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Nomenclature

Base area [A}

Fin area [

Total area [

Specific heat capacity [J/kg K]

Heat capacity rate [W/K]

Coefficient of performance [W/W]

Total coefficient of performance [MJ/MJ]
Hydraulic diameter [m]

Manufacturing energy per unit mass [MJ/kg]
Friction coefficient {]

Heat transfer coefficient [W/hK]
Channel height [m]

Thermal conductivity [W/m K]

Polymer resin thenal conductivity [W/m K]
Filler thermal conductivity [W/m K]
Einstein coefficient]

Loss coefficient{]

Length of channel [m]

Heat exchanger mass [kg]

Number of fins {]

Number of transfer units][

Nusselt number]

Pumping power [W]

Prandtl number-]

Heat transfer rate [W]
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Chapter 1: Introducton

In a wide variety of industrial processes, heat exchangers are a fundamental
component. Many of these involve the heating and cooling of highly corrosive fluids. A
seawater cooled heat exchanger for the liquefaction of natural gas is studied here. The
high-temperature, higisalinity water used in such applications frequently leads to heat
exchanger failure due to corrosion, as a well as scale-bpilthcreased use of corrosion
resistant materials could reduce plant downtime and increase revenue.

A global energy demand increase of 65% over 2004 levels is forecasted fddR030
Rather than simply generating more power to meet this demandserehergy
efficiency improvements, dematerialization, and selection of lower energy and recycled
materials can be used to reduce the rate of growth in energy consumption. For a typical
heat exchanger, efficiency gains have typically been achieved primarily through
improved manufacturing processes and thermofluid designs that reduce pumping power.
The availability of stronger and more thermatiynductive, yet energy efficient,
polymers[2] could provide new opportunities ireét exchanger desigidigh thermal
conductivity polymer heat exchangers could offer significant benefits over those
currently used in seawater applications for the power industry, as well as coastal
petroleum refineries and gas liquefaction plaf8achheat exchangers may provide
greater corrosion resistance, lower raw material cost, lower manufacturing cost, reduced
disposal costs, and increased geometric flexibilRgr heat exchangers in corrosive
environments, significant energy gains can be mgdedveasing the service life through
material substitution.

Additionally, the inherently low energy of fabrication and formation for polymer
materials may lead to considerable energy savings over the lifetime of the heat
exchangerFor heat exchangens corrosive environments, where service lives are
typically low - on the order of a year or lesshe bulk of the energy consumed by the
heat exchanger is in manufacturing, rather than pumping power. By designing a heat
exchanger to generate the most tiesatsfer for a given amount of mass, the niassd

thus manufacturing enerdyis minimized.



Polymers may also offer flexibility in geometric design due to manufacturing

techniques unavailable with typical corrosion resistant metals, such as injeotaingn

1.1 Application of Polymer Heat Exchangers to Natural Gas
Liquefaction

The Abu Dhabi Gas company (ADGAS), a subsidiary of the Abu Dhabi National Oil
Company (ADNOC), processes and distributes natural gas in the United Arab Emirates.
Seawater is a gcial coolant in this process, and yeélue to its location on the coast of the
Persian Gulf this seawater can have a mean surface temperature as high as 32°C and
salinity up to 45 g/kd3]. To date, these conditions have required heat exchangers built
from expensive, corrosion resistant alloys.

This thesis explores the thermofluid chaeaistics of heat exchangers built of high
thermal conductivity polymers, for conditions typically seen by ADGAS. Pure methane,
the primary constituent of natural gas, is assumed for the gas, while seawater properties
are used for the liquid. Typical heatchanger parameters are givefablel for a
regenerator overhead condengir Other heat exchangers have liquédocitiesranging

from 1.32.7 m/s and gaselocitiesfrom 0.40 to 11.20 m/s.

Gas Liquid
Velocity (m/s) 11.2 1.7
Inlet Temp (°C) 103 35
Inlet Pressure (bar) 1.98 4.51
Pressure Drop (bar) 0.14 0.7
Heat Exchanged (MW) 30.8
Volume () 6.5
Volumetric Heat Transfer (MW/m ) 4.7

Tablel: Commercial NG Liguefaction Heat Exchanger Propefdgs

Such a heat exchanger transfers a large amount of heat, and is essemtial to th

operations of the natural gas liquefaction train. However, the high fluid temperatures



encountered in the UAE LNG application can aggravate the corrosion and scaling

problems, as discussed in section 1.3.

1.2 Seawater & Natural Gas Properties

Natural gas is colorless, odorless gas that burns cleaner than most other fossil fuels.
The US Government plans to reduce greenhouse gas emissions may encourage the use of
natural gas for electricity generation. Beyond pipelines from Canada, and potentially
Alaska, liquefaction of thenatural gas facilitates transport over large distances. To meet
demand, U.S. imports of liquefied natural gas are expected to grow rapidly, from 631
billion ft* in 2005 to 2.1 trillion ffin 2015[5]. As a typi cal
70-90% methane and may vary from well to well, pure methane is used as the working

gas in this wdy [6].

natur al

Property Methane (90°C) Seawater (25 °C)
; (Bg/ m 0.539 1022
e (MNs/ m 1.31E05 1.08E03
¢y (J/kgK) 2411 3993
k (W/mK) 0.0335 0.596
Pr (-) 0.73 7.23

Note: Sea water salinitytaken at 35 g/kg.
Table2: Fluid Properties

Theproperties of sesater are quite close to those of freshwategpite high salinity
levels, with aypical density increase 0f2% , due to the salt content of the waldre
methangoropertiesn Table2 showthe pronounced differences gas properties from
those of liquids;n particular, the thermal conductivijd density ardramatically less
thanthat of seawater. These differences will dominate the thermal performance seen in
industrial applications discusd here.

Several factors, such as alkalinity, total dissolved,@@d calcium and silica
concentrations can affect the thermodynamic properties of seawater, and represent the

source of existing uncertainty. Variations in the composition of seawatbiagara

3
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maximum impact on density of 24 gfin the open ocean, and as high as 130 girthe
Baltic Sea Estuarjr] .

1.3 Corrosion and Scale Build Up in Heat Exchangers

ADGAS heat exchangers have been found to have very short service lives, from a
few months to a year, depending on flow rates, teatpes, and water conditiofy.
The two limiting factors on heat exaiger service life are scale formation and corrosion.
The mainsource ofscale forming withirheat exchangers has been fotmte calcium
carbonate, as well as some calcium sulphate. Scale thren® the elevated
temperatures observed witliomeheatexchangers, leadin oversaturation of these
dissolvedminerak in the injected sea watfd]. Figurel presents an example of scale

formation on a heat exchangabe bundlefhat was found during inspection.

Figurel: Scale formation at the inlet of a tube bur{di8]

Scale formation withi the heat exchangelsads to decreased fluid flowrate and
increased thermal resistanceat&formation at the surfaes of the heat exchangers can
also giverise to undedeposit corrosion on the cooling water sid¢hef heat exchanger
tubes another, ptentially catastrophic failure mode.

ADGAS identified several primary corrosion types; pitting, erosion, crevice and
hydriding. A brief description of these corrosion types is given below.

Pitting is a form of extremely localizexbrrosionthat leads to the creation of small

holes in the metakaused by a concentrated lack of oxygEigure2 shows a heat


http://en.wikipedia.org/wiki/Corrosion

exchanger tube, coveredthvscales on the inside. Underneath the scales, localized

pitting and corrosion can be observed.

Figure2: Seawater scaling on titanium tubes

Pitting corrosion is dangerous because when the holes pierce through the idall, flu
mixing can occur, which can be disastrous in processing applications. The speed of
pitting corrosion and the resulting hole size tends to increase with time, after an initial
incubation period11]. When a metal corrodes, typically a corroded film remains on the
surface, preventing further corrosion. At increased fluid velocities, this film is swept
away and corrosion continues uninhibit@tie critical velocity varies according to the
fluid chemistry and also presence and nature of sdhdisseawater, titanium tubes have
been proven to handle velocities as high as 30 m/s, although 8 m/s is a more commonly
use value for pure titaniufi2]. These values are for seawater with no entrained
particles, such as sand or biological maffgpical seawater velocities seen in natural

gas lquefaction trains rarely exceed 4 m/s.

1.4 Advantages of Polymers

Thermally enhanced polymers provide the potential benefit of resisting both scaling
and corrosion, while still providing comparable performance to materials currently in use.
Pol ypr ogtrgng) resistan@esto seawater corrosion led to its extensive use in the Ocean
Thermal Energy Conversion (OTEC) heat exchand&is Zaheed and Jachu{k4]
reviewed the availability and application range of several commercial polymer heat

exchangerdJnfilled polypropylene polymer, with a thermal conductivity of just



0.25W/mK, is a ratlér poor heat exchanger materialternatively, thermallyenhanced
polymercomposites, filled with pitctbased, carbon micro fibers that raise the thermal
conductivity by ondo-two orders of magnitude, are believed to make seawater polymer
heat exchangers a viable approach. It must be noted, however, that the thermal dynductivi
and structural properties of such polymers are dependent on the fiber orientation and
geometry, leading to anisotropy in the heat exchanger Wwakksmallyenhanced polymer
heat exchangers may provide, in additiogteater corrosion resistance, lowaw
material cost, lower manufacturing cost, reduced disposal costs, and increased geometric
flexibility.

Polymers also offer significant weight savings potentials as compared to metals.
Several unfilled polymers have densities under 1 grf)/omch lesshan copper,
titanium, or even aluminum. Thermally enhanced polymers may have a higher density,
approaching 2 gm/chior the highly concentrated filled polymers, due to the higher
density of the fillers used to enhanced the conductivity. Still, thisevallower than the
metals typically used in heat exchanger applications. These weight savings mean less
energy is used in both manufacturing and transportation of these heat exchangers.

1.5 Water Use in U.S. Power Plants

While high temperature, high satiynseawater is a crucial coolamtmatural gas
liquefaction in he Persian Gulfsaline water coolingas applications worldwid&Vater
is used as the primary coolant for steam condensers, as well as other process equipment,
in electric power generatirmgants. According to the U.S. Geological Survey (USGS)
[15], which makes a thorough dataset of water use available every 5 years, the total
average water use in the United States was 408 billion gallons per day (Bgal/d) in 2000,
with 85% of that being freshwater. Of the 408 Bgal/d, 195 Bgal/d is used in
themoelectric power applications. Fresh water constitutes 70% of that consumption rate
and the remaining 30% is saline water, primarily in coastal power plants.

Notably, as seen iRigure3, the wateused in power generation has remained
relatively constant since 1985, despite a significant increase in generating capacity. This

is due to a significant increase in the

wa



gal/kwh in 1950 to 21 gal/kWh in 20Q06]. This is a result, in large part, of a transition
from once through coolingtclosed loop cooling. Thermal electrical power generating

plants have been the largest net user of water since 1965, wheuthagsed irrigation.
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Figure3: Trends in total water withdrawals by categfiry]

Power plants use 136 Bgal/d of freshwater, just slightly lessitthgation at 137 Bgal/d.
Other consumers, such as public supply and industrial, pale in comparison at only 43
Bgal/d and 20 Bgal/d respectively. Power plants account for 39% of total freshwater
withdrawals, 52% of fresh surface water withdrawals, and 868aline water
withdrawals, according to USGS data.

In increasingly prevalent closédop cooling systems, water is withdrawn from a
sourcecirculated througlprocessheat exchangers, cooled, and used again in a
continuous loopThese systems make usfeevaporation in cooling towers and thus have
a higher consumptive use than oticeough systemsSomewater is lost to evaporation
in this process, which results in an increasing concentration of dissolved and suspended
solids in the remaining water. Tég particulates, at a high concentration, can lead to
scaling, fouling, and/or corrosion. As a result, some amount of freshwater is continually
reintroduced,; this process is known as blowdown. Through the use of new heat exchanger
materials resistant to¢lse detrimental processes, plants would be able to operation at
significantly higher levels of contaminants, significantly reducing fresh water

consumption of such power plants.



Saline water consumption in the United States is associated primarilynevitooling
needs of coastal power plants, and used in once through cooling (OTC). Higher grade
materials must be used to prevent corrosion, often-géasforced polyester piping and
metals such as titanium and stainless steel in the heat exchangenswlabeve
temperatures in the ocean can increase the output of a power plant on the order of 1%
[17], as opposed to siting agpit on a river or lake. Oceans also have the benefit of more
gradual temperature variations. Despite this, there is a large push for new plants to adopt
alternative cooling techniques, due to the vast amounts of water withdrawn by OTC, as
well as environmetal concerngrom the entrainment of aquatic organisms as well as the
introduction of large levels of warm water to lakes and riv&iternative techniques
include closed loop cooling, with freshwater as makeup water, evaporative cooling
towers, or air coling, but all include significant added costs due to a lack of thermal

efficiency as opposed to OTC with seawater.

1.6 Objectives

Thermally conductive polymer composita® a promising advanced heat exchanger
material. In order to gain industry acceptarsignificant work must be done to
demonstrate the viability of such compositelse Dbjectives of this thesis are to begin the

steps towards such acceptance, through the folloasagssments

1. Demonstrate potential energy savings through the use of pobpmgosites, as
compared to existing corrosion resistant metals.

2. Quantify the required thermal conductivity for a viable gas liquid heat exchange.

3. Establish reliable optimization routines tlaglbw for significant mass and energy
savings in the design oboosion resistant heat exchangers.

4. Experimentally verify performance of commercially available polymer
composites through the testing of a prototype heat exchanger. This alsauld
serve to establish appropriate methodologies for analytically and nafheric
predicting the realvorld performance of polymer composites.

5. Understand the effects of anisotropic thermal conductivities present in polymer
compositesboth how such anisotropy develops and how it affects thermal

performance.



1.7 Overview of Thesis

Thisthesis will provide an overview of the characterization, design, and optimization of
thermally enhanced polymer composite heat exchangers. Divided in 8 chajteirsyst

by introducing typical applications of the heat exchangers studied herex@ackdhe
motivation behind this work. Chapter 2 will discuss the unique properties of polymers,
beginning with existing polymer heat exchangers, and then focusing on the challenges
involved with the addition of fillers. Chapter 3 will study the geneesigh and

optimization of low thermal conductivity polymer finGhapter 4 will present the heat
exchanger analysis methods used, as well as several naaulitschniques for minimum
energy design of heat exchangers, including the total coefficient of performance and least
material relationsNumerical analysis methods will also be preser@ddhpter 5 will then

study the parametric behavior of a represergdinnedplate heat exchanger module,

and compare this geometry to two alternative heat exchanger designs. Chapter 6 will
expand upon the work of Chapter 3, applying the concepts of design for minimum mass
to a complete heat exchanger for LNG applicatiarBersian Gulf waters. Chapter 7 will

then cover the experimental verification of the thermal performance of a polymer
composite heat exchanger, including comparisons to an unfilled polymer heat exchanger,
as well as the temperature distribution withie fins of an injection molded heat

exchanger with anisotropy. A summary of contributions and proposed future work is

discussed in Chapter 8.



Chapter 2: Polymer Properties and Attributes

2.1 Review of Polymer Heat Exchangers

In many industrial applications, includingaseater heat exchangers, as well as food and
chemical processing, and oil and gas rmef@ncorrosion resistant materials must be used.
Regrettably, these materialincluding palladiursstabilized titanium, copperickel alloys,

and stainlessteels- possess relatively low thermal conductivities, typically in the range of

5 to 40 W/mK, far lower than that of conventional heat exchanger materials, such as
aluminum (170W/mK) and copper (300W/mKjut in the range of corrosidiresistant
materials such asashlesssteel (17 W/mK) and titanium(20 W/mK). In many marine
systems using seawater as the ultimate coolant, its highly corrosive nature leads to the use of
two-stage heat exchange, with tempered water in an intermediate-iclopeciycle[11].
Removal of this intermediate heat exchanger loop and direct reliance on seawater could
greatly reduce the complexity of heat exchange and offer a significant savings in expended
and invested energy. Adaiihally, the energy invested in manufacturing titanium is over 3
times that of aluminum and over 13 times thlatcopper{18-20]. Consequently, the use of
titanium to facilitate directcooling with seawaterncuis a significant energy penalty;
motivating the exploration obther corrosiofresistant materials, such as polyméus,
seawater heat exchangers.

Zaheed and Jachuck reviewed the availability and range of use of several commercial
polymer heat exchaers[14]. The use of thin polymer films is studied to address the
thermal conductivitydeficiencies of most polymers. Several types of polymers offer
potential for heat exchanger applications; strength, viable operating temperature, chemical
inertness, and water absorbency are all factors considered when selecting a polymer. Typical
polymess used include PVDF (polyvinylidene fluoride, for highly corrosive applications),
Teflon/PTFE (polytetrafluoroethylene, known for its chemical inertness), PE (polyethylene,
due to its very low cost), as well as polypropyleReo | y pr opyl ened@&do str on
seawater corrosion led to its use in the Ocean Thermal Energy Conversion (OTEC) heat
exchangerg13]. The common characteristiof all of these polymers is a thermal
conductivity one or two orders of magnitude below conventional corrossistant metals.

10



Alternatively, thermallyenhanced polymer composites, fillavith pitchbased, carbon

micro fibers that raise the thermal conductivity by -tméwvo orders of magnitude, are
believed to make seawater polymer heat exchangers a viable approach. It must be noted,
however, that the thermal conductivity and structymadperties of such polymers are
dependent on the fiber orientation and geometry, leading to apgatrthe heat exchanger
walls[21].

Several manufacturers démped commercial heat exchangers based on a range of
polymers. Configurations typical of metal heat exchangers are used, but a larger heat
transfer area is often necessary. Polymer plate, shell and tube, and coil heat exchangers are
all readily availableas well as corrugated film heat exchangers, which add ridges in the
polymer to increase rigidity, but maintain a very thin wall, to minimize the thermal

resistance due to the low conductivity.

One benefit of polymers is flexibility in manufacturing; A &hish CompanyAB
SEGERFROJO22], sells a polypropylene heat exchanger of extruded polymer sheets,
welded together to minimize thermal resis@rand ensure an airtight seal. These heat
exchangers are also easily recycled, because they are built entirely of a single material, using
no glue or sealants. Nylon has proven to be a successful material for shell and tube heat
exchangers, especially feolar water heating applications. Liu & Davidson showed nylon
was an advantageous material in this case due to its high strength, allowing for a higher ratio
of diameter to wall thickne423]. The nylon polymer also facilitates the rapid adoption of
technologies suctas solar hot water, due to its significantly lower cost than more
conventional copper tubing. A Texas basethpany;Power Cold has commercialized this
technology by developing a fluid cooler using a high strength nylon material developed by
DuPontf o r heat exchanger tubi ng. The pol ymer
application, and the increased smoothness reduces the potential for scale to bind to the
surface[24]. Fluorotherm uses PTFE and PN manufacture immersion heat exchangers

for use in high temperature, highly corrosive applicat{@$ These polymers are used in

chemical processing and applications where high purity is required, such as semiconductor

11



wafer processing. Fluorotherm is able to bend stmape theseoils and to manufacture

them with flexibility, avoiding kinks in the tubing.

Zaheed and Jachiik4] discuss several additional applications of polymer heat
exchangers. Seawater desalination is a clear application, due to the highly corrosive
properties of the water. Similarliheyare usedn the food industry due to chemical

inertness and resistance to corrosion and fouling. Polymers are also being investigated to
reduce both cost and weight of absorption chill263. Others have taken advantage of

the sometimes detrimental water absorption properties of polymers to develop a heat and
moisture exchanger between two streams of air. Such materials eplalder more costly
desiccant wheels in building applicatid@3], and facilitate energy recovery from

exhaust air streams.

In order to facilitate the use of polymers in spaoastrained, high heat flux

environments, higher thermal conductivities will be regghirSeveral companies have
begun developing and commercializing thermally enhanced polymer composites, using
pitch-based carbon fibers or graphite flak28, 29] BarCohen and Bahadur have
investigated the viability of PPS composite electronic heat sinks, with thermal
conductivities up to 20 W/mKand shown comparable performance to aluminum heat
sinks in air cooling applications, and significantly greater performance on a mass basis
[30]. Such heat sinks have yet to gain much traction in electronics cooling, likely due to
the highcost of initial samples of the polymers manufactured in small batches, as well
lack of perceived benefits over typical heat exchange metalse luture, while

corrosion is not a major risk in electronics, the increased manufacturing flexibility may
allow polymer heat exchangers to be designed with geometries more suited to the
relevant application than metals. An injection molded heatsink vwadsddlikely have a
lower cost in high volume production than an aluminum heatsink, of comparable thermal
performance. This could becomenajor benefit for polymer heat sinksanindustry

with significantly decreasing margins.
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The aptication of thermally enhanced polymers to gas liquid heat exchangers,
specifically seawater heat exchangers for natural gas liquefaction, will be studied here.
The corrosion resistance of the polymer is highly advantageous in this case, as existing
shellandtube heat exchangers frequently fail due to corrosion and scaling within a year
[8]. With comparable thermal performance to existing materials, such thermally
conductive polymer heat exchangers could provide significant savings simply by
requiring fewer replacements, and less plant downtime. The lower density of these
polymers would also likely reduce manufacturing and transportation costs. Further work
is needed to enhance the thermal conductivity of such polymer composites even more, if

such heat exchangers are expected to be used inliquid applications.

2.2 Effects ofFillers on Composite Properties

A standard polymer has a very low thermal conductivity, on the order of 0.25 W/mK. To
enhance this value, fillers are added, typically carbon fiber. Typical values for the
thermal conductivity of pitclbased carbon fibexre 500 W/mK. The composite thermal
conductivity is highly dependent on both the volume fraction of the fibers and their

orientation.

2.2.1 Anisotropy

Because the composite conductivity is dominated by the highly conductive carbon fibers,
it is highly anisotrops. The literature reveals that giim composites of pitclbased
discontinuous fibers can reach axial conductivities of up to 100 W/mK, with radial
conductivities as low as 0.4 W/nR1]. In reality, Bahadur measured axial

conductivities up to 16 W/mK for a commercially available PPS composite, with
orthogonakonductivities asow as 2.7 W/mK. Result®r aplate fin will be discussed in
Chapter3.

For injected molded parts, the conductivity is highly dependent on the molding

configuration. Carbon fibers will tend to align themselves with the direction of the flow
field.
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2.2.2 Nielsen Model

The original model for the effective thermal conductivitya@omposite polymer was

proposed by Nielsef31]. The validity of this model has been confirmed by several studies
[32, 33]and is given as:

k _ 1+ ABy, .

kl - 1-Bog, @

A=k, -1 2
k,/k, —1

8= k, [k, +A ®)
1-¢

=1+ 2m ¢2 4

@ ( ; ] (4)

wher e @k 6gh dakrok t he composite, polyngr resi
respectd vies yt.hedkEi nstein coefficient, a fun
the fibers. Nielsen gives typical A value3 éble3) for various fillers, limited on the high

end by the quantitgL/D. An A value as low of 0.5 is seen for the heat flow across fibers.

¢ 2 is the filler volume fraction, ang , is the maxinum packing fractiorfTable 4)
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Filler type

Direction of heat flow

Aspect ratio

o

Cubes Any 1 2
Spheres Any 1 1.5
Random fibers Any 2 1.58
Random fibers Any 4 2.08
Random fibers Any 6 2.80
Random fibers Any 10 493
Random fibers Any 15 8.38
Uniaxially oriented Parallel to fibers 2L/D
fibers
Umaxu{l ly oriented Perpendicular to fibers 0.5
fibers

Table3: A valuesfor the Nielsen Modehs a function of filler type and aspect rd84d]

Filler shape Type of packing @,
Spheres Hexagonal close 0.7405
Spheres Face centered cubic 0.7405
Spheres Body centered cubic 0.6
Spheres Simple cubic 0.524
Spheres Random close 0.637
Spheres Random loose 0.601

Rods or fibers Uniaxial hexagonal close 0.907
Rods or fibers Uniaxial simple cubic 0.785
Rods or fibers Uniaxial random 0.82
Rods or fibers Three dimensional random 0.52

Table4: Maximum packing fraction values for use in the Nielsen M{iH|

Equation(1) results in a quadratic equatitr ¢, and thus the filler volume fraction,

needed to achieve a specified thermal conductoatybe determinedDiscussion in

section 2.4 will address the relationship between filler volumetadmount of invested

energyin the compoie.
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Fiber volume fractions for commercially available thermally conductive polymers have

been experimentally determined to reach 70% for some safB8glesThis value would

imply a maximunpacking fraction of 82%, correlating to a random uniaxial packing
arrangement . The value of 6Ad6 in the Niel
a measured axial thermal conductivity of 20 W/mK at a reported fiber volume fraction of
70%[35].

To better understand the behavior of the Nielsen model, a parametric study was
performed.Figure4 shows how the composite conductimcreases rapidly with filler
volume fraction. Since the filler conductivity is several orders of magnitude larger than
the polymer matrix, this is the dominating parameter. Despite this, the Nielsen model still
predicts a composite conductivity lesarhb% of the filler conductivity at a volume

fraction of 75% Figure5 shows a very linear relation between the composite

conductivity and the polymer conductivity. This is important because tiedttange of
conductivities, from 0.1 W/mK to 0.5 W/mK is a common range for polymers. It is
apparent that the choice of polymer matrix can have a large effect on the composite
conductivity. Doubling the polymer conductivity from 0.2 to 0.4 effectivelyhles the

composite conductivity for the conditions shown, from 4 to 8 W/mK.
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Figure4: Composite conductivity as a function Figure5: Composite conductivity as a functior

of filler volume fraction. k=0.22 W/mK, k = of polymer matrix conductivityk, = 700
700 W/ mK82; Aa40; Uniaxially oriented W/ mK ;= 00 3 2=0.82; Ax40; Uniaxially
fibers oriented fibers
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The following two figures display the importance of the arrangement of the filler

paricles within the polymer matrix. Different geometrical arrangements have a large
effect on the maximum packing fraction. As showf @&ble4, a three dimensional

random arrangement has a maximum packing fracti@mlygf0.52, while uniaxial simple

cubic arrangement brings this up to 0.78fgure6 shows that for a constant volume

fraction of pitch based carbon fibérshe composite conductivity decreasapidly with
maximum packing fraction, beginning to level off at about 0.7. ConvefSiglyre7

shows that the composite thermal conductivity increases as the volume percent increases
relative to he maximum packing fraction. These two figures together imply that an
increasing fibeto-fiber spacing rapidly reduces the composite conductivity, due to the

low polymer matrix conductivity inhibiting heat conduction from fiber to fiber.
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Figure6: Composite conductivity as a function Figure7: Composite conductivity as a functior
of maximum packing fraction..k0.22 W/mK,  of percent of maximumazking fraction.

ky= 700 W#0rB25;, A=4D; Uniaxially ki=0.22 W/mK, k= 7 00 W+£0B25,
oriented fibers A=40; Uniaxially oriented fibers

The Nielsen model provides a strong, experimentally verified method for predicting the
effective thermal conductivity of polymer composites, and will be used thootgis
study.
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2.3 Behavior of Composites in Seawater

Mohd Ishak and Berr{36] studied the hydrothermal aging of carbon fiber composites of
Nylon6,6. The tensile properties of the composite studied were detrimentally affected by
water absorption, but still in this degraded statethe material was found to be

significantly stronger than the base nylon polymEney showed that the tensile modulus
for a nylon composite with a 27% volume fraction of carbon fibers decreased from an
unaged value of 28.9 GPa to a value of 12.7 GPa.CHnide compared to values of 110
GPa for a typical titanium alloja7] or 68.9 GPa for aluminufi38]. With a no carbon

fibers, the polymer composite is far more compliant, 3.4 GPa initially, down to 0.63 after
aging. They also experimentally demonstrated thatxpectedequilibrium moisture

content decreases with incregsfiber volume fraction.

2.4 Energy Content of Carbon Fiber Polymer Composites

Two thermally conductive polymers were chosen to be representative of commercially
available productfPolyOne 28] Determination of the engy values for thermally
conductive polymers is more complex than for the conventional and corresistant
metals discussed above. Suzuki and TakaljdaShgive an energy content of 24 MJ/kg

for the polypropylene polymer used in thiady and a much larger value of 286 MJ/kg
for carbon fiber. These values include both the raw material production and the
processing and assembly of the polymer and the fibers. It is to be noted that this 2004
energy content value for the fibers represensignificant decrease from the 1999
reported energy content of 478 MJ[&9]. Moreover, the energy content of pitchased,
discontinuous fibers and graphite flakes, typically used in thermally enhanced polymers,
may decrease further, as production volumes increaskeasalower costower energy

contentstocks, e.g. byroducts of coagjas production, are used as the raw matgrégl
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To determine the energy content and thermal properties of a polymer composite, the mass
fraction of the filler,4,, , - as well as other geometric detailsust be known. The energy

content is then:

E, =2864, +24(1-4,) (6)

~ 1.7%,
1.7%, +0.851-¢,)

P (7)

Where ¢, is the filler volume fractin, as apearing in the Nielsen equation, discussed in
Section2.2.2 As shown irFigure8, the energy content of a polymer composite, in

MJ/kg, carrapidly inaease from 85 MJ/kg for a thermal conductivity of 1 W/mK to
approximately 215MJ/kg for a conductivity of 8 W/mK, at which point the plot begins to

plateau, as the energy content approaches that of the carbon fiber itself.
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Energy Content (MJ/kg)
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Figure8: Polymer Composite Energy Content. k1=0.25 W/mK, k2 =\880mK , 02=0. 325,
uam=0. 8 2; A=19; Uni amfds286IMy/kgdEohmecB4tMa/Kg f i ber s . E
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The fact that the energy content varies with thermal conductivity provides an interesting
opportunity for thermal optimization. When the thermal resesarof process fluids
dominate, a low thermal conductivity will be sufficient to provide acceptable thermal
performance. The material thermal conductivity can be chosen specifically for the

application, minimizing the use of expensivelfothenergy and dllars) carbon fibers.
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Chapter 3: Study of Low Thermal Conductivity Plate Fins

3.1 Classical Models

The geometry for a single fin of the heat exchanger to be studieceisinFigure9:

L

JU

Figure9: Single longitudinal fin
of rectangular profile

The heat transfer rate for a single fin is given by the simple relation

Q =1hA;,0, (8)

w h e K isthedexcess temperature at the base. Tarpacate the heat transfer from the

base area associated with each fin, the equation can be modified:

Q= (7Au, + Ao, 9)

The fin efficiency of such a rectangular plate fin with height H and an assumed adiabatic

tip is given by

n = tanh{mH)/ mH (20

where m is the fin parameter
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m=(2h/ kg, t)"? (11

where ki is the fin thermal conductivity, t the fin thickness, and haerage heat
transfer coefficient. Harper and Broy#0] showed that to correct for an adiabatic tip
assumption, the fin height could be corrected byH+t/2. Schneidef41] showed that
this approximation is nearly identida the rigorous solution at values of ht/k < 0.0625,
and within 7.6% for ht/k < 0.25.

The fin heat transfer rate for a fin with a convectind4@] can be given as

_ 1+ Sinh(mL) + (h/ mKk) coshnl)
a=M coshL) + (h/ mk) sinh(mL) (12

M = JhPKA 6, (13

with P being the perimeter of the fing Being the crossectional area of the fin (length

ti mes t hi cplbeing hesexcess temiperdture.

The overall efficiency, without need for the Harper Brown assumption, can be found by
dividing (12) by maximum heat transfer of the fin, given in eqoufiLl4). This assumes
the entire fin area is at the temperature of the base, and thus adding fin area is equivalent

to adding area directly to the base.

Conventional fin analysis fallvsthe Gardner assumptiorend neglects any temperature
variationsthrough the thickness of the fia3] The validity of this is assessed through the
magnitude of the Biohumber, given in equatigii5). It was slown by Bahaduf35] that
the classical 1D equations were valid for Biot numbers of 0.4, but at higher values the
classical equations significantly overpredict the heat flow rate. In this casecomaplex

equations are required for 2D conduction. Bahadur also investigated the effects of
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orthotropic fins, a relevant consideration in thermally enhanced polymers, where the
orientation of the carbon filler can make theplane and out of plane condivity differ

by more than an order of magnitude. Bahadur was able to use thenkgasial relations
typically used for 1D heat flow in combination with equations for orthotropic pin fin heat
flow and predict heat transfer for an orthotropic within 7%, up to a Biot number of 35
[35].

Bi— (15

The thermally enhanced polymer fins of greatest interest in this study have a thidkness o
1-2mm, with a conductivity of roughly 5W/mK. In typical gas side heat transfer
coefficients of 3660W/nTK, this results in Biot numbers of 0.003 to 0.012, well below

the limiting value for the ondimensional approximation of 0.4 determined by Bahadur.

3.2 Least Material Design

Commercial heat exchangers are frequently classified by weight, volume, and eost.
world concerned about future energy sigglas well as the global environmental effects
of energy productioanduse,optimally-designed, effi@nt heat exchangers wilay an

ever growing role in energy conversion systems. The required formation and fabrication
(i.e. manufacturinenergyis rapidlybeconing a key consideratioim this selection

process. It is highly desirable to design heahargers that minimize all of these
guantities while providing the required performance. The design of optimum, least
material fins for high thermal conductivity materiasch as aluminum and copperas
pioneered by Kern and Kra{#4] and applied to the development of leasdterial heat
sinksby lyengar and Ba€ohen[45] for natural convection and B&ohen et al[30] for

forced convection coolingf electronic components

For forced convection cooling it is important to calesientropy generation, as first
discussed by Bejgd6]. Heat transfer from a high temperature heat source, such as a hot
gas, to a low temperature sink, such as watether coolat, represents a potential for

useful work tabe done. The maximum amount of work is given by a Carnot efficiency,
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as discuss in Ogidd7]. As this heat isransmittedn totalto the lower temperature fluid,

it will always be accompanied by the generation of entropy. Entropy generation also
results from fluid pumping power to overcome frictional dissipation.tdte¢ entropy
generation rate can then be written as the sum of these two components, as discussed in
lyengar & BarCohen[48]. This Entropy Generation Minimization (EGM) methodology

has been used by several research grl#52] to optimize platdin heatsinks.

The EGM method accounts for thermal availability loss due to the temperature difference
as well as the pumping power, but does nobaat for entropy generation in the creation

the fins themselves. This energy makes up a large fraction of the total lifetime energy
consumption of a heat exchanger, especially for heat exchangers with a short service life
or built of high fabrication engy, corrosionresistant material$3]. The total coefficient

of performance (COP expands the COP metric to indithe energy invested in
manufacturing and transporting a heat exchanger as well as the pumping power.
Optimization to minimize the total energy consumed can lead to liglgght devices

with lower material and manufacturing coBhe leastmaterial opimization, explored

here, focuses on achieving the maximum heat transfemitanass. In design for
sustainability, mass is most directly associated with manufacturing and transportation
costs, as well as invested energy. Optimization of extendedraestfier surfaces, as

done here, will directly correlate to several environmental, as well as economic, benefits.

Traditional least material optimization techniques are done for a single fhCdsn

and Jelinek54] showed that the resalbf such an optimization could be applied to an
array of individually optimum fins. This approximation is appropriate for dense fin arrays
of high-thermal conductivity materials, where most of the heat transfer is due to the fins.
In low thermal conductity materials, a significant portion of the heat transfer may come
through the interfin spacings. B&ohen and Jelinek [S4feveloped an arragptimum

relation by the addition of a term incorporating this effect. In very low thermal
conductivity fins, ® conduction in the base and in the fin may play a role. The following
section will attempt to show how the least material relations may be used to optimize

such fins.
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3.2.1 Least Material Analysis

Based on an analytical derivation, Kern and Kid4$ showed that the mH product for

all leastmaterial plate fins is a constant value, 1.4192. Since the fin efficiency is only a
function of this product, as in Eq.14, the efficiency of the least material fin also attains a
fixed value of 0.627. Inserting a value of 1.4192/H for m in(&E@), yields the equation

for the leasimaterial fin thickness.

2h 2
t= ?(0.497H ) (16)

A theoretical relation for the fin dimensions providing the optimum efficiency of a least

material array was developed by Baohen and Jelenils4] and is given in equation

(17).

hH
mH,, =14192+1125" - (17)

This equatiorattempts to account for the effect of heat transfer in the interfin area on the
least material thickness by modifying the optimum mH product. This can be used with
Eq. (13) to derive the equation for thmfthickness for an array of least material fins:

l.4192+1.125h—H
_2h k

topt k H (18)

Eq. (18) reveals thathe impact of heat transfer through the interfin spads¢s produce
thinner optimal fins thadetermined witleg. (16). This corrected optimal fin thickness is
within 0.5% ofthe optimal thickness of a single fin, given in @§), for high thermal
conductivities of 300 and 150 W/mK, for a fin height of 20mm and heat transfer
coefficients from 10 to 65 W/f. However, a the conductivity decreases, heat transfer
through the base becomes more important and the added term(11®8)dvwas a larger
impact. For coppenickel alloy and titaniuniins, with conductivities of 40 and 20

W/mK, the difference is 1.5% and 3%br fins of the same dimensions and subjected to

25



these heat transf coefficients For the thermally enhanced polymers with conductivities

of 10 and 5 W/mK, this correction is even more important, a difference of 6% and 12% is
seenrespectivelyAnd for the unfilled polymer, with a very low thermal conductivity of
0.25W/mK, the difference is on the order of 400%hese differences are illustrated

Figurel10, with the solid lines representing the artmsed least material thickness, and

the dotted lines thisolated fin leasmaterial thickness. The thickness can be seen to
increase with increasing heat transfer coefficient, as does the separation between the two

relations. Lower conductivities also lead to thicker fins.

Least Material Thickness [mm]

10 20 30 40 50 60 70
Heat Transfer Coefficient [\mezK]

FigurelO: Least material fin thickness as a
function of heat transfer coefficient and therm:
conductivity, H,=10mm

3.2.2 Results of Least Material Analysis

3.2.2.1Single Fin

The validity of the leastaterial fin aspect ratjdq.(16), wasinitially verified by

analysis of a single longitudinplatefin (Figure11-Figure12) with constant profile area
and heat transfer coefficientsthe range anticigad for the LNG polymer heat
exchangerWith a constant profile area, the masgshe fin is fixed and the least material
fin is thus the fin that achieves the maximum heat transferFatea high conductivity
material, the least material relations vaad to slender, tall fins, whereas for a low
conductivity polymer thicker fins will be preferrethe value of the optimum ht/k ranges
from 1.85° for k=300 W/mK to 0.236 for k=0.25 W/mK in the=30 W/m?K case.In the
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high h and low k case, a value ofk®.467 for k=5 WihK is seenSuch a high heat

transfer coefficient is not likely to be relevant for the cooling of a gas, such as methane.

— k=300 WimK
=150 WimK
k=40 WimK
k=20 WimK ] 600

— k=10 WimK

=== k=5 WiMK

K=0.25 Wimk |

——— k=300 W/imK
k=150 WimK
k=40 W/imK
k=20 WimK. [|

—— k=10 WimK

====-k=5 WimK

k=0.25 WimK ||

5001

400+

QL Wim)

300+

200+ ~—

/’”’fﬂ:fm\*\ ,/;.C.'If:--""' M0 Lo Tuwio
, TMD | , ‘ , ‘
Figure1llSingle fin heat transfer rate Figure12Single fin heat transfer rate,
A,=8 mnt, h=30 W/MK, d,=40K A,=8 mnf, h=1000 W/rfK, c,=40K

The optimum thicknesses calculated by the {ezaterial relation, Eq16) are noted in
FigurellandFigurel2as LMD, and show a strong correlation with the results through a
range of thermal conductivities, froB®0 W/mK down to 0.25 W/mK. The discrepancy
between the thicknessahich the peak heat transfer occurs in Figure 11 and Figure 12
and the analytical leastaterial thickness is less than 0.1% for both h=1000 W/mK and
h=30 W/mK, shown in Tablé and 6 The peak of each curve denotes the fin dimensions
that yield the mst efficient use of the given fin mass. The 0.25 W/mK thermal
conductivity representative of the unfilled polymes not shown in the h= 1000 W/mK

case, as thpredictedoptimum thickness becomes much largeB35mm.
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h=30 W/mPK h=1000 W/ntK

k Peak Heat LM % K Peak Heat LM %
(W/mK) | Transfer Thickness Error (W/mK) | Transfer Thickness Error
Thickness (mm) Thickness (mm)
(mm) (mm)
300 0.185 0.185 0.0415 300 0.596 0.596 0.0094
150 0.233 0.233 0.0381 150 0.751 0.751 0.0020
40 0.363 0.363 0.0024 40 1.167 1.167 0.0004
20 0.457 0.4570.0055 20 1470 1470 .00096
10 0.576 0.576 0.0005 10 1852 1852 0.0033
5 0.725 0.725 0.0049
5 2.334 2.334 0.0078
0.25 1.968 1.968 0.0033
, - 0.25 6.335 6.335 0.0085
Table5: Error in LM Relation A,=8 mnf, h=30
W/mK, d,=40K Table6: Error in LM RelationA,=8 mnt, h=1000

W/m’K, d,=40K

3.2.2.2Application Towards Fin Arrays

While single fin analysis provides insightanthe thermal behavior of extended surfaces
an entire array of fins is typically neededenhance the heat transfer rate from the wetted
surface of a heaxchangerThe modeling, analysis, and optimization of such fin arrays
is greatly sinplified if the onedimensional, isotropic fin equations can be used to
calculate the heat transfer rate of the individual fins. Bahadur has shown that for Biot
numbers less than 0.4, the classical fin equations, for pin fins, and by implication for
platefins whose behavior is governed by a nearly identical governing equation, can be
used withnegligible errof35]. Figurel3showsthat for the assumed working

conditions of a methargeawater heat exchanger dndrmal conductivities from

300W/mK representing copper to 0.25 W/mK representing an unfilled polymer, the Biot
number for fins placed on the methane side of the heat exchaitigdin counts greater
than 2 fins/cm results in Biot numbers less than 0.4 and is thus sufficiently small to
warrant use of the-élimensional, heat conduction assumptions.. At lower fin counts, and
particularly at the low thermal conductivity of unfillpdlymers, twedimensional
conduction effects may play an important role. It is to be noted that for these same
unfilled polymer fins, for a fin pitch belo®.3 cm, the flow is turbulent, and the resulting

higher heat transfer coefficient leads to a ld8ge number
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il —k=300 W/mK
=—k=150 WimK
0.8+ —»—k=40 W/mK
k=10 W/mK
k=5 WimK
k=0.25 WimK
06+

Biot Number

0 2 4 6 8 10
Fin Pitch (fins/cm)

Figure13: Biot numbersn a gas/liquid heat exchanger, for various
thermal conductivities. L=W=h, H;,=10mm, Gas Pumping Power:
5W. t= 1 mm,=55Id, variable fin thickness

If heat transfer from a relevant wattarea in a heat exchanger is to be enhanced through
the addition of fins, it is expected that a significant fraction of the heat transfer will occur
thru these finsFigurel4 displays the fra@bn of the heat transferred from the wall to the
flowing methane through the fins. It can be seen that for all but the lowest thermal
conductivity, more than 80% of the heat transfer does occur through the fins for fin
counts from 3 fin/cm to 8fin/cm. Fdrigher fin counts, when fin thickness decreases due
to the constant pumping power constraint, the relative importance of the fin heat transfer
begins to fall. For the unfilled polymer, with a thermal conductivity of 0.25 W/mK, only

50-60% of the heat trafex is through the fins for much of the fin count range.
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Figurel4: Fractionof heat transfer through fingr various thermal
conductivities. L=W=1in, Hz,=10mm, Gas Pumping Power: 5W.
t,= 1 mm,=55
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To find the fin thickness which maximizes the benefit of the mass used in the fin array,
the variation of the heat transfer rate (per unit length) with fin thickness is determined
and displayed ifrigurel5, for a constant profile area and parametric values appropriate
to the methane side of the seawater heat exchdngée previous case, the fin count

and fin thickness was allowed to vary while holding pumping power constawerifyp

the leastmaterial thickness, a constant fin count of 500 fins (and thus a constant total
profile area) is assumetdhe least material efficiency of 0.6%/seen t@accurately

predict the optimum fin thickness nearly exactly for k=300 and 150 Wimitkin 1.4%

for k=40 W/mK and 20 W/mK, 2.6% for k=10 W/mK, and 3.2% for k=5 W/mK. For a
thermal conductivity of 0.25W/mK, when the heat transfer rate is nearly independent of
fin thickness, the error jumps to 23.2%.
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Figurel5: Heat transfeper unit length in a gasooled array, for various thermal
conductivities. W=min,A,=8 mnt, h=30 W/MK , , =85K, Ni»s=500, t,=1mm

The methodology presented here shows that for a rectangular plate fin array with constant
profile area fins, the single fin least material condition is a good approximation down to
thermal conductivities as low as 5 W/mKt the extreme end, with less than 15% of heat
transfer through the fins, the optimum fin can be accurately found by using the heat
transfer through the fins alon&his restricts the usefulness of the leasdterial condition

to evaluation of existing heakchanger designs, as opposed to a design tool for new heat
exchangers. Error at low fin spacings and thermal conductivities can be reduced through

a combination of an arrayased least material relati, discussed further in Sectibryv.
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Chapter 4. Heat Exchanger Thermal Analysis Methods

In this section, the calculation strategies for heat transfer and pressure drop are outlined.
In addition, performance metrics for fin efficiency and leasaterial utilization are
presented. A tal Coefficient of Performance (C@Pis defined to relate the total heat
transfer achieved over the service life of the heat exchanger to both the lifetime pumping
power andormationfmanufacturing energy.

4.1 Heat Transfer Rate

4.1.1 Effectiveness-NTU Method

Following thee-NTU methodology42], the heat transfer rate for a counterflow heat

exchanger is given by equati¢tn).

q = gcmin(-l-i,m _Ti,w) (19)

Using the difference between the respective inlet temperatures of the two fluidg;and C
the minimum of the methane and seawater heat capatite® ef f ecti veness,

number of transfer units (NTU) are determined according to the following relations:

_ 1-exp[-NTU(1-C,)]

~ 1-C, exp-NTU@1-C,)] (G <D (20
UA
NTU = - (21)

min
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UA=—
R (22)

4.1.2 Thermal Resistance

R; is the total thermal resistandée inverse of the thermal conductantiee effective
thermal conductance, UA (W/K), is calculated through the convection and conduction

thermal resistance chains, as:

1
1t 1 (23)

noA[,mhm kl% nOA,WhW

UA=

where h, is the heat transfer coefficient on the methane side @od the water side.
Aimand A, are the wetted areas on the gas and liquid side, respectively. The overall
array efficiencyd,, calculated as a function of the individual fin efficiencies and the

fraction of the base area occupied by fins, is discussed later.

Applying Eq.(23), it is found thatn the case of the low thermadnductivity unfilled
polymer(k=0.25W/mK) roughly two thirds of the thermal resistammeurson the gas

side, and the bulk of the remaining third is from the waik. a10 W/mK polymer

composite, roughly 90% of the thermal resistance is due to tredgasSince the
convective resistance on the seawater sideasly an order of magnitude belthe gas

side resistance, leastass optimization of this seawater heat exchanger begins by nearly
eliminating the fins on the water side, leaving widghace fins toprimarily meetthe
structural constraints of this finngdiate compact heat exchanger. Since the overall
thermal resistance is dominated by the convective resistance on the gas side, it is these
fins that need to be optimized for the highest lr@aisfer rate per unit mass. For

purposes of the present study, the base plate thickness is assumed to be dictated by

molding considerations and is taken to be constant and equal to 1mm.
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4.1.3 Heat Transfer Coefficients

The walueof the heat transfer coeffentappropriate for each configuration can generally

be determined from available Nusselt number correlations. The finned plate heat

exchanger examined in this study is comprised of parallel plate channels of various

aspect ratios and lengtb-diameter rtos. In the cases considered here, for a 1m long
finned-array, flow is always fully developed within the first 20cm. Consequently, for

hydraulic diametebased Reynolds Numbers up to 2300, the fdéyeloped laminar

flow correlations are used in this diy though they provide a somewhat conservative

heat transfer rate. The correlation developed by Shah & B&ajtior laminar fully

devel oped flow in a rect anwthadnsothermtaict of va
boundary condition, is used in this study. This correlation reproduces tabulated results to

an accuracy of 0.1%.

Nu,=7.5411-2.610x+4.97Qx* -5.119%° +2.702x* —0.548x°) (29

O<ax<l

Performance is studied over a large pumping paaerge. At large pumping powers, and
thus Reynolds numbers, the flow can become turbulentGhiinski[56] modification

of the Petukhov correlation, providing an expanded Reynolds number range, is used to
determine the turbaht heat transfer coefficients for the parallel plate channels under

study when the Reynolds number exceeds 2300. An accuradp¥ ¢an be expected.

Ny~ (f/8)(Re-100QPr 25
1.0+127,/ f 18(Pr*-1.0)

0.5<Pr<2000 2300<Re<5x10°

Kays[57] showed that for values of the dimensionless axial distance x*, eq26ion

greater than 0.05 the heat transfeefficients are asymptotic to the fultieveloped limit.
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Typical values for the thermal entry length in this study are 0.09m on the methane side,
and 0.18m on the seawater side, due to larger Prandtl and Reynolds numbers, well short

of the 1m length examed.

o = X/ D,
RePr (26)

Similarly, the hydraulic entrance length can be found when the dimensionless axial
distance %, equation(27), is equal to 0.056. For the floconditions here, the hydraulic

entrance length is roughly 0.04m and 0.13m for the methane and seawater, respectively.
Production scale heat exchangers can be expected to be even longer than the ones studied
here, and further minimize the effects of depeng flow.

= X/ D,
Re (27)

4.2 Pumping Power

The friction factor correlation for laminar fully developed flow in a rectangular duct is
used[55]. Similar to the corresponding Nusselt number coliaa high degree of

accuracy can be exped given as 0.05% by the authors.

f= % (1-1.3553¢+1.946 % —1.7012° + 0.9564"* —0.253%°) (28)
e

O<a<l

For turbulent flow, the fullydeveloped friction factoff, for smooth pipes is calculateding
a correlation by Petukhd®8], with an accuracy of 10% in the given Reynolds numbe

range.

f = (0.790nRe, ~1.64) (29)
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3000< Re, <5x10°

The pumping powerequired to overcome resistance to flow in a channel can be
expresseas the product of the pressure drop and the volumetric flow rate:

P=Ap-¥=ApNSHU
p p m (30

where the pressuer o p is themom of the friction and dynamic (entrance and exit)
losses:

L 1
Ap=| f—+K, . +K, . (— uz)
p [ Dh L,entry L,exn] 210 m (31)

Notably, this relation excludes a factor for developing flow. For the heat exchangers
studied here, where the lengthmany times larger than the passage diameter, this is a
reasonable simplification, though it may lead to the pressure drop and pumping power

being slightly underestimated.

4.3 Performance Metrics

To best compare various heat exchanger materials, itdgtta establish thermal
performance metrics that take into consideration heat transfer rates, the volume and mass
of the heat exchanger, and the energy required to both manufacture and operate the heat

exchangefb].

4.3.1 Volumetric Efficiency

One relevat metric is the volumetric efficiengcyhich reflects how much heat transfer

a heat exchanger can accomplish in a given volume, typically given inkW/m
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ny =qlV (32

While a smaller volume is generally predble, and this is one reason plate heat
exchangers are used as opposed to-aheltube heat exchang€s], for energy

considerations it is more important to consider the mass.

4.3.2 Mass Efficiency

In terms of energy, product mass is generally more impatttan volume, as densities
can vary greatly over the range of heat exchanger materials. Therefore it is beneficial to
define a mass efficiency, in terms of the amount of a heat transfer a heat exchanger can

accomplish for a given mass:

Mm=0/m (33)

4.3.3 Coefficient of Performance
While volumetric and mass efficiencies are directly correlated to the resulting heat

transfer, it is helpful to define a coefficient of thermal performance (COP) for the heat
exchanger. fie COP relates the heat transfer rate to the pumping power invested and is
presented here in units of kW/W.

cop=1 (34
P
In this study typical values for the COP range from 0.25 to 1 kW/W.

4.3.4 Total Coefficient of Performance
The Coefficient of Performance is an important metric when pumping power is

dominant. For seawater heat exchangers, exotic materials are often used but their service
life is limited. The energy content of the material then becomes a largponent in
the overall energy investment and, if the issue of sustainability is to be addBfssed

59], it is important to define a Total Coefficient of Performance metric.
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The previouslydefined COP can be extended to address the energy invested in the heat
exchanger mass by defining a CQRelating the total heat transfer over the service life
of the heat exchanger to both the lifetime pumping power and manufacturing:energ

qt
COR =
T Pt4Ww, (39)

Where manufacturing energy is defined as:

W, =E, xm (36

The thermal properties, as wellesbeddecenergy of formation and fabricatiovary

widely from material to material (sé&ble7). In corrosive environments, a common
choice is titanium, and in some cases a copjEkel alloy. Polymer composites may be
more resistant to corrosion, and thus have a losgice life, yielding dramatic energy
and cost savings for comparable thermal performance. An unfilled polymer will also be
studied for reference, though the low thermal conductivities of base polymers do not
facilitate their use in many high performanapplications. Likewise, more typical heat
exchange materials such as aluminum and copper are studied, despite their inherent

susceptibility to corrosion.

. Thermal Conductivit Ener Content | Densi
Material (W/mK) ! (MJ/l?gl/) (g/cm3t)y
Copper 300 72 8.9
Aluminum 150 306 2.7
CopperNickel 40 72 8.9
Titanium 20 1000 4.5
High-k Polymer Compositg 10 222 1.61
Low-k Polymer Composite 5 191 1.54
Unfilled Polymer 0.25 24 0.85

Table7: Thermal conductivity andnergy content of relevant materials

Formation/Fabrication Energy Metals For metal seawater heat exchangers used in natural
gas liguefaction, service life is rarely longer than a year, and as short as three to six
months]ADGAS 60]. For such shaiservice lives, the energy invested in manufacturing

a heat exchanger can dwarf the lifetime energy expended in pufBpin@ecause of
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this, it is important to design heat exchangers not only for efficient operation, but also for

efficient production.

Values for the manufacturing energy for the materials studied here are derived from life
cycle assessments, andlude the energy required to mine, process, and form the
material. Data provided by the Copper Development Associgiidrgives the energy
content of copper as 72 MJ/kg. In the absence of more specifidlidatasame energy

value is used for coppeickel alloy; though it is likely that the actual energy content of
this alloy is slightly greater than 72 MJ/KGPINE Data Report 62Pata provided byhe

LCA Committee of the Japanese aluminum indug€] suggests that 306 MJ/kg are
required to manufacture aluminuffor titanium, the production process is very energy

intensive and requires an energy investment of 1000 MlI&g

Formation/Fabrication Energy Polymers Two thermally conductive polymers were

chosen to be representative of commercially abéel product§PolyOne 28]

Determination of the energy values for thermally conductive polymers is more complex
than for the conventional and corrosimsistant metals discussed above. To enhance the
inherently low themal conductivity of the available polymers, fillers are added, typically
pitch-based carbon fiber with a thermal conductivity of up to 800 WA®B], Suzuki

and T&ahash{39] give an energy content of 24 MJ/kg for the polypropylene polymer
used in this study and a much larger value of 286 MJ/kg for carbon fiber. These values
include both the raw material production and the processing and ass#rtit@ypolymer

and the fibers. This is discussed in further detail in se@tibn

The values for energy content of each material can be multiplied by the density to

devel oped a AVol ume tetrici demoHstrating havfmudh erergyatt i o n 0
takes to manufacture a fin of given volume, in GJ/fis quantity is shown iRigure

16. The high energy content of titanium combines with a relativegyeldensity to give it

a value of 4.5 GJ/Mnearly 7 times that of coppaickel and nearly 12 times that of the

polymers. Copper, despite its low energy content, has highest value after titanium due to

its large density. The high and low k polymers heskeimetric heat of formation values
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roughly half that of copper. A thermally enhanced polymer heat exchanger gains the

benefits of both low levels of fabrication energy and low mass.

4.7 ¢

Volumetric Heat of Formation (GJ/m?3)
o
[=2]

) I I
0+ —

Copper-Nickel  Titanium Highk Lowk Pure Polymer
Composite Composite

Figure16: Volumetric Heat of Formation foeseral
corrosion resistant materials

4.4 Numerical Modeling Methodology

Finite element modeling was performedtuth study the anisotropic behavior a
thermally enhanced polymer heat exchanger, and companrerical predictions with
expermental results. Theumericaimodel developed was also used to stieat
exchangethermal performanges well as parasitic heat lesérom experimental

components such as thermocouples.

4.4.1 Development of Numerical Heat Exchanger Module

A finned plate heat exchanger module, with dimensions identical to the prototype used in
the experimental study, was generaiethgANSY S Version11to numerically study the
thermal anisotropy expected within the polymeric materiaghr@e dimensional steady

state analysis was performed.
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Geometry

In order to construct the required geometry, volumes were generated for the base, a single
fin, the correspondingpoxy layer above it, and the base on top of that. A new workplane
was then generated using three keypoints on the inlet service, from which to generate
cylinders representing the thermocoup(@glinders wereggeneratd based on position,

radius, and dept The completed model is shownkigurel?.

Figurel7: Heat ExchangelumericalModule
Materials

To address the different conductivities of materials involved in the heat exch&om
the stainless steel thermocouples to thedowductivity epoxy layer, fivenaterials were
then defined, with x, y, and z iductivities specified for eaclrfisotropy was only
addressed for two of these, the fins, and the)b@bese materials epresented the epoxy,
stainless steel thermocouple, polymer coated thermocagpleell asndependent
conductivities for the base and fin polym€&hermal conductivity as function of material

andcoordinate directiomare summarized in Table 8.

Kx (W/mK) | ky (W/mK) | k (W/mK)
Polymer Base 4.7 4.7 15
Polymer Fin 2.3 2.3 6.2
SS Thermocouple 14 14 14
Polymer Thermocouple| 0.5 0.5 0.5
Epoxy 0.1 0.1 0.1

Table8: Thermal onductivities used inumericalmodel
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Meshing

Volumes representing each material weeshedusingSOLID70elementsThis is a

three dimensional tetrahedral thermal solid, comprised of 4 nodes with a single degree of
freedom at each node. Orthotropiaterial properties can be used to define this element.
Free surfaces of this element not subje@loundary condition are assumed to be
adiabatic. The introduction of small cylinders representing thermocouples required a fine
mesh. Smart sizing facilita@dynamic element sizing on a scale of 1 to 10, 1 being the
finest mesh and 10 being the most course. In this case, a value of 4 was used for the base
plate and fins, and 3 for the thermocoupled apoxy. Starting with a previously defined
element size of 1mm, it locally overrides this value depending on proximity and
curvature. A smartsize value of 4 scales the default mesh size by a factor of 0.4, while a
smartsize value of 3 is slightly finer @ 3. An expansion factor of 1 is used for both,
meaning expansion of internal elements is not allovkd.final meshed geometry is

shown inFigure B. Approximatelyl.5 million elements are generatedthis process.

(a) Isometric view

(b) Front view

Figure18 ANSYS meshing of heat exchangemericalmodule
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Grid indepedence was assessed, and incrementing the smart sizing pardrogtetso
3to achieve a finer megkesulted imo appreciable change in the heat transfer(tatder

0.6%), despite increasing the element caargmillion.

Boundary Conditions

A conwective boundary condition was applied to the interior of each channel by

specifying a heat transfer coefficient and bulk temperature measured experimentally. In
order to accommodate the drop in the bulk temperature across the length of the heat
exchangerltannels, a gradiemtas specified along the length of the chanBaked on

inlet and outlet temperature measurements, this gradient was computed for each channel.
The water temperature is assumed to be isothermal, and thus a constant temperature

boundarycondition is applied at the base surfaces representing the water temperature.

Solution

A static solution is generated, and the temperature distribution is plotted. Nodes at the
bottom and top base plates ar e toefiedthect ed,

heat transfer rate by summing nodal contributions.

It is important to note that the temperature values measured experimentally are not at the
outside edges of the fins; the thermocouples are embedded 1cm deep into the polymer.
To display the tempature at these locationsriaces are generated at the relevant

interior planes. Thessurface are thercompared to experimental resulis Appendix 2,

the ANSYS modelingcodeis given forreference.
All simulations were perfanedon a 3.0 Ghz Pentiulv computerhaving3.5 gigabytes

of memory, and took 460 minutes per trialA batch file was written irorder to make

the process easily repeatable.
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4.4.2 Numerical Analysis of Anisotropic Plate Fins

The orientationpacking conditionsand mass fraction of the fibease significant
factors inestablishinghe thermal conductivitgf a polymer composite arate captured
in the Nielsen Model, discussatsection2.2.2. Due to the nature of these composites,
thermal conductivity along the fibers is far greater than in the perpendicular direction and
the fiberparametersanvary significantly within the volume of a molded part. It must
thus be anticipated that any heat exchanger fabricated of such polymer composites will
display thermal anisotropy and spatial variation of the thermal conductivity

The potential impacts of thanisotropy are shown frigure 19for a single plate fin
1mm thick and 5mm tall, on a 3mm wide and 2mm thick basmnstanteat fluxis
appliedat the bae,with the fin havingan isotropidchermalconductivity of 5 W/mKand
a heat transfer coefficient of 30W/m&applied to the finrepresenting the gasde
behavior of the metharmeawater heat exchangergure 19ashows the behavior of an
isotropicfin; despite the low conductivity, the temperature distribution across the width
of the fin is very eveand the fin temperatunaries from388K at the base t876K at
the tip Figure 19.b shows the same conditions, but with a conductivitpugh the
thickness othe fin of 1 W/mK, and a conductivity in the axial direction of 5 W/mK. The
temperaturalistributionnow exhibits a more twdimensionatharactemwithin both the
fin and the baseA temperature variation through the thickness.2Klis encountered
and, while the temperature at the fin tip is nearly identical to the isotropicltaseore

significant base temperature decreases by nearly 1K #.387
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(a) Isotropic Fin k.= k,=5 W/mK (b) Anisotropic Fin, k=1 W/mK, k=5 W/mK

Figurel9: Temperature distribution in a rectangular plate fin, W=3mm, H=5mm,
t,=2mm,t=1mm,h=30 W/rfK, Base heat flux 1000 W/m

Low thermal conductivity materials may also have less uniform heat spreading in the
base. If there is already a raniform temperature distribution at the base of the fin,

effects will be amplified throughout the extended heat transfeaicirf

In order to further explore these effects, Moldflow simulations of the polymer flow
patterns within the prototype fins were studi8nultaneous research into the molding
characteristics of polymers conducted@®svallos[64] was studied to understand the
thermal effect®f the molding pocess Molding simulations were used of a prototype
polymer fin, 5mm in height with a 2.5mm base plai&e software predictions for the
statistical probability that fibers will be oriented along a particular axis are shown in
Figures 20.a and 20.bThe first figure shows that at the base of the fin, the fibers are
highly oriented in the X or through thicknessdirection, with approximately 75%
aligned in this direction. Howevdhis orientation weakens in thedyrection with a
probability of ust 25%near the fin tip and very low probability of lateral fiber
orientation near the side walls of the fin. Conversglybshows high level of
orientation along the side walls in the&liyection, along the height of the fin. Assuming
heat is conducted best along the orientation of the fibers, this is the thepnedéiyable
case. Figure@b showsvery low levels of yorientation at both the base and tip of the

fin.
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(b) Fiber orientation along thien height(y axis)t=2.5mm, {=10mm, H=5mm
Figure20: Predicted fiber orientatioig=2.5mm, t£=10mm, H=5mn{64]

The Nielsen Model, equatioif$)-(4), can be used to determine a value for the
anisotropic thermal conductivity in the x and y directions, through the Moldflow
generated fiber orientation values. The value of A changes with the fiber orientation.
Parameters consistent with thermaf act ur er 6 s | i s bfd@W/mkh er ma l
[28] and other properties were used, including a filler conductivity of 700 W/mK,
polymer conductivity of 0.25 W/mKk, fiber volume fraction of 0.33 and maximum packing
fraction of 0.52. The resulting maximum compositevkh perfectly aligned fibers,
would be 9.5 W mK with these parameters,
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Through this process, an anisotropic conductivity nkaguie22) was generated for a 5

by3gridof di stinct thermal conduct idivectbny Az one:
variation in alignment and conductivity. ANSYS simulations were then run to study the

thermal performance of this fin, attempt to determine method to approximate the

overal thermally conductivity of the fin in a simpler fashion.
x=0.33
v=0.26

x=0.29
y=0.38 y=015 y=053

x=009 x=023 x=0.14

y=0.46 y=019 y=0.78

x=034 x=041 x=0.30
y=0.21 y=017 y=0.61

x=0.74 x=0.69 x=0.57
y=0.07 y=012 y=0.32

Figure2l: Predicted fiber orientation values Figure22:Predicted thermal condiity values
along the x & y directions of a fig2.5mm, along the x & y directions of a fire2.5mm,
H=5mm H=5mm

The thermal conductivity values are then used to study the thermal performance of the
fin. A constant temperature boundary condition of 353K is applied at the base, and a
convective bounary condition is present on the sides and tip of the fin. Results can be

seen in Sectioi.1.6
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Chapter 5: Parametric Trends in HX for LNG Ligquefaction

It is important to understand the relevant heat exchanger design space, tlevelbhaf
thermal performance can be expeciHte costs of this performance, in pumping power,
must be compared, as well as several additional metrics, including the Coefficient of
Performance and Total Coefficient of Performance.

5.1 Design Space

The modéused for this analysisonsists of &aomogeneougjoubly finned 1m by 1m

plattencl osed by adiabatic surfaces, represen
heat exchangeF({gure23). The inlet tenperdures of the hot methane gas and cold

seawater were taken as 90°C and 35°C, respectively. Various plate materials were
considered and the geometric parameters, includintpitkness, fin spacingnd the fin

height, where varied in the range of 98mm, 2- 1000mm, and 1 20mm respectively.

Results are also presented for four sets of fluid velocities.

/-—— Adiabatic Walls \

Methane - ¥ /7
Inlet T, 1=90 "c/ ty S ]t H
L
-
Seawater * |

Inlet T; =35 °C | g— — W

Figure23: Doubly Finned Parallel Counterflow Heat Exchanger

5.2 Heat Transfer Rate

Theheat transfer rate achieved bgiagle, 1ni, doublyfinned plate, with fin height and
thickness of 10mm and 1mm, respectivelyshewn inFigure24 as a functiorof fin

spacing. This exchanger was subjected to a methanetyedd0 m/s at 90°C and a

cooling seawater velocity of 0.5 m/s at 35°C. Two inflection points may be observed, for
the transition between laminar and turbulent flow regimes for each fluid. The seawater

has larger Reynolds numbers, ranging from 160@695and results in the smaller
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inflection point at a fin spacing of approximately 0.003m. At a fin spacing of 0.005m,
the methane transition results in a more dramatic inflection point. Reynolds numbers for
the gas range from 1200 to 3900. It may lengbat for these conditions the heat
transfer rate varies from approximately 1.5 kW for the unfilled polymer material to
approximately 3.7kW for aluminum. However, despite their relatively low thermal
conductivities, the polymer composites and titaniuenseen to provide substantially
higher heat transfer rates than the pure polymer. In particular the low conductivity
enhanced thermoplastic appears to achieve more than 80% of the heat transfer of the
aluminum module and the high thermal conductivityypar can reach 90% of this
baseline. More importantly, the performance of the two categories of thermally
enhanced polymers brackets the heat transfer rate attained by the titanium alloy, a

common material for heat exchangers working in corrosive enventsn

45 25
. —_— e Aluminum Alloy —t=1mm
N - (170W/mK)
35 \ T . 20 —t=2mm
’ A T — = Titanium Alloy =2
\\\l'\ ~— (8W/mK) T t=4mm
Titanium, Pure g 15
= 25 (22W/mK) a %
s c
= =
T 2 —— Polymer, £ 10
Unfilled E
15 \\\Jl (0.25W/mK) = \&
= Polymer, Filled, °
. lowk (5 W/mK) o \q
05 = - =Polymer,Filled,
highk (20W/mK) b
0 , , , . , .
0 0002 0004 0006 0008 0.01 0.012 0 0.002 0.004 0.006 0.008 0.01 0.012
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Figure24: Doubly finned counterflow heat Figure25: Pumping power for doubly finned

exchanger heat transfer performance as a counterflow heat exchanger as a function of fi
function of fin spacing and heat exchanger  spacing and fin thickness, & 1 mm, H = 10
material ({=1mm,t=1mm,H=10mm, W= mm,W=L=1m, y=10 m/s, u= 0.5 m/s).
L=1m,y=10m/s, y=0.5 m/s).

The relatively modest differencesheat transfer rates among all but the poorest thermal
conductivity material (i.e. unfilled polymer) can be traced to the effect of the lowidgms
heat transfer coefficient on the overall heat exchanger conductance, as in E@&xtion

With methane heat transfer coefficients in the rang@efOW/m?K, versus typical water
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heat transfer coefficients @002000W/m?K and plate conductances greater than 5000
WI/K for a 1nf area of thickness-2mm even ér thermal conductivities of just 5W/mK,

the resistance to heat transfer from the hot methane to the finned plate is the controlling
resistance in the heat exchanger. Consequently, the thermal performance of the heat
exchanger module is relatively insenaa to the plate thermal conductance and low

thermal conductivity materials can be used successfully in the studied application.

5.3 Pumping Power

The pumping power consumed by the finned plate heat exchanger as a function of fin
spacing, including both tHeuid and the gas sides,shown inFigure25 andseen to

display three segments of decreasing slope, interrupted by step change increases, for each
fin thickness. These step changes are refleof laminarto-turbulent flow transitions

in the respective channels. Flow in the water channels becomes turbulent at a Reynolds
Number of 2300reached withafin spacing of approximately 0.004m, while the gas flow
becomes turbulent at a fin spacwigd.005m. The pumping power is also seen to

decrease with fin thickness, since for the assumed heat exchanger fin spacing and inlet
velocity, thicker fins lead to fewer channels and lower total flow rates.

5.4 Coefficient of Performance

The Coefficient oPerformance, calculated with equati(34), is plotted inFigure26
throughFigure29 for varyingfluid velocities, as a function of fin spacing and for the
various heat exchanger materials considered. For the first case, sHegureR6, with

the flow conditions (u1=10m/s an@+0.5m/s) used previously, the plot is s&@n

display 3 segments of positive slope, interrupted by step changes associated with the
previously discussed transitions from laminar to turbulent flow. As expected, the unfilled
polymer displays the lowest vas of COR in the range of 0.1 to 0.2kW/Wwhile the

highly conductive polymer is essentially identical in thermal transport efficiency to the
pure titanium and superior to the titanium alloy, with COP values peaking at 0.65kW/W
in the laminaflaminar range and 0.25 in the turbulenirbulent range. Interestingly, even
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the low conductivity polymer is only marginally lower in COP than the titanium alloy
needed for operation in corrosive environmeritse foregoing suggests that moderately
filled polymer @mposites, with thermal conductivities of 5SW/mK and better, could be
used to replace corrosigasistant titanium alloys in seawater heat exchangers without a

significant loss in thermal performance or heat exchange efficiency.

At lower gas velocities, tWnCOP values for all materials (excluding the unfilled polymer)
become much closer, with only a difference of 0.05 (or about 10%) separating the
aluminum alloy and the low thermal conductivity polymer. At the increased water
velocity shown inFigure28 andFigure29, the COP drops dramatically due to the
increased pumping power required. In the final COP case, with a gas velocityof 5 m/
and a water velocity of 1 m/Eigure29) no flowtransition occurs. The gas flow is
laminar for the Reynolds numbers from 600 to 1900, and the seawater flow is

consistently turbulent for Reytas numbers ranging from 3100 to 10300.

5.5 Total Coefficient of Performance

While the preceding analyses has demonstrated thegoaatyr in heat exchange

efficiency between filled polymers and a corrosion resistant titanium alloy, the significant
differences in the formation and fabrication energy between the polymer composites and
both titanium and aluminum alloys suggest filled polymers may provide a significant

advantage in the overall energy efficiency reflected in the sustainability metri¢, COP

The calculated values for the CQRor a service life of ongear, shown irFigure30 for

the standard flow velocities of 10 m/s and 0.5 m/s for methane and seawater respectively,
reveal that theinfilled polymer, despite its extremely low thermal conductivity, provides
the highest value of CGQPreaching above 100 in both lamidaminar flow and
turbulentturbulent flow conditions, for the studied rangeperating conditions and
geometries. His result can be traced to the low manufacturing energy of the
polypropylene polymer, which &4 MJ/kg is less than 1/40of the aluminum and 1/40

of either titanium alloyr pure titanium.The filled polymers provide significantly more
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heat transfebut also require more fabrication/formation energiue primarily to the

high energy content of the carbon fibeend display COPperformance that is

substantially below the unfilled polymer but still nearly seven times better than the

titanium alloyin turbulentturbulent flow and 1.5 that of aluminum under the same

operating conditions. It is to be noted that both pure and alloyed titanium are severely

hindered in their overall energy efficiency by the large manufacturing energy of

approximately 100 MJ/kg.
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Figure31, with a reduced methane velocity of 5 m/s, shows an even more dramatic
difference between the unfilled polymer and the other materials under analysis. Because
of the lower pumping power ithis case, manufacturing energy plays a larger role, and
thusthe COR values decrease. The filled polymers continue to perform the best of the
potential heat exchanger materials, nearly double that of aluminum, and many times that
of titanium. InFigure32, with the highest gas and water velocities under analysis, the
heat exchanger CQMas less dependence on formation/fabrication energy. The
thermally enhanced polymers show comparable perioceto the unfilled polymer
throughout the fin spacing domaemnd far superior to the other materialkhe low fluid
velocities inFigure33result in significantly lower heat transfer and aresponding drop

in the COR. Itis important to note that the C©¥alues for this case are approximately
one third of the values the standard case showmrFigure30. This isa much smaller

difference tharnhe corresponding difference in the COP metric (approximately one eighth).

To further clarify the trends seen in the G@tetric it is instructive to exaime Figure34

that displays the manufacing fraction of the overall energy consumedthe finned

plate heat exchanger module, at a fin spacing of 0.005m when both fluids are turbulent and

for a service life of 1 year. Examining the manufacturing fractiomkich range from just

0.20 for unfiled polymer to 0.95 for the titanium alleyt is clear that a lower fraction of

invested energy correlates directly with a large €OFhis trend is magnified by the short
service | ife of todayds s dnapwativedhahedte at e x c he
exchanger design and material selection include consideration of the invested

manufacturing energy.
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It is important to note that even with a much higher fabrication energy, but a far better

thermal conductivity, the filled polyaers have a CORoughly 82% of the unfilled

polymers, while aluminum is only 47% of the unfilled polymer (for the case shown in

Figure30). Thus when a heat transfer efficiency requirement basetmet, a filled

polymer appears to be superior to aluminum.

Since, as previously noted, the poor thermal properties of methane make it possible for

heat exchangers fabricated of low thermal conductivity materials to achieve adequate
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heat transfer, thedat transfer rate for the low thermal conductivity polymer is found to
equal 90% of the value achieved by the highly conductive polymer. Consequently, when
the lower manufacturing energy of the low conductivity polymer, due to the reduced
carbon fiber coecentration, is considered, the low conductivity filled polymer has a nearly

identical CORto the highly conductive polymer.
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Figure34: Energy invested in doubly finned counterflow heat exchanger as a
function heat exchangematerial ({=1mm ,t=1mm, H=10mm,W=L=1m, ¢
=5mm, y=10 m/s, u= 0.5 m/s).

5.6 Geometric Optimization

As each of the materials considered for the finned plate heat exchanger has different
thermal properties and energy contents, a dettileunal transport and energy efficiency
comparison should be based on the optimized designs for each material.

Figure35displays the variation of the Total Coefficient of Performance withdight

for each of the subject materials for the indicated flow and geometric parameters. The fin
height is assumed to be equivalent on both sides of the heat exchanger. For the lowest
thermal conductivity material the unfilled polymei there is a shr@ optimum at
approximately 3mm. While the other studied materials display optimum fin heights that
increaseé as expected with the thermal conductivity, the height variation of GGP

modest and fin heights of approximately 10/ previously assumédcan be

expected to yield close to the best results.
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Figure36 shows the variation of CQRvith the fin spacing, when the fin height for each
material is set at the optimum value displayeBigure35. Because a large fin spacing

for the assumed plate width of 1m leads to a small number of fins, increasing fin spacing
reduces the mass of the finned plate heat exchanger module aoésrétke required
manufacturing energy investment but also reduces the surface area exposed to the
working fluids. It is thus seen that for the materials with low or modest
formation/fabrication energies, a clear peak appears at values that rangerfroniof3

the unfilled polymer to 93mm for the hightpnductive polymer and to just 42mm for
aluminum. However,the CQP or pure titanium (k=22 W mK)
0.87m, and the titanium alloy (k=8 W/mK) never reached a{JieBk.

In additionto optimizing the fin spacing and fin height, determination of the most energy
efficient configuration for each material requires selection of the optimum fin thickness.
Along with the material properties and the height, the optimal fin thickness can be
expected to depend on the heat transfer coefficient on the exposed fin surface, which
varies substantially from the gagle to the liquieside of the heat exchanger module. It

is, thus, necessary to determine the optimalsides and liquieside fin thicknsses,

respectively.

Figure37 andFigure38display the calculated variation of the CQO#th fin thickness

on the liquid and air side respectively. While the C@Ror the unfilled polymer and the
pure titanium show neandependence of the liquiside thickness, it appears that
optimum thickness fdiins of filled polymers and aluminum is approximately 0.5mm and
0.3mm, respectivelySimilar conclusions can be drawn relative to thesale fin

thickness, although the optimal values for the filled polymers and aluminum are
somewhat larger than on the liquid side of this metiveaiter heat exchanger. Due to the
relatively low heat trasfer coefficients associated with the flow of methane in the
prescribed passages, typically in the range e4@OV/nfK, versus the 1502500

W/m?K heat transfer coefficients expected on the seawater side, the addition of fins on

the gas side generally hagreater impact on the overall module heat transfer rate.
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The overall optimunsystem dimensions, determined-igure 35 throughFigure38, are

shown inTable9. The resulting COPvalues are plotted ifrigure39 and seen to span a

range from 12.5 for the titanium alloy to 228 for the unfilled polymer. Interestitigly

first-order optimization has succeeded/ielding optimizd COR values for the filled

polymers that are 26% to 40% higher than the peak value of 70 achievedawith
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nominal geometry analyzed kigure24 for both the low and highconductive polymer

composites.

H s Liquid Gas
Material k (W/mK) thickness | thickness

(mm) (mm)

(mm) (mm)

Aluminum Alloy | 170 19.8 42.3 0.347 0.646
Titanium Alloy 8 8.5 No Maximum 0.248 0.050
Titanium, Pure 22 11 869 0.248 0.288
Polymer, Unfilled| 0.25 3.1 72.6 0.941 0.892
Polymer, Filled, | 5 8.5 133 0.397 0.765
low k
Polymer, Filled, |, 11.6 92.7 0.446 1.486
high k

Table9: Best Performing Parameters for Gas/Liquid Counterflow Heat Exchanger.
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Figure39: Materiatoptimized COR for doubly finned counterflow
heat exchanger (tb = 1 mm, optimum height, optimum fin spacing,
optimum fin thickness, W =L =1 m, ul = 10 m/s, u2 = 0.5 m/s)
Examining the optimum dimensions for the lower conductifktss6W/mK) material, it is
seen that the 40% increasehe COR value to nearly 100 was achieved largely by
reducing the mass of the fins through use of thinner fins of reduced height and larger
spacing than used in the nominal desighe more modest anease irCOR; to 88 for
the high conductivity polymer was achieved

design, so that judicious addition of magkirough taller and more close$paced fins
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resulted in greater increase in the heat transfertihain in the formation and fabrication
energy.lt is also important to note the similar energy efficiency of the low and high
thermal conductivity polymers. The high k polymer has a slightly higher heat transfer
rate, but the added energy content ofatiditional carbon fiber mass leads to a OP

value that i1s only 90% of the | ow k pol yme

Alternatively, the heavy burden of the very large manufacturing energy of the titanium
and titanium alloy, at nearly 1000MJ/kg, suppressed any benefit pdovydihis first

order optimization processasad left the COPvalues essentially unaltered from the
nominal conditions oFigure24.

While the unfilled polymer results in a large CO®hen a rmimum heat transfer rate
criteria is applied, the filled polymers are the leading material, with{@@les 1.6

times that of aluminum and roughly 8 times greater than titanium.

5.7 Optimizing COPr with Least Material Relations

The least material relationsed in Sectio.2for fins and finned arrays can be used to
optimize the COPmore rigorouslyln Figure40, theTotal Coefficient of Performance
(COR) is plotted br the same case Bgyurels, for a finned array with 500 fins and a

heat transfer coefficient of 30 Wt The errordetween the predicted least material
thickness and actuale seen to incase at lower conductivities, with an error of 1.7% at
k=300 W/mK, 1% at k=40, 20, and 10 W/mK, 6.2% at k=10 W/mK, 13.9% at k=5
W/mK, and 87.0% at k=0.25 W/mK. This increased error is likely due to that fact that for
the k=0.25 W/mK case, the heat trangfer unit length varies from roughly 2.6 W/m to

4.4 W/m, over a range of fithicknesses frofd.1mm to 2mm, at the least material
condition of 1.97mm the fin spacing is very small (0.0287mm), and pumping power

very large. Because of thilse pumping power, not the mass, dominates the{COP
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Figure4(: Total coefficient of performance in a gasoled array, for
various thermal conductivities. W=1M,A8 mnt, h=30 W/miK , , c
=55K, N;j,s=500, t=1mm

It is important to note that while the C@Ralues peak ifrigure40 at different
thicknesses for k=150,40,10, & 5 W/mK, the value of the €i®@If is nearly identical

for all 4 cases.

Similarly to the pevious caseif canset the gas velocity constant as opposed to the heat
transfercoefficient fFigure4l). Thisis a less general case, and more practical for
industry. The least material relatiaccurately predicts the peak within 0.5% for k=300
W/mK, 2.4% for k=150 W/mK, 4.3% for k=40 W/mK, 5.3% for k=20 W/mK, 7.0% for
k=10 W/mK, and 9.4% for k=5 W/mK. While the 0.25 W/mK case does not peak in this
example, by extending the array width to 2mldmg everything else constant, the least
material efficiency accurately predicts the peak heat transfer rate of 6.9 kW/m within
6.9%. For the k=0.25 W/mK case,-35% of the heat transfer was through the fins. The
percent through the fins increases witbreases fin thickness, as the interfin spacings

decrease with this quantity.
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Figure4l:Heat transfer per unit length in a gasoledarray, for
various thermal conductivitie$v=1m, A=8 mnf, v = 1 @ =58k,
Nfins=500
Notably, the previous two examples used relatively large numbers of fins, and thus small
interfin spacingsWhen fewer fins are used, additional measures must be taken to find the
leastmaterial pointThis motivates the use of a value for fin heat ti@nger unit length,
as opposed to total heat transfacluding the fin and bas&Vhile neglecting the interfin
spacings is poor overalkesign practice, this could be used to more accurately fine the
least material finFigure42, the predictedeast material thickness alignauch more
accurately with the peak of the fin heat transfer per unit fin mass plot. The error at
k=300,150, and0 W/mK are reduced to 3.0%92, and3.7%b, respectively. Mre
important, for low thermal conductivity fins, the error was reducel5%,3.0%, 2.0%,
and 10.8% for k20, 10, 5, and 0.25 W/mK. Whilthis is an insufficient metric for
overall fin array performance, it provides a good basis for evaluation of thieemwf
fins and their aspect ratio on a given array surface. By subtracting the mass of the walls
from the total allowed mass, this method could be used to accurately maximize the

achievable heat transfer, through the use of optimum fins.
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Another method to improve the accuracy of the least material correlatibiout
neglecting the important heat transfer through the lm#eroughthe use of the least
arraybased optimum fin, as given in equat{@8). The optimum fin efficiency is no
longer 0.627, but varies with the heat transfer coefficient, fin height, and thermal
conductivity. The second term in this equation accounts for heat transfer from the inter
spacings. Because the optimum efficiency varies across the range of fin thicknesses
plotted here, the leastaterial point is defined as that where the actual fin efficiency
matches the optimumifficiencyand the accuracy is the differenatween this point and
the point of maximum heat transfer.

The same conditions westudied asigure42. The heat transfer rate per unit length is
identical, but the array based optimum fin chethgas shown ifable 10. Errors
remainedunder 10%or thermal conductivities of 300 W/mK down to 5 W/mK.

k(WmK)|d (ped (opt i Error
300 0.6548 0.6247 4.82%
150 0.6607 0.6235 5.97%
40 0.664 0.619 7.27%
20 0.666 0.613 8.65%
10 0.636 0.6053 5.07%
5 0.6 0.591 1.52%
0.25 0.2011 0.2853 -29.51%

TablelQ: Errorin arraybased optimum fin equation
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An additional factor to consider is thatith a constant profile area, each fin height will

have its avn unique optimum point. In such a case (showrRigure42), theoptimum fin
efficiency for a 0.25 W/mK fin varied from 5% to 39% as fin thickness varied from
0.1mm to 2.5mm. By holding the height constant at 1cm and the heat transfer coefficient
at h=50 W/niK , this variation is reduced to 27.1% to 25.3%rdhe same range, only

due to the change in base area, which varies from 0.98& Gr875m. With each fin

having a nearly identical optimum point, the arbmgsed optimum fin equation more
accurately predicts the peak. In this case, the optimum efficieas predicted as 25.1%

for an actual efficiency at peak heat transfer rate of 24.1%, an error of only 4%.

As indicated by BaCohen and Jelingf64], optimization of a rectangular plate fin array
by assuming the array is composed of a safendividually optimum fins seems to
work well for a range of thermal conductivities, from 5 W/mk to 300 W/mK. At a very
low thermal conductivity of 0.25 W/mK, typical of unfilled polymers, a corrected array
based optimum fin efficiency is necessaiywall as use of the more thorough fin

efficiency equation, for a fin with a convecting tip.

5.8 Alternative Heat Exchanger Designs

Beyond the finned plate heat exchanger studied so far, there are several alternative heat
exchanger configurations that maydmnsidered. Here, the finned plate heat exchanger
will be compared to a more conventional shell and tube heat exchanger, as well as
another compact heat exchanger configuration, referred to as a plate coil. The three
geometries will be compared for a ctarg heat transfer rate, constant flowrate scenario,
comparable to the design decisions which must be made when commercially developing
a heat exchanger for a specific application. In this case, a 350kW heat exchanger will be
designed, with flowrates of @00 kg/hr of methane at 90 and 300,000 kg/hr of

seawater at 3%, representative of a production scale heat exchanger for natural gas

liquefaction[9].
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5.8.1 Configurations

A finned plate heat exchanger, similar to thladwn in Figure23, will be studied here. In
order to achieve the required heat transfer of 350 kW, a 1m wide by 1m long heat
exchanger is used, with 100 fins on the gas side and 5 fins on thesidatezach 1mm
thick, with a 2.5mm base thickness, needed to assure effective injection molding of the
thermally enhanced polymer composite will be U&&d. This results in a 17.8 mfgas
velocityand a 0.30 m/s water velocity when used with the previously specified flow

rates.

Shell and tubéeat exchangers have been used for some time in industrial applications,
where high operating pressures are encountered. Without the need for gaskets, as used in
plate heat exchangers, they are quite strong and reliable. A shell and tube heat exchanger
corsists of a bundle of tubes within a large shelktaswvn inFigure43. For gadiquid
applications, the liquid would be on the inside of the tubes, and the gas would flow

around and on the outsiebf the tubes. The tubes may be enhanced with fins to improve
their thermal performance. Baffle plates, or tube sheets, are used at several points along
the length of the shell to support the tubes and force the gas to travel across the tubes, not
along heir length. For purposes of this study, a similar shell and tube configuration,

which might be used in a natural gas liquefaction facility, is chosen. A 6m long shell,

1.5m in diameter is used, filled with 2000 finned tubes, each with a 14mm inner

diamete. A tube wall thickness of 1.5mm is requited sufficient strengthThe resulting

fluid velocities are 29.5 m/s on the gas side and 0.27 m/s on the water side.

The platecoil configuration Figure44) is another potential compact heat exchanger
geometry[66, 67] It consists of a stack of rifled plates, containing an axial array of
Aembeddedo tubes. When fabricated of conyv
thin walls , small diameter passages, and very small verticdi@mbntal spacings

between the tubes could be used. For a molded polymer composite heat exchanger
module, a tube inner diameter of 2mm and a 2mm thick wall is thought to be necessary
In order to achieve 350kW of heat transfiE90 plates, with 30 tubes each platare
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required. Thigesultsin fluid velocities 0f0.75 m/s on the gas side, and 4.75 m/s on the

water side.
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Figure43: A shell and tube heat exchand@8] Figure44: Proposed pla-coil heat exchangef66]

5.8.2 Results of comparisons

The Coefficient of Performance (COP), woletric heat transfer rate, and mapgcific

heat transfer rate, as previously defined, were chosen to provide a basis for comparison of
these three configurations, operating at constant flowrates and heat transfer rates. The
Coefficient of Rerformance, ssshown inFigure45, shows a value atbout 16 for the

shell and tube, 25 for the plate coil, and 62 for the finned plate. Because flowrates and
heat transfer rates are held constant acrossdesitin, the key differentiating factor here

is the pressure drop. The finned plate heat exchanger, due to its open, unobstructed
channels, has very low pressure drops of about 0.01 bar and 0.004 bar on the gas and
water side, respectively. The plate cabhexchanger, as one might expect, has an
extremely small gas side pressure drop of 9Hdlr, but a high water side pressure drop
of 1.6 bar due to the small tube diameter. Notably, if a larger tube diameter was used for

the plate coil configuratiorthe COP would go up by a factor of four, but the other
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metrics discussed later would suffer significantly. The shell and tube has values of 0.05

and 0.03 bar on the gas and water side.

A similar trend can be seen when observing the volumetric heafaraate Figure46).

The shell and tube is the lowest, at about 3Gk he finned plate and plate coil, both
considered compact heat exchanger geometries, are significantly better; theilpddte co
100 kw/n? and the finned plate at 230 kWinThe finned plate is superior in this metric
due to its ease of manufacturing with injection molding. A thick base plate is all that is
required to facilitate removal of a molded heat exchanger moduletti®mold. The

plate coil configuration, on the other hand, operates best at thicknesses of under 0.5mm,
at which point it would have a very large volumetric heat transfer rate. But tubes this thin
would not be structurally stable, and would break when vechérom a mold. The 2mm

thick walls, combined with the 2mm diameter tubes, significantly hamper the volumetric

performance.
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Figure45: Coefficient of performance of alternativ Figure46: Volumetric heat transfer of alternative
heat exchanger configuratiofés] heat exchanger configurations

Finally, the mass based performance is studied. This is an important metric, because not
only does the mass of the heat exchanger influence metricssstiat Botal Coefficient

of Performance, but it also plays a major role in the manufacturing and transportation
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costs. Simply moving a heavy heat exchanger from the place where it was built to the

location of use can consume large quantities of fuel.

Figure47 showsthis mass specific heat transfer rate, in kW/kg of material. A density of
1.7 g/cni is used, representative of a 10 W/mK thermally enhanced polymer composite.
Once again, the shandtube performs poorly, at slightly above 0.1 kW/kg. The plate

coil is nearly double that, at 0.2 kW/kg, and the finned plate is well beyond this value, at
0.55 kW/kg. In determining this maspecific heat transfer rate for the skalidtube
configuration onlythe mas®f the tubes, the active heat transfer surface, was considered.
The shell could be built from any other material deemed appropriate, but inclusion of this
material wouldfurther lower the already poor massecific feat transfer rate. The two
compact heat exchanger geometries will also require some sort of supporting structure,
but it is not likely to be as large and massive as what is required for @asttlbe heat

exchanger.
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Figure47. Mass specific heat transfer rates of alternati
heat exchanger geometries
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The finned plate geometry showed superior performance compared to manufacturable
shell and tube and plate coil configurations. The performaiite glate coil was

severely limited due to constraints imposed by the injection molding process. Mass and
volume specific metrics for the finned plate were seen to be nearly 5 times greater than a
shell and tube configuration, due to the large encloskdne and required heat transfer

area for a shell and tube. A plateil may be a promising next generation heat exchanger
geometry for different materials, bupalymerfinnedplate heat exchanger shows the
greatest promise out of the three studied here.
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Chapter 6: Optimization of Lowk Heat Exchangers

This Chaptefocuses on attaining the minimum mass designachieve the optimum heat
transfer rates for a range of pumping pow@isearraybased least material relatioEq.

(18), is used tominimize the fin mass required for a complete heat exchanger module
(Figure 23). Several metrics, including the heat transfer rate, the -s@esdfic heat
transferrate, and the total Coefficient of Performance (¢ORre used to compare the
thermal performance of polymer composites having a range of thermal conductivities
with that of corrosion resistant metal$he operating conditions considered tyical of

the natural gas liquefaction industrythe Persian Gulf, namelyhgas at 90°C cooled by
35°C seawaterin addition, thegas flowrate is variedrom 0.01 t00.1 nf/s, while the
coolant velocity is held constantat 1m/s. For the design and operating cdmhs
examined, a 10 W/rK polymer composite is found to provide nearly identical heat
transfer rate to that of a corrostogsistant titanium heat exchangeurthermore, at 200

W pumping power, the polymer composite provides 3.2 kW/kg of 1sassific hermal
performance, which is almost 50% higher than for titanium. Polymer composites also
show COR values approximately twice that of a leasaterial titanium heat exchanger.
The resultscontributeto establising the viability of using polymecomposits for gas

liquid heat exchangepplications involvingseawater and otheorrosive fluids.

6.1 Motivation for gas -side optimization

Applying Eq.(23) to the determination of the effective thermal conduatdncthe heat
exchanger module, it can be seen fiigure48that n the case of the low thermal
conductivity unfilled polyme(k=0.25W/mK) roughly two thirds of the thermal
resistanceccurson the gas side, and the bulk of the remaining third is from the Faall.
a10 W/mK polymer composité=igure49), roughly 90% of the thermal resistance is due
to the gas side. Since the conveetiesistance on the seawater sideeigrly an order of
magnitude belowhe gas side resistance, leastss optimization of this seawater heat

exchanger begins by nearly eliminating the fins on the water side, leaving\sjlgd
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fins to primarily meetthe structural constraints of this finngdlate compact heat

exchanger. Since the overall thermal resistance is dominated by the convective resistance

on the gas side, it is these fins that need to be optimized for the highest heat transfer rate

per unit nass. For purposes of the present study, the base plate thickness is assumed to be
dictated by molding considerations and is taken to be constant and equal t8dchma.

thin base plate would be difficult to manu
most effectively take advantage of the mateNallti-gate molding and significant fin

tapers would surely be required to mold such a heat exchanger.
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Figure48 Thermal resistance values as a Figure49: Thermal resistance values as a functic
function of fin pitch, k=5 W/mK, W=L=1m, of fin pitch, k=10 W/mK, W=L=1m, k=10mm,
Hsin=10mm, =t,=1mm. Liquid velocity: 1 m/s, t=t,=1mm. Liquid velocity: 1 m/s, Gas Flowrate:
Gas Flowrate: 0.073 s, Nins iquic=25, 0.073 ni/s, Nins.iquic=25, t=t=1mm, k=10 W/mK
t=t;=1mm, k=10 W/mK

6.2 Results and Parameter Trends

In this section, the results parametric analysder metallic and polymer composite
materials are presentadd discusseth terms ofthe heat transfer rate, Coefficients of

Performancemassspecific heat transfer rat@nd leastmaterial fns.
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6.3 Heat Transfer Rate for HX Module

Prior to exploring the impact of leastass optimization, it is useful to determine the
baselingperformance of a polymer, as well as various metallic, metbeawater heat
exchangers operating in the parametric space appropriate to a natural gas liquefaction

plant in the waters of the Persian Gulf.

ExaminingFigure50it may be observed thatfor a counterflow paralleplate heat
exchanger with a fin height of 10mm and fin thickness of 1mm operating with a liquid
velocity of 1m/s and gas flow rate that varies from 0.008 to 031£-rtheheat transfer

rate is relatively insensitive to the thermal conductivity of the heat exchanger material,
down to approximately 5W/mK. Thus, for example at a pumping power of 200W, a
carbonfilled polymer composite having a thermal conductivity of 5 W/nlds a heat
transfer rate of 5.5kW or some 85% of what could be achieved wittf eopper heat
exchanger (k= 300 W/mK). Similarly, a polymer composite or other material with
thermal conductivity of 10 W/mK provides 92% the thermal performance of copper,
while titanium, at 20 W/mK, would provide 95% of this maximum performance.
Overall, the heat transfer rate can be seen to increase with increasing pumping power,

with diminishing improements at higher pumping powers.

k=300 WimK |
2 k=150 WimK
k=40 Wi
k=20 Wimi
k=10 Wik
----- k=5 WimK
k=) 25 WK

" L " L L " L
1] 50 100 150 200 250 300 350 400
Pumping Power [W]

Figure50: Gas/Liquid thermal performance in a
counterflow parallel plate heat exchanger. W=L=1r
Hin=10mm, {=t,=1mm. Liquid velocity: 1 m/s,
Nfins,mzloon Nins,w:5
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Increasing the number of fins on the methane side from 100 to 200 would help to increase
the heat transfer rate at lower pumping powers and, thus, flatten the shape of the curves
shown inFigure50. Increasing the number of fins on the water side would not

appreciably change the heainsfer rate; the high watsrde heat transfer coefficients,
compared to the methane side, mean that substantial heat transfer enhancement cannot be

achievedoy further improvements on the watgde

6.4 Coefficient of Performance

It is helpful touse he previously definedoefficient of thermal performance (COP), Eq.

(34) for evaluating the performance tbfe heat exchanger. The COP is the ratithef

heat transfer rate to pumping power and can vaity the geometry, the flow rates, and

the thermal conductivity of the finned plate. Due to the modest effect of the thermal
conductivity in the parametric range studi
nickel, titanium, and the 10 W/mK polymer consges are relatively closéAs may be

seen in Figur®1l, increasing pumping poweup to approximately 25W for this

configuration, results in a steep increase in the COP followed by a more gentle decline, as
the progressively higher pumping power letmdiminishing improvements in the heat
transfer rate. For a typical pumpi ng power
for the higher conductivity material, while the 5 W/mK polymer composite yields a value

of 27.
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Figure51: Gas/Liquid thermal performance in ¢
counterflow parallel plate heat exchanger.
W=L=1m, H;,=10mm, t=t,=1mm. Liquid
velocity: 1 m/s, Nhs =100, Nins, =5

6.5 Mass-Specific Heat Transfer Rate

The impact of material choice on the ma$igciency d the methaneseawater heat
exchanger is shown Figure52, displaying the masspecific heat transfer rate for the
specified operating conditions. The maggcific heat transfer rate is seercomtinually
increase with increasing pumping power, as the pure heat transfer ratéigjdreb0.
Interestingly, when compared on this basis, witixed fin geometry, the low density

(1.7 dcm®) thermallyenhanced polymer composite with a conductivity of 10 W/mK
provides the best resiiltand is seen to be capable of transferring 1.6kW for every kg at
200W pumping power. By contrast, titanium, with a high density of 4.5t
comparableéhermal conductivity, can transfer just 0.7 kW/kg. For aluminum the values
of this metric fall between the twatabout 1.1 kW/kg. Copper performs the poorest, due
to its high density, with a maspecific heat transfer rate of under 0.4 kW/kg.

Interesingly, doubling the number of fins on the methane side would decrease the mass
specific heat transfer rate, except dperation atow pumping powers. For pumping
powers greater than approximately 100W, the added thermal performance is not enough

to compe@sate for the increased mass. Due to its low added mass and weak effect on the
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heat transfer rate, a five fold increase in the number of fins on the water side, from 5 to
25 for the 1m width, would result in only a modest decrease in the values of the mass
specific heat transfer coefficieintsf about 10% across the range of pumping powers.
The total coefficient of performance, discussed next, shows similar trends.

6.6 Total Coefficient of Performance

Use of the total coefficient of performance, GORvhich compares the heat transferred

to the energy invested in the heat exchangsey.(35), again favors the filled polymers.

The polymer composites, with thermal conductivity of 5W/mK and 10W/mK,
respectivey}, are seen to reach peak values of @Bove 60 for approximately 40W of
pumping power and then decrease towards a common asymptoté fafr2fblymer and
metallic material§ as the pumping power increases and begins to dominate the
denominator of th€ OR.. Due the high levels of energy invested in manufacturing the
titanium, this material displays a far weaker optimum and a pkiteadependence of

the COR on pumping power. It is noteworthy that the copper and cempkel alloy,

with their highthermal conductivity and moderate energy content, perform identically at
a peak COPvalue of nearly 45. By contrast, the titanium heat exchanger provides the
poorest value of the Total Coefficient of Performance barely reaching a value of 10,
while alumimmés hi gh conductivity compensates
reaches a CGPof 40. Due to its low energy content, the unfilled polymer does display
the highest values of C@Preaching 83 at low pumping powers, but has been previously

shownto yield heat transfer rates that are far inferior to the other material choices.
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Figure52 Gas/Liquid thermal performance pel Figure53: Gas/Liquid CORin a counterflow
unit mass in a counterflow parallel plate heat parallel plate heat exchanger. W=L=1m,
exchanger. W=L=1m, H=10mm, =t,=1mm. Hfn=10mm, =t,=1mm. Liquid velocity: 1 m/s
Liquid velocity: 1 m/s, s 100, Nins =5 Nfins, =100, Nins =5

6.7 Use of Least Material Relations

A more refined analysis of the mass specific heat transfer rate can be obtained by using
relations for leasiaterial fins on the gesmde of the modular heat exchanger. The array
based least material relation, equat{®8) [54], can be used to minimize the fin mass
required to achieve a specified heat transfer rate, for a given material and operating
conditions as discussed in SectiB2 For identical hearansfer coefficients and fixed

fin height, high thermal conductivity will result in relatively thin fins and low thermal
conductivity in relatively thick fins, thus affecting the value of the nspeific heat

transfer ratesThe validity of this arraypased equation for the design of complete heat

exchangers is discussed here.

The least material relation often yields extremely thin fins, especially for high
conductivity materials with modest heat transfer coefficients. However, it must be
realized thafor the arrays considered herein, manufacturing constraints can be expected
to limit fin thicknesses to approximately 0.1nji@®]. Thus, when the least material

relation suggests thinner fins, a 0.1mm fin is used instead.
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Applying Eq.(18) to the iterative determination of the optim fin geometry for each
operating condition and material, it is possible to again calculate the heat transfer rates,
massspecific heat transfer rates, and GO@&uesand then compare them to the

previously determined neoptimum values. The thermal pemance, displayed in
Figure54, shows similar trends teigure50, the heat transfer rates rising asymptotically
with pumping poweand titanium attaining a rate of 4.4 kW at 200W while the 10W/mK
polymer composite reaches 4.3 kW

As a result of the leashaterial optimization, these somewhat reduced heat transfer rates
are achieved with far more significant reductions in masscislyefor the metals, as

may be seen iffable11 and 4, for 50W and 200W of pumping power, respectively. In
retrospect it may be understood that the initial chosen thickness of hough thin by
conventional standardsvas much thicker than necessary for fins fabricated of high
thermal conductivity materials. The least material equdfi8pallowed this thickness to

be reduced significantly, witonly slight reductions in the thermal performance.

The total heat exchanger module mass, including the base plate, for tikecoigiposite
decreased from 3.5 kg to a least material configuration at 200W pumping power of 1.3kg.
The titanium heat exchger decreased even more, from 9.2kg to 2.0kg. The value of the
leastmaterial optimization is clearly seen in these substantial mass reductions and the
consequent improvements of well above 100% in the 1s@asific heat transfer metric,

for all the materls except the lovik composite and even greater reductions at lower
pumping powers. The CQRalues also improved, but only at low pumping powers

where the energy invested in the mass plays the major role. While the focus of this paper
is on the potentiabenefits of polymer composite heat exchangers, the very significant
met al mass reductions, arcaht ieervi aald 10e olpyt i tnmh ez au
very noteworthy anil in themselve$ represent a potentially profound contribution to
energy efficiecy and sustainability.

Due to these mass reductions, the asymptotic-s@essfic heat transfer rate, shown in

Figureb5, is seen to have increased significantly; the fkighermally enhancegolymer
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is at 2.5 kW/kg, below aluminuinwhich reaches 4:3 kW/kgi but well above the

other materials considered in this analysis, including Titanium that attains a mass specific
heat transfer rate of just 1.8 kW/kg or 72% of the 10W/mK polyfigure56 displays

the COR values and shows this metric for the highomposite to have increased to a

peak of approximately 70, compared to the value of 60 determined earlier for the non
optimum confguration. The leaghaterial optimization has also benefited the titanium
design, helping it attain a C@Ralue of 30- nearly double the neaptimum value, but

still well below the polymer composites. The CGOflues have increased dramatically

for coppe and aluminum as well, towards 90 MJ/MJ. At larger pumping powers, any
improvement is less apparent, as the energy invested in the material becomes small in

comparison to the pumping power.
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Figure54: Gas/Liquid thermaperformance in a least
material design counterflow parallel plate heat
exchanger. W=L=1m, E=10mm, g=1mm, t=typ.
Liquid velocity: 1 m/s, Nhs =100, Nins =5
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Figure55: Gas/Liquid thermal performance per Figure56: Gas/Liquid CORIn a leastmaterial

unit mas in a leastaterial design parallel plate design parallel plate heaxchanger. W=L=1m,
heat exchanger. W=L=1mk+10mm, g=1mm,
ti=topt (tmin=0.1mm) Liquid velocity: 1 m/s,

Nfins =100, Nins, =5

Hin=10mm, g=1mm, t=top: (tmir=0.1mm)
Liquid velocity: 1 m/s, Nhs =100, Nins =5

Initial | Least Initial LeastMaterial | % Change

Mass | Material Performance| Performance

[kg] Mass [kW/kg] [kW/kg]

[kal

Copper 183 | 1.8 0.22 1.9 764%
Aluminum 54 0.6 0.75 5.9 687%
Cu-Ni 18.3 | 1.9 0.22 1.5 582%
Titanium 9.2 1.6 0.42 1.9 352%
High-k Composite 3.5 1.1 1.10 2.8 155%
Low-k Composite 3.5 1.9 1.10 1.4 27.3%

Table11: Change in MasSpecific Heat Transfer Rate (at 50W)
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