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Abstract
The concept and development of a siAgaseair conditioning (AC) system will be

presented. This is a prototype design that postulagasseh of compressed gasses, operating in

single phase, as a refrigerant. The project will focus on two compounds initially, carbon dioxide

(CO,) and Nitrogen (M. The purpose is to develop a system using natural compounds a

refrigerant in compressed gasngle phase) formulation that would serve as a viable alternative

to synthetic refrigerants. Synthetic refrigerants have proven to be quite capable in supplying

cooling need for generations, but with the growing concerns of the unrelenting bombardment of

chl orofl uorocarbons (CFC6s) on the ozone | aye
The development of air conditioning system that usessyathetic materials refrigerants is

necessitated by the systematically phased out of most syn#feterants.

Carbon dioxidecould bean ideal working fluid for the new green AC sys&e@0; is
low in cost nortoxic, norflammable and noneactive. Challenges are inherent in the use of
CO, as early developers realizabtle vapor pressure above rocemperature is very high, see
figure 1,and infrastructure costs would have been astronomical; also operating at such high
pressures introducadrious safetyTwo-phase C@systems are currently in use to day, but the
infrastructure needed to sustain sgssehas proven costly. Singtdase systems however, would
require a less robust framework since the pressure requirements are much less. Compressed gas
AC systems using C{br nitrogen as refrigerant also offers a system with a much lower GWP
than currentefrigerants as they are naturally occurring in the environment. Given the proven
history of synthetics refrigerant this project aims to match the current COP, which would serve

as the true barometer for an effective compressed gas,-pimagge systerimtroduction



Problem Statement

Currently, the most commonly used air condition systems work with v@popression
cycles that uses-R343 R-410dor R-22 as the refrigerant. These chemicals have high
efficiency, but are a threat to the environment. The rauironmental issues that are the
concern and focus are Global warming and Ozone depletion. Both refrigerants mentioned above
have low Ozone Depletion Potential (ODP) but high Global Warming Potential (GWP). Very
soon, starting in the UK, refrigerantslR4a and R22 will be banned. Scientists and engineers
in the European Union are trying to develop air condition system designs that would be capable
of running efficiently using nosynthetic gases, more specifically carbon dioxideACDue to
the chenrcal properties of carbon dioxide, researchers have been unable to come up with a
reasonable design for a system since they have a high operating pressure and low efficiency.
Another idea was the usage of air as the working fluid in the system. Suchssgstereferred
to as air cycle machines (ACM) or gas refrigeration system. These systems use a turbine as the
expander and a centrifugal compressor. These factors together make this machine expensive and
have a low coefficient of performance that makeikfficult for average individuals to afford.
These are not the only two factors that make it difficult to do large scale commercializing, but
also the loud noise the machine generates since the turbine has to be rotating at very fast speeds.

The main gal of this project is to create an air condition system design, which would be
capable of performing all the tasks required with high efficiency. The working fluid in the
system could be air, nitrogen, helium or carbon dioxide. The mechanics of theragdrigé the
air condition system follows the design of a Wankel rotary engine or a MAZDA rotary engine.
Creating a cooling chamber in the rotor assembly of the engine it is possible to safely compress,

cool, and expand a gas without relying on the phaaage of the chemical usékhe system is

10



would be built as a single phase gas syskémpurpose of this project is to research and
continue with the development of the new air condition design system that obtains higher
efficiency and performance as wali meet all the criteria of current vapor compression based air

condition system, without creating environmental or health problems for future generations to

deal with.
10,000
1,000 supercritical
= fluid
O
=
o
@ 100
9
o
10
gas
1 I 1 —
200 250 300 350 400

temperature (K)

Figurel: Vapor phase diagram
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Motivation

Using Carbon ixide, nitrogen, helium, or air, we would be able to create a system that
is environmentally friendly, safe and possesses no negative health risks. The challenge comes in
harnessing the potential of these common gaste stmosphere. The benefit outghs the
risks associated witbperating athe high pressusmeeded to achieve the desired goal. Cost
analysis is also a major contributor and factor in considerations of this project. Modern air
condition systemsan cosupwards of$1000/ton, but througintense research and development
of natural working fluid, that cost model will be redefine$ing the design proposed, we can
make this air conditioning system competitive with systems already being sold, if not even more

cost effective.

Figure2: Motivation
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Literature Survey

Refrigeration in general has a long history in society. Some of the first examples of air
conditioning can be seen as far back as the year 200CE. In the Han dynasty of the Chinese
empire, a little kown inventor called Ding Huan invented a fan system for cooling a home.
Although, rudimentary in nature, the manually powered system started a fascination with
comfort. The higher class of the Roman Empire also experimented with removable of heat from
thar homes. The lavish system employed involved the routing of water from their famous
agueduct system into pipes that ran through inside of the walls. It was not until 747CE that the
people of the Tang Dynasty in China came up with a way of mechanizingltesidy used fan
system using the power of water. A sample of this technology was used in the imperial palace at
the request of the Emperor. Other places from around the world such as Persia and Egypt
experienced some sort of air conditioning thoughusbe of pools of water or harnessing of the
natural wind power in their nations.

Modern air conditioning is a simple system containing four basic cycles, expansion,

compression, evaporation, and condensation.

Condenser may be o
water-cooled ar OImpressor

air-cooled. “Wapor >l> “apor

Evaporatar Condenzer

Cold :—ﬂj] PR
i air
air Fan
T Expanzion

Liquid + ‘“Japor [><] Liquid
Walve

TYPICAL SINGLE-STAGE
VAPOR COMPRESSION REFRIGERATION

Figure3: Refrigeration gcle
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The system starts with a compressor motor, which compresses the gaseous refrigerant to
high pressure. That gas is then pusheti¢ccbndenser which liquefies the agent and sends it to
the expander. As the gas expands, the temperature of the agent now starts cool and once the
agent reaches the evaporator, it is once again in vapor form. It is in this stage that the transfer of
heat n outside air is cooled and the vapor is once again at room temperature, and the cycle
begins again. Since the system will be single phase, it will not require the use of the condenser or
evaporator to create the necessary reduction in temperature needed.

The process of refrigeration is relatively
192006s, common r ef r i g, suifuadiokide (S®eanckemethyhchlorile a ( NH
(CHsCI). All three of these refrigerants are toxic and in some cases flamnmabtesalting in
many deaths leading up to the innovation of Freon. These fluids, although very efficient, non
flammable, and neoorrosive were created using chlorofluorocarbons (CFCs). These gases were
used for almost 50 years until they were outlawecfvironmental reasons. Although the
effects of chlorofluorocarbons were not known at that time, it was later determined that
chlorofluorocarbons caused ozone depletion and would pose a serious risk to all living creatures
if continued to be used. In 1982 phase out of chlorofluorocarbons (such &2Rby highly
industrialized nations was to be initiated. With the phase out2#f,R new refrigerant was
introduced to fill the void. R134a, also known as Tetrafluoroethane, was introduced. Unlike its
predecessor R134a does not contribute to ozone depletion, but due to new global warming
concerns, is once again under scrutiny by the powers that be. Although, the phase out of this
refrigerant has not completely been initiated, it is only a matter of tifioecbegeveloped nations
decide the time is right for change. Using a comparison system, it is said that R134a by unit of

mass has 1300 timesd greater effect than that
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R134a has 1300 global warming potential (GWHgure5, Figure 6 and Figure 7 illustrate

comparisons of various refrigerants and their GWP:
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Figure6: GWP of HFC, HCFC and CFC refrigerants

Since GWP is a comparison to carbon dioxide, it only stands to reason that ratio
comparison for carbon dioxide is 1/1 or 1 GWP. One of the biggest challenges is overcoming the
coefficient of performancénait made these refrigerants so useful. As can be seen from Table 1,
the coefficient of performance of carbon dioxide is significantly lower than that of the popular

refrigerants.
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Tablel: Coefficient of prformance

Comparative refgerant performance

No. Name COoP
R-717 Ammonia 4.84
R-290 Propane 4.74
R-600 Butane 4.68
R-22 Chlorodifluoromethane 4.65
R-134a Tetrafluoroethane 4.60
R-407C R-32/R125/R134a (23/25/52) | 4.51
R-410A R-32/R-125 (50/50) 4.41
R-404A R-125/R143a/R134a 4.21
R-744 Carbon dioxide 2.96
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Phase-l 00O

I £ (#&#06 0
In 1987 theMontreal Protocol, an international environmental agreement, established

requirements that began the worldwide phaseof ozonedepleting CFCs

(chlorofluorocarbons). These requirementse later modified, leading to the phaseé in 1996

of CFC production in all developed nations. In 1882 Montreal Protocol was amended

establish a schedule for the phast of HCFCs (hydrochlorofluorocarbons). HCFCs are less

damaging to the ozorayer than CFCs, but still contain ozedestroying chlorine. The

Montreal Protocol as amended is carried out in the U.S. throidghv| of the Clean Air Act,

which is implemented by EPA.

Montreal Protocol

United States

Year to be
Implemented

Product

% Reduction in Consumptiond Year to be

ion Implemented

Implementation of HCFC Phaseol
through Clean Air Act Regulationg

2004

35%

2003

No production and no importing of
HCFC-141b

2010

5%

2010

No production and no importing of
HCFC-142b and HCFC-22, except fo
in equipment manufactured before
1/1/2010 (so no production or
importing for NEW equipment that
uses these compounds)

2015

90%

2015

No production and no importing of af
HCFCs, except for use as refrigeran
equipment manufactured before

2020

99.50% 2020

No production and no importing of
HCFC-142b and HCFC-22

2030

100%

2030

No production and no importing of aj
HCFCs

Figure7: HCFC phasaut schedule
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HCFC production is capped in the United States and will be reduced to 0.5% of current
levels in 2020 and completely stopped in 2030. Both dates are within the typical life of a

centrifugal chiller produced today.

In Europe steps are already being takenitoiete the use of R34 in automotive
applications. The emissions from automotivecainditioning became a great concern because
their impact on climate change was determined to be much greater than that of equivalent
residential heat pump and-@ondiioning systems. Automotive air conditioning systems are
inherently more likely leak refrigerants due to the wear caused by vibrations, heat and corrosion.
As an example According to November 2006 report by the Energy Information Administration,
vehicles inthe U.S. leaked 50.8 thousand tons gf3a into the atmosphere, equivalent to over
66 million tons of greenhouse gases. The emissions are 7% higher than in 2004, and up 273

percent since 1995.

To help meet the EU's Kyoto Protocol obligations, the EemapgCommission issued a
directive in 2006 mandating the phasé of R134a in mobile air conditioning (MAC) systems
and its replacement by refrigerants with a GWP no higher than 150. As of 2011, a bd34m R

systems applies to all new models, and 0417, to all cars.

The Europeacarmakers had two immediate choices, both requiring considerable
redesign. One was to use the fluorocarbetbRa (CHCHF,). R-152a has a GWP of 140
however, because it is flammable, it cannot be used in systems ofidheoki found in cars.
Instead, the AC unit must be equipped with an isolating secondary loop so that passengers are
never endangered, meaning added weight and expense. The other option,wals€&nown

as R744. Several automotive suppliers have bemrelbping CG@-based MAC systems and
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components, including Nippon Denso in Japzetic andBehrin Germany, andelphim and

Visteonin the US.

The turning point in the fluorocarbon industry come in the summer of 2007 for it was
then that the members oftlberman Association of Automotive Industry (VDApurred by a
European Union mandate, jointly decided to employ air conditioning systems using carbon
dioxide (CQor R-744), rather than a fluorocarbon, as the refrigerant:<d@ain attribute is that
it has virtually no impact on global warming or ozone depletion pote@iialis also nontoxic
in small doses, but concentrations over 5% can be lethal. Furthermore it is cheap; about $10 for a

20-Ib. cylinder and nonflammable.

From the beginning, C{hadan edge over R52a, given the latter's flammability and
bulky system requirements, and the situation did not look good for fluorocarbons. Success of the
CO, systems in Europe could, in turn, drive adoption in the US, further shrinking the
fluorocarbon maeet and transforming the economics of production around the world.

Existing C02 and Gas Refrigeration Systems

CO»-based akconditioning and cooling systems are already being used industrially in the
U.S. and Europe as well as for residential purposé&aimpe but are still being tested by car
manufacturers partly owing to the engineering challenges posed HhyO@® of these is the high
pressures required in the system, up to 10 times those of fluorodzabed systems. Another is
the inefficiency of oprating above a refrigerant's critical temperaftie, or transcritically-

CO; has a very low Tc of 31 degrees centigrddievertheless, many test vehicles with CO2 A/C

systems heshown that C@does provide cooling performance comparable-tB3Ra.
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When used as a refrigerant in the gaseous f@@,requires extremely high operating
pressures (up to 1,800 psi on the high side, and 350 to 400 psi on the low side), compared to 300
to 400 psi on the high side forE4a. The reason the pressures aregoiBibecaus€O, does
not condense in the refrigeration circuit. It remains in the gaseous state. Consequently, the front
heat exchanger is called a "cooler" rather than a condenser but the overall system and the cooling

cycle remains the same.

SAE is siil developing service fitting standards for/4 since leak detection presents a
challenge. This is because natural level€06$ in the atmosphere may be higher than the
amount emitted by a leak from an A/C system. Some type of ultrasound or infranecheqt

may be required to find 44 leaks, but dyes may also work or plain old soap bubbles.

A number of companies in Europe produce residentigla@@onditioning systems such
as Green & Cool in Sweden. This specific company produces Units for ladiymmeand high
(air conditioning, refrigeration, freezer) temperature applications. In most cases these companies
adopted stronger rotary or scroll compressors connected in series or parallel to be able to achieve

these higher operating pressures for,CO
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Figure8: Mistral 345 LTCO?2 air conditioning unit by Green & Cool

Valve Systems

Rotary Valve
A rotary valve is a type of valve in which the rotation of a passage or passages in a

transverse plug regulates the flow of liquidgas through the attached pipes. There are many
uses of the rotary valves including a regular stop clock. Other common uses of the rotary valve
included brassstruments and steam enginksindustry the rotary valyealso referred to as an
airlock, andare used to allow or extract substances from two chambers with different pressure

levels and temperatures.

Rotary valves have made thorough progress in terms of alternate designs of different
types of rotary valves, their functions and uses throughowetes. In the early 1940s there was
the Mellorés rotary valve system, which cont a
other for the outlet exhaust. In the 1960s, the alpha rotary valve existed where the flywheel acted

as the rotary valve.nlthe early 1990s, many manufacturers were researching supercharged two
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stroke engines. The rotary bearing was of horizontal type, rotated by a toothed belt and
crankshaft speed. This valve was used in high combustion pressures. There are many more

advancs being made about rotary valve systems that are currently in the stages of research.

The main reason the decision was made to use rotary valves in this design project is
because it was a simple yet efficient valve system. It met the requirements armhfumevould

need to perform.

Figure9: Rotary valve
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FigurelQ: Airplane rotary valve

Poppet Valve
A poppet valve is a valve consisting of a hole, usually round @y amd a tapered plug,

a disk fiape on the end of a shaft also called a valve stem. In most applications a pressure
differential helps to seal the valve and in some applications it assist in opening the valve. Poppet
valves are suitable for low to medium compression ratios and lowdwmespeeds,

approximately 180 RPM to 600 RPM. With these limitations, a high lift can be applied and the
poppets will have sufficient time to meet their maximum life during each compression cycle.
There are many advantages to using a poppet valve dagesrdihe application. Poppet valves

are efficient and last a lengthy period without any effective damage, they contain interchangeable
parts, plug and finger uploaders are available and using these valves would be a cost effective

process.
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Figurell: Poppet valve
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Figurel2: Labeled example of a poppet valve system
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Slide Valve
A slide valve is a valve that slides across an aperture to expose the port or opening. The

valve slides back and forth oveorts. For example, one in the cylinder wall of a steam engine
allowsthe intake and outflow to move the piston. Some slide valves are hand driven while
others are mechanically driven depending on the application. Slide valves are inexpensive;
thereforetis an economical means of controlling the flow of fluids. Slide valves are used
commercially but for low to moderate pressure gases and liquids. The valves are not appropriate
for high-pressure applications because the valve locks up and does notrfynmoperly. The

valves could also be damaged if exposed to-pigissure conditions. Due to such problems, the
valves are restricted to operating fluid pressure of 250 psi or less. Another problem with slide
valves is the vibrations it causes during opera These disadvantages of slide valves make it an

inefficient option for the air conditioning valve design.

Figurel3: Diagram of a slide valve system
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Figurel4: Slide alve

Ball Valve
Ball valves are flow valves that are quarter turn and straight through equipment. These

valves control flow of fluids. They contain a round closure and matching pair of rounded seats,
which allow appropriate sealing to occur. There are many advantages to usuaivesl|

besides being simple and user friendly. They are able to maintain and regulate high volumes,
high pressures, and high flow of temperature. Ball valves are relatively inexpensive and have a
long life span. They are also sturdy, strong valves.nigue design allows it flexibility;

therefore there is no concern for side loads, which becomes a problem for other valves like the

butterfly or globe valve.

28



Figurel5: Ball alve

Figurel6: Cut awayof a ball valve mechanism
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Lubrication
A lubricant is a substance used between two moving surfaces to reduce the friction

between them, which improves efficiency, and decreases wear of the system. Another function of
certain lubricants is its ability tdissolve and transport foreign matter and also distributing heat.
The main lubricants used in industry for air conditioning systems are mineral oils, esters, and
polyalkyleneglycol (PAG). Currently, mineral oil based lubricants are most commonly used
throughout industry. With technological advances within the machinery industry, the benefits

would not be reaped unless synthetic lubricants are used.

There are six major synthetic lubricant base stocks in the development of synthetic
lubricants. Each ohese lubricants has unique chemical and physical properties, which makes
them useable for different applications. These six synthetic lubricant base stocks include
silicones, diesters, polyolesters, polyalphaolefins (PAO), phosphate Esters and Polyalkylene

glycol (PAG).

Silicones are known for their low volatility and their inert reaction to chemical
contaminants. Other appealing characteristics of the silicones are their thermal stability in intense
applications and its ability to function in low temperatenvironments. These properties make it
suitable for heat transfer fluids such as automotive brake fluids. There are two major
disadvantages of using silicones as the lubricant. They cannot be used in the cylinder lubrication
of internal engines becaude combustion byroduct is silicon dioxide. The second
disadvantage is the limitation of extreme pressure applications and pressure additives are not

compatible with this lubricant.

PAOs are hydrocarbon polymers, which are considered high performancaritdband

have a high viscosity index, which is the resistance to flow. PAOs are the most commonly used
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lubricant because of its properties and it is less expensive than other synthetic lubricants

mentioned. They are used in car motor oils and varialissinial applications.

Phosphate Esters are mainly used in fire resistance and safety applications including fire
resistant hydraulic fluids and aircraft fluids. They have a low heat of combustion, which enables
them to be seléxtinguishing fluids. Thesgarticular esters do have their limitations and
disadvantages. They have hydrolytic instability that can lead to the formation of aggressive

acidic by products. This lubricant can also degrade many commonly used sealants and paints.

PAGs have a high vissity index and excellent temperature stability. An advantage is the
fact that PAG base fluids are available in wa@luble forms and insoluble forms. It is also
available in a vast range of viscosity grades. PAGs are not volatile in high temperature
procedures and are suitable for either high or low temperature applications. PAGs are used in a
wide range of applications including hydraulic and compressor equipment, metalworking fluids
and food grade lubricant. The disadvantage of the vgaleble PAGss that they are not
compatible with petroleum oil and many precautions must be performed in transitioning

equipment from hydrocarbon oils to PAGs.

Diesters were developed since World War 1l. At that time they were used as reciprocating
compressor lubricds because of their low coking tendencies at very high temperatures. They
also provide good solvency and detergency. The aggressive effects of diesters toward elastomers
and seals have lessened the efficiency of these fluids. Newer fluids such as Rotyaleshow

more efficient and useable in applications today.

Polyolesters have replaced diesters, which have already been mentioned above. They are

used in high temperature applications where oxidative stability is necessary. Numerous
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applications use pyolesters as lubricants such as in aircraft engines, high temperature gas

turbines, hydraulic fluids and also as heat exchange fluids.

Currently, refrigerants such as R134a, R22 and R12 are being used in industrial
applications, refrigeration unitandheatpump systems, dedpeezing systems, climate control
and also car aiconditioning systems. These substances have been determined to be ozone
depleting chemicals. This fact has changed the outlook on the continuation or prohibition of
these refrigenats. In order to make a positive change for the world and environment, new

experiments are being conducted to evaluate the result of using safer alternatives as refrigerants.

Carbon dioxide has been introduced for a period now and scientist are stitipileye
more theories on making this natural substance viable to replace the existing refrigerants.
Carbon dioxide is already being used in few applications and systems. In order for carbon
dioxide to be used as the refrigerant in this air condition systdabricant is necessary to
decrease friction and wear atgérin the system. The properties of carbon dioxide oil mixtures
is yet to be confirmed, however, it has been found that synthetic polyolester oils have been
suitable for other carbon dioxidestgms. These special synthetic polyolester oils are used with
extra anti wear extreme pressure additives to be used in these industrial applications. These

additives reduce and prevent wear issues.

The solubility of these polyolester oils in carbon déxis controlled and the miscibility
is very good. The miscibility is especially important when dealing with very low temperature
systems. An example of carbon dioxide replacing one of the most commonly used refrigerants
R134a is the substitution that wduentatively occur in 2011 or 2012 in car air conditioning

systems. The disadvantage of using these polyolester oils is that the system has to be extremely
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clean because the oil is a good solvent for undesired things such as dust, dirt and residue from
soldering which can clog the system filters. However, because these polyolester oils are good
solvents, it dissolves most of the mineral oils that they are replacing, so even if there were

minimum mineral oils left, it would not clog the system.

After thoraugh research, it was concluded that there is no particular lubricant made for
carbon dioxide systems. However, the polyolester oils are efficient for the purposes of the
project. It will provide lubrication to the air conditioning system, without distgrlaimy
activities occurring inside the system. The properties of these polyolester oils make it a very

suitable lubricant for the design.

Sealing of Compressor Shafts

Dependant of the compressor type and function there are three major ways to seal the

compessor mechanism in order to reduce gas leakage into the outside environment and to reduce

or eliminate the effects of environmental factors on the wear of components. The compressor
casing and construction can be hermetic, degnmetic or of the open tgp In the hermetic

design the compression mechanism shares its drive shaft with the motor and the entire
mechanism is sealed in a welded container. The-eermetic compressor casing is very much
the same except the sealing in not complete and pernm&ineatthe containment vessel is bolted

together. The open type compressor mechanism on the other hand does not have a direct

connection to the motor. The compressor and the driver can therefore be connected by a flexible

coupling or pulleys and belts. Sieg of the refrigerant gases in an open type compressor can

therefore be achieved by means of labyrinth or other mechanical seals. Each type of casing
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design has its advantages and disadvantages and seeks to contain shaft leakage by different

means.

Hermetic Compressor Units

Figurel7: Hermeticcompressor

Hermetic compressor units such as the one in Figure 18 are mainly used for residential
purposes in household A/C systems as well as smaller refrigerator systems in houses and
supermarkets. Hermetic compressors have a direct connection to the motor and are sealed in a
welded casing such that shaft leakage and environmental factors like humidity and dust are of no
concern to the inside mechanism. A great advantage of the hecoreficessor design is that it
requires no shaft seal that always allows some degree of leakage of refrigerant to the
environment. The electric motor rotor and the compression mechanism are actually fixed to the
welded container and share a single shdfe fefrigerant pipeline connections are connected to

the outer shell by welding or brazing of copper or aluminum pipes. The electric wires leading to
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the motor are taken out of the steel shell by means of hermetically sealed terminals made out of

fused glas.

This type of hermetic compressor design is highly efficient since the possibility of
refrigerant leakage is very small. The sturdy welded container promises limited noise and
minimal vibration which are important factors in the residential settingh&umore, these
welded type hermetic compressors casings are most often used with highly reliable scroll or
reciprocating compressors. Lubricating oil is either applied during factory assembly or is
introduced when the system is charged with refrigetarthe unlikely event of compressor
mechanism or motor failure the entire compressor/motor unit would have to be replaced since
the welded container offers no service access to the inside mechanism. Some causes of failure
may include wear of componentsedio friction and corrosion induced by chemical reactions
between the oil, refrigerant and other materials. A close variation of the hermetic compressors is

the semihermetic compressor, in which the bolted construction offers limited serviceability.

It is important to point out that this hermetic setup has been successful due to the nature
of the traditionally used refrigerants. These refrigerants provide a means of removing the heat
generated by the electric motor due to their high density, high spee#tgas states and their
low heat of compression. Nevertheless due to sealing of the compressor and motor, the heat
dissipated by the motor becomes a part of the AC system load and thus lowers the efficiency.
Furthermore high heat of compression gaseh s carbon dioxide which is used in this project
might require additional means of cooling the electric motor if the hermetic otheemetic
setups are utilized in the design. A popular option of cooling the compression mechanism in such

cases is pasyj the gas through multiple compressions and cooling stages.
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Figurel8: Reciprocating hermetic (welded)rmapressor unit

Figure 18shows a cuaiway view of a hermetic compressor. The refrigerant connections
(copper pipes) as weals the glass sealed electric connection (I) and the weld line can be seen on
the outside of the outer shell (H). On the inside of the outer shell are the copper windings/motor
stator (B), the motor rotor (A), crankshaft (F), crank throw (G), conneatthE), compression
piston (D) and the compression cylinder (C). Due to their construction hermetic type
compressors are perfect for small refrigeration systems where maintenance such as replenishing
refrigerant and oil charge cannot be ensured. Nevesthéles essential to ensure material
compatibility between the internal components, refrigerant and oil so that no internal problems
develop due to corrosion. Chemical reactions between the refrigerant, oil, air, moisture, other

foreign substances and aofythe internal components are possible.
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Semi-hermetic Compressor Units

Figurel9: Semihermetic compressoutaway

The semihermetic compressor design is rarely utilized in residential applications
alongside the hermetic typ€&his design is mainly employed in industrial applications where
much higher compression ratios are required. These compressors are used in compression of
refrigerants as well as other gases and substances needed in industry some of which cannot
escape ito the atmosphere. Such industrial applications require much larger and more
expensive compressors that over time require oil changes and certain part replacements.
Removable heads, stator cover, bottom plate and housing cover which are common features of
semihermetic compressors allow easy service access in the event of compressor damage. Figure
X is a schematic of a serhermetic compressor that shows these removable panels and access
points to the integral parts of the compression mechanism and tbe Aotimportant feature is
the location of the suction port that allows motor cooling by means of the suction gas. The use of

large welded hermetic compressors is possible but uneconaimcalthe price of the entire
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compressor is much greater than thfahe individual parts it is cost effective to replace these
individual parts as opposed to the entire compressor. In reality, maintenance required on these
types of compressors is minimal and regular oil changes will ensure the long life of the
compres®n mechanism. The sefhermetic type compressor is almost as efficient as the

hermetic type but some leakage is possible through the bolted panels if not sealed properly.

The hermetic serfiermetic compressors are very compact and occupy less space
compared to open type compressors thus saving on building and plant room costs. The footprint
and weight of a serhiermetic machine is about 70% of an open type machine with similar a
cooling capacity. These compressors are therefore easier to handle ahdedpine heavy
foundations like the open type machines. The common problem of refrigerant or gas leakage
through the shaft seal is also eliminated with the deminetic compressor because the motor is
directly mounted on the compressor crankshaft dsarmérmetic design. Setnermetic
compressors do not require any pulleys and belts and have no alignment problems and no wear
and tear of the drive elements. They are also quieter and produce less vibration compared to the
open type compressor setup. Farthore unlike the open drive compression systems they can be
used for compression of hazardous substances such as ammonia since shaft leakage is not a

problem.
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Open Type Compressor Setup

Figure20: Open type compressoump

Theopen type compressor setup is very popular when compressing environmentally
friendly substances such as air. Leakage from the compressors shaft is to be expected and is
somewhat acceptabl®pendrive compressors can be connected to a motor in the-direet
arrangement using a flexible coupling or sieside for bekdrive configuration. Figure X
shows a compressor pump to be used in adoelé configuration.Since shaft leakage in the
open type compressor setup very likely and hard to contrditbasis not used in residential
cooling applications where refrigerant could escape into the atmosphere. More refrigerant would
constantly have to be added to the system in order to account for amount lost through the shaft

seal. The labyrinth and otherchanical seals are employed but sadly can never eliminate the
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leakage completely and have a very low life expectancy. The disadvantages also include
increased noise and vibration over the hermetic andlsemmetic types. Furthermore the setup
takes up mee space compared to the hermetic and germetic types and parts such as the

drive belts are sensitive to adverse environmental condifidresadditional space and higher
sensitivity to environmental factors is the cause of the use of additional npartsgand seals.

These parts are as follows: motor and compressor pulley, belt, compressor seal. The elimination
of these parts in the hermetic and sé@imetic units eliminates the need for the following

service and installation operations: aligningbéfts and belts, replacing pulleys and belts,

replacing and repairing of seals.

In some situations though this setup is used and even offers certain advantages. The main
advantage is that other types of drives can be used to power the compressor satilyeces
electric motors. In the automobile for example the compressor is driven by the engine accessory
belt connected to the engines crankshaft. Another advantage is that the motor can be air cooled
by a fan installed on its own shaft as in many indudtini@e phase motors which are used to
power open type compressors. Lastly the heat produced by the electric motor does not become
part of the system load. Therefore high heat of compression gasses such as carbon dioxide can be
safely compressed without wging about overheating of the eclectic motor and reduced power

output.
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Figure21: Automotive open type compressampp

Due to the lack of adequate electrical power the A/C compressors systems inside cars are
utilizing open typecompressor pumps even though refrigerant leakage is very likely. The pump
is driven by the engine accessory drive belt which is constantly in motion when the car is turned
on. The compressor unit actually hasedectromagneticlutch. This allows the comgssor to
shut off even while thengineis running. When current flows through a magnetic coil in the
clutch, the clutch engages. As soon as the current stops, such as when you turn off your air
conditioning, the clutch disengages. Sealing of the shaéthieved by means of labyrinth, felt,
carbon, face and other mechanical seals depending on the manufacturer in order to reduce the
amount of refrigerant discharged into the atmosphere. Since refrigerant leakage exists, the
system needs to be periodicalgcharged with refrigerant in order to prevent compressor

damage.
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The compressor pump employed in the green A/C system will probably be of the open
type in the prototype version. The design requires a drive/timing belt connecting the motors shaft
to the otary valve shaft and the valve chamber. It is certain that the valve system will require
maintenance and adjustments over time as well as initial valve timing adjustments. Also during
the testing phase easy access to the valve and cooling chambersegllioed for data
collection. Furthermore enclosing the motor, drive belts and valve chamber would be very much
impractical as it would require a large containment vessel. The problem with open casing types is
the noise levels which would make them inaygpiate for residential applications so in the

future the entire system will have to be sealed.

Rotating Shaft Seals

There are a number of different rotating shafts seals that reduce but do not eliminate
leakage of gases or fluids. The seal quality ddpen the temperature and pressure conditions
as well as the chemical and physical properties of the substance being pumped or compressed.
The seal selection process is often imprecise anddonsuming. Of course the main purpose is
to contain the flud but the seal has to be compatible with the fluids it contacts to maintain its
physical integrity. Dynamic seals for rotating must have good wear resistance to ensure long life
and a tight seal. Other, factors include having sufficient strength toegBission and shear
under maximum temperature and pressure as well as the heat generated by the mating surfaces.
The seal has to resist twisting and deformation in the seal cavity as well as any vibrations of the
shaft. Finally, overall economics and prioeist be considered. Unfortunately, some compromise
is always necessary because of conflicting parameters. Loading of a dynamic seal is a good
example. High loading between seal and moving surface results in good seal but also produces

high friction and war. Reducing this load increases seal life but permits more fluid to escape at
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low pressure. Therefore seal selection under no circumstances an exact science. In any
application, the engineer must decide which factor has priority. If a seal is critibel 4gstem
being designed the type used should be considered early in the design process as seals come in

many shapes and sizes depending on the application.

The seal types available for rotating shafts are the rubber lip seals, compression seals,
mechaical face seals and the labyrinth seals. As mentioned before each type can be used for

different pressure and temperature applications depending on the parameters of the system.

Rubber Lip Seals

Fluid to

he sealed y__fRubber Lip

" Garter spring
Ivetal stiffner /

Figure22: Rubber lip seal

Rubker lip seals such as the one in Figure 23 provide a very compact and simple solution
to sealing rotating shafts. The disadvantage is that their use is restricted to low pressure
applications (less than 0.1MPa) and relatively low temperatures up to 156°igker
temperatures and pressures, mechanical seals based on sliding contact between the faces of two

rigid rings, or stuffing boxes, based on compression of soft packing material against the shatft,
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should be used. The lip seal is pressed against #fielgha combination of the force exerted by
the round metal garter spring, the elasticity of the rubber as well as the fluid pressure (Figure 22).
Without the garter spring there would inadequate pressure against the shaft to seal the fluid; the

garter sping is therefore an integral part of the rubber lip seal design.

To minimize wear on the rubber lip seal the contact pressure should be as low as possible
but enough to contain the fluid being sealed. Shaft and seal material and their surface finish
consderably affect wear rates. Shaft surface should preferably be smoothQ@Gas)
preferably polished to a shine. Rapid seal wear will also occur if there is no fluid to form a
hydrodynamic film (increase in friction may cause enough heat to detetioeadeal), if the
fluid pressure is too high thus raising the contact pressure, or if the shatft finish is poor or of
inhomogeneous material such that the surface may become pitted. A high thermal conductivity
shaft is advantageous to draw off any heaegated. The lip angles are not the same, the inside
lip angle being larger of the two. This asymmetry is important for the function of the seal, since
there is a tendency for liquids to be pumped from the low angle side towards the high angle side

thus redicing any leaks that may and will develop over time.

O-ring Compression Seal

Quite Possibly the most widely used compression seal is the sirpig.GAn Oring
under pressure can be considered an incompressible viscous fluid with very high surfage tensio
Under mechanical or hydraulic pressure this "fluid” is forced to flow into the sealing cavity,
blocking the flow of the lesgiscous fluid being sealed. Properly installed, thernQ is
squeezed to about 10 to 15% of its original cixesstional diamier. The deformed @ing

completely closes the space between the adjacent surfaces being sealed (or between shaft and
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gland in dynamic applications). Pressure forces the rubber into microscopic surface grooves on
mating parts. Under moderate pressurehrieng flows up to the clearance gap between
components but as pressure rises, both sealing force and contact area increase. At its pressure
limit (which depends on seal dimensions and hardness) part ofting €tarts to extrude into

the clearance gapt this point, the seal can shear, leading to failure. Backup support rings such

as the ones in Figure 24 protecti@gs and other forms of squeeze packing seals from extrusion

by high pressures. They are predominantly used at pressures exceedingilpt00grsalso be

used at lower pressures when diametric clearances are large and extrusion is more likely. Backup
rings, caps or slippers can prevent extrusion at high and lower pressures. Caps also protect
against friction in reciprocating applicatioi$ey are made of PTFE and come in a variety of

shapes.

Figure23: Application of the &ring
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The compression set for the rubber is very important when choosing a static seal.
Excessive compression set found in lower quality enlveduces the effective sealing force,
resulting in leakage. High temperatures accelerate this condition. To counter compression set, a
controlled amount of volume swell of the rubber, caused by absorption of hydraulic fluid, is
preferred. In most applidans, 5 to 15% exapansion is recommended for a static seal. n light
duty dynamic applications, volume swell can soften the elastomer and increase friction, leading
to heat buildup thus reducing the life of the seal. Thus, swell in dynamic applicatahd sa

limited to 5 to 6%.

O-rings are also suitable for lighuty rotary applications. Generally, they provide
satisfactory life if shaft speeds are limited to 750 feet per minute (fpm), and sealed pressures to
200 psi. However, some seal manufactupersnit Gring use at speeds to 1,500 fpm and
pressures to 800 psi. The key to usingrids in rotary applications is avoiding the Gdaule
effect which is the tendency of elastomers under tension to shrink when heated. This sets up a
destructive cyclen which friction and heat give rise to even more friction and heat until the seal
fails. This is avoided by using thei@g in compression, rather than tension for any rotary

applications.

Compression seals are available in a wide variety of shapesnBeetarings, quad
rings, and Hrings are examples of seals that perform very much the same functienngs O
but fill the gland better and have a more stable geometry. Teflon cap seals consist of a
compression seal with a Teflon cap. They are primasgd in applications where high velocity
may cause frictional heat buildup. PTFE is used because of a low coefficient of friction and
excellent wear characteristics. But PTFE does not seal as well as rubber and is susceptible to

damage from solid contanants. PTFE is also not as good in static applications.
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Mechanical Face Seals

Mechanical face seals use both rigid and flexible elements that maintain contact at a
sealing point. These seals slide on each other, allowing a rotating element to passathrough
sealed case. The seal elements can be both hydraulically and mechanically loaded with springs or
other devices such as bolts to maintain contact at the sealing interface. The stationary portion of
the mechanical face seal that mates with the rotatiriongiang, bearing, or shatft is an integral
part of this type of a sealThe stationary element of this seal provides the low friction wear
surface that rides on the harder wear resistant mating suBatie the seal face and mating
surfaces are typidlg lapped flat to within 3 helium light bands (0.0000348 inches), which
provide a virtually leak tight sealin@his type of a stationary mechanical face seal can come
with either an &ing on the outer diameter in a slip fit application, or can be degdigmpress fit
into the seal bore of a mechanism. Different elastomeric compounds or PTFE sealing solutions
are available for a variety of fluid and temperature applications, as well as materials compatible
with the substance being sealed. PTFE sealsleatfor highspeed and vibration applications
as they generate less friction and heat. PTFE seals are also available in either unbalanced or
balanced designs for optimum performance in the very demanding aerospace or industrial seal

applications.
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Stuffing Box Seal
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Figure24: Stuffing box sealystem

The stuffingboxis cylindricalspace in a pump casing or hull of a boat surrounding the
shaft. Rings or strands of packing materaé placed in this space and compressed @sing
packing gland or a flange in order to force the packing material onto the surface of the shaft and
the casing.Packingis material in the form of rings or strands that is pldoethe i st uf f i ng
b o xtform a sealto control the rate of leakage along the shaftThepacking rings are
held in place by a gland as shown in FigureT2¥% gland is, in turn, held in place by boltgh
adjusting nuts that screw into the casing.tAs adjusting nuts are tightened, they increase
the forceon the gland and effectively mouwbe gland forewordandcompress thepacking.

This axial compression causes the packing to expand radiaatying a very tight seal between
the rotating shaft and the inside wall of the stuffing fome disadvantags that athigh
rotational speed of theshaft a significant amountof heat generateals the shaftrubsagainst
the packing rings.If no lubrication and cooling are provided to the packingi¢nhgperature of
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the packing increases to the poirfiaxe damage occurs to the packihg, pump shaft, and

possibly nearby pump bearings as well as other components in the sySteifing boxes are
usuallydesignedto allow a small amountof controlled leakagealong the shaft to provide
lubrication and cooling to the packing. They can also be lubricated trough a grease release port
or an oil ring. The leakage rate as well as the amount of friction can be adjusted by tightening
and loosening the packing gland. There is a tradeoff bettheeguality of the seal and the

amount of friction generated. A big advantage of using this seal is that the seal acts very well

even when the shaft is not rotating.

The Labyrinth Seal

A labyrinth seals a type of a mechanical seal that creates a dliffpath for the
substance in order to help prevent leakage. The seal is composed of closely spaced groves
machined into the shaft and the adjacent surface. These groves interlock in order to produce the
Al abyrintho patter n wlriguwe5. §drlabyrith sealsaok argtatinga s s h
shaft, a very small clearance between the tips of the labyrinth threads and the rotating surface is
critical for proper sealing. Because of this low clearance labyrinth seals providieation
sealing functio by significantly reducing the passage of fluid through a number of cavities
(groves). Centrifugal forces on the fluid, as well as the formation of controlled fluid vortices
further control the flow of the fluid. At higher speeds, centrifugal motion $otee liquid
towards the outside stationary cavity of the seal and away from any passages to the outside
environment. In correctly designed labyrinth seals any liquid that has in fact leaked from the
main chamber becomes trapped in a labyrinth chamberguithis forced into a vortelike
motion. This acts to prevent its leakage, and also helps to repel any other fluid from

contaminating the chamber.
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Figure25: Different labyrinth sals

Since labyrinth seals are noontact, tey do not wear out over time. They also produce
minimal friction and heat, thus increasing the efficiency of the system overall. Many gas turbine
engines and turbochargers which have high rotational speeds of the shafts use labyrinth seals due
to their la& of friction and long life. Labyrinth seals are also found on pistons in reciprocating
engines. Pistons use these modified labyrinth seals to store oil and seal against high pressure
during compression and power strokes. Labyrinth seals may also benusiionorrotating
shafts. In these applications, it is the long and difficult escape path and the formation of fluid
vortices plus some limited contagtaling action that creates the seal as opposed to centrifugal
forces. The disadvantage of the labhiseal is that they do not work as a seal when the shaft is
not in rotating or linear motion as in the case of a piston. Therefore in a pressurized system like
the A/C system being designed, refrigerant would be free to escape once the compressor and the
rotary valves are not moving. Therefore secondary mechanical seals are necessary to prevent this

from happening.
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Casting
Casting can be a very cheap alternative to machining. Unlike machining, the bulk of the

cost in casting comes from the material $igeations rather than labor. Foundry work can be
dangerous if the people involved are not informed, but with proper preparation the work
becomes simple, quick and effective. The items required to make casting viable are a furnace,

molding sand, cope, dragnd a proper pattern.

The furnace can be either electric or gas powered. A gas furnace can go to very high
temperatures very quickly, but can be dangerous to use and has limited size. The type of gas used
in this process can be propane, gasoline, an e@ged oil. The temperatures inside the furnace
can sometimes be difficult to control but can work well with most metals. Electric furnaces work
with heating elements and ceramic lining in order achieve high consistent temperatures. The
constant temperates allow metals that are difficult to work with, such as zinc to be used
without ill sideeffects. The temperature increases within these furnaces can be slow and
therefore it can be difficult to use with higher melting point materials. Mdgesuch as
aluminum are also disadvantage in that the material oxidizes at melting temperatures and a
slow melt will result in a high impurity rate. Extremely high melting point materials such as cast
irons and steels can also not be used due to temperature cosistnaihese machines being

around 2000 degrees Fahrenheit.

The two main molding sands normally used are green sand and petro bond. Greensand
has been used for centuries but is rarely found anymore. Greensamatésbased bonding
sand and made from f®nite clay, pulverized coal, and olivine. These materials create
temperature resistant sand that stays generally stays in place. Although greensand is a good

material, rarity has made it difficult to use and also requires a mulling machine in ordeofor i
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be recycled. Petro bond is similar in composition to greensand but is oil bonded instead of water.
The use of a stronger bonding agent allows for more intricate designs and does not require
mulling in order to be reused. Instead, the burned materabe removed and the bulk of the

sand placed in storage oroged.

The pattern is a sample part that bawopied. The pattern is placed at the bottom of the
drag and then filled with the casting sand. In order to get the best finish, compactagdhs
recommended. Once filled, the drag is carefully flipped over and the pattern removed, this leaves
the crevice which the molten metal fills. The cope is prepared similarly but without the pattern.
Once the cope is prepared a funnel, called the faskt into the cope. A runner is also made,
which carries the metal from the funnel to the mold cavity. Putting the cope and drag together,
makes the process ready for the molten metal to be poured.

Discussion

Although using Ammonia seems to make momessethough a theoretical standpoint,
meaning higher coefficient of performance, it is also toxic in nature to anyone near it. As itis a
rule of thumb that nothing is perfect, ruptures in lines transporting Ammonia could conceivably
leak and killpeopleke i n the 192006s. It is for this reas:c
refrigeration in consumer goods is prohibited. Carbon dioxide seems to be the perfect choice to
be used as it is not harmful to humans and is not flammable.

For valves our best option @srotary design. This is based on the idea that if done
correctly the friction can be negligible and therefore the amount of energy consumed is minimal
compared to other standard valve designs. Something that became apparent as research was
conducted onatary valves was that the majority of them are vastly modified for whatever their

particular use is, and this project will be no different.
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Project Formulation

Overview
This project will involve the use of a single phase refrigeration system. The psoject

designed to comply with the Department of Energy (DoE) and Department of Defense (DoD) for
an environmentally friendly and efficient air conditioning system. According to the DoE report,
the designs specifications call for a system that can usegerafit with a Global Warming
Potential (GWP) less than or equal to 1. Since GWP is a ratio comparison of the refrigerant to
CO,, using any one of the considered gases for the project will comply with the specifications.
Project Objectives

As this projecis formulated in order to compete with conventional refrigeration systems,
it is important for the success of the team, to follow several goals. Without meeting these goals
the project will not be marketable and therefore will serve no purpose in hpgopte and the

environment.

Project Goals:
1. Match efficiency of current systems

2. Match Coefficient of Performance

3. GWP O 1

4. ODP =0

5. 1 Ton capacity = 3.5 kW power

6. Comparative pricing, $1000/Ton (secondary objective may not be realistic: source DoD
report)

7. Redicing operating cost

Achieving these goals will make it possible for people to adapt the use of this technology

over time and will also make the use of this project profitable. As Europe is going to outlaw the

53



use of R134a, and no apparent successor lesrzaned, it is also the goal to make it
marketable not only in the US but abroad as well and hopefully catch some of the market share

from the eventual market frenzy.
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Design Specifications
The design of this system will encompass the compressor/expaedsion, the

evaporator section and the radiator section. The system is a closed loop single phase,
hermetically sealed gas compression system. Since the system is an air tight system the uses of
traditional mating surface lubricants will not be consderTo elevate this problem all metal
surfaces exposed to the higher temperatures and pressures will be treated or coated with carbon
graphite or any like treatment.

The design of the compressor/expander of this air conditioning system will revolve
aroundthe use of a Wankel rotary engine. As we do not require power transmission system or
combustion chambers, all but the rotary piston and housing are discarded. The rotary and
housing of the engine are currently being modified to accept a compression cldnabewill
house cooling coils to cool the gas. The process by which the system will work is as follows. The
rotary will turn using an electric motor, the target revolutions per minute (rpm) will be about
3000. As the rotors turn, the working fluid wilekaccept on the intake, see figure 7 item 255,
and compressed in the compression chamber where it is passively cooled by a coils. Water will
be circulating through the coils to act as a coolant. The gas will then expand as it leaves the
chamber further loer the temperature of the fluid caused by the severe pressure drop. This leads
to a heat exchanger or evaporator section and the cycle starts over.

Leading from the compressor/expander section, the working fluid will exhaust into the
evaporator section velne the temperature of the fluid will be significantly reduced. This will be
accomplished by drastically reducing the crssstional area of the tubing. The total surface area
of said tubing will be determined to ensure that the rate of heat transfeximized. See figure
127 14, for proposed design for the evaporator coils. The design of the coils is proposed to

reverse the expansion losses due to the high operating pressures of single phase system. Another
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important area of focus (in the design) flois section will be a method for energy recovery. The
velocity of the fluid moving through this section must be maintained at a particular rate to ensure

that the temperature and pressure relationship remain relatively constant.
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Legacy Design
The current design has completed the design of concept and testing phase. For this phase

only the compressor/expander and the ataili was considered. This phase was designed and

tested on an open system using air as the working fluid. The radiator system was employed using
room temperature tap water as the coolant. The testing revealed conflicting data and possible has
ruled out stadard air as a refrigerant; changes to the compressor/expander will be needed in
order to make the project viable going forward. The initial testing, although showing that the
process can be done, gave results that were in essence other than expebtiee i8sahother

group (the legacy team), working on this project for the time being the focus will be on the
cooling of the water running though the chamb
clearer, they shall be added.

As the water needs teelrooled to increase the cooling capacity of the air conditioning
system, it has been decided that a radiator similar to what is seen in the current consumer air
conditioning market will be implemented. To maximize cooling, a few different designs were
corstrued tooptimize the effect of this. These designs will focus on the diameter, shape of the
coils and contact area to the heat transfer fins but can stem into multiple redesigns of the
chamber and valve systems in order to reach a higher efficiency.

Condraints and Considerations

Single phase and gas as a refrigerant is the consideration for this proposed design. Most

modern and current air conditioning systems use two phase compounds in order to achieve their

high efficiency. This project is dividedtmthree separate sections as follows:
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Compressor/Expander S ystem:

1.
2.

3.

Evaporator:
1.

10.

Achieve at least a 3:1 compression ratio

Reduce or eliminate the need for lubrication

Reduce effect of friction of rotor system

Achieve 3000 revolutions per minute operating speed

Reducdriction and increase efficiency in valves

Increase heat exchange capacity in cooling chamber

Reduction of vibration

Relatively low power consumption

Possibly redesign major components of entire compressor/expander system

(cooling chamber, valves, heaarisfer system)

Design tailored to design specifications of compressor/expander (diameter, and
pressure)

Single phase design

No spikes or drops in pressure

High heat transfer efficiency

Material Considerations

Efficient coil design

Efficient fin design

Reduction of vibration and forces due to strong airflow

Low cost

Fan power and speed
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Radiator:

1.

2.

6.

7.

Fluid considerations or additives

Cooling efficiency

Small size

Low cost

Pump considerations: Powered by compressor motor or separate unit
Fan powernd speed

Reduction of vibration and forces due to strong airflow

As the testing of the legacy phase of the project concluded, it became apparent that more

intricate changes were needed to make this project viable. As a result, additional designs have

been added to replace ndunctional components

Chamber
1.

2.

Create adjustable chamber for adjustable compression
Sustainable flow

Simple assembly

Removable heat exchangers

Cost efficient

Valve Assembly

1.

2.

3.

Valve system that will remove need for splitters
Reductionof leakage and seepage

Low friction

Higher RPM movement

Simpler assembly
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Heat Exchanger
1. Optimized fin surface area and efficiency

2. Not impede movement of flow
3. High heat transfer coefficient

4. Maximize effect of working fluid

Design Alternatives
One design lgernative will be to move away from the Wankel rotary engine and used a

more traditional four stroke engine for the compressor/expansion section. Although the four
stroke engine is mechanically less efficient than the rotary engine, it offers the cayacity
producing a much higher compression ratio.

For the current design on alternative is to redesign the valve system. The current system
use a rotary valve system that poses many challenges, from ineffective timing to the addition of
another system thatilvconstrain the electric motor. In the proposed alternate design the rotary
valves would be replaced with poppet type valves. The poppet valves are very efficient and give
an on demand and direct response.

Overview of Concepts

The designs that havedie prepared for this project fall into two categories. The first
category deals with design changes and modifications to the compressor/expander system. The
system, although worked on by another team has resulted in failure. Based on the work done,
there lave been multiple proposed ideas on how to improve the current design. Although unsure
as to whether all of these ideas will be used or modified, it is certain that drastic redesigns and

modifications will be needed to make this project viable.
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The seconaategory is that of the evaporator and radiator system. The design of those
systems will heavily rely on the final modifications to the compressor/expander system. Since
the compressor/expander will have a set diameter, amount of flow, and pressungatiant to
base the derivative systems on those specifications. The bulk of the design elements common to
both evaporator and radiator are the design of the coil system that will account for the heat
transfer. Achieving the highest possible efficiencytliese systems will make it possible for this

system to be implemented in the consumer and commercial markets.

Compressor/Expander Designs

The compressor design will utilized the Wankel rotary engine. The system will be
operated by an electric motor awdl be the main power supply for all other accessories. Direct
driving the accessories put s a tremendous strain on the system and adds variable that may not be
controllable. The poppet valves mention earlier offers a solution to alleviating the additiona
strain put on the system by the rotary valves. The poppet valves have less lag in the delivery of
compressed gas to and from the compression chamber. The sooner that fluid can be delivered to
chamber more fluid may be compacted raising the pressurdipbterthat required range for a

viable gas compression system.
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Figure28: Modified coolingor compressiorchamber

Figure 28is a proposed design over the current design. The current design of the open
system is a rectangulaesign that would not be useful for a closed loop system. The chamber
will be cylindrical with minimum surface disconnection to reduce stress concentration. The

chamber will be machined in two haves out of high grade tool steel.
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Figure29: Heatexchanger

Figure 29is a rendering of the heat exchanger that will be mounted in the compression
chamber. This design will be connected directly to the radiator system and provide a method for
removing heat from the working fluid as it israpressed. To withstand the extremely high
temperatures and pressures the system will be operating under the tubes will be made of stainless
steel. The radiator will operate under a partially turbulent flow stream to maximize the heat
transfer capabilitiesThe coolant for the radiator will be cooled on the other end via forced
convection to ensure a proper heat exchange. The size of the radiator system has yet to be
determined as a full thermodynamic calculator will be developed. See evaporator/radiaior se

of this paper for more detailBigure 30shows the compression system in full regalia.
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Figure30: Assemblyof figure 28 and 29

Based on the changing focus of the project, the following designs were made. These

designs a based off many ideas, and configured to make the project more efficient.

Alternative D esigns: Chambers

Rectangular:
A rectangular or block shaped chamber would be relatively easy to manufacture. The low

cost of Aluminum or steel plate, screws, and labdr make this design attractive, but not

viable. Heat transfer is easy to achieve in a static environment when both materials are fluid or
solid. In the case of a fluid to gas transfer, it is very inefficient to have stagnation. Fins play a
very importanipart in the heat transfer of process for gases, but without the constant movement
of the gas, the heat transfer effect cannot happen in a short time period, making the fins
ineffectual. Testing for this system can be easy but requires modification tdigece chamber

size.
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Adding an external motor or pump to move the stagnant air within the chamber would
reduce the energy efficiency of this system but also leads to another problem. Because of the
linear design of this chamber, there are very limitesltpms in which heat exchangers can be
placed. This severely reduces the design possibilities for the heat exchangers and can lead to

difficult and possibly critical design decisions.

Figure31: Rectangular

Spherical and Hemisph erical:
There are many good things associated with a spherical and hemispherical shape for a

compression chamber. The most important advantage by far is that this design that will create
turbulence and therefore increase heat transfer rate in the chaftberdesign also allows the

use of some unconventional heat exchanger designs that are only viable under extreme
occasions. Unfortunately, this turbulence also destroys the flow of the air, requiring that flow be
re-established at each compression cyPlge to the suggested design of the valve system,

difficulty could very well arise from the positioning of the inlet and outlet, as well as the overall
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length and height of the chambers. Because of these problems, there is a significant advantage to
usinga hemispherical design over spherical, meaning; the design would be short, yet wide, and
would reduce dead space. For testing purposes, both of these designs are undesirable as it is
difficult to reposition the heat exchangers without disassembling euggytind can be difficult

to change the configuration of the chambers without remaking the part.

The destruction of the flow could possibly be ignored if other factors including difficultly
of manufacturing were not involved. Machining of this part waylde possibly be impossible.
Using a milling machine would require thousands of lines of code to make a hemispherical
design of the size required, as well as a lot of labor and tooling costs. The results of this process,

due to design of cutter bit, wousdso result in a part that will still require many hours of work,

sanding and grinding to make the part Agoodo.

also be complex and would still require many hours of work afterwards to smooth out the

hemigherical curves.
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Figure32: Sphere

Figure33: Hemisphere
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Cylinder :
The cylindrical design is very efficient. Due to the shape of a cylinder, this designs height

and length can be independent of anether, and opens opportunity for different designs of the
heat exchanger. Although this design lacks the turbulence given by the spherical design, it can
use the inner curvature of the chamber in order to keep a constant laminar flow. A constant flow
of this type will become stronger as the compression and expansion cycles continue, and can lead
to vortices within the chamber. The design can have a constant diameter, which is limited by
engine output holes, but can be made with a larger length thaneckdDoing this will allow

testing to be easier as the chamber size can be optimized by changing the length, and therefore
adjusting the pressure inside of the chamber. Changing and modifying the heat exchangers can
be simple, as it only requires a capptoremoved from the side of the chambers for it to be
removed. Unfortunately, compared to some of the other designs shown using a cylindrical design
slightly increases the amount of dead space incurred due to chamber positioning, which can be

bad for overt performance.

Manufacturing cylindrical chambers has the same problem apliezical and
hemispherical chambers. The only way to machine these parts, due to the length, is using a
boring mill which we do not possess. Using a4standard diameter féhe chambers could also
incur massive tooling costs, as well as labor costs if an independent machining company is used.
Metal casting for this part could be feasible as it is a simpler shape than a sphere. Material costs
could be higher than machiningtdosing the tooling fees and labor associated with machining
is very attractive. After casting the part, sanding and associated work is expected, but the straight

edge of the cylinder length makes the work simpler compared to the sphere shape.
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Figure34: Cylinder

Door or Elongated Gylinder:
The door and elongated shapes are both closely related to the cylindrical design. The door

shape is a modification of the cylinder in order to remove the dead space associated with the inle
and outlet holes. This modification can allow more pressure within the chambers and therefore
increasing efficiency, but it does so at the cost of increasing turbulence due to the straight edge

of the bottom of the door. Although, the bulk of the fldwosld continue, it will impede the

formation of vortices within the chamber, which will decrease the efficiency. Having the

elongated height of this chamber can also help optimize the fin surface area and can help regulate

the height and length of the chiers.

The elongated cylinder is also a modification of the cylinder. Like the door shape, it can
be modified in order to optimize fin surface area and has the same constant flow benefits as the

cylindrical shape but it also possesses the same dead spgheecglinder.
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The manufacturing techniques of the cylinder apply to both of these, but creating a

pattern for these can be more difficult. Unlike the cylinder, where you have no vertical shapes,

the pattern can very well break the mold due to friction.

Figure35: Door
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Figure36: Elongated cylinder

Alternative D esigns: Valve System

Rotary 1 Valve Design
Changing the configuration of the inlet and outlet holes of the rotary engine makes it

possible ® use one valve instead of two. Doing this would result in less power consumption, less
friction, and a simpler to manufacture system. The valves would have to be larger in order to
accept a greater volume of gas and will be limited to a single chamligm,ddbowing less time

for the heat exchange. Sealing this system would be very difficult as the holes are linear and
seepage between the shaft and the housing is inevitable. The system would also be plagued by a
single inlet and outlet hole design, whiebuld cause seepage between the rotors and cause
compression and expansion problems. These systems disadvantages obviously outweigh the

advantages gained.
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As the valves have to have a very good finish, it is worth noting that the best way to
manufactue this system is though machining. The process known as wire EDM is also useful, as
it can easily make cylindrical shapes easily with a good finish, although the process may very
well be too expensive to use. Metal casting in this case is not viable, fasish will be too

rough to use for this application and the tolerances to large.

Figure37: Straight \alve

Rotary 2 Valve Straight Hole Quarter Turn and Half Turn D esign
This design takes full advantage of the two inlet amtebholes already present on the

engine. Although, the addition of a second valve increases the strain on the motor and adds
friction, the gains from reducing rotor seepage make it a more useful design. This system still

suffers from the sealing problemgenerally associated with a rotary design.

The major difference between quarter turn and half turn is at which rate the timing on the
valves will be running. Depending on the which, the holes on the valves are in different
arrangements but generally direear in design. The difference in turning speed can help or hurt
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the design depending on the sealing chosen for the design. Manufacturing of these systems can

be done the same way as the 1 valve design, though machining.

Figure38: Quarter valve

Rotary 2 Valve Parallel Hole D esign
The parallel hole design is very difficult to visualize, but simple in design. Rather than

straight holes, the design uses a set of 2 holes parallel to each other at a 45 degree angle. As the
valveshafts turn, the holes at the center alternate between the same inlet and outlet, but cater to
alternating chambers. Using this design, it is possible to reduce dead space that would otherwise
be taken up by flow splitters. The sealing on the design eaeity effective as there is
horizontal space between where the gas gods i
labyrinth seals in order to reduce seepage in horizontal directions, as well as eliminate seepage in
the vertical direction. Labinth seals work best at high RPM, which increases the efficiency of

this half turn rotary design. Since the labyrinth seals are zero contact seals there is very little
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friction and therefore the effect of having the second valve is negligible. Anothar maj
advantage this system brings is the angled chamber inlet holes. These holes play well with the
cylindrical chambers, sending the flow within the chambers into either clockwise or

counterclockwise motion.

Manufacturing of this part will be particulartifficult, but can be done. The fact that a
very long hole needs to be made has not changed, but the inclusion of the labyrinth seals add
extra difficulty as the shafts cannot simply be slid in to place. This means the valve housings
need to be manufactd in halves and the grooves added after the shaft holes. The valve
housings cannot be made though casting, as the shape is too complicated to be made with good
tolerances. The valve shafts are easily made by the process of turning and can be made to very

tight tolerances.

|

Figure39: Parallel valve ¢using
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Figure4O: Paallel \valve shaft

Rotary 2 Half Cut Valves
The major advantage of this design is the ability for the valves to bring in a greater

volume of gas than the hole design. The valve shaft on this design is cut into a hemispherical
shape at the valve openings, every half turn the compression or expansion will happen. The
difficulty of this design comes again from sealing, but also the factitbs¢ valves create more

dead volume. Since there is a greater volume flow rate, the holes of the inlet need to be increased

in diameter to take advantage of the valve design.

Manufacturing of this design is relatively simple using a combination ofngiind

turning processes.
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Figure4l: Half cut valve

Spring Valve Design
The idea behind this design is pure reduction in dead space. A spring is attached to a

piece of plate aluminum, while an external rotary component confgruéls and lets go of a

wire connected to the plate. This causes a spring back effect that would close the valve quickly
after being opened. The problem with this design revolves around the fatigue of the spring and
the sealing of the plate. As the sgyis used, the pull back force will diminish, making the
maintenance of the system too much. The friction involved with metal to metal sealing would
also cause a lot of energy efficiency, heat and wear problems, making this system difficult to

implement.
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Ring Valve Design
The ring valve is a valve system that uses a circular plate in order to regulate flow. The

holes cut into the plate can be modified for any general valve timing and is easy to make and
manufacture. Unfortunately, the design has mawytiils that include high friction effects,
difficulty sealing, and difficulty in powering it. An external motor can be fixed to make it work,

but any external power would cause efficiency problems.

Figure42: Ring valve
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Heat Exchanger Alternative D esigns

Shell and Tube Heat Exchanger
Shell and tube heat exchangers can be very efficient for gas and fluid thermal exchanges.

This design makes use of multiple flow redirectors to steer the gas into intricate fin designs.
These fns are held in place by multiple straight pipes that carry the working fluid, and span the
length of the chamber. Shell and tube heat exchangers can be very efficient if and only when
there is a constant flow of gas and working fluid running though thethelcase of this project,

a constant flow is not attainable and thus making the concept unusable.

Straight-tube heat exchanger sf;lel_l-ds_ide
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tube-side . tube-side
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Figure43: Shell and tube
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Helical Tube Heat Exchanger
The helical tube design allows for a greater tube surface area byrgjlaiong tube to

spiral the heat exchanger within the chamber. The greater the surface area the faster the heat
exchange will take place but can lead to problems, such as fin placement, which is crucial to a
gas thermal transfer. The spiral design alkmaa for the working fluid to stay within the

chamber longer, and therefore requires a smaller pump than a system running a greater volume
of water. Due to the difficulty in the placement of the fins this design would not play to the

strengths of this sysm, which would help destroy the flow created in the compression cycle.

Figure44: Spiral
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Compact Heat Exchanger
In extremely small heat transfer areas, such as the ones found on this project, compact

heat exchangers can be yeseful. The concept of these designs is based on bent fins which
cause the gas to constantly change direction. The friction associated with the directional flow
changes also increase the fin efficiency and the bent shapes allow for a greater firase@face
within the chamber. Unfortunately, just like the shell and tube heat exchangers, compact heat
exchangers require a constant flow and powerful constant flow to negate the effect of the friction
on the gas. The manufacturing of this part would alsaffieut in that the bent shapes would

hinder the process of soldering the fins to the tubing.

Figure45: Compact

Yarn Heat Exchanger
The concept behind the yarn heat exchanger is using the tubing as its own fin. To make

this possible hundreds of very small diameter tubes in spiral configurations would be required.
The random arrangement of these tubes throughout the chamber would allow for the circular
flow motion within the chamber to work unhindered, and still have a hightrensfer effect.

The energy consumption associated with this process would be high considering the amount of

friction involved in the process of using small diameter pipes. This system can be very costly to

80



manufacture, as it is very difficult to findges of a small enough diameter. The manufacturing
process for binding so many random pipes can also be time consuming and to difficult to do

within the time constraints.

Figure46: Yarn

Parallel Plate Heat E xchanger
This heaiexchanger is very simple in design but very efficient. The design utilizes

multiple straight tubes that span the length of the chamber, similar to the shell and tube design.
The gateways from the shell and tube design have been removed and the fin diaontteed.

By making these design modifications; it is possible to take advantage of the circular flow within
the chambers without impeding the natural flow. Throughout the heat exchanger there are

vertical, circular fins that increase the efficiencylwd system. These fins are simple in design
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and span almost the entire diameter of the chambers to optimize the fin surface area. To reduce
the amount of working fluid flow required within the system, it is necessary to make the working
fluid make multiplepasses within the chambers. As the fins and tubes are generally straight,

manufacturing these heat exchangers can be easy, although very time consuming.

r

Figured7: Preliminary leat exchanger

Scrub Brush Heat Exchanger
The scrib brush design is very complex but can be very efficient. The concept of the

design is changing the fins from a solid design to a free form wire design. This design can be
compared to the heat dissipaters usually found on electronic components, such as
microprocessors. The difficulty in this design can be traced to multiple things such as the
calculation of fin surface area, manufacturing of the fins, and soldering of the fins.

Unfortunately, although claims of extremely high efficiencies using these xwetregers have

82



been announced, there is simply to much difficulty and cost involved in the manufacturing of

these parts.

Figure48: Scrub bush

Evaporator/Radiator

Single Goil z 2D
This design is simple yet effective. The dgshas a simple coil design as is generally

considered to be very sturdy. Because the coil design is simple and is flat, this design uses the
least amount of material and of course will be the cheapest to manufacture. In terms of
efficiency, this design isot bad, but not considered to be great. As this system is geared toward

increasing efficiency to the maximum this design will probably not be chosen.
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Figure49: Singlecoil - 2D

Single Qoil 23D
This design is similar to itst2cozen, but takes on characteristics that enhance its

efficiency. Since this design is a singular coil, the simplicity of the 2D design is still at its core;

the major difference in this design is that rather than bending its joints in only thasYt also

bends in the Z direction. Creating depth like this increases surface area in which the heat transfer
can occur, but this design does not come without some draw backs. Because of the depth it takes
on, the design can cause problems with producti@ritow which would mean increasing fan

output and therefore wasting more resources. The cost of the design would also go up as there is

more material and solder work to be done.
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Figure50: Singlecoil¢ 3D

Multiple Coil z 3D
This coil design is by far the most efficient design. The configuration of the coils is most

closely related tidaDdbhdesbfggnt hbufiscagl eeaohl hi
reducing diameters and increasing the number of coils in the sy$teese changes can

maximize the surface area and cooling effect in the structure, as well as increase the speed at
which the gas travels inside of the structure. This design can very well be the best design for this
project, but by increasing surface aveaalso restrict air flow further, and can create unwanted
vibrations and forces on a system that has already been weakened by thinned diameters. In terms

of cost, this design is also the most expensive. The added cost is due to complexity in the system

85



as well as rising material cost. The complexity also makes this system the most difficult to

produce and therefore uses the most man hours to create.

Figureb51: Multiple coil¢ 3D
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Evaporator
The volume of each chamber of the 1@Aary engine is about 573cc. The actual volume

is approximately is 400cc given all losses that are inherent within the system design. This value
was attained by capturing the volume of air inside one chamber into a balloon then submerging
said balloon ito a bucket of water. This information is necessary since this mass flow from the
cooling chamber into the evaporator is need for the calculation for a proper evaporator design.
Not knowing the rate of fluid flow leaving the cooling chamber, the flowirdtethe evaporator

will be an estimate based on the exiting volume and all associated loss.

Figure52: Compressor exhaust stroke

Using one second as the elapse time of the fluid leaving the expansion section and entering the
evgporator section, see figure 53 item # 258, the volume flow rate is estimated as of 400cc/s the

calculations of the tube length will give an initial estimate of the size of the evaporator.
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Table2: CQ constants

T(°C) | T(K) Cp Z 3 K Pr
7 280 0.830 |1.400E-05|7.360E-06|1.520E-04 0.765
20 293 0.844 |1.459E-05|8.036E-06|1.608E-04 0.766
27 300 0.851 |1.490E-05|8.400E-06|1.655E-04 0.766

The convection heat transfer rate inside the evaporator is given by the formula

T?I".!C._., [T"- o T"'}

h = =
wDL

‘ﬂT.'!r:

Equationl

This equation 1 is needed for the calculation of the heat flux to the fluid and ensures that

it is constant throughout all of the coils. The entire region of the evaporator is enclosed and will

exhibit fully developed turbuleritow. The volume flow rate is 400cc/s, therefore, the velocity

mustbe approximated using the equatior Au,,,, where A is the cross sectional area ands

the mean velocity because the velocity will vary throughout the evaporator.
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Figure53: Evaporator tube crossstion

With the velocity known, the Reynolds number may be calculated using the formula

pu,, D
g =

1
Equation2

Where D is the internal di amect evri s(cloBs)i toyf atnhde }
density of CQ. For internal flow the flow characteristic is primary dependent on the Reynolds

number, and to maximize the heat transfer rate of the refrigerant, sufficient boundary layer
separation will be a requirement as tudmilflow enhances heat transfer. There is no shaft work

being done by the fluid, therefore, the only effect will be due to thermal energy change and mass
transfer. Other concerns are inherent in internal flow systéms:system with a fully developed

turbulent flow, pressure drop, caused by friction is known to depend on the pipe diameter,

length, roughness, along with mean velocity, viscosity and density. All of these parameters will

be or have been considered, but particular attention must be pagssoie gradient and friction

factor, which the final design will account.

Rel ative roughnessodéds for materials are determ

common materials can be found in the table 3.
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Table3: Roughnss table

Surface

Copper, Lead, Brass, Aluminum (new)

PVC and Plastic Pipes

Epoxy, Vinyl Ester and Isophthalic pipe

Stainless steel

Steel commercial pipe

Stretched steel

Weld steel

Galvanized steel

Rusted steel (corrosion)

New cast iron

Worn cast iron

Rusty cast iron

Roughnesse
10%(m) (feet)
0.001-0.002 & 3.33-6.7 10°
0.0015-0.007 | 0.5-2.3310°
0.005 1.7 10°
0.015 510°
0.045-0.09 1.5-3 10*
0.015 510°
0.045 1.5 10*
0.15 510*
0.15-4 5-133 10°
0.25-0.8 8-27 10"
0.8-1.5 2.7-510°
1.5-2.5 5-8.310°
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Relative pipe roughness is computed by dividing the absolute roughness e by the pipe diameter

Relative roughness = %

Pressure whether loss or gain is of concern for this evaporator design. Major pressure
drops through the systewill adversely affect the cooling capacity of the entire device, and
significant pressure increases may cause a phase change that could become problematic. By the
Bernoullids principle, pressure willyonly <cha
therefore any change in the cross sectional areas of the evaporator banks and compressor must be
balanced equally. Other factor that is considered is the friction factor, of the materials which
invariably includes the roughness. Faced with the dilemfrhavong to choose between a
material with relative low surface roughness which would minimize the pressure gradient or high
friction factor that would induce faster and longer turbulence to promote adequate heat transfer,
the choice came down to stainlassel or copper. With the aid of the Moody Diagram and the
roughness table 3, the difference between copper and stainless steel was relatively small. The
final decision for the material came down to the differences in the respective material thermal
condetivity [k - (W/mK)] With stainless steel beirkg16 (W/mKpand copper ak=400 (W/mK)
the decision was obviou3he next issues that had to be addressed were the limitations on size,
how big is the overall system going to be. The idea is to designearsilsit would match the
COP of a system in a typical single family hdmeithout using up as much surface area. Due to
the limited size of the system, managing the cross sectional area of the tubes will be critical. The
length will also be limiting facts since it play a large roll in affecting the pressure gradient of

the system, and incorrectly implemented could reduce the overall heat transfer rate significantly.
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Figure54: Moody dagram

The design of the evaporator mayvies modeled after a tygecross flow air to gas heat
exchanger. This cross flow arrangement is of the multiple tube variety in a staggered fig. 3or
aligned see fig. 2 formation perpendicular to velocity of the air. A simple design which is
advantageousof its ability to maximize heat transfer due the high level of turbulent air moving
from bank to bank causing boundary layer separation from row to row. [2] The coefficient for
the tube in the first row is approximately equal to a single tube cross flosveas larger heat
transfer coefficients are associated with the inner rows. As the air pass each row flow stream
deteriorates and causing greater surface area contact for the inner rows. This effect only lasts for
the first few rows after which the effscare normalized. Compared to the aligned tube bank

arrangement the staggered banks are still the best options for this design
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Figureb5: Aligned tube Bnk

This design is for an unmixed stream configuration since the two firidsd CO2 will
never be in contact. This is a plane tube bank construct that may be configured differently to
maximize heat transfer. Typically the type one heat exchanger is constructed to have air or gases
of various compounds passing through and tivetube banks. In this design the internal gas
will be CO2 gas with forced air moving across the tubes. The temperature entering the
evaporator will be at a much lower temperature that the external air. The temperature ratio for
the entire length of theibe bank must allow for minimal temperature increase to ensure a viable

system design.
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Figureb6: Staggeredube bank

The internal temperature of the €éntering the tube bank will be measure and must be
less than the externamperature on the cold side. The exiting temperature of thevill®e
higher due to the gas to gas heat exchange. In this gas to gas arrangement, the need for extended
surfaces (fins) will depend on the gases heat transfer coefficient. Dependingpoesthae drop
across a (particular single inlet/outlet configuration) section the maximum operating temperature
will be much more that the system requirement. Close attention must be paid to the cross flow

correction factor which if too low may affect oeifective temperature difference.

For the calculation for the CO2 side of the evaporator was used for the determination od

the overall length of the tube bank. Using the convention correlation for turbulent flow in

circular tubes the friction factds f = 0.046Re"=. Given the Nusselt numbaiu = %RePri or

4 i
Nu = 0.023Re:Pr: which was calculated by Colburn after much experimentation. This became

knownas the Colburn equation for turbulent flow in smooth pipes. This correlation was further
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enhanced by and wasanged tévu = 0.023Re"#Pr™ and became the DitttBoelter

correlation. The equ@n is limited by the ranges of

0.7 = Pr =2 160

Re = 10° Where n=4 for heating

L
— =10
D

Table4: Tubing properties

[ ID Area 0 Uy 7 Re Nu h L

(Kgim?} | (m) (m?) (m3/s) | (m/s) (Kg/si W (m)
‘miK’

1.9022 | 0.008 5.03E5 | 4 7.96E+4| 7.6088 | 5.43E+05 800.47 | 15.21 18.62

These calculations are based on the assumption that the volume flow rate ¥64Thm

average heat transfer ¢beient Fl Is given by the equation transfer coefficid;nﬁs given by the

equation

=
Il

—Nu
D

Equation3
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And the Length equation is

mc, AT,
L= HD%E’:‘E (ﬁ)
Equationd

The air side of the evapator will have a forced convection setup. Fans will be used to
provide the maximum velocity for the cross flow. There are several configurations that may be
considered for the mounting of the fans. The fans may be mounted in front of the in a forced
dratt position or behind the bank in a induced draft fashion. The forced draft setup would be
most practical due to less power consumption, the fan is in a cool air stream relative to the case
of induced flow and the reduced load on the fan means less wssam@ntenance). Several
other configurations will be evaluated to test the limits of the system. The length of the tube bank
will be evaluated further once the base line has been established. The diameter will also be
evaluated; as the two parametersumeally linked (length and diameter) to optimize the
operating pressure range. The use of extended surface or fins will be utilized more for
practicality that for functionality; fin surf
and will bea permanent fixture in the final design, but several space saving alteration will have
to be made.
Fin Design

The fins adhered to the coils on the radiator and the evaporator will be a small yet
essential part of this project. The purpose of the fits getter facilitate the heat transfer
between the air and the coils. In the radiator the goal is to release the overall heat in the system,
since cool water will increase the efficiency in the cooling chamber. In the evaporator, these fins

will allow the cold temperatures in the coils to dissipate into the flowing air.
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The criteria for designing these fins revolve around the airflow and cost. The thinner the
fins are the better the heat transfer will be, but making too thin can cause damage to tiie fins a
the coils though the force and vibrations caused by the airflow. The spacing between them and
how they will be connected to the coils will also be a major concern, as both will affect the cost

of the overall system.
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Figure57: Examplefin

Union Considerations
As there will be 2 cooling chambers, it is necessary to create union connections in the

pipe system. These union connections will bring together the various pipes to create a single

pipe.
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Figure58: Pipe onnection

Final Design
To increase the efficiency of the system to its maximum capacity, it is shown that the

combination of the parallel plate heat exchanger, rotary 2 parallel hole valve, and cylindrical
work best together. This is accongbled by the optimization of fin efficiency, dead space
reduction, and flow management. Although these designs were chosen, there are significant

changes to each component in the final design.
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