capacitance 
method (dT) 

Aaron 100% 8/31/24 9/7/24 

External convective 
heat coefficient (hbar) 

Steven 100% 8/31/24 9/7/24 

Flow Charts 
and 
Diagrams 

Functional 
Decomposition 

Courtney 100% 8/31/24 9/7/24 

Moving 
Forward 

Write Conclusion Janelle 100% 8/31/24 9/7/24 

Format Document Aaron 100% 8/31/24 9/7/24 

  
Hardware Status 

Update - 33% build 
    9/25/24 

Purchasing 
Plan 

Bill of Materials Maciej 100% 8/27/24 9/25/24 
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Submit purchasing 
request to get ready for 
67% build 

Maciej 100% 8/27/24 9/25/24 

Top level Budget Maciej 100% 8/27/24 9/25/24 

QFD Calcs- COST Maciej 100% 8/27/24 9/25/24 

QFD Calcs - NPV Maciej 100% 8/27/24 9/25/24 

Design 
Efforts 

QFD Calcs-SAFETY Steven 100% 8/27/24 9/25/24 

Tap the AC unit 
vapor compression cycle 

Steven 100% 8/27/24 9/25/24 

Build the TES test 
Box 

everyone 100% 8/27/24 9/25/24 

QFD Calcs-NPV Maciej 100% 8/27/24 9/25/24 

Factor of Safety Steven 100% 8/27/24 9/25/24 

QFD Calcs-
MAINTENANCE 

Steven 100% 8/27/24 9/25/24 

QFD Calcs-WEIGHT Aaron 100% 8/27/24 9/25/24 

QFD Calcs-LATENT 
HEAT 

Courtney  100% 8/27/24 9/25/24 

QFD Calcs-
SENSIBLE HEAT 

Courtney  100% 8/27/24 9/25/24 

Lay concrete with 
water 

Maciej, Steven, Aaron 100% 8/27/24 9/25/24 

Build water/TES 
Janelle, Courtney, 
Aaron 

100% 8/27/24 9/25/24 

CAD Steven/Aaron 100% 8/27/24 9/25/24 

Plan for chiller Steven/Willy 100% 8/27/24 9/25/24 

Manufacturin
g Plan 

Write out 
manufacturing plan 

Courtney 100% 8/27/24 9/25/24 

Demonstrati
on 

Bring hardware to 
class to demonstrate 
functionality 

everyone 100% 8/27/24 9/25/24 
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PowerPoint 
Presentation 

Janelle 100% 8/27/24 9/25/24 

Gantt Chart 
Update 

Update Gantt Chart Courtney 100% 8/27/24 9/25/24 

  Website Check #1       
10/11/2

4 

Website 

Update Pictures Courtney  100% 9/15/24 
10/11/2

4 

Add Resumes Courtney 100% 9/15/24 
10/11/2

4 

Update LinkedIn Courtney 100% 9/15/24 
10/11/2

4 

Update Pages Courtney  100% 9/15/24 
10/11/2

4 

  
Hardware Status 

Update - 67% build 
    

10/16/2
4 

Purchasing 
Plan 

Bill of Materials Maciej 100% 9/25/24 
10/16/2

4 

Submit purchasing 
request to get ready for 
100% build 

Maciej 100% 9/25/24 
10/16/2

4 

Top level Budget Maciej 100% 9/25/24 
10/16/2

4 

QFD Calcs- NPV Maciej 100% 9/25/24 
10/16/2

4 

Design 
Efforts 

Make CAD ready for 
presentation 

Aaron/Steven 100% 9/25/24 
10/16/2

4 

Purchase refrigerator 
for chiller 

Maciej 100% 9/25/24 
10/16/2

4 

Wire vinyl tubes 
through chiller system 

everyone 100% 9/25/24 
10/16/2

4 

Add the pump to the 
chiller 

everyone 100% 9/25/24 
10/16/2

4 

Connect the walls to 
each other (test box) 

everyone 100% 9/25/24 
10/16/2

4 

Order Pico data 
logger 

Maciej 100% 9/25/24 
10/16/2

4 

Create new iteration 
of water bar 

everyone 100% 9/25/24 
10/16/2

4 
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connect chiller to 
water bar 

everyone 100% 9/25/24 
10/16/2

4 

Connect chiller to the 
concrete box 

everyone 100% 9/25/24 
10/16/2

4 

Take pictures of 
design for presentation 

everyone 100% 9/25/24 
10/16/2

4 

Update calculations Janelle/Steven 100% 9/25/24 
10/16/2

4 

Manufacturin
g Plan 

Write what has 
already been 
manufactured 

Courtney  100% 9/25/24 
10/16/2

4 

Write what needs to 
still be manufactured 

Courtney  100% 9/25/24 
10/16/2

4 

Demonstrati
on 

Bring hardware to 
class 

Maciej 100% 9/25/24 
10/16/2

4 

Prepare Old Man 
Jokes 

Maciej, Janelle, 
Courtney, Aaron 

100% 9/25/24 
10/16/2

4 

PowerPoint 
Presentation 

Janelle 100% 9/25/24 
10/16/2

4 

Gantt Chart 
Update 

Update Gantt Chart Courtney 100% 
10/12/2

4 
10/16/2

4 

  Efest Registration       
10/24/2

4 

Registration 

Registration Janelle 100% 
10/16/2

4 
10/24/2

4 

Abstract Janelle 100% 
10/16/2

4 
10/24/2

4 

Paragraph Janelle 100% 
10/16/2

4 
10/24/2

4 

  Draft of Poster       
10/31/2

4 

Poster 
Contents 

Abstract Janelle 100% 10/1/24 
10/31/2

4 

Engineering and 
Customer Requirements 

Janelle 100% 10/1/24 
10/31/2

4 

Methods Aaron/Maciej 100% 10/1/24 
10/31/2

4 

Results and 
Conclusions 

Aaron/Maciej 100% 10/1/24 
10/31/2

4 
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Pictures Aaron/Maciej 100% 
10/16/2

4 
10/31/2

4 

Submit Submit Aaron/Maciej 100% 
10/29/2

4 
10/31/2

4 

  
Finalized Testing 

Plan 
      11/1/24 

Design 
Requirement
s Summary 

Engineering and 
Customer Requirements 
(talk to Dr. Acker about 
what he wants for this) 

Janelle 100% 
10/20/2

4 
11/1/24 

Top Level 
Testing 
Summary 

List tests you will be 
performing in a table 

Courtney 100% 
10/20/2

4 
11/1/24 

Detailed 
Testing 
Plans 

Test/Experiments 
summary 

Steven 100% 
10/20/2

4 
11/1/24 

Add steps to Gantt 
Chart 

Courtney 100% 
10/25/2

4 
11/1/24 

Procedure Courtney 100% 
10/20/2

4 
11/1/24 

Results   Janelle 100% 
10/20/2

4 
11/1/24 

Conclusion Steven 100% 
10/20/2

4 
11/1/24 

Specification 
Sheet 

Preparation 

Customer 
Requirement Table 
Met/not met 

Janelle 100% 
10/20/2

4 
11/1/24 

Engineering 
Requirements table 
met/not met 

Janelle 100% 
10/20/2

4 
11/1/24 

QFD 

QFD Calcs- COST Maciej 100% 
10/20/2

4 
11/1/24 

QFD Calcs - NPV Maciej 100% 
10/20/2

4 
11/1/24 

QFD Calcs-
MAINTENANCE 

Steven 100% 
10/20/2

4 
11/1/24 

QFD Calcs-SAFETY Steven 100% 
10/20/2

4 
11/1/24 

QFD Calcs-
THERMAL EFFICIENCY 

Steven 100% 
10/20/2

4 
11/1/24 

  
Hardware Status 

Update 100% build 
    11/7/24 
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Design 
Efforts 

CAD Aaron 100% 
10/16/2

4 
11/7/24 

Update engineering 
calculations 

everyone 100% 
10/16/2

4 
11/7/24 

Purchasing 
Plan 

Bill of Materials Maciej 100% 
10/16/2

4 
11/7/24 

Submit purchasing 
request to get ready for 
100% build 

Maciej 100% 
10/16/2

4 
11/7/24 

Top level Budget Maciej 100% 
10/16/2

4 
11/7/24 

QFD Calcs- NPV Maciej 100% 
10/16/2

4 
11/7/24 

Manufacturin
g Plan 

Take images of 
design 

Courtney/Steven 100% 
10/16/2

4 
11/7/24 

Finalize 
manufacturing plan 

Courtney 100% 
10/16/2

4 
11/7/24 

Demonstrati
on 

PowerPoint 
Presentation 

Janelle 100% 
10/16/2

4 
11/7/24 

Bring final 
demonstration system to 
class 

Maciej/Aaron 100% 
10/16/2

4 
11/7/24 

Gantt Chart Gantt Chart Update Courtney 100% 
10/16/2

4 
11/7/24 

  
Final Poster and 

PowerPoint 
      

11/14/2
4 

Poster 

Update Abstract Maciej 100% 11/1/24 
11/14/2

4 

Update pictures Maciej 100% 11/1/24 
11/14/2

4 

Update engineering 
and customer 
requirements 

Maciej 100% 11/1/24 
11/14/2

4 

Update methods Courtney 100% 11/1/24 
11/14/2

4 

Update results and 
conclusion 

Courtney 100% 11/1/24 
11/14/2

4 

PowerPoint 

Background Steven 100% 11/1/24 
11/14/2

4 

Customer and 
engineering 
requirements/QFD 

Janelle 100% 11/1/24 
11/14/2

4 
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Benchmarking Janelle 100% 11/1/24 
11/14/2

4 

Literature review everyone 100% 11/1/24 
11/14/2

4 

Mathematical 
modeling 

everyone 100% 11/1/24 
11/14/2

4 

Functional 
Decomposition chart 

Courtney 100% 11/1/24 
11/14/2

4 

Insert concept 
generation 

Courtney/Steven 100% 11/1/24 
11/14/2

4 

Selection criteria Janelle 100% 11/1/24 
11/14/2

4 

Concept selection Janelle 100% 11/1/24 
11/14/2

4 

Factor of Safety Steven 100% 11/1/24 
11/14/2

4 

Schedule/Gantt Chart Courtney 100% 11/1/24 
11/14/2

4 

Budget Maciej 100% 11/1/24 
11/14/2

4 

Bill of Materials Maciej 100% 11/1/24 
11/14/2

4 

FMEA Steven 100% 11/1/24 
11/14/2

4 

Final hardware Steven 100% 11/1/24 
11/14/2

4 

Future Work Courtney 100% 11/1/24 
11/14/2

4 

  
Initial Testing 

Results 
      

11/21/2
4 

Design 
Requirement 

Summary 

Summarize design 
requirements 

Janelle 100% 11/1/24 
11/21/2

4 

Engineering and 
customer requirements 
update 

Janelle 100% 11/1/24 
11/21/2

4 

Top level 
testing 
summary 

Make table of tests 
being performed 

Courtney 100% 11/1/24 
11/21/2

4 

Test/experiment 
summary 

Steven 100% 11/1/24 
11/21/2

4 
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Detailed 
Testing 
Plans 

Procedure Courtney 100% 11/1/24 
11/21/2

4 

Results Janelle 100% 11/1/24 
11/21/2

4 

Specification 
Sheet 

Preparation 

Summarize results 
table 

Steven 100% 11/1/24 
11/21/2

4 

 Make table if 
requirements were met or 
not 

Janelle 100% 11/1/24 
11/21/2

4 

QFD QFD Janelle 100% 11/1/24 
11/21/2

4 

  Final CAD packet       
11/22/2

4 

CAD 
Requirement

s 

Create PDF of final 
CAD packet 

Aaron 100% 11/1/24 
11/22/2

4 

Bill of Materials Maciej 100% 11/1/24 
11/22/2

4 

Check that drawings 
adhere to ASME GD&T 
standards 

Aaron 100% 11/1/24 
11/22/2

4 

Compile info needed 
to manufacture and build 
design 

Steven 100% 11/1/24 
11/22/2

4 

Create zip file Aaron 100% 11/1/24 
11/22/2

4 

  
Final Testing 

Results 
      

11/27/2
4 

Design 
Requirement 
Summary 

Copy & paste 
engineering and customer 
requirements from 
previous assignment 

Janelle 100% 11/1/24 
11/27/2

4 

Top Level 
Testing 
Summary 

Update table of 
experiments/tests and 
results 

Courtney 100% 11/1/24 
11/27/2

4 

Detailed 
Testing 
Plans 

Update 
test/experiment summary 

Steven 100% 11/1/24 
11/27/2

4 

Procedure Courtney 100% 11/1/24 
11/27/2

4 

Results Janelle 100% 11/1/24 
11/27/2

4 

Specification 
Sheet 

Finalize tables for 
customer and engineering 
requirements 

Janelle 100% 11/1/24 
11/27/2

4 
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QFD QFD Janelle 100% 11/1/24 
11/27/2

4 

  Final Report       12/3/24 

Report 
Sections 

Background Janelle 100% 11/1/24 12/3/24 

Requirements Janelle 100% 11/1/24 12/3/24 

Design Space 
Research 

everyone 100% 11/1/24 12/3/24 

Concept Generation 
and Design Selected 

Janelle 100% 11/1/24 12/3/24 

Project Management   Janelle 100% 11/1/24 12/3/24 

Final Hardware Steven 100% 11/1/24 12/3/24 

Testing  
Courtney/Steven/Jan
elle 

100% 11/1/24 12/3/24 

Risk Analysis and 
Mitigation 

Steven 100% 11/1/24 12/3/24 

Looking Forward Janelle 100% 11/1/24 12/3/24 

Conclusion Janelle 100% 11/1/24 12/3/24 

Final 
Formatting 

Check Formatting Janelle 100% 11/1/24 12/3/24 

  
Final Website 

Check 
      12/4/24 

Website 
Requirement

s 

Team short intro 
video 

Courtney 100% 
11/24/2

4 
12/4/24 

Include 
pictures/action shots 

Courtney 100% 
11/24/2

4 
12/4/24 

Email Brian 
Hanabury for advertising 

Courtney 100% 
11/24/2

4 
12/4/24 

Make LinkedIn post Courtney 100% 
11/24/2

4 
12/4/24 

Website is live Courtney 100% 
11/24/2

4 
12/4/24 

  
Final Project 

Demo 
      12/5/24 



 
 
 

67 
 
 

Product 
Demonstrati
on 

Plan demonstration 
for class 

everyone 100% 
11/25/2

4 
12/5/24 

  
Operation/Assem

bly Manual 
      12/5/24 

Manual 
Requirement

s 

Assembly Aaron 100% 11/5/24 12/5/24 

Disassembly Steven 100% 11/5/24 12/5/24 

Operation  Courtney 100% 11/5/24 12/5/24 

Maintenance 
Instructions 

Janelle 100% 11/5/24 12/5/24 

A troubleshooting 
section for potential 
failures 

Steven 100% 11/5/24 12/5/24 

  

Expo PPT and 
Poster Presentation 
Delivery Results 

  12/6/24 

 

5.2 Budget 

Our group started this semester with a $5,000 initial budget that comes from Salt River Project 

(SRP). We were able to effectively fundraise an extra $500 thanks to our combined efforts, 

which strengthened our financial position. Thanks to this financial boost, we have been able to 

move closer to our objectives. We set aside some money from our budget for the creation of 

Prototypes 1 and 2 during this semester. Prototype 1 and Prototype 2 incurred $605.29 in total in 

these undertakings. These financial contributions have been essential to the advancement of our 

initiative and our progress toward achieving our goals. Our group closes out the first semester 

with $4,900 left over when we assess our financial situation at the conclusion. 

Second semester brought some more expenses. $1,476.34 was spent towards the completion of 

the project which included 100% build of the project as well as covering the testing materials and 

preparing the testing environment. The final remaining balance including the fundraised money 

stays at $3,418.37. 

 

5.3 Bill of Materials (BoM) 

This section lists the necessary parts needed to assemble one unit of our final design concept. 

Each component is essential to accomplishing our project's goals and guaranteeing the thermal 

energy storage system's dependability, safety, and effectiveness. 
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➢ Phase Change Material 

A Thermal energy storage system's core, the PCM compound, facilitates the effective storage 

and release of thermal energy. The system's overall performance and ability to save peak-

load air conditioning costs for SRP customers are greatly dependent on the choice made. 

 

➢ Insulation Material 

To reduce heat transmission and preserve thermal integrity inside the storage unit, insulating 

foam is crucial. It improves system efficiency and guarantees peak performance throughout 

storage and release cycles by lowering heat input or loss. 

 

➢ Heat Exchanger 

The heat exchanger makes it easier for thermal energy to move from the PCM to its 

surroundings. In order to maximize the system's cooling capacity and reactivity, and efficient 

heat exchange is critical in its design and efficiency. 

 

➢ Enclosure system 

The enclosure offers the system's internal components protection and structural support. It 

guarantees the thermal energy storage unit's lifetime, robustness, and safe operation while 

protecting them from the elements. 

 
➢ Control and Monitoring System 

Temperature, timing, and energy flow are just a few of the characteristics that the control unit 

regulates and operates. It makes it possible to precisely regulate and optimize the system's 

performance to satisfy the unique needs of SRP clients. Sensors are essential in this case as 

they guarantee the thermal energy storage system's dependability and safety while facilitating 

proactive maintenance and early anomaly detection. 

 

➢ Hardware 

Numerous fasteners, connections, bolts, and nuts are necessary for the thermal energy storage 

system's entire construction and operation. They make it easier to install, maintain, and repair 

the system, which guarantees its lifetime and seamless operation. 

 

For detailed prototyping BoMs, please refer to the appendix section of this report (figure 18). 

Chapter 6: Design Validation and Initial Prototyping 

6.1 Failure Modes and Effects Analysis (FMEA) 

According to the literature on CTES, a few apparent characteristics are likely to fail. Because the 

thermal mass is the only object we would have to model and create experiments on, the FEMA 

could only consist of one subsystem, the thermal mass. Because the thermal mass is supported by 
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a vapor compression system and a heat exchanger with an HTF for the thermal mass, FEMA was 

created for them as well and is placed in appendix D. The thermal mass will have the most focus 

of the four subsystems, but the failure effects of the other subsystems are considered as they 

apply to the thermal mass. The SRP thermal mass team does not intend to create or prototype any 

other subsystems unless a vapor-to-liquid heat exchanger is designed at a later stage. Currently, 

vapor-to-liquid heat exchangers for glycol (glycol loops) can be purchased in a secondary 

custom manufacturing market. 

Most thermal masses do not have moving parts or only a heat transfer fluid that moves through 

them; failures are due to improper installation. This may be part of every product; they can be 

particularly aggressive in this case. Improper installation and usage of the components will lead 

to cracks and bends in the required thin-walled piping. The HTF must maintain working 

pressures and mass flow rates. A crack will lead to a simple failure that could cause a poisonous 

substance to enter an environment. Worse would be a bend that prevents flow, resulting in a 

buildup that will destroy pumps and compressors or explode from the device. These failure 

modes will contaminate the environment and pose severe risks to human life. Many mitigation 

methods would overcome this issue but would come with a considerable trade-off. A thicker 

copper tube would prevent most of the errors involved with construction and installation. This 

would increase the cost, lower the manufacturability, lower heat transfer efficiency, and decrease 

ease of maintenance. Instead, a comprehensive plan for manufacturing and installation will be 

created to prevent these errors. This will slightly reduce the ease of maintenance and make 

manufacturability a little more complex, and the team considers this the best method. 

Much of the literature references leakage or damage due to phase change materials causing stress 

and fatigue. The literature discusses cracks and corrosion of the containers and pipes as common 

failure modes. These values are discussed, but values are not readily apparent from reading. It is 

still considered unlikely in our small-scale prototypes, but the actual values of these failure 

modes have a calculation model. Using a standard formula and method for solving stresses in 

pressurized cylinders and press and shrink fits, the stresses can be known as a variable of the 

uniform density of the PCM against the walls of the pipe. The stresses calculated by the linear 

elastic fracture mechanics combined with thermal loading create a better picture of the life span 

of the copper pipe in the thermal mass.  

Ice does not form in a manner that is predictable or consistent. Hence, the literature and research 

are pursuing physically stabilizing PCMs. The current method to mitigate this issue is to create a 

process to place the PCM in an orientation that is relatively safe. For example, suspending the 

copper tube through the PEX-A and installing the thermal mass horizontally will help produce 

consistent loading and a more predictable failure. In the concrete model, vertical installation and 
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reducing condensation on the surface can mitigate the likelihood of concrete degradation and 

cracking. 

 

Figure 27 

 

Figure 28 

The use of Ethylene Glycol as a heat transfer fluid in these proof-of-concept devices was 

performed in a controlled environment with personal protective equipment because of the danger 

of working with the HTF. The Material Safety and Data Specification Sheet for ethylene glycol 

is provided in appendix C shows that it is extremely toxic. Proposing a safer HTF with the use 

propylene glycol, MSDS available in appendix C, 
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6.2 Initial Prototyping 

 6.2.1 The virtual concrete prototype

 

Figure 29 

 

Figure 30 
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The virtual concrete model showed how the ice is going to freeze as time goes on. The amount of 

time that it takes to chill to the desired temperature for the heat transfer fluid on the inside of the 

pipe that is within the concrete. This model was created by ANSYS. This virtual prototype 

answered the question of how long it is going to take to freeze internally. ANSYS said that it 

would take about 30 mins. Then with the physical prototype we made with PEX pipe we were 

able to test the accuracy of the model. We determined that the model was accurate to the point of 

when it starts to melt. The virtual model was useful in answering this question.  

 6.2.2 The ice in Pex-A 

The teams initial physical prototype consisted of a straight copper tube running through the 

center of a Pex-A tube where the copper is intended to carry the cooling fluid which it did not 

have but was expected to be a ethylene glycol water mixture. Surrounding the copper and 

encased in the Pex-A tube is water being used as the PCM. This is encased by using hot glue at 

each end for flexibility. The prototype was used to test the durability of the Pex-A since the 

water expansion could cause the tube or pipe to leak and after testing the team found that with 

materials used, there was no leaking and significantly less chance of failure since Pex-A tubing 

can expand at the same rate as the water. This prototype is considered due to the thermal 

properties of water and with less chance of failure due to the piping. With the information from 

this prototype the team concluded that Pex-A would be suitable for the application where water 

needs to be frozen and melted constantly. 

 

6.2.3 Hexahydrates Phase Change Heat Exchanger 

The team created an apparatus that encased a mix of 66% CaCl2+6H20 and 33% MgCl2+6H20 

in 3 copper tubes. These 3 tubes are all inside of an ABS pipe with an inlet and outlet used for 

pumping water through. The goal of the prototype was to test the material for the heat capacity 

by using water that sits above the mixture's melting point. The temperature was taken over time 

until reaching steady state. Thermocouples are fitted on each end to measure the change in 

temperature of the by recording temperature over time as the water flows and meets the copper 

tubes. The team found that the temperature difference of the water was about 3degreesd Celsius 

colder at the outlet when running the water at 0.000014 m^3/s. By running this experiment with 

the prototype, the teams aim is to create a very similar experiment but to use a controlled blower 

or AC that can be used in place of a water pump since air would translate better to the scope of 

the project. Although the process of mixing and encasing the PCM helps in the development of 

manufacturing knowledge needed for the final design. The water also allowed for better heat 

transfer and facilitated recording data and ease of measuring flowrate opposed to air. 
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6.2.4 Failure analysis of thermal mass tubing 

According to the FMEA and the literature cracking and loss of thermal mass is a 

significant issue in most of the products available. The current iteration of our device includes a 

copper pipe in compression and fully reversed fatigue. If that copper pipe fails, the thermal mass 

fails. A structural model of the copper pipe in the ice has been created to analyze the forces 

developed on the walls of the pipe in the thermal mass. Theoretical pressures and point loads are 

currently in the model and the strains can be numerically approximated. A deeper understanding 

of the modes of water phase change and the predicted values for the point loads is now a new 

research opportunity to explore for the future of our team. 

The G. Lamé equation for thick-walled cylinders can determine the stress radial and 

tangential as well as the displacement.  

𝜎𝑟 =
𝑎2𝑝𝑖 − 𝑏2𝑝𝑜

𝑏2 − 𝑎2
−

(𝑝𝑖 − 𝑝𝑜)𝑎2𝑏2

(𝑏2 − 𝑎2)𝑟2
 (13) 

𝜎𝜃 =
𝑎2𝑝𝑖 − 𝑏2𝑝𝑜

𝑏2 − 𝑎2
+

(𝑝𝑖 − 𝑝𝑜)𝑎2𝑏2

(𝑏2 − 𝑎2)𝑟2
 (14) 

𝑢 =
1 − 𝜈

𝐸
∗

(𝑎2𝑝𝑖 − 𝑏2𝑝𝑜)𝑟

𝑏2 − 𝑎2
+

1 + 𝜈

𝐸
∗

(𝑝𝑖 − 𝑝𝑜)𝑎2𝑏2

(𝑏2 − 𝑎2)𝑟2
 (15) 

   

These equations will allow the team to calculate the analytical maximum and fully 

reversed stresses and displacements. To predict individual point loads and uneven stress 

concentrations an Ansys simulation is used. The analytical solution has been modeled in Matlab 

to compare it to the Ansys model. Greater refinement of the model in Ansys will have to be 

understood. 

 

Figure 31: Ansys  

6.3 Other Engineering Calculations 

The SRP Thermal Mass team began with the need to understand latent and sensible heat. This is 

the only method to store heat. The calculations for these methods have been discussed, but where 
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they have been applied has not. In understanding and applying different materials, we often 

needed to make a side calculation, a “sanity check,” for the materials we used. The materials 

informed our decisions, as did the application of the cost-benefit analysis. The value of latent 

heat in paraffin was our initial focus, and the calculations were promising but proved not to be 

cost-effective as a device and more effective in a passive cooling apparatus. This was apparent in 

our decision matrix as well. 

The phase change materials being tested for the final prototype are becoming a hybrid method 

incorporating latent heat and the chiller the team had represented in the concept generation 

phase. The chiller is some form of vapor compression cycle that uses energy to expel heat from 

the thermal mass. The amount of energy used by the chiller and its efficiency are included in our 

calculations. They were also verified experimentally. 

Every method and apparatus discussed needs a few heat transfer calculations, such as heat 

transfer through PEX-A or free convection calculations against concrete. Many of these heat 

transfer calculations are not documented because many were performed now to validate 

assumptions. Geometry and morphology are other calculations that go unnoticed because of how 

often they are employed; using density and latent heat are now part of the simple processes. 

The factor of safety calculations is still cropping up as we understand the failure modes. 

Understanding that we will still need to calculate FoS for many objects we did not build to move 

forward. The internal pressures on the coolant lines of the vapor compression chiller will be 

applied to the FoS of the lines that run directly through the concrete. Along with the calculations 

for thermal cycling, we will determine the likely failure of a concrete thermal mass system. This 

is the same method we employed to determine the failure of the copper pipe in the water thermal 

mass model. 
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Figure 32 

 

Using the measured mass of the concrete thermal mass and knowing the specific heat of concrete 

being 880 J/kg*C, the calculation was made to determine that for this mass of concrete to get the 

mass from 20° to 0° C the system will use 355 kJ. This means that it would take 3.29 hours to 

decrease the temperature of the concrete thermal mass from 20° to 0° C. Using these calculations 

and the client requirement that the thermal mass must charge in the span of 10 hours while the 

grid is being supplemented by solar energy, we are able to scale mass. By increasing the size of 

the thermal mass, we can maximize the thermal energy storage capacity as long as the mass can 

be charged in the given time. 
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Figure 33 

Using the measured mass of the water thermal mass and knowing the specific heat of water being 

4184 J/kg*C, and the heat of fusion being 334 kJ/kg, the calculation was made to determine that 

for this mass of water to get the water from 20° to 0° C the system will use 400 J per bar and this 

temperature change will freeze the Waterbar. There are 5 bars in the Waterbar storage so 

therefore it would take 2000 J to get all 5 bars to 0. To get the water to phase change and therefor 

use the possible latent heat of fusion afterward the Waterbars require 32 kJ. Water proves to 

store thermal energy much more efficiently when compared to concrete because of its higher 

specific heat and its availability of latent heat. 

 

 

6.4 Testing Results 

The tests that were completed were calculating the appropriate flow rate needed to achieve the 

highest heat transfer for both the concrete and the water bars. Another test that was also 

implemented on both different apparatuses was measuring the flow gradient of both of them. The 

results can be seen below in the appropriate tables and figures below.  
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Figure 34 

Figure 34 above shows the plot of data recorded for heat transfer over time when pumping 
the chilled ethylene glycol into the Waterbars. As expected, when the pump is initiated 
there is a visible peak where heat transfer is at its highest suspecting it is because that is 
when temperature difference is at its highest. After that the heat transfer drops for flow 
rates except for one outlier. Here it was determined that the optimal flowrate would be 
9.96E-07 m3/s seen in figure 34 in the green color. 
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Figure 35 

Figure 35 above is the plot of the data collected and shows the heat transfer over time in 
the Waterbars. Figure 35 only covers nearly the first 3 minutes. The 2 highest flow rates can 
be seen creating a peak near the 45 second mark. That shows that for the system the most 
efficient way to remove thermal energy from the Waterbars is to run the pump at higher 
flow rates. This peak is also seen in the tests ran for the concrete thermal mass.  
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Figure 36: 

Figure 36 above is a continuation of the plot in figure 35 and shows data from 6 minutes 
and runs for over 2 minutes and shows that after a while of the pump running the flow in 
the tubing is laminar and once the temperature difference decreases it cause the heat 
transfer rate decreases between the ethylene and the water I the tube. This is a clear 
design flaw, and our system is not able to cool the Waterbars in the required time. The 
results show that to increase the heat transfer from the ethylene to the glycol there would 
have to be turbulent flow forced into the copper tubes. 

 

0

0.00002

0.00004

0.00006

0.00008

0.0001

0.00012

0.00014

0.00016

0.00018

0:06:03 0:06:46 0:07:29 0:08:12

C
on

ve
ct

iv
e 

H
ea

t T
ra

ns
fe

r (
W

)

Axis Title

Heat Transfer Rate of  Varying Flow 
Rates of Water Bars

Q_dot (J/s) 3.28 x 10⁻⁷ (m³/s) Flow

Q_dot (J/s) 6.57 x 10⁻⁷ (m³/s) Flow

Q_dot (J/s) 3.29 x 10⁻⁶ (m³/s) Flow

Q_dot (J/s) 6.57 x 10⁻⁶ (m³/s) Flow

Q_dot (J/s) 3.77 x 10⁻⁵ (m³/s) Flow

Q_dot (J/s) 3.77 x 10⁻⁵ (m³/s) Flow



 
 
 

80 
 
 

Experiment/Test Relevant DRs Testing 
Equipment Needed 

Other 
Resources 

EXP1 – Glycol CV Heat Transfer ER2 - Charge 
thermal mass 
during non-
peak hours 

CR2 - Reliability 

CR 10- Reduce 
costs 

ER1- Heat 
Transfer Rate 

• Thermocouples 

• Graduated 
Cylinder 

• Stopwatch 

• Pico Data Logger 

Safety 
equipment 
working 
with glycol 

Solar Shack 

Dr. Wade’s Lab 

EXP2 – Thermal 
Mass Temperature Profile/Heat 
Transfer 

ER 2 - Charge 
thermal mass 
during non-
peak hours 

CR 2 - 
Reliability 

CR 10 - Reduce 
costs 

ER1- Heat 
Transfer Rate 

• Thermocouples 

• Graduated 
Cylinder 

• Stopwatch 

• Pico Data Logger 

• Drill 

Safety 
equipment 
working 
with glycol 

Solar Shack 

Dr. Wade’s Lab 
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6.5 Future Testing Potential  

After the model has been united and tested for bugs, the process of creating methods to guarantee 

our calculations will begin. We will need a test for every aspect of the model in one smaller 

prototype. Where possible, the engineering requirements will be combined, and a prototype will 

test as many variables as possible at once. A test situation room will likely need to be 

constructed, and a scaled prototype representation must be put through the same rigors expected. 

These experiments will yield values that can be compared to the calculations of our 

representative models. After these tests and the validation of our models, we can then construct 

the complex multifactor analysis of the entire project to optimize the prototype and report the 

true viability of our project. 

Chapter 7: Conclusion 

The Salt River Project’s Thermal Mass project is making major advances in providing a product 

that can be prototyped and iterated into a marketable design. Using the engineering method 
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processes and working together, we worked through creating the project demands. The project 

required 12 kilowatt hours of cold storage or 43.2 megajoules per hour. This cold storage must 

be delivered over 3 hours to an average-sized home in Phoenix, Arizona. The effect will be to 

reduce the customers’ need to turn on the air conditioning in the afternoon. The client input and 

research done created the customer requirements of user-friendliness, reliability, safety, 

affordability, and ease of maintenance. The team created the engineering requirements of 

efficiency, cost, safety, comfort level, and system analysis. The QFD is made from the 

requirements, and the concept generation has started. Concept generation exposes the sub-

functions, which are combined and compared to the available engineering models. Each concept 

is represented morphologically and economically in a functional decomposition. The selections 

are made for the final design that can be fully justified by the values generated. The final design 

is determined to be most cost-effective and built into an existing air conditioning unit. 

This project effectively addressed the requirement for meeting a demand of thermal energy 

storage technologies designed for central Arizona residential customers with the goal of lowering 

peak electricity consumption and related expenses. The Water Bars and Concrete Wall systems 

were two designs that we developed and evaluated against a thorough set of engineering and 

customer requirements in order to determine their distinct advantages and disadvantages. 

Technical feasibility, economic viability, and user-friendliness were all balanced in a thorough 

evaluation process that was made possible by the inclusion of a datum for comparison. 

The Concrete Wall design provided strong performance in new projects with notable 

contributions to lowering energy consumption, while the Water Bars design showed promise as 

an affordable and easily accessible option. These results open the door for further advancements 

and improvements in thermal energy storage devices, despite obstacles like turbulent flow 

optimization and material constraints. 

Through prototyping, testing, and data analysis, the project aligns with the Salt River Project 

goals to promote sustainable energy practices and improve SRP’s customers electricity bills. The 

insights and lessons learnt provide a strong foundation for research and development of new 

advanced thermal energy storage systems and their integration with residential housing units.  
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Figure 1: Table 11.3 [15] 

 

 

 

 

 

 

 

 

Figure 2: Table 11.4 [15] 
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Figure 3: Equation 5.9 Biot number [15] 

 

Figure 4: Figure 5.4 and Figure 8.11 from the Textbook [18] 
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Figure 5: Equation 5.11 Exponent value for the Transient Conduction Equation [15] 

 

 

 

 

 

 

Figure 6: Equation 5.12 Fourier Number [15] 

 

 

 

 

Figure 7: Equation 5.13 Transient Conduction Equation [15] 

 

𝑻𝒆𝒎𝒑 (𝑪) = (𝑽 − 𝟎. 𝟓) ∗ 𝟏𝟎𝟎 

Figure 8: Equation used for Arduino 
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Figure 9: AC System Cycle Dischargin Thermal Mass 
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Figure 10: AC System Cycle Charging With Thermal Mass 

 

Figure 11: Simplified Black Box Model 

 

SRP Customers approximate savings 
  May/June/Sept./Oct. July/August Total 
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Daily 
 
$                                   2.72  

 
$            3.10  

Weekly (5 day 
week) 

 
$                                13.62  

 
$         15.51  

Whole Term 
 
$                             236.99  

 
$      137.37  

 
$    374.36  

 

Figure 12: SRP customers electricity spendings 

 

Initial Investment Water w/ chiller 
Chiller  $                        3,000.00  unit 
Water  $                                11.86  40 gal 
Copper  $                             800.00  1200ft 
PEX-A  $                             739.00  1200ft 
Glycol  $                                56.04  4.16gal 
Total  $                        4,606.90    

 

Figure 13: Initial investment option 1 

Initial Investment Concrete w/ chiller 
Chiller  $  3,000.00  unit 
Concrete  $       317.82  2 cubic yards 
Water  $          50.00    
Glycol  $          83.33  6.18gal 
Copper  $       923.00    
Total  $  4,374.15    

 

Figure 14: Initial investment option 1 

 

Initial Investment Water  
Pump  $                             169.89  unit 
Water  $                                11.86  40 gal 
Copper  $                             800.00  1200ft 
PEX-A  $                             739.00  1200ft 
Heat Exchanger  $                                60.00  unit 
Glycol  $                                56.04  4.16gal 
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Total  $                        1,836.79    
 

Figure 15: Initial investment option 1 

 

Initial Investment Concrete 
Pump  $       169.89  unit 
Concrete  $       317.82  2 cubic yards 
Water  $          50.00    
Glycol  $          83.33  6.18gal 
Heat Exchanger   $          60.00  unit 
Copper  $       923.00    
Total  $  1,604.04    

 

Figure 16: Initial investment option 1 

 

Initial Investment Water with pump replacement 
Pump  $                             339.78  unit 
Water  $                                11.86  40 gal 
Copper  $                             800.00  1200ft 
PEX-A  $                             739.00  1200ft 
Heat Exchanger  $                                60.00  unit 
Glycol  $                                56.04  4.16gal 
Total  $                        2,006.68    

 

Figure 17: Initial investment option 1 
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Figure 37: Bill of Materials  
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Appendix B: Code 

Material Properties MATLAB code 

function MaterialProperties(Material,HeatofFusion, TempofFusion, SpecificHeat, 
DensityMatrix, MinEnergyRequirement, MaxEnergyRequirement, LowestTemp, Costperkg) 
% AUTHOR: Courtney Hiatt 
% DATE: 3/26/2024 
% INPUTS: Material Properties and Energy Requirements 
% OUTPUTS: Graphs and Tables regarding mass and volume requirements 
 
% This MATLAB code inputs the material properties and minimum to maximum 
% energy requirements and outputs data and graphs on the required mass, 
% volume, and price required to run the AC through the night.  
 
 
%Initializing values 
RoomTemp = 20; %C 
dT = RoomTemp-LowestTemp; %C 
T = linspace(LowestTemp,RoomTemp,20)'; %C 
density = interp1(DensityMatrix(1,:),DensityMatrix(2,:),T); %kg/m^3 
MinDensity = min(density); %kg/m^3 
EnergyValues = linspace(MinEnergyRequirement, MaxEnergyRequirement, 20)'; %kJ 
Mass = EnergyValues./(SpecificHeat*dT+HeatofFusion); %kg 
Volume = Mass/MinDensity; 
Latent = Mass*HeatofFusion; 
Sensible = EnergyValues-Latent; 
Cost = Mass*Costperkg; 
 
% If the material does not go through phase change, the latent heat is 0, 
% and this can be accounted for by changing the heat of fusion to 0.  
if (LowestTemp > TempofFusion) || (TempofFusion > RoomTemp) 
    HeatofFusion = 0; 
end 
 
%Plotting and creating a table of the mass and volume required for the 
%minimum to maximum energy requirements 
A = [EnergyValues, Mass, Volume, Latent, Sensible]; 
Table1 = array2table(A, 'VariableNames', {'Energy Requirmenets (kJ)', 'Mass Required 
(kg)', 'Volume Required (m^3)', 'Latent Heat Storage (kJ)', 'Sensible Heat Storage 
(kJ)'}); 
text = 'Mass and Volume Requirements for Energy Requirements '; 



 
 
 

100 
 
 

txt = append(text,Material); 
Table1 = table(Table1, 'VariableNames', {txt}) 
 
figure 
hold on 
text = 'Mass and Volume Material Required for '; 
txt = append(text,Material); 
title(txt) 
xlabel('Energy Required (kJ)') 
yyaxis left 
plot(EnergyValues,Mass) 
ylabel('Mass of Material Required (kg)') 
yyaxis right 
plot(EnergyValues,Volume) 
ylabel('Max volume of material requied (m^3)') 
hold off 
 
figure 
hold on 
text = 'Price and Mass Material Required for '; 
txt = append(text,Material); 
title(txt) 
xlabel('Energy Required (kJ)') 
yyaxis left 
plot(EnergyValues,Mass) 
ylabel('Mass of Material Required (kg)') 
yyaxis right 
plot(EnergyValues,Cost) 
ylabel('Cost ($)') 
hold off 
 
%This creates a table and plot of the changes in volume for the max and min energy 
%requirement 
MaxMass = MaxEnergyRequirement./(SpecificHeat*dT+HeatofFusion); %kg 
MaxVolumes = MaxMass./density; %m^3 
MinMass = MinEnergyRequirement./(SpecificHeat*dT+HeatofFusion); %kg 
MinVolumes = MinMass./density; %m^3 
 
B = [T, MaxVolumes]; 
Table2 = array2table(B, 'VariableNames', {'Temperature (C)', 'Volume'}); 
text = 'Volume Requirements for Maximum Energy Requirements '; 
txt = append(text,Material); 
Table2 = table(Table2, 'VariableNames', {txt}) 
C = [T, MinVolumes]; 
Table3 = array2table(C, 'VariableNames', {'Temperature (C)', 'Volume (m^3)'}); 
text = 'Volume Requirements for Minimum Energy Requirements '; 
txt = append(text,Material); 
Table3 = table(Table3, 'VariableNames', {txt}) 
 
figure 
hold on 
plot(T,MaxVolumes) 
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plot(T,MinVolumes) 
xlabel('Temperature (C)') 
ylabel('Volume (m^3)') 
text = 'Volume Requirements at Varying Temperatures for '; 
txt = append(text,Material); 
title(txt) 
legend('Max Energy Requirements', 'Min Energy Requirements') 
hold off 
 
end 

Material Properties Driver MATLAB code 

 

% AUTHOR: Courtney Hiatt 
% DATE: 3/26/24 
% This code is the driver for the material properties function and outputs 
% mass, volume, and cost requirements for different materials.  
 
 
clc 
clear all 
 
LowestTemp = -1; %deg C 
MinEnergyRequirement = 43200; %kJ  
MaxEnergyRequirement = 50400; %kJ 
 
%Properties of water 
Water = 'Water'; 
WaterHeatofFusion = 334; %kJ/kg 
WaterSpecificHeat = 4.187; %kJ/kgC 
TempofFusion = 0; %deg C 
WaterDensityMatrix = [-50 -40 -35 -30 -25 -20 -15 -10 -5 0 1 4 10 15 20 25 30 35 40 
45 50 55 60 65 70; 921.6 920.8 920.4 920 919.6 919.4 919.4 918.9 917.5 916.2 999.90 
999.97 999.70 999.10 998.21 997.05 995.65 994.03 992.22 990.21 998.04 985.69 983.21 
980.55 977.76]; %kg/m3 
WaterCost = 0.0002189; 
MaterialProperties(Water, WaterHeatofFusion, TempofFusion, WaterSpecificHeat, 
WaterDensityMatrix, MinEnergyRequirement, MaxEnergyRequirement, LowestTemp, 
WaterCost) 
 
 
%Properties of concrete 
Concrete = 'Concrete'; 
ConcreteHeatofFusion = 0; %kJ/kg 
ConcreteSpecificHeat = 1; %kJ/kgC 
ConcreteDensityMatrix = [-100,0, 80, 95, 180; 2300, 2300, 2300, 2300, 2254]; 
ConcreteTempofFusion = 1200; %deg C 
ConcreteCost = 0.10; 
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MaterialProperties(Concrete, ConcreteHeatofFusion, ConcreteTempofFusion, 
ConcreteSpecificHeat, ConcreteDensityMatrix, MinEnergyRequirement, 
MaxEnergyRequirement, LowestTemp, ConcreteCost) 
 
 

Arduino Temperature Sensor Code 

 
 

int sensor1 = 0; 

 

void setup() 

{ 

  Serial.begin(9600); 

} 

 

void loop() 

{ 

  int reading = analogRead(sensor1); 

  float voltage = reading * 5.0198; 

  voltage /= 1024.0; 

   

  float temperatureC = (voltage - 0.5)*100; 

  Serial.print(temperatureC); 

  Serial.println(" degrees C"); 

   

  delay(1000); 

} 
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MATLab Code for Resistive Thermal Network of Water Bars 

% Inputs 

% Convert inches to meters 

r1_inch = 0.13 * (254 / 10000); 

r2_inch = 1.30 * (254 / 10000); 

L_inch = 12 * (254 / 10000); 

 
% Define material properties (thermal conductivity in W/mK) 

material.k_1 = 401; % Copper thermal conductivity (W/mK) 

material.k_2 = 0.38; % PEX thermal conductivity (W/mK) 

 
% Define fluid properties for ethylene glycol (inside copper pipe) 

fluid1.mu = 0.002; % Dynamic viscosity of ethylene glycol (Pa·s) 

fluid1.k = 0.258; % Thermal conductivity of ethylene glycol (W/m·K) 

fluid1.Cp = 2430; % Specific heat capacity of ethylene glycol (J/kg·K) 

fluid1.rho = 1110; % Density of ethylene glycol (kg/m³) 

fluid1.T_inlet = 120; % Inlet temperature of ethylene glycol (°C) 

fluid1.v = 1; % Flow velocity (m/s) - assumed for now 

 
% Define fluid properties for water (in the annular region) 

fluid2.mu = 0.001; % Dynamic viscosity of water (Pa·s) 

fluid2.k = 0.6; % Thermal conductivity of water (W/m·K) 

fluid2.Cp = 4180; % Specific heat capacity of water (J/kg·K) 

fluid2.rho = 1000; % Density of water (kg/m³) 

fluid2.T_inlet = 40; % Inlet temperature of water (°C) 

 
% Define geometry (pipe dimensions in meters) 

geometry.r1_inner = r1_inch; % Inner radius of copper pipe (m) 

geometry.r2_outer = r2_inch; % Outer radius of copper pipe/inner radius of PEX (m) 

geometry.L = L_inch; % Length of the pipe (m) 

 
heat_transfer_rate = concentric_pipes_heat_transfer(material, fluid1, fluid2, geometry); 

 
 

function heat_transfer_rate = concentric_pipes_heat_transfer(material, fluid1, fluid2, 

geometry) 

% Inputs: 

% material: structure containing material properties (e.g., 'k_copper', 'k_PEX') 
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% fluid1: structure with properties of the fluid inside the copper tube (ethylene glycol) 

% fluid2: structure with properties of the fluid in the annular space (water) 

% geometry: structure with pipe dimensions (r1_inner, r2_outer, L) [m] 

 
% Extracting geometry parameters (in meters) 

r1_inner = geometry.r1_inner; % Inner radius of the copper pipe (m) 

r2_outer = geometry.r2_outer; % Outer radius of the PEX pipe (m) 

L = geometry.L; % Length of the pipe (m) 

 
% Thermal conductivities (W/m·K) 

k_1 = material.k_1; % Copper thermal conductivity 

k_2 = material.k_2; % PEX thermal conductivity 

 
% Calculating convective heat transfer coefficients using empirical formulas 

% Ethylene Glycol (inside copper pipe): 

Re_eg = (fluid1.rho * fluid1.v * 2 * r1_inner) / fluid1.mu % Reynolds number 

Pr_eg = (fluid1.mu * fluid1.Cp) / fluid1.k % Prandtl number 

 
if Re_eg > 4000 

% Turbulent flow: Use Dittus-Boelter correlation for Nusselt number 

Nu_eg = 0.023 * Re_eg^0.8 * Pr_eg^0.4; 

else 

% Laminar flow: Simplified Nusselt number for fully developed flow 

Nu_eg = 3.66; 

end 

 
h_F1 = (Nu_eg * fluid1.k) / (2 * r1_inner) % Convective heat transfer coefficient for ethylene 

glycol 

 
% Water (in annular region between copper and PEX): 

Re_water = (fluid2.rho * fluid1.v * (r2_outer - r1_inner)) / fluid2.mu % Reynolds number for 

water 

Pr_water = (fluid2.mu * fluid2.Cp) / fluid2.k % Prandtl number for water 

 
if Re_water > 4000 

% Turbulent flow 

Nu_water = 0.023 * Re_water^0.8 * Pr_water^0.4; 

else 
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% Laminar flow 

Nu_water = 3.66; 

end 

 
h_F2 = (Nu_water * fluid2.k) / (r2_outer - r1_inner) % Convective heat transfer coefficient for 

water 

 
% Temperatures (Celsius) 

Tinlet_F1 = fluid1.T_inlet; % Inlet temperature of ethylene glycol (°C) 

Tinlet_F2 = fluid2.T_inlet; % Inlet temperature of water (°C) 

 
% Calculate surface areas (m²) 

A1 = 2 * pi * r1_inner * L; % Surface area for convective heat transfer with glycol (inner 

copper pipe) 

A2 = 2 * pi * r2_outer * L; % Surface area for convective heat transfer with water (outer PEX 

pipe) 

 
% Convective resistance for ethylene glycol (inside copper tube) 

RConv1 = 1 / (h_F1 * A1) 

 
% Conductive resistance through copper (between r1_inner and r2_outer) 

RCond1 = log(r2_outer / r1_inner) / (2 * pi * k_1 * L) 

 
% Convective resistance for water (in the annular region between copper and PEX) 

RConv2 = 1 / (h_F2 * A2) 

 
% Conductive resistance through PEX 

r_Outer2 = r2_outer + 0.001; % Add thickness of PEX pipe (assumed 1mm for this example) 

R_Cond2 = log(r_Outer2 / r2_outer) / (2 * pi * k_2 * L) 

 
% Total thermal resistance 

R_total = RConv1 + RCond1 + RConv2 + R_Cond2; 

 
% Temperature difference (between ethylene glycol and water) 

delta_T = Tinlet_F1 - Tinlet_F2; 

 
% Heat transfer rate 

q = delta_T / R_total; % Heat transfer rate (W) 
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% Display results 

fprintf('Total Thermal Resistance: %.4f K/W\n', R_total) 

fprintf('Heat Transfer Rate: %.4f W\n', q) 

 
% Output heat transfer rate 

heat_transfer_rate = q; 

end 

 
 

 

%Lumped Capacitance ahe 

  

Ti = -40;         % Initial temperature of the TES (°C) 

T_inf = 36;       % Ambient temperature (°C) 

h = ;           % Convective heat transfer coefficient (W/m^2.K) 

A = 0.00262903663;       % Wetted surface area of the TES (m^2) 

rho = 1000;       % Density of the material (kg/m^3) 

V = 0.0056613;    % Volume of the TES (m^3) 

cp = 4182;         % Specific heat capacity of the material (J/kg.K) 

k = 0.6;          % Thermal conductivity of the material (W/m.K)  

tmax = 14400;      % Time in seconds (1hr=3600s, 4 hr=14400s) 

  

% Calculate the characteristic length 

L_c = V / A; 

  

% Calculate the Biot number 

Bi = h * L_c / k; 
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% Check if lumped capacitance method is valid 

if Bi >= 0.1 

    error('Biot Number is too large (Bi = %.3f). Lumped Capacitance method is not valid.', 

Bi); 

else 

    disp(['Biot Number: ', num2str(Bi)]) 

    disp('Lumped capacitance method is valid. Proceeding with the solution...') 

end 

% Time vector (seconds) 

t = linspace(0,tmax, 100);  % Time from 0 to tmax 

  

% Lumped capacitance solution 

T_t = T_inf + (Ti - T_inf) * exp(-h * A * t / (rho * V * cp)); 

  

% Plot the results 

figure; 

plot(t, T_t, 'LineWidth', 2); 

xlabel('Time (s)'); 

ylabel('Temperature (°C)'); 

title('Temperature vs. Time using Lumped Capacitance Method'); 

grid on; 

 

Spider Chart MATLAB Code 

% Data values (normalized 0 to 1) 

close all 
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% Water Bars 

values = [0.85, 0.6, 1, 0.9, 0.3, 0.7, 0.25, 0.95]; 

% Concrete  

values2 = [0.95, 0.9, 0.6, 0.9, 0.5, 1, 1, 0.4]; 

% Baltimore Air Coil 

values3 = [0.9, 0.9, 0.1, 0.8, 0.7, 0.8, 1, 0.2]; 

% Labels for each axis 

labels = {'Safety', 'Reliability', 'Monetary', 'Material', ... 

          'Risk', 'ROI', 'Energy Demand', 'Ease of Access'}; 

% Close the values to make a complete loop 

values = [values, values(1)]; 

values2 = [values2, values2(1)]; 

values3 = [values3, values3(1)]; 

% Number of variables 

num_vars = length(labels); 

% Angles for the radar chart 

angles = linspace(0, 2*pi, num_vars+1); 

% Create the figure 

figure; 

polarplot(angles, values, 'b-', 'LineWidth', 2); 

hold on; 

polarplot(angles, values2, 'r-', 'LineWidth', 2); 

polarplot(angles, values3, 'g-', 'LineWidth', 2); 

% Set the axes labels 

ax = gca; 

ax.ThetaTick = rad2deg(angles(1:end-1)); 

ax.ThetaTickLabel = labels; 

% Set radial limits and labels 

rlim([0 1]); 
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rticks([0.2 0.4 0.6 0.8 1]); 

title('Spider Chart for TES designs', 'FontSize', 14); 

legend('Water Bars','Concrete','Datum', 'Location', 'northeastoutside'); 

hold off; 
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Appendix C:  
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Product Name SRP Thermal mass 

SRP Thermal Mass Team 

  

System Name Thermal masses FMEA 

Subsystem Name Mass and supports Date: 11/17/24 

Component Name     

Part # and 
Functions 

Potential Failure 
Mode 

Potential Effect(s) of Failure 
Severity 

(S) 
Potential Causes and Mechanisms of Failure 

Occurrence 
(O) 

Current Design Controls Test 
Detection 

(D) 
RPN Recommended Action 

copper pipe 

kink stop flow 9 Improper installation technique 2 visual inspection 1 18 
Enclose the pipe to protect it and solve for fatigue failure 

to prevent thermal fatigue. 

crack Leak 7 Thermal stress, Rapid changes in temperature 2 visual and dye test 3 42 
Enclose the pipe to protect it and solve for fatigue failure 

to prevent thermal fatigue. 

burst loss of fluid 10 Exposure to high pressure 1 design FOS 1 10 Find the FOS and engineer accordingly 

corrosion Leakage, Pipe Rupture 10 Water with high acidity or alkalinity 2 minimal access to the system 2 40 Use best practices for installation 

melt Leakage and contamination 10 Exposure to high temperature 1 
connection to the expansion 

valve 
3 30 Use best practices for installation 

Water 
evaporation Slow decay of thermal efficiency 5 cracks, corrosion, damage 3 seal system 7 105 Use best practices for installation 

contamination rapid decay of thermal efficiency 5 cracks, corrosion, damage 3 seal system 7 105 Use best practices for installation 

Concrete 

crack Structural Integrity Compromised, Moisture Damage 8 Rapid Moisture Loss, Temperature Variations 5 visual inspection 4 160 develop best practices for installation 

erosion Structural Integrity Compromised, Moisture Damage 7 exposure to high acidity or alkalinity 7 visual inspection 3 147 develop best practices for installation 

thermal fatigue Cracking 7 Cyclic heating and cooling 8 visual inspection 3 168 develop best practices for installation 

loading fatigue Cracking 7 Concrete Strengths, Occupant Loads 8 visual inspection 3 168 develop best practices for installation 

Ethylene glycol contamination Health Risk, Environmental Degradation 9 Degradation of Seals, Leaks 4 contamination test 2 72 refill and test location 

Pex -A 

kink change in the FOS of the copper pipe 7 Improper installation technique 1 visual inspection 1 7 Use best practices for installation 

crack Water Damage 7 Thermal stress, Rapid changes in temperature 2 visual inspection 1 14 Use best practices for installation 

burst Loss of thermal mass 9 Exposure to high pressure 1 visual inspection 1 9 Use best practices for installation 

melt Poison gas 10 Exposure to high temperature 1 User caution 1 10 User warning 

Electric Pump 

broken impeller Decreased Efficiency, Loss of coolant Circulation 8 Repeated Stress 5 FOS Calculation 6 240 Engineer FOS 

clogged filter Reduced Water Flow 8 Cavitation, Accumulation of Debris 4 accessible filter 3 96 Reduce possible contamination locations 

loss of power Interrupted Services 3 Electrical supply interruption 5 visual inspection 1 15 Use best practices for installation 

fan 

broken impeller Loss of air circulation 5 Excessive Farique, Number of Cycles 4 visual inspection 1 20 Engineer FOS 

motor failure Loss of air circulation 8 Electric Overload 3 Inspection 1 24 develop best practices for installation 

loss of power Loss of air circulation 5 Electrical supply interruption 5 Inspection 1 25 Use best practices for installation 

Insulator 

crack heat leak 8 Heat Shock or impact 3 visual inspection 5 120 Use best practices for installation 

leak indirect contact 8 Dirt and improper install 4 IR camera 10 320 Use best practices for installation 

burn Health Risk, Environmental Degradation 8 Exposure to high temperature 2 User caution 2 32 User warning 

moisture Corrosion, Equipment Damage 8 Moisture absorption, pollution decomposition 4 visual inspection 3 96 Use best practices for installation 

Propylene glycol contamination Reduced Heat Transfer 3 Degradation of Seals, Leaks 4 contamination test 2 24 refill and test location 



 

 

 


