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ABSTRACT

The aim of this project is to develop an effective device for recuperating
heat from shower gray water that can be used to heat incoming cold
shower water. The design team spent a semester working in a simulated
industry setting to develop a product feasible for consumer purchase.
Preliminary design work was completed and outlined herein. An initial
prototype was fabricated to gather baseline data which was then used to
develop a final prototype. Both prototypes underwent rigorous engineering
analysis and the second met performance and economic goals. Future
directions for this project are offered in conclusion.



PROBLEM DEFINITION

Purpose

The goal of this design project wasto develop a shower heat recovery system that heats
incoming cold water through the recovery of heat from the gray water discharged by the shower
system. This reduces the amount of hot water needed for showers, thereby reducing the energy
and cost needed to run a hot shower.

Current Shower Water System

City water enters a household at approximately 55" F. One branch of cold water flows
directly to the showerhead. The other branch of cold water flows to the water heater, which heats
the water to 130" F - 140" F. This hot water then traels to the shower head, where it is combined
with the cold city water to reach the desired shower temperature of 100" F - 115" F. After use, the
shower water flows into the drain and leaves the house as gray water. Typically, the heat in the

discharged gray water is not recovered and is instead lost to the environment.
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Figure 1. Schematic of current shower water system.

Water heaters use electricity, natural gas, or heating oil to heat the water for showers. Ina
ten minute shower running at 2.5 gal/min, 15.625 gallons of hot water are required. Depending
on the type of energy used in the water heater, 12500 BTU 18000 BTU are required to heat this



water for one shower. The actual energy requirements for electricity, natural gas, and heating oil
water heaters are shown in Table 1.

Table 1. Summary of energy and cost required to heat water for showers

Energy Energy Energy Required Per Ener gy cost Price Per Cost Per Year
Source Factor Shower (BTU) ($/10° BTU) Shower ($) %)
Electricity 0.825 12590 3.09 0.40 584.00
Natural Gas 0.575 18065 1.23 0.23 335.80
Heating Oil 0.775 13403 1.70 0.23 335.80

As shown Table 1 the average household spends $335 - $584 per year to heat shower
water.

Proposed Shower System

The device proposed herein was designed to recover some of the heat from the shower

gray water and use it to heat the incoming cold water. The schematic of the new system is shown
in Figure 2.

Figure 2. Proposed schematic of shower water system.

In this new system, the cold city water enters the household at approximately 55" F. One
branch of the cold water flowsto the water heater, where it is heated to 130" F - 140" F. This hot



water then travels to the shower head. The other branch travels to a heat exchanger. In the heat
exchanger, heat from the hot drain water is transferred to the cold water. The cold flow leaves
the heat exchanger at awarmer temperature and travels to the showerhead where it mixes with
hot water from the water heater.

Since hot water is now mixing with warmer cold water from the heat exchanger, less
hot water is required to reach the desired shower temperature. This new shower system,
therefore, reduces the amount of hot water needed for a shower, thereby reducing the energy and
cost needed for heating shower water. Depending on the efficiency of the heat exchanger, this
device has the potential to save households approximately $100 per year.

Intended Customer/Mar ket

There are two potential consumers of this device. Locally, Duke University s Smart
Home has expressed interest in a heat recovery system. The Smart Home is a project designed to
create adynamic living space that demonstrates future residential building technology. One
major goal of the Smart Home is to be environmentally responsible and energy efficient. The
energy savings of this device fits into this scheme.

On amore global scale, general contractors and energy / economic conscious
homeowners are other potential customers. Homeowners would benefit by investing in such a
device, as it would reduce the amount of energy and money used to heat water for showers. The
infiltration of this market can be especially aided if general contractors advise homeowners to
install this device in their new houses.

The overall market for green homes and buildings is growing. The green building market
showed a 30% increase in 2006. In fact, there is a projected $60 billion green market by 2010.
The green movement is spearheaded by various groups. The United States Green Building
Council (USGBC) is a nonprofit organization dedicated to transforming the market place to
sustainability. Global Green USA is a United States affiliate of the Green Cross International,
aiming to create aglobal value shift towards a sustainable and secure future. Energy Star isa
government-backed program helping businesses and individuals protect the environment through
superior energy efficiency. These groups and others are expanding the green market, causing



general contractors and homeowners to shift toward more efficient products. The energy and cost
savings of this new device would appeal to this growing market

INFORMATION GATHERED

Existing Products

Shower water heat recovery is not anovel idea. The Gravity Film Heat Exchanger
(GFX), made by WaterFilm Energy Inc., is available for purchase online and built to order and
several other heat recovery designs are patented in the United States. Most of these designs
utilize an externally coiled, counter flow heat exchanger. This project expands upon a previous
ME160 design project in which the team aimed to maximize efficiency by using an internally,
rather than externally, coiled heat exchanger for use in the HomeDepot SmartHome.
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Figure 3. CAD drawing of the internally coiled heat exchanger (left) and an exploded view
(right).

While this design claims to have reached efficiencies of up to 85% through the increased
surface area available for heat exchange, it is not practical for shower applications where dirty
waste water will quickly clog the inner coils causing a decrease in efficiency and the necessity
for frequent maintenance.



The GFX system isthe only commercially available product found through extensive
research. Developed with grants from the Department of Energy and selected as an Outstanding
Green Product at the National Green Building conference, the GFX has developed into a
feasible energy saving solution. WaterFilm Energy offers two main types of systems, an active
system with a pump for batch-flow uses such as ba ths and dishwashers and a passive system
for continuous-flow uses such as showers. The act ive system s use of a pump makes it much
more complex and less energy efficient so the focus of the research is on the passive system,
which comes in several sizes (ranging from 20 upto 60 in exchanger length and outer diameter
size of 3-5 depending on application and volume of waste water). The system works by using
gravity to drive gray water through the drainpipe. The water then adheres to the inside edges of
the pipe creating a film through which heat exchange occurs as the water travels down the length

of the pipe and cold water travels up the external coils.

Figure4. 60 GFX systemwith4 OD.

The various models of the GFX boogt efficiencies from only 15% up to 79% and looking
at model specifications shows the downfalls of the design its large size and vertical
orientation. Each model is rated with a recommended application: single shower, single
bathroom homes, multi-bathroom homes, etc. as well as various degrees of industrial use. While

a single shower unit is recommended to be 30 in length and has an effectiveness of 33%, they



also offer restricted height location modelsof 2 4 and 20 in which effectiveness figures drop
to 28% and 24%, respectively. The average cost of this system is $300-$400.

As evidenced by one of the applications cited on the WaterFilm Energy website, a large
device isrequired for the product to be economically feasible. The first application of the system
occurred in a Hilton hotel in New Jersey, using twenty-four 60 models, each serving just two
showers. On the first floor they 40 models were used because of limited installation space. The
GFX design is not ideal for single level homes and buildings, apartment or condominium
complexes with limited space, and requires planning in the construction stage of large homes or
hotels.

Patent Research

Several patents were found pertaining to shower heat recovery and heat
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Figure 5. The main components of some of the patent designs found.

exchange design. Particular attention was paid to by-the-drain designs that seemed to avoid the
size constraints faced by the GFX system.

A common thread in many of the designs was the use of several segments of exchanger
coils and looped lengths of coils which seemed to utilize a plumber strap concept. Ina

plumber s trap system the pipes would flood, resulting in maximum contact between the hot



wastewater with the interior walls. Many of these patents have expired and no similar systems
could be found on the market. There was no datato confirm their effectiveness and no

dimensions or mention of where the system would be installed in a house.

Survey of Potential Customers

A survey was conducted to determine the size of the potential market for a shower heat
recovery device as well as the major concerns of potential customers. The survey asked
individuals who owned and/or had built their own home to consider various qualities of the
system. By targeting a group that owned their own homes, rather than a sample of the general
population, the survey focused on consumers who had made decisions about personal energy use

and had experience with budgeting energy expenditures.

Figure 6. Pareto chart of survey responses.

The survey asked takersto rate on a scale of 1-5 (1 indicating not important, 5 indicating
very important) several customer concerns with a shower heat recovery device. Most notable
from the results was the relative lack of importance of initial investment in the system and fine-

tuned temperature control suggesting a longer retu rn on investment period would still be



feasible and a degree of user manipulation of temperature would be expected. Durability, ease of
maintenance/cleaning and maintaining water pressure were al very important. It was obvious

that users expected the system to be asreliable as their current plumbing.

Expert Consultation

Several experts were consulted to help analyze the information gathered, assess design
goals and assist in design development and design compliance. These experts come from both
academia and industry.

Faculty and staff were extremely helpful in guiding the design of the project. Professor
Jonathan Protz, an expert in heat transfer design, assisted in heat exchanger design and modeling
and also helped to analyze general system design considerations. He advised modeling the heat
exchanger as a concentric tube heat exchanger of a single length. An expert in fluid mechanics,
Professor Edward Shaughnessy provided consultation on flow modeling and recommended
modeling the cold flow subsystem as straight-through flow. Tom Rose, SmartHome program
director, was particularly helpful ininitial prototype evaluation. He initially presented the project
in an effort to find a solution to the clogging caused by internal coils and strongly advised
against using internal coils. Mr. Rose also offered the concept of employing a plumber strap.
Professor David Schaad, a civil engineering professor especially knowledgeable in building code
restrictions, was consulted on the various design parameters chosen, particularly pipe diameters,
materials and flow rates and their compliance with North Carolina law. Although a2 nominal
pipe is the standard for shower waste, he advised that a smaller drainpipe would be allowable.

Since the purpose of the design project is to save energy and money, professionals within
industry were located and found using Energy Star. Using these resources, Pat Hogan of Hogan
Properties Construction Co., Inc., located in upstate South Carolina, was contacted. The
company was 100% Energy Star certified indicating they had met and completed various
benchmarks and standards for using energy saving techniques on new construction projects.

Mr. Hogan was able to provide details about the project starget customers and their
preferences. The two main customers, in Mr. Hogan s estimation, are contractors who are given
moderate freedom to choose what they themselves want to install and the direct buyers of the

house or building who know the exact specifications of what they want. In both cases size,



adaptability, and cost were the main concerns. Regarding size, Mr. Hogan advised that the whole
system should be designed to fit in dimensions of 12 x12 x18 . The size reflected the desire to

fit the device within a craw! space entrance underneath a house so that a plumber could handle
and maneuver it. Although not used in all parts of the country, the crawl space is frequently used
in many residential homes in the southeastern United States. For adaptability issues, the finalized
design must be connectable to 2 nominal PV C or met al drain pipes possibly using slip fittings.
The cold flow copper tubing must also be easily integrated with the existing cold flow system.
Regarding cost, the final design must return the initial investment to the customer within 18-24
months of installation.

Since the device is meant to last the life of standard plumbing installations, maintenance
issues were also discussed. One of the main concerns was clogging of the drain water pipes
within the exchanger. It was decided that the device should be accessible to a plumbers snake to
facilitate maintenance. However, Mr. Hogan mentioned that one of the main reasons that drain
pipes clogged was due to improper installation of plumbing resulting to rough edges, rips and
snags. If these problems could be avoided during the manufacturing of the exchanger, clogging
instances would decrease.

Pressure loss generated by the cold water tubing was another concern. Cold water is
typically supplied at a normal head pressure of 80-100 psi. Typically a showerhead receives
water a a pressure at or above 60 psi, at which point a governor in the showerhead regulates
output pressure. As long as the exchanger can still provide the cold water above the prescribed
threshold, the exchanger will not affect the performance of the showerhead.

Further advice was offered with regard to the timing of installation. Since the device is
complicated and requires many connections, the cost to retrofit an existing house would be steep
and would gresatly extend the return on investment, previously noted to be one of the main
marketing features of the heat recovery system. Upon inquiry about the current GFX system, Mr.
Hogan stated that he had never heard of it, or any other system of shower heat recovery system.
The lack of knowledge about any related system indicated that the market for the design was as
yet untapped.

PRELIMINARY DESIGN WORK




Product Design Specifications (PDS)

In order to appeal to the market and meet customer needs, some overall design goals were
established. A detailed PDS is located in Appendix 1.

Performance Goals:

From a cost perspective, the device must be designed to have a return on investment
(ROI) of 18 24 months. If consumers cannot make b ack their initial investment in savings by
24 months after purchase, they will not be willing to invest in this device.

The system must also be passive, requiring no other energy inputs. Standard flow
characteristics must also be preserved in order to ensure an easy integration into the shower
water system.

Physical Requirements:

This system must be easily integrated into the current system. In order to achieve that
goal, the device must be designed to be as compact as possible. It must also be compatible with
existing plumbing systems.

Reliability Goals:

The device must be designed to have a standard plumbing lifetime, typically 30 years. It
must minimize clogging and leaking issues. If maintenance is required, the device must be easy

to clean and repair.

Quality Function Deployment

QFD isacommon tool used to compare customer requirements with the engineering
characteristics of a design. Results from the aforementioned survey were used to give importance
scores to various consumer concerns and they were correlated with the considered design
elements. These design options included: a plumber strap geometry, parallel cold flow, coil
location (internal, external), tubing geometry (round, square, built-in, mated, free standing), and
tubing material (aluminum, stainless steel, copper). Positive correlations between the design
options and the desired outcomes were weighted on a 1-4-9 scale (1 = weak positive correlation,
4 = relatively correlated, 9 = strong positive correlation).

As mentioned previously, the plumber s trap geometry will slow the flow by forcing the
pipes to flood and empty as the water reaches the final height, but it will ensure that all parts of



the interior walls are covered with the warm waste water. This allows a large volume of hot
water to remain in the system for alonger period. Parallel cold flow would divert the flow into
multiple parallel paths through the coils, lowering the head loss through the coils since the length
of each path is shorter. Parallel cold flow would also lower the output temperature. Round coils
are much cheaper than sgquare coils, but the square coils could maintain greater surface contact
and less heat would be lost to air through using them. A ribbed drainpipe was also considered, as
this would increase the local surface area for heat transfer. The materials considered for the
tubing were chosen based on their heat transfer capabilities, their strength and their resistance to
corrosion.

Appendix 2 shows the QFD chart and results. The results showed that the increased
simplicity of using external coils outweighed the superior heat exchange that comes with using
internal coils. Also, round, copper tubing was more cost-effective than other materials and
geometries. The added complexity from employing parallel cold flow was not worth the pressure
loss it avoided. Ribbed pipe was too complex and expensive to be used and would cause
additional clogging. The elbow or plumber strap geometry had the highest absolute and
relative importance.

Theory of Inventive Problem Solving (TRIZ)

TRIZ was developed by Genrich Altschuller in 1946 as a method for generating solutions
to problems involving engineering design contradictions. Altschuller catalogued 39 engineering
characteristics and 40 inventive principles that had been used to solve contradictions between
these characteristics. The contradictions investigated using TRIZ were characteristics that
increase the efficiency of a heat exchanger and the large dimensions that result which are
unsuitable for integration into the small spaces available around showers.

The most common principles found in chart contained in Figure 7 are spheroidality,
mechanical vibration, periodic action and parameter changes. Parameter changes were not
investigated, asthis principle (#35) was the most common principle cited in the TRIZ matrix and
phase or state changes would greater increase the complexity of the shower device. For
mechanical vibration, the use of a turbulator in the hot flow was considered. This would increase

the relative velocity of the hot flow at the inner pipe surface and increase the local convective



heat transfer. However, thiswould also introduce a clogging point and it was therefore not
included in the final prototype. A method for implementing periodic action would be using
valves and storage tanks. This would allow hot flow to build up in a section until al the heat
available was recovered, and would then flush the system with a new batch of hot water. This
also introduced too much complexity to be included in the prototype design. Finaly,
spheroidality, which is defined as using curvilinear structuresin the place rectilinear ones, could
be implemented by modifying the straight, single-segment GFX design to a curved and
segmented design, similar to many of the patents investigated. This was implemented in the final

prototype design.
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Figure 7. TRIZ contradiction table. Most common principles highlighted in red.

Design Decision

Using the results obtained from the QFD and TRIZ, various functional groups were
decided for use in designing the exchanger. The first functional group was concerned the
integration and adaptability of the design. Elements of this group require the design fit within the
dimensions 12 x12 x18 , and have either slip fittin gs or other easily connectible features for
where the exchanger would connect to the existing (or planned) plumbing. The second functional
group concerned the specifics of how the heat would physically be exchanged. External coils

were chosen over internal coilsto help reduce the chance of clogging in the exchanger. It was



shown that the added benefit of having internal coils did not outweigh the added complexity.
Counterflow was chosen over parallel flow because it is much more efficient due to the higher
temperature gradient over the length of the exchanger. Round coils were also chosen over square
coils due to cost and simplicity of fabrication. The third and final functional group concerned the
use of the plumber strap concept. The plumber str ap is achieved by placing the body of the
exchanger lower than both the inlet and outlet. The effect of the trap thus causes the drain water
to fill the drain pipe and be in complete surface contact with the walls where the coils are
located, achieving a setup that would optimize the effectiveness of the exchanger. To minimize
clogging issues within the trap, clean out drain screws would be installed at the bottom elbows of
the exchanger. Using these functional groups, an initial conceptual design was conceived and is
shown in Figure 8.
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Figure 8. Design Functionality.

Once the initial conceptual design was agreed upon, it was decided to make an initial
prototype to gather baseline data on how effective the overall concept would be. For the initial
shape, the simple U-shaped heat exchanger (shown in Patent #4,304,292) with external coils was






