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Over the last decade, rapid development of addithanufacturing techniques has
allowed the fabrication of innovative and complesigns. One field that can benefit
from such technology is heat exchanger fabricatismeat exchanger design has become
more and more complex due to the demand for higggormance particularly on the air
side of the heat exchanger. By employing the agdihanufacturing, a heat exchanger
design was successfully realized, which otherwismild/ have been very difficult to
fabricate using conventional fabrication technodsgi In this dissertation, additive
manufacturing technique was implemented to fakeicah advanced design which
focused on a combination of heat transfer surfaceflaid distribution system. Although
the application selected in this dissertation isued on power plant dry cooling
applications, the results of this study can diseathd indirectly benefit other sectors as
well, as the air-side is often the limiting sider fim liquid or single phase cooling
applications. Two heat exchanger designs were efluddne was an advanced metallic

heat exchanger based on manifold-microchannel oy and the other was a polymer



heat exchanger based on utilization of prime serfaechnology. Polymer heat
exchangers offer several advantages over metals ascantifouling, anticorrosion,
lightweight and often less expensive than comparabktallic heat exchangers. A
numerical modeling and optimization were perfornbi@dalculate a design that yield an
optimum performance. The optimization results shthat significant performance
enhancement is noted compared to the conventicradl éxchangers like wavy fins and
plain plate fins. Thereafter, both heat exchangense scaled down and fabricated using
additive manufacturing and experimentally testede Tanifold-micro channel design
demonstrated that despite some fabrication inacmsacompared to a conventional
wavy-fin surface, 15% - 50% increase in heat transbefficient was possible for the
same pressure drop value. In addition, if the Gtion inaccuracy can be eliminated, an
even larger performance enhancement is predictedceSmetal based additive
manufacturing is still in the developmental stageis anticipated that with further
refinement of the manufacturing process in futuesighs, the fabrication accuracy can
be improved. For the polymer heat exchanger, byidating a very thin wall heat
exchanger (150m), the wall thermal resistance, which usually lmees the limiting side
for polymer heat exchanger, was calculated to adcéar only up to 3% of the total
thermal resistance. A comparison of air-side heststfer coefficient of the polymer heat
exchanger with some of the commercially availablainp plate fin surface heat
exchangers show that polymer heat exchanger peaftrenis equal or superior to plain
plate fin surfaces. This shows the promising paaérior polymer heat exchangers to
compete with conventional metallic heat exchangenen an additive manufacturing-

enabled fabrication is utilized.



Major contributions of this study are as follows:

(1) For the first time demonstrated the potential ofis@de manufacturing in metal
printing of heat exchangers that benefit from ahssiirated design to yield a
performance substantially above the respective etional systems. Such heat
exchangers cannot be fabricated with the conveaiti@abrication techniques.

(2) For the first time demonstrated the potential afilsde manufacturing to produce
polymer heat exchangers that by design minimizedreeof thermal conductivity
and deliver a thermal performance equal or behat their respective metallic
heat exchangers. In addition of other advantagepobfmer over metal like
antifouling, anticorrosion, and lightweight.

Details of the work are documented in respectiaptdrs of this thesis.
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Chapter 1: Introduction

1.1. Motivation and Background

Ambient air is the ultimate heat sink in variousahexchanger applications. Some

examples of its applications are:

Air to air heat exchangers (with application in@paooling, economizer, etc.)
Air to liquid heat exchangers (with application ¢ar radiators, HVAC, power
plant cooling, etc.)

Air to steam heat exchangers (with application ower plant cooling, heat
pumps, refrigeration, etc)

Air cooled heat sinks (with application in electionooling).

Even though it has numerous applications, the w®@olgy behind current conventional
air-side heat exchangers, such as louvered finysiay strip-fin, and pin-fin, is based on
decades old technology. New applications now denirgider heat transfer rates, lower
pressure drops, and more compact systems whiclcleakenging to achieve using
conventional technology. As a result, there is adnéor new advanced surfaces to
enhance the performance of air-side heat exchangemsever, advanced heat transfer
surfaces usually involve a complex geometry, whiglthallenging to fabricate using
conventional methods. In the last few years, adelithanufacturing has emerged as a
new manufacturing technique that has shown sevadslantages over traditional

methods. One of the main advantages is the abdityuild 3-D objects layer-by-layer



from pre-programmed digital models, which makgsogsible to construct these complex
geometries which otherwise would be impossible gistonventional methods. As a
result, it is desirable to fabricate advanced le#ahangers using additive manufacturing.
This dissertation investigates an additive manufaeg technique used to fabricate an

advanced surface for an air-side heat exchangdiedp power plant cooling.

Currently, 99% of all power plant cooling in theSJis water cooling with breakdown as
follows: 43% is once-through cooling, 42% is reclation cooling using a cooling
tower, and 14% use a cooling pond. The amount demeequired for power plant
cooling is tremendous. Currently over 41% of fresdter withdrawals in the U.S. are for
power plant cooling. Another alternative to wateoling is dry cooling using air, which
significantly reduces water consumption. Howevenlydl % of all power plants in the

U.S. use dry cooling [1].

The use of freshwater for power plant cooling cameha detrimental environment effect,
especially for the case of once-through coolingit #screases the water temperature in
the nearby rivers, lakes, or the ocean. To lim& émvironmental effect of the use of
freshwater for power plant cooling, the federal govnent has implemented several
regulations under the Clean Water Act that applpdth newly built power plants and

existing power plants [2, 3]. The law requires npawer plants to consider the best
cooling technology available to minimize the plargffect on the environment. By 2004
the law also included existing plants that withdmaare than 50 MGD of water and used
at least 25% of it for cooling. The laws encourggants to switch to recirculation

cooling or dry cooling for the existing system. §hegulation has significantly affected

how power plant cooling systems are designed, esrsiin Figure 1. Between the years



of 1950-1975, the majority of power plant coolingild was once-through cooling, but
since 1975, the trend has switched to recirculatimgjing. Since 2000, dry cooling has

begun to be considered as another alternative.
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Figure 1: Types of power plant cooling systems buifrom 1950 to 2012 in the USA [4]

In addition, fresh water is becoming more difficalid expensive to get, especially in
southwestern states like California due to longetimrought, which significantly
increases the operational cost of water coolinggrgulants. Compared to water-cooled
power plants, air-cooled power plants require ditille or no water at all, which in turn
significantly reduces operational costs and envitental effects. However, air-cooled
plants are not without their drawbacks. The maswdrack of air cooling is that air heat
transfer coefficients are 20 times less than thatvater. In top of that, air dry bulb
temperature is also always higher than the wet hetbperature. Because of those
reasons, air-cooled systems are usually much langgre than water-cooled systems in
order to achieve the same heat transfer performavtgeh in turn requires much higher
initial investment. In addition, air density is ast one thousand times lower than water;

as a consequence, for the same mass flow rategcaiires much higher pumping power



than water. This can reduce the operational cosiradge if not addressed properly. As a
result, in order for that air-cooling to become ma@appealing to the market as an
alternative to water cooling, it is desirable tdhvance air side heat transfer performance
without significantly increasing the pumping powss that the cost of the air-cooled

system can be reduced.

Air-cooled power plants can be separated into tamafigurations: air-cooled condenser
power plants and hybrid air-cooled power plantsslagwn in Figure 2 and Figure 3,
respectively. In air-cooled condensers, steam filwarturbine is directly cooled down by
air, as shown in Figure 2. In hybrid air-cooled gowplants, steam is condensed with
water, which is then cooled in an air-cooled heathanger. Even though more system
installation is required for hybrid systems, thésee their own advantage. The main
advantage of hybrid cooling is that a cooling towan be added to cover the periods
during which air cooling is not sufficient to remethe heat. This is beneficial for regions
with very dry summer times. Another advantage dirltyair-cooled systems is that they
can be retrofitted onto existing water-cooled povpdaints which use recirculating
cooling. As depicted in the schematic in Figuréhg, retrofitting can be done by adding a
secondary loop for the air-water heat exchangenawit removing any existing systems.
Because 42% of current water-cooled power plaritizaitrecirculating cooling, hybrid
air-cooled power plants have great potential infthiare of air-cooled power plants. As
the air-side will always be the limiting factor footh configurations, the development of
advanced air-side surfaces, which are studiedishdissertation, is beneficial for both

configurations.
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1.2. Dissertation Objective
The main objective of this dissertation is to desag air-water heat exchanger that yields
significant performance enhancement compared toesdgional heat exchangers for
power plant cooling application. This can be acclishpd by implementing advanced
fabrication techniques, advanced heat transfeasesf and optimizing the design. By
accomplishing this objective, air-cooled power pdacan be more economically feasible.

The advanced air-water heat exchanger can be Igiiegblemented into the hybrid-air



cooled system. In addition, as the air side is #fsolimiting factor of the air-cooled
condenser, the development of the advanced airhgdeexchanger will also benefit air-
cooled condenser systems. Lastly, although thisediation will focus on power plant
cooling applications, the knowledge gained in ttisdy can be applied to many other
applications that use air as the heat transfer unedsuch as HVAC, automotive (car

radiator), and electronic cooling applications.

1.3. Approach

To accomplish the project objective, two types divanced heat exchangers were
studied. One is a metallic heat exchanger, basechamifold-microchannel technology,

and the other is a polymer heat exchanger, basqatio® surface technology. Metallic
heat exchangers are the most common type of hehaegers, especially for power plant
cooling applications, due to their high thermal doctivity and structural strength.

Polymer based heat exchangers, on the other hasspitel having lower thermal

conductivity than metal, have shown several adgmsacompared to metallic heat
exchangers in terms of their low weight and low tcand their antifouling and

anticorrosion properties.

To demonstrate the technology, two scaled downwater heat exchangers were
designed, optimized, fabricated, and experimentallyed, one for the advanced metallic
design, and one for the advanced polymer desiga.sEaled down units were used for
the testing because a full-scale power plant cgdtieat exchanger is too expensive to
build and would require a tremendous test setug. Adat exchanger was scaled up for
application in air-cooled power plants based on d¢kperimental data. The scaled up
design was then compared with the baseline desigadbon conventional technology to

6



calculate how much improvement the advance desigidgyield. A flow chart showing
the major steps performed to accomplish the dssent objective is shown in Figure 4.

A summary of each step will be provided in thedaling.

Literature review & design constraints and requirements:

1. Literature review of state-of-the-art technology
A detailed literature study on the additive mantiddog technique and air-
cooling technology was performed. The additive nfacturing literature study
included different types of metallic additive maacturing techniques, the latest
developments in additive manufacturing, and sonmamgte work implementing
additive manufacturing for heat exchanger fabraratiNext is the literature study
on the air-cooling technology, which included comwvenal heat exchanger
surface such as plain plate fin and wavy fin andaaded surfaces such as
manifold-microchannel. Lastly, a detailed liter&ustudy of polymer heat
exchangers was performed. The study included comiyjoes of polymer heat

exchangers available in the literature.

2. Define the design requirements and baseline
The design requirements for the heat exchangeh, asihieat exchanger capacity,
maximum allowable pressure drop, and mass flow, ratre defined based on
standard specifications of power plant heat excleemgn addition, a baseline
design was selected based on the most common fypeab exchanger surface

used for power plant cooling for comparison witle #dvanced design. Lastly,



several other conventional heat exchanger surfidceplain plate fin and wavy
fin were selected for additional comparison.

3. Learn process, constraints, and limitations of addive manufacturing
technique
A thorough study was performed on the additive nfecturing techniques used
to fabricate both the metallic and polymer heathaxger. The study included
fabrication techniques, material compatibilitieedaabrication limitations such
as minimum feature size, tolerance, and maximunridation size. The
fabrication limitations and constraints learnedhrs step were implemented for
the design optimization and selection.

Numerical Modeling and Optimization:

1. Develop numerical simulation method
Before a design was selected for fabrication asting, a numerical simulation
was needed to predict the heat exchanger perfoendfar advanced metallic
heat exchangers, a novel numerical method was @@l to evaluate the
performance of manifold-microchannel heat exchamgeathout having to run a
CFD simulation of the full model. For the advangealymer heat exchanger,
CFD simulation was proposed to predict its perfaroga as its design is less
complicated than the advanced metallic heat exarahgstly, the performances
of the conventional heat exchangers were solve@das analytical solution

from the literature.



2. Design optimization and down selection
Multi-objective optimizations were performed foetbaseline, advanced metallic,
and advanced polymer heat exchanger based on thgndeequirements
previously defined. A design was selected which raét of the design
requirements for each case. The optimum advancethllimeand polymer
performances were compared with the optimized besedesign to calculate how
much improvement was possible for the advancedjdssi

3. Design scale down
The selected heat exchanger design for both addame¢allic and polymer heat
exchangers were scaled down so that they couldtrected and experimentally

tested.

Experimental Works and Scale Up

1. Coupon HXs fabrication
The scaled down advance metallic and polymer coupeat exchangers were
fabricated by using additive manufacturing techeigdl detailed evaluation was
performed to evaluate the quality of the fabricdtedt exchangers.

2. Experimental testing
The fabricated coupon heat exchangers were expetate tested in the lab.
Their performances were compared with the numepoadictions to validate the

proposed numerical methods.



3. Scaling up
Based on the experimental results, both the metatid polymer heat exchangers
were scaled up to meet the design requirementpdarer plant cooling heat

exchangers.

Performance Comparisons:

1. Performance comparisons
The air-side performances of both the metallic polgmer heat exchangers were
compared with the performances of the conventidet exchanger surfaces.
Lastly, the performances of the scaled up heat angdr were also compared
with the baseline’s performance.

2. Conclusion and future works
Finally, conclusions were derived based on what lgasned in this study. In
addition, some areas that still can be improvedewecommended for future

research in this area.
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Figure 4: Flow chart of the project approach

1.4. Dissertation Layout

The layout of this dissertation is as follows. Fi@ literature study of additive

manufacturing processes, conventional and stateesért air-side heat exchanger
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technologies, and polymer heat exchanger developarerpresented in chapter 2. Then
the design requirements and the conventional hegdtamgers baseline are defined in
chapter 3 (chapter 3.2 and chapter 3.3 respeclivéhy addition, in chapter 3, the
concepts behind the designs of the advanced neetatid polymer heat exchanger
surfaces are explained (chapter 3.4.1 and chaptet Bespectively). Chapter 4 discusses
the fabrication method for both advanced metalhd @olymer heat exchangers. The
fabrication process and constraints are also dseclsn detail. Next, the numerical
method to evaluate the performance of advanced llimetadvanced polymer, and
conventional heat exchangers is explained in chdpt€hapter 6 discusses the design
optimization and the down selection process. Chapi2 discusses the optimization
method. Chapter 6.3 discusses the metallic heahagger optimization, its down
selection, and scaling down process. Chapter &dudses the polymer heat exchanger
sizing and scaling down. The experimental work loe $caled down coupon advanced
metallic heat exchanger is discussed in chaptefhe. experimental results are then
compared with numerical modeling and conventioredtiexchanger performance. The
experimental work on the scaled down coupon polyheat exchanger is discussed in
chapter 8. Details about the experimental results @mparison with conventional heat
exchanger performance are discussed in chapter L&étly the conclusion and

recommendations for future work are presented aptgr 9.
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Chapter 2: Literature Review

In this chapter the literature review on additivarmafacturing techniques, conventional
and state-of-the-art metallic heat exchangers,paotgimer heat exchangers is presented.
First, the most common types of additive manufacturtechniques, such as
stereolithography, selective laser sintering, ars®él deposition modeling, are discussed.
In addition, any work done in implementing additiveanufacturing for heat exchanger
fabrication is discussed. The next section disaussetallic heat exchangers, including
conventional heat exchanger surfaces such as plate-fin, louvered fin, wavy fin,
offset fin, and pin-fin [5-8] and advanced surfacesh as oblique fin [9, 10] and
manifold-microchannel [11-16]. Any work done to irape the heat transfer performance
of conventional surfaces, such as by adding vageneration [17, 18] or by using EHD
pumping [19], is also discussed. In addition, aseyrof common fabrication techniques
for state-of-the-art heat exchangers will also Eubsed, as well as their limitations.
Lastly, several polymer based heat exchangersiscaessed, such as polymer shell and
tube heat exchangers [20-22], polymer hollow filleyat exchangers [23-27], and
polymer plate heat exchangers [28-31]. At the entth@ chapter, tables summarizing the
previous work in metal additive manufacturing, e of additive manufacturing for
heat exchangers fabrication, state-of-the-art Beeltangers, manifold-microchannel heat
exchangers, polymer heat exchangers, and heat rg@hdabrication techniques are

provided.

13



2.1. Additive Manufacturing

Additive manufacturing (AM) is an emerging techrgfowhich has shown significant

advantages over traditional manufacturing technolegch as casting, molding, and
machining. Its main advantage is its ability toldu8-D object layer by layer from a pre-
programed digital model, which makes it possiblectmstruct much more complex
geometries in a shorter period of time. Additivenemiacturing has been incorporated in
various fields as described in Ref. [32], espegiall micro-electromechanical systems
(MEMS) manufacturing [33-35] and the medical fidl86-40], due to its ability to

produce very small (on the order of a few microas)l complex geometries. There are
multiple different additive process types such a&sradithography, selective laser
sintering/melting, fused deposition modeling, laated object manufacturing, laser
chemical vapor deposition, inkjet printer, and marlyers as summarized in Refs. [41,
42]. This chapter discusses some of the metallditimd manufacturing techniques,
including their resolution, strength, and weaknssde addition, the latest efforts to
improve additive manufacturing fabrication quakiyil also be discussed. Lastly, some
works in the literature that investigated using indel manufacturing to fabricate heat

exchangers will be discussed.

Stereolithography is an additive manufacturing pescwhich uses photopolymerization
to form the 3-D model as shown in Figure 5. In fiiscess, ultraviolet laser is applied to
photopolymer resin to induce a polymerization pssct bind molecules together. The
process requires the use of photopolymer-resinghvis widely available on the market
with different properties. Stereolithography haserbeshown to be successful in

fabricating polymer [43-45], ceramic [43, 46, 4@}, metal [47-49] objects. It has very

14



high resolution: structure as small asnil has been successfully fabricated [43].
However, its main disadvantage is that it requpest processing to remove the resin.
The post processing can cause shrinkage on theghraibject. Shrinkage as high as 28%

is noted for metal stereolithography [48].
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Figure 5: Stereolithography process [50]

Selective Laser Sintering (SLS) and Selective LaBwiting (SLM) are additive
manufacturing techniques that use high power l&sduse small particles of plastic,
ceramic, metal, or gas powder to any desired 3dpashas shown in Figure 6. The major
difference between SLS and SLM is that in SLS tbevger is heated until it is fused
together on the molecular level without melting faaticle, while in the case of SLM,
the powder is melted completely. SLM works well faono-material, which only has
one melting point. On the other hand, SLM worksl|viel material that consists of a mix
of different materials that do not have homogenme#ing points, such as metal alloys.
Although SLM and SLS are used mostly to build mtaltructures [51-53], some work

has shown the use of SLM or SLS for ceramic strecfabrication [54, 55]. Structures as



small as 30 m have been successfully fabricated [41]. In addjticompared to
stereolithography, SLS and SLM are less complexgsees, as post processing are not
needed. But, porosity can be a problem if it is dobe properly [41]. In addition, the

results are also highly dependent on the powddrtg(a6].
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Figure 6: Selective laser sintering process [57]

Fused Deposition Modeling (FDM) is an additive miacturing process that lays down
material, like plastic filament, in layers as shownFigure 7. Heat is applied to the
nozzle to melt the material so that it can binchwitaterial in the previous layer. Unlike
stereolithography, SLS, or SLM, the FDM processsdoet use a laser to bind the
material, which make the process less complex.dbhitian, by switching between one
material to another, a multi-material structure d¢sn fabricated. However, the main
disadvantage of FDM is that the resolution of tihecpss is limited by the nozzle size
[36]. As a result, the resolution limit can be mubigher than other additive

manufacturing techniques. Vaezi et al. reportedsalution limit as high as 200 for
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FDM [41]. FDM is mostly used to fabricate polymérustures, as shown in Refs. [36-
38]. However, there has also been work in fabmeatf composite (metal/polymer)

structures using FDM as reported by Masood and §8ig

Fused deposition modelling: 1 — nozzle ejecting
molten material, 2 — deposited material (modeled
part), 3 — controlled movable table

Figure 7: Fused deposition modeling [59]

Laminated object manufacturing (LOM) is an additivanufacturing technique where
layers of plastic, paper, or metal sheets are laradifused together using pressure and
heat. A computer controlled laser is used to cet sheets into the pre-programmed
shape, as shown in Figure 8. This process was dieseloped by Helisys Inc. in
California. In the literature, LOM has been useddabricate ceramic structures [60-62]
and metallic structures [60, 63]. Some of the gjilem of LOM are that it uses cheap
materials for fabrication such as plastic, papennetal sheets, and fabrication of very
large structures is possible. Structures as bi§.Basx 0.8 x 0.5 m can be fabricated, as

reported in Ref. [64]. The disadvantage of LOMhattpost-processing may be needed to
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completely fuse each layer. The post-processing camse significant shrinkage,

warpage, delamination, and deformation as repdayadiosterman et al. [62].
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Figure 8: Laminated object manufacturing [65]

Laser Chemical Vapor Deposition (LCVD) is an additmanufacturing technique where
a laser is used to locally heat the substance it@tan chemical vapor deposition. By
controlling the laser, a 3-D structure can be fatm&he use of LCVD to fabricate
metallic [66-68] and ceramic [69-71] structures édeen reported in the literature. The
biggest advantage of this method is its capabibtyabricate complex geometries with
sizes as small as 1m [41]. Due to its low resolution limit, it has beeised for
semiconductor fabrication as reported in [72]. Heare it is a highly complex process
and due to the chemical reaction, the process némdse done in a controlled

atmospheric chamber.
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Inkjet printing is an additive manufacturing tealune based on inkjet technology where
liquid material is deposited layer by layer andedrito form a 3-D structure. Inkjet
printing is divided into two categories depending the liquid viscosity: droplet on
demand (DOD) and continuous inkjet (CIJ). The DQ@hhique is for low viscosity
liquids, while CIJ is for high viscosity fluids. €Hiquid material used has viscosity of 2-
10 mPas for the CIJ process or 10-100 mPas for Oidxzesses [41]. The main
advantage of inkjet printing is that it is basedpoaven technology and it can be used on
a wide range of materials. A summary of the ligundterial applicable for inkjet printing
can be found in Ref. [73]. The main disadvantagénkjet printing is the fact that the
droplet size is limited by the nozzle diameter ated by Stringer and Derby [73]. This

can reduce the resolution of the finished structure

A summary of all additive manufacturing fabricatieechniques discussed above is
presented in Table 1, including the resolution, eriat compatibility, strength, and

weakness of each technique.

Almost all of the additive manufacturing techniquagailable, including all of the
methods summarized above, are based on an opersystgm. However, by integrating
sensors to monitor and control the process, a @l system can be created. The main
advantage of a closed loop system is that the tguafi the fabricated parts can be
improved considerably compared to an open loopesysiSeveral devices have been
developed for detailed monitoring of the additivarmafacturing process. High speed
cameras and infra-red cameras are some of the popsiar devices for monitoring the
build quality in the middle of the fabrication pess. However, most of the monitoring

systems developed for additive manufacturing upl maow have been used mainly to
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better understand the process rather than to dcteatrol the fabrication process [74].
There is only limited work in the literature invalg a closed loop system, like works by

Nassar et al., Ding et al., and Hagqvist et al-17p

Nassar et al. proposed to build a closed loop teatypes control system for an additive
manufacturing process [75]. Their idea is to alter build plan in real time based on the
temperature reading. It was reported that by impleing such control a more uniform
n-lath width and more uniform micro hardness wassjids. Ding et al. proposed to
build a closed loop control system to sense andralotihhe powder flow rate and molten
pool size for a robotized laser-based direct matlition system [76]. By controlling
those two variables a better fabrication quality &@ achieved, as shown in Figure 9.
Hagqvist et al. proposed the use of a resistansedosensor to measure the surface of the
deposited layer of the fused deposition modelingho [77]. By controlling the wire
feed rate based on the resistance reading, thditgtald the deposition process was
significantly improved. Flynn et al. pointed ouetimportance of closed loop feedback
control in a hybrid additive and subtractive pra;ess the process consisted of two or

more manufacturing processes on the same macl8he [7
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Figure 9: Fabrication quality of L-shape wall fabricated with or without control: (a) without control
(b) with control [76]

Works in the literature show some success in thadation of complex heat exchangers
using additive manufacturing techniques. The surgnodrsuch works are shown in

Table 2.

One work by Tsopanos et al. showed successfulcfton of a micro cross-flow heat
exchanger using the selective laser melting teclan§3]. The heat exchanger was made
out of stainless-steel 316L with an overall sizel6fmm x 15 mm x 15 mm. The heat
exchangers consisted of rectangular channels im §ide with fin thickness of 0.1 mm

and fin height of 0.9 mm. Surface roughness wasutated in the range of 10 — 1.

Kumar et al has shown succeed in fabrication ofigeral periodic cellular structure for
heat exchangers application [79]. Several strusturere fabricated out of titanium alloy
(Tie4) and Aluminum 6061 using Electron Beam MaijtigEBM) technique. The

influence of lattice orientation on the heat transfnd flow properties were evaluated.

Another work by Wong et al. showed the use of $rledaser melting to fabricate
complex heat sinks geometry out of aluminum [8@eFheat sinks were fabricated with

pin fins array, staggered rectangular array, stagbelliptical array, lattice array, and
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rounded corners rectangular fin array. The lathgay heat sink, as shown in Figure 10,

showed the highest heat transfer area per volum@ared to other surfaces.

Figure 10: Lattice array heat sink [80]

Ramirez et al fabricated complex open cellular esppesh and foams using electron
beam melting [81]. The main application of thoseidures is for thermal management
devices like heat exchanger. Detailed analysi®@ffabricated structures was performed.
The stiffness vs density and relative stiffnessralative density plot of the fabricated

mesh and foam were provided. The fabricated strectiensity was evaluated in the

range of 0.73g/cfto 6.67g/cm

Hutter e al. fabricated a metal foam filled tubutaat exchanger out of aluminum using
selective laser sintering for application in cheahiproduction as shown in Figure 11
[82]. Higher heat transfer performance was obskc@mpared to metal foam reactor

fabricated using conventional method.
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Figure 11: Metal foam filled tubular heat exchanger82]

Cormier et al. fabricated an aluminum pyramidakfarrays heat sink using cold spry
technology [83]. Experimental testing was perforn@evaluate its performance. Based
on the experimental results, correlations linkingsselt number with Reynolds number,

fin height, and fin density were derived.

Another work by Cevallos showed the use of fusgobdition modeling to successfully
fabricate a webbed tube heat exchanger, as showigime 12 [84]. Cold water flowed
inside the tube, which then was heated by hot hichvflowed around it. The thickness
of the tube was 2 mm with an inner diameter of 5.n@wvallos also reported that
porosity can cause leaks at the joint betweenuhest and webbing. The porosity can be
controlled by modifying the tool path used to prihe heat exchanger. Heat transfer

performance similar with plain plate fin heat exaher was reported.
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Figure 12: Webbed tube heat exchanger [84]

Another work by Thompson et al. successfully fadied a titanium alloy (Ti64) flat-
plate oscillating heat pipe with 1.53mm diameteargielusing selective laser sintering
[85]. Effective thermal conductivity of 110W/mK warecorded. However, through

inspection of the fabrication quality revealed @i melted particle in the channels.

2.2. Metallic Heat Exchanger
2.2.1 Conventional Heat Transfer Surfaces

Conventional metallic heat exchangers utilize tiosncrease heat transfer surface and
reduce the size of the heat exchanger. The idéasoivas first introduced by Harper and
Brown in 1922 [86]. Since then numerous works hbaeen reported in the literature
related to fins and extended surfaces. The mostramntype of fins are plain plate-fin,
louvered fin, wavy fin, offset fin, and pin-fin, @mmarized by Lays and London [5].
The heat transfer surfaces that utilized suchdtnsctures are shown in Figure 13 for all

five fin types.
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Figure 13: Conventional heat transfer surfaces: (alPlain plate-fin surface (b) strip-fin plate-fin
surface (c) wavy-fin plate-fin surface (d) louvereglate-fin surface (e) pin-fin plate-fin surface

Plain Plate Fins

The most basic and simplest type of fins is pldatepfins. Plain plate fins consist of
rectangular fins extending on the flow length dil@t as shown in Figure 13(a). As the
fins’ geometry is constant in the flow directiorhet flow most likely will reach
hydrodynamically and thermally fully developed caiwh along the flow length. As a
result, the pressure drop and heat transfer pedioceof the plain plate fin are the lowest
compared to other types of fins. Plain plate fing mostly used for cases where low

pressure drop is desired or for cases with low Rlgnumber [87].
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Strip Fins

Strip fins (or sometimes called offset fin) areeatangular fins cut into multiple small
strips where every alternate strip is offset arob@&o of the fin pitch as shown in Figure
13(b) [87]. The alternating fins disrupt the flowhich in turn causes the flow to be
redeveloped along the flow length. This in turn@amtes the heat transfer performance of
the strip fins (by a factor of 1.5-4), but the reeleping flow also causes a significantly
higher pressure drop compared to plain pate fiB$ [Btrip fins are commonly used for

cases which require Reynolds number in the 50@#00D range [88].

In the case of wavy fins, the fin is continuoushding across the flow length as shown
in Figure 13(c). The heat transfer enhancemenaised by the Goertel vortices which
develop along the flow length. However, such aresmgnt also increases pressure drop
compared to plain plate fins. Three times increagesat transfer is possible in Reynolds

numbers around 6,000 to 8,000 compared to the $nvaalt [87].
Louvered Fins

Louvered fins work by cutting the fin metal at aweirval and turning the fins at 260°
degree relative to the flow direction as shown iguFe 13(d) [87]. Similar to strip fins,
such arrangement disrupts the flow, which causedltw to be redeveloped along the
flow length, which in turn increases both heat $fan performance and pressure drop.
Two or three times increase in heat transfer perémice is possible compared to straight

fins [89]. However, the ratio between friction factand Colburr8factor €4 ) is lower
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than strip fin due to drag on the fin bend [90].eToperational Reynolds number for

louvered fin is around 100 to 5,000 [88].

Pin Fins

Pin fins consist of an array of cylinder rods oresi attached to the wall as shown in
Figure 13(e). The pins can be either circular diptetal. The concept of pin fins is
similar to strip fins and louvered fins where héansfer enhances due to repeated
boundary layer growth along the channel, whichumm talso increases the pressure drop.
It is usually used for the case of low Reynolds bams where there is a strict limit in

pressure drop [87].

2.2.2. State-of-the-Art Heat Transfer Surfaces

To meet the current demand of high heat transfer, law pressure drop, and more
compact system, multiple works on performance eodéaent of heat exchanger surface
have been reported in the literature. The work amlve enhancement of existing
conventional surfaces by way of by adding shapedtrant cavities and internal ribs
[91], vortex generation [17, 18], or by using EHDnmping [19] or a piezoelectric
translation agitator (PTA) [92]. Other work devetopa novel heat transfer surface such
as by using porous media [93-95] or oblique finB8][br by using impinging jets to
enhance heat transfer rate [96, 97]. In this clmapteummary of the literature review on

the heat transfer enhancement will be reported.

Xia et al. proposed the heat transfer enhancenmeatstraight microchannel with fan-
shaped reentrant cavities and internal ribs. Thecebdf relative rib height and Reynolds

number (between 150 to 600) to the pressure drdphaat transfer performance was

28



studied. It was concluded that the combined eftd@ctib and cavity has better heat
transfer performance than individual cavity only3-B times of Nusselt numbekH

and 6.5 times of were reported compared to conventional microchiarigg].

Yang et al. rotated the fine surface of wavy-fiat ftubes that are commonly used in
power plant cooling to prevent fouling in the heathanger. Higher heat transfer at the
cost of higher pressure drop was recorded compgaréte un-rotated surface. The results
also showed that the buoyancy effect needs toKkem tato account in the friction factor

calculation for low Reynolds number calculationf ban be ignored in Nusselt number

calculation [98].

Joardar and Jacobi added a winglet vortex gener&tigenerate a vortex in the air side
as shown in Figure 14. An experimental test wasopmed using a full scale wind
tunnel. For a single row winglet arrangement, 16%4% increase in heat transfer
coefficient at a cost of 12% increase in pressump dvas reported. For a three row
vortex generation array, 29.9% to 68.8% increaskeiat transfer coefficient with 26%
increase in pressure drop was recorded [17]. Alairstudy was performed by Leu et al.
which showed the effect of different vortex generatspan angles by testing three
different angles: 30 45° and 60. The study reported that the®4§pan angle produced

the highest heat transfer augmentation [18].
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Figure 14: Plate fin heat exchanger with winglet vdex generation [18]

Another work involved a spiral fin-and-tube heatleanger that was a fin and tube heat
exchanger where the fin was twisting along the tuBengsoi et al. performed
experimental work to study the effect of fin pitch the heat transfer performance [99].
They reported that fin pitch effect was negligible8factor at high Reynolds numbers
(4,000-15,000), and its effect on pressure drop alss negligible at Reynolds numbers
lower than 6,000. Another work by Tang et al. coredaspiral fin-and-tube heat
exchangers with plain fin-and-tube, vortex generafin-and-tube, and slit fin-and-tube.
This work showed that spiral fin-and-tube yield thighest Nusselt number and pressure
drop compared to the other surfaces [100Bakd4 correlation for spiral fin-and-tube

heat exchanger has also been reported by Pongsio[@9].

Moore et al. performed an experimental study onehaw cooled enhancement for a 50
MW air-cooled solar power plant by using a multwroircular finned tube bank or single
row of rectangular plate finned tubes. The ressitiswed that a single-row plate finned
tube design, a four-row finned tube design, anv@row circular finned tube design
produced similar techno-economic performance afeted significant savings compared

to other designs [101].
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Yazdani and Yagoobi enhanced heat transfer by usiegtrohydrodynamic (EHD)
conduction pumping. They reported fair heat trangfiehancement at low Reynolds
number. However, they also noticed a significanespure drop at high Reynolds

numbers [19].

Yeom et al. utilized a piezoelectric translationtagr (PTA) to enhance the heat transfer
performance in a narrow channel as shown in FigireBased on the experimental

results it is claimed that 55% increase in heaisier coefficient was possible compared
to the non-agitated states for PTA running at 9&laHl its second resonance with a 1.4
mm displacement for a flow rate of 60 liters penute. The pressure drop was recorded
between 20 to 400 Pa for different operational domts of the PTA and different flow

rates [92].
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Figure 15: Piezoelectric translation agitator (PTA)[92]

Lower beam

Nawaz and Bock used metal foam in the air-sideegdacement of conventional fin
surface as shown in Figure 16 [93]. An increaskeat transfer coefficient was recorded
due to the high porosity of the foam compared toveational surfaces, but pressure drop
also increased for the same reason. 4Aand AH correlation for metal foam heat
exchangers was also proposed based on the expaimesults. Another work by Kim

experimentally investigated the flow and convectiveat transfer characteristics for
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aluminum foam in an asymmetrically heated channigh whree aluminum foams of
various permeability and a porosity of 0.92 [1(}perimental results indicated that the
friction factor was much higher at the lower perbleaaluminum foams while the
significant enhancement in Nu was obtained. Anotherk by Ribeiro and Barbosa Jr.
experimentally investigated crossflow microchanoehdensers using metal foams as
extended surfaces [94]. Decreasing the porosityiacr@asing the pore density resulted
in higher values of friction factor. Due to the weton of the surface efficiency with the
pore density, th&factor was highest for the sample with the higlmstosity and the
lowest pore density. In an effort to miniaturizenmal systems, Noh et al. conducted an
experimental study on non-Darcy flow and heat tieni® an annulus with high porosity
aluminum foams [95]. The results suggested thatifsignt enhancement in Nusselt

number was attained at the cost of increase itidnidactor.

d
Figure 16: Metal foam heat exchanger [93]

Morimoto et al. proposed to use oblique wavy finHeat transfer enhancement as shown
in Figure 17 [10]. A series of numerical simulasowas performed. The results showed
that obliqgue wavy fins yield 1-2 and 1-1.3 timesa&ncement in Nu and j/f, respectively,

compared to normal wavy fin surface. A similar wavlis done by Lee et al. for oblique
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fin microchannels. The results show that the oldigonfiguration caused the flow to
have thinner boundary layer thickness and seconittamy which in turn enhanced heat

transfer [9].

- : Hot Air
= s Cold Air

Figure 17: Oblique wavy fin [10]

Wong and Indran numerically investigated the fltlmv and thermal characteristics of
an air-impinged plate fin heat sink to understéra dffect of fillet profiles at the bottom
of the plate fin. It was found that fillet profienhanced the overall thermal performance
of a plate fin heat sink, and the U-shaped chapnelile was capable of achieving
thermal enhancement as high as approximately 13} [ahalingam developed the
design and thermal performance of a syntheticetibfised heat sink for high-power
dissipation electronics. The synthetic-jet heak slissipated ~ 40% more heat compared

to steady flow from a ducted fan blowing air thrbube heat sink [97].

Although significant work has been reported in literature to improve the performance
of conventional heat transfer surfaces or to dgvelo advanced surface with higher
performance than conventional surfaces, the ineréasheat transfer performance is

always accompanied by an increase in pressure &rg@pmmary of select previous air-
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side heat exchanger enhancement is shown in Tabldo®ever, out of all of the
advanced heat transfer surfaces proposed in tleeatlire, manifold-microchannel
technology shows the greatest promise to deligrifitant improvement in heat transfer

without significant pressure drop penalty.

2.2.3. Manifold Microchannels

Out of all of the proposed methods to enhance traasfer performance, manifold-
microchannels shows the most promising resultsheg can significantly increase heat
transfer coefficient without significant increase pressure drop as reported in [12].
Manifold-microchannel heat exchangers can be pedeias an offspring of

microchannel heat exchangers.

The idea of manifold-microchannel technology isatll a set of manifolds on top of the
microchannels, as shown in Figure 18. The purpdsie manifold is to divide and
deliver the flow into multiple microchannels as siman the figure. Due to the short flow
length on the microchannel, the flow will be in ttheveloping region, which has higher
heat transfer performance compared to fully dewsdofiow. In addition, short flow
length can also reduce pressure drop, which in, teeduces the pumping power
requirement. In order to further increase the ¢iffeacess of the heat exchanger, the flow
can be divided into a multi-pass system as showkfigare 18(b). It has been shown by
Cetegen that for the same heat transfer rate, 4pas manifolding can reduce the single-
phase pressure drop in a channel by a factdr<pfwhereA is the number of channel

segments [12].
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Figure 18: Manifold-microchannel plate heat exchangr: (a) partial 3-D view, (b) top view

Manifold-microchannel technology was first studieg Harpole and Eninger in 1991,
who found that heat transfer coefficient on theeorf 100 W/criK and pumping power

of 1 or 2 bar is possible for laminar flow in a nfald-microchannel heat exchanger
[103]. Since then more work has been reportedhm ltterature which shows the
superiority of manifold-microchannel over conventid technology [12, 13, 15, 104-
114]. A summary of some of the latest work on madimicrochannel will be presented

in the following.
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Copeland et al. conducted a 3-D CFD simulation @amifold-microchannel heat sink
using water as the working fluid and silicon fingdabase [113]. The model considered
only a single microchannel and assumed uniformnamilow distribution in all channels
as shown in Figure 19. Pressure drop in the rarigé7o- 12,260 Pa and thermal
resistance of 0.25 - 1.8%/W were observed for multiple different manifoldannel
pitches, microchannel widths, microchannel widttend channel flow velocity

combinations.
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Figure 19: Single microchannel computational domairby Copeland et al. [113]

Kim et al. did experimental testing on manifold-neichannel for forced air cooling using
a full model consisting of manifold and multiple arachannels [14]. The fin and base
were made of silicon, and air was used as the wgrKkiuid with laminar flow

configuration. The experiment revealed that 35%ucédn on thermal resistance

compared to microchannel heat sink was possible.

Ng and Poh also carried out a 3-D CFD simulatiora eananifold-microchannel heat sink
considering only a single microchannel and assuramgprm laminar flow distribution

in all channels [114, 115]. The fins and base weagle out of silicon, while water was
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used as the working fluid. The effect of geometriaad flow properties on heat
exchanger performances such/Add, 4, pressure drop, and thermal resistance, were
investigated. Pressure drops between 45 - 10,2Ghé&#hermal resistance of 0.53 - 6.66

°C/W were observed.

Ryu et al. also conducted a 3-D numerical optinmzrabf a manifold-microchannel heat
sink by optimizing heat transfer coefficient usi@§D simulation [116]. The simulation
considered a single manifold-microchannel segmetfit a/portion of the inlet and outlet
manifold channels as shown in Figure 20. The idet outlet manifold channels
provided better flow distribution in the inlet andtlet of the microchannel. The fins were
made out of copper, and water was used as the mgpfkiid. The results showed that
manifold-microchannel can reduce thermal resistamgehalf compared to traditional

microchannel heat sinks and improve temperatur®umity on the channel.

uniformly heated wall
e

Figure 20: Single manifold-microchannel segment coputational domain by Ryu et al. [116]

Wang et al. performed a 3-D CFD simulation on bitt manifold and microchannel
section of the heat exchanger [16]. The heat exgdraconsists of 30 numbers of

microchannels. The fin was fabricated out of copgeat water was used as the working

37



fluid. The result showed that the manifold-microchel design could increase heat
transfer by 75% and delivered better temperaturgribution compared to the

microchannel heat sink.

Cetegen conducted 3-D numerical multi-objective imation of a manifold-
microchannel heat sink [12]. The simulation consdea single manifold-microchannel
segment. Copper and water were used as the firialagad working fluid, respectively.
The results showed that the manifold-microchanmeel Isink can have 72% higher heat
transfer coefficient than a traditional microcharmeat sink or 306% higher heat transfer
coefficient than a jet impingement heat sink fog game pumping power. In addition,
Cetegen also ran a single-phase and multi-phase theeasfer experiment using a
manifold-microchannel which showed significant pemiance improvement of the

manifold-microchannel over other state-of-the-actinology as shown in Figure 21.
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Figure 21: Performance comparison of manifold-micrahannel (called FFMHS in the figure) with
other state-of-the-art technology [12]
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Kermani et al. did an experimental study on a nwddifmicrochannel heat sink for
concentrated solar cell cooling [117]. The fins &rade were made out of silicon, while
water was used as the working fluid. The experiniemtd that a heat transfer coefficient

of 65.5 kW/nfK can be achieved for flow rate of 1.1 g/s and Hieatof 75 W/cnf.

Escher et al. conducted an experimental and nuaileviark on a manifold-microchannel
heat sink using water as working fluid and sili@nthe fin and base material [118]. In
order to simplify the modeling problem, the micranohel section was considered as
porous media with anisotropic permeability to actodior resistance due to the
microchannel. The result of the simulation to sodegree agreed with experimental
results, and it was found that thermal resistarfc®.09 cnfk/W with corresponding

pressure drop of 0.22bar as possible for a systiéimdivnensions of 2 x 2 cm

Boteler et al. carried out a numerical investigation single-pass plate manifold
microchannel heat exchanger that considered betm#mifold and microchannel section
for 2 to 20 microchannels, as shown in Figure Zngicommercial CFD software [15].
The result showed that the manifold-microchanneht hexchanger yielded a 97%
reduction on pressure drop and better temperatuséribdition compared to a

conventional microchannel heat sink.
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Figure 22: Single-pass plate manifold microchannedomputational domain [15]
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Kaijun and Zuo proposed the used of a manifold-adannel for cooling of

concentrated photovoltaic cells [119]. Experimeme&dults showed that using water as
the refrigerant, a heat transfer coefficient of 828/n’K was achievable with pressure
drop of less than 3kPa. The concentrating photawottells surface temperature could be

maintained below 6.3C.

Hu et al. studied the used of liquid metal (Galn$tin a manifold-microchannel heat
sink [120]. Numerical simulation was performed tompare the performance of the
manifold-microchannel heat sink using water anditigmetal. The simulation results
showed that liquid metal can enhance the heat fenargerformance of manifold-

microchannel heat sink at the cost of an increageassure drop.

Jha et al. implemented manifold-microchannel tetdmo for an absorption cooling
system [109]. A manifold-microchannel with 100 phmaanel width and 600 um channel
height was experimentally tested using R134a asdfngerant. An overall heat transfer
coefficient of more than 10,000 W was recorded with maximum pressure drop of

120 mbars and 100 mbars on the refrigerant ansldsr

Arie et al. successfully developed a hybrid nunarinethod to predict the performance
of manifold-microchannel heat exchangers with muolwer computational time

compared to full model CFD simulation [106]. Theuks showed good agreement with
full model CFD simulation, but with more than 1fhés reduction in computational time.
Arie et al. also showed that manifold-microchanmhte heat exchangers vyield
significant performance improvement in Nusselt neménd friction factor compared to

chevron plate heat exchangers for three differeavion angle of 3045, and 66.
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Andhare et al. studied the implementation of mddiuaicrochannels for low heat flux
applications [121]. A manifold-microchannel pleagah exchanger was successfully
fabricated and tested for water-to-water heat temn3he experimental results showed
that overall heat transfer coefficient close tok2/m’K with pressure drop per length

value of 5.85 bar/m was possible for flow rateas &s 20 g/s.

Zhou et al. studied the effect of different typesflow configuration on manifold-
microchannel heat sinks for electronic cooling ations [122]. Several flow
configurations, as shown in Figure 23, were nunadlsianodeled and studied. The study
showed that the base configuration yielded the mogbrm performance in all modules.
For configuration 2, the performances were nonexmffor the three modules, with the
module closest to the outlet yielding the highestfgrmance. For configuration 3,
performances were similar with base case and wanewaed with slightly more than half

the coolant flow rate.
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Figure 23: Several flow configurations for Zhou etl.’s study [122]
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Mandel et al. also studied the implementation ohifedd-microchannel for high heat
flux electronic cooling applications [123]. The nifaid-microchannel heat sink was
successfully fabricated and tested. The resultswsdothat by forcing thin film
evaporation on the microchannel, a very high hestsfer coefficient of 40 kW/fK-

140kW/nfK at pressure drop of 10 kPa-50kPa were recordedR®45fa as the

refrigerant.

The main challenge in the implementation of madHalicrochannel technology is to
manufacture very small-scale microchannel size$ \migh aspect ratio (ratio of fin
height to thickness) and thin fins (hundreds ofrome) using traditional manufacturing
technology. A high aspect ratio fin is desirable ificreasing the heat transfer area, and

thinner fins can reduce the overall mass of the &eehanger.

Conventional heat exchanger manufacturing involfuesl fabrication using stamping or
folding techniques, after which they are bondedh® base plate using methods like
brazing [124-126]. Such techniques are not suitdble microchannel fabrication,
however, which has small channel spacing (<1 mng fam spacing (<0.5 mm), as

brazing a very small channel is a very challengiraress.

The most common microchannel fabrication techniquesolve lithography, laser
exposure, electroplating, and molding. A summangwéh techniques can be found in
[127]. Several techniques have been recordeddriitiérature that can fabricate a very
small fin size (<0.05 mm) with high aspect ratid @}, but such techniques are mostly
limited for non-metal fabrication, such as photaigraphy for silicon fin fabrication

[118] or micro reverse wire-EDM for tungsten firbfacation [128].
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In the literature, several other works also haveored successful thin metallic fin
fabrication with techniques such as molding (0.78 thickness recorded), hydroforming
(0.36 mm thickness recorded), and micro-electrogla(0.01 mm thickness recorded),
and chemical etching (0.08 mm thickness recordetith low aspect ratio (<2) [129-
132]. CNC wire cutting has shown success in fabinoeof metallic fins with aspect ratio
as high as 12, but with fin thickness of only Omé [14]. Micro deformation shows
success in fabricating metallic fins with fin thigkss of 0.09 mm and aspect ratio of 4,

but it is a slow and expensive technique [13].

Another challenge in manifold-microchannel fabrigatis that the manifold and the
microchannel sections must be manufactured separdie to the complexity of the
geometry. Subsequently these sections must beassambled to form a complete heat
exchanger. The assembly process can be challeagishgime consuming, especially in
the case of large-scale heat-exchangers, whictceasist of hundreds or thousands of
manifold-microchannel layers. Brazing or weldingttbccomponents together is a
challenging task by itself, as the microchanneligesis on order of hundredths of

microns, and improper brazing or welding can casgruction of the microchannels.

Additive manufacturing has shown promise in faliiga geometries which would
otherwise is very challenging to fabricate usingnantional techniques. Direct metal
laser sintering (DMLS), one type of metal additimeanufacturing technique first
developed by EOS GmbH of Munich, Germany [133], ls®wn its ability to

manufacture metallic fins as small as 15 [134]. In addition, using additive
manufacturing can eliminate the need to build thanifeld and microchannels

separately, which can simplify the manufacturinggasss significantly. In this study,
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additive manufacturing was implemented to fabricatenanifold-microchannel heat

exchanger.

A table summarizing all of the recent work on maltfmicrochannel heat exchangers is
shown in Table 4. The summary of the manifold-mitiennel heat exchanger fabrication

techniques, including additive manufacturing teges, is shown in Table 5.

2.3. Polymer Heat Exchangers

In addition to the advanced metallic based heathaxger, a polymer based heat
exchanger was also proposed as an advanced héainget design. Although they have
a lower thermal conductivity compared to metal,ypwdr based heat exchangers offer
several advantages over metallic based heat exeleasgch as low weight, low cost, low

fouling, and good corrosion resistance. There amaarous works in the literature on

polymer heat exchangers. A summary of the progregbe polymer heat exchangers can
be found in [27, 135, 136]. Some of the most commpolymer heat exchanger designs

will be discussed in this chapter.

One of the most common types of polymer heat exgdianis a polymer shell and tube
heat exchanger for liquid-liquid or condensing idyliquid heat transfer applications
[20-22]. The heat transfer and pressure drop padace of polymer shell and tube heat
exchangers was reported by Morcos and Shafey A@.to low thermal conductivity of
the polymer, the wall thickness is the limiting tfac for this application. Liu et al.
compared the performance of a polymer shell ané tudmat exchanger with a metallic
shell and tube heat exchanger and showed thatatieh&rmal resistance of the polymer

heat exchanger is much higher than that of the lheetane [21]. In order for the
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performance of the polymer heat exchanger to bepeaoable with the metallic one, the
heat transfer area of the polymer heat exchangedsnéo be much larger than the

metallic one.

Another type of polymer heat exchanger is the pelymhollow fiber heat exchanger
[23-27]. It consists of hundreds to thousands adlspolymer tubes bundled together at
both ends to form a honeycomb structure, as shaviaigure 24. It is similar to the shell
and tube heat exchanger but without the baffles @petates in either cross flow or
parallel flow configuration. It can be used fordid-to-liquid or condensing liquid-liquid
heat transfer applications. In order to offsetltwe thermal conductivity of polymer, the
heat transfer area per volume is increased byasarg the number of tubes per bundle.

As many as 5000 tube per bundle was reported [27].

Figure 24: Hollow fiber heat exchanger [27]

Several works have proposed to use polymeric holfingr heat exchangers as a
replacement for metallic shell and tube heat exgbhen One such work is by Zarkadas

and Sirkar, who proposed to use a polymeric holftogr heat exchanger for a low
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temperature/pressure application [23]. Heat transéeformance comparable to metallic
shell and tube heat exchangers was reported. Anatbik by Song et al. proposed the
use of a polymeric hollow fiber heat exchangerdahermal desalination process [25].
Two to five times larger conductance/volume vakiesicorded compared to metallic heat
exchangers. Yan et al. proposed to add a polypeopy(PP) net in the shell side to
improve heat transfer performance of the polymbaltow fiber heat exchanger [26]. A

30% increase in overall heat transfer performasabserved at the cost of 12% increase

in pressure drop.

Another type of polymer heat exchanger wildly aaklié on the market is the plate heat
exchanger. An example of a polymer plate heat exgrais shown in Figure 25. Several
polymer plate heat exchangers have been commegraathilable, such as by AB
Segerfrojd [137] and Ail Research [138]. A summafyxommercially available polymer
plate heat exchangers can be found in [27]. Thasebeen significant research on plate

polymer heat exchangers in the literature [28-31].
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Figure 25: Polymer plate heat exchanger [139]
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Burns and Jachuck examined the performance of ascflow polymer plate heat
exchanger for air/steam-liquid heat transfer agplons where the water vapor through a
non-condensable gas was used to heat the waterQ28tall heat transfer coefficient in
the range of 50-300 W/i{ was reported. Cheng and Van Der Geld experimigntal
tested a polymer plate fin heat exchanger air-watet air/steam-water heat transfer
application [29]. Overall heat transfer coefficiesft 80-130 W/mK for air-water case
was recorded. Harris et al. compared the performapic an air-water cross flow
microchannel plate heat exchanger made out of eniekid poly(methyl methacrylate)
(PMMA) [30]. The results showed that although thekle heat exchanger had higher
volumetric heat transfer density P ), the PMMA was superior in terms of

gravimetric heat transfer density ( ).

Above, some of the most common polymer heat exararntave been discussed. Table 6
summarizing the polymer heat exchanger literattmeys The biggest disadvantage of
polymer over metal is its low thermal conductivithermal conductivity :() ranging
from 0.3-0.5 W/mK for polyethylene compared to 18nWK for stainless steel or 205
W/mK for aluminum), which can significantly redudbe thermal performance of
polymer heat exchangers. Several approaches aneg besed to mitigate this
disadvantage, such as improving the thermal condtycby the use of a filler [140-145]

or reducing the thickness [27].

Han and Fina have reported that up to 5 W/mK theooaductivity is possible by using
carbon nanotube (CNT) as a filler [140]. Wang etshbwed that with very high volume
fractions (46%) and very long, well aligned CNT anbismaleimide (BMI), thermal

conductivity as high as 41W/mK is possible [141gsRle carbon nanotubes, different
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fillers have been investigated in several otherksdor their ability to enhance thermal
conductivity. Khan et al. reported success in iasmeg the thermal conductivity of
polyphenylene sulfide (PPS) from 0.22 W/mK to 1\WWAmK with 22.4 vol% graphene
nanoplatelets in PPS [142]. Another work by Balad®x et al. shows that the thermal
conductivity of polydimethylsiloxane (PDMS) can imereased by 30 times, to almost 5
W/mK, with <3 vol% gold nanotubes filler [143]. Detepment of higher thermal
conductivity polymers, however, increases the ocbshe material. In addition, adding a
filler material can increase the weight of the mateas fillers like graphite and gold

have higher densities than polymer.

The use of such enhanced materials for polymerdadtangers has been reported on the
literature. Robinson et al. reported the perfornreacemparisons of a finned plate heat
exchanger build out of polytetrafluoroethylene,boar fiber-reinforced polyamide, and
titanium [31]. The thermal performance of the carbiiber-reinforced polyamide heat
exchanger is 70% higher than the polytetrafluorgletie heat exchanger, but it is still
28% lower than titanium heat exchanger. Anotherkway Dogruoz and Arik compared
the figure of merit of heat sinks built out of @fént materials, including graphite filled
PPS [146]. They reported a reasonably high figuremerit for the PPS based heat

exchanger.

In the present study, a polymer heat exchangerdbasegrime surface technology was
fabricated using a layer-by-layer line welding dao& manufacturing technique of thin
High Density Poly Ethylene (HDPE) sheets. Despite tadvantages of additive
manufacturing, work on the use of additive manufacg for polymer heat exchanger

fabrication is very limited. One known work in therature is by Cevallos, who showed
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that the performance of a webbed tube heat exchdabecated using fused deposition
modeling yielded comparable performance to metdigat exchangers in terms of

pressure drop and heat transfer [84].
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Table 1: Summary of additive manufacturing fabrication techniques

Micro- Polymerization of
stereolithography photopolymer-resin via U\
(MSL) light

Selective laser
sintering/melting

Sintering or melting fine
powder via high
temperature laser

Fused deposition
modeling

Continuous deposition of
material in layers

Laminated object Glue together layer of

manufacturing process adhesive-coated material
from a roll and cut it using
laser

Laser chemical vapor Employ laser to convert
deposition process  gaseous reactant into soli
layer

Inkjet printing Deposit liquid material

layer by layer

30

200

50

20

Polymer,
ceramic, metal

Metal, ceramics

Thermo-plastic

Ceramic and
metal

Metal, ceramic,
semiconductor

Liquid material
( =2-100mPas)

Very high resolution -

Feature size < In
possible

Less complex
process

Less complex
process

Multi material
possible

Cheap

Can fabricate very
large structure

Very high resolution -

Multi material
possible

Wide range of
material

Metal/polymer
mixed resin may
have high viscosity
Shrinkage due to
post processing
Difficult powder
handling

Porosity (Sintering)

Low resolution

Low resolution
Shrinkage, warpage,
deformation due to
post processing
Complex process
Slow process

Require support
structure for micro
fabrication

Droplet size limited
by nozzle size
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Table 2: Literature study on implementation of addiive manufacturing in heat exchanger fabrication

Author Year Fabrication Material Major Finding
Process

Tsopanos 2005 Selective Laser  Stainless steel Micro cross-flow HX was fabricated out of stainletsel 316L. The HX

et al. [53] Melting 316L was consist of rectangular channels in both sidk fir thickness of 0.1
mm and fin height of 0.9 mm.

Kumaret 2009 Electron Beam Titanium alloy Hexagonal periodic cellular structures for heath@xgers application

al. [79] Melting (EBM) (Tie4) and were successfully fabricated. The influence ofdatbrientation on the

Aluminum 6061 heat transfer and flow properties were evaluated.

Wong et al. 2009 Selective Laser  Aluminum Three novel heat sinks with a staggerédtelal array, a lattice array,

[80] Melting and a rounded corners rectangular fin array wdyedated. The
staggered elliptical array HX shows the highestquarance

Ramirez et 2011 Electron Beam Copper Complex open cellular copper mesh and faaens fabricated with

al. [81] Melting (EBM) application for thermal management devices like Bgehanger.
Detailed analysis of the fabricated structures pexformed.

Hutter et al. 2011 Selective Laser  Aluminum Metal foam filled tubular HX was fabricat@and experimentally tested.

[82] Sintering Higher heat transfer performance was observed cadpga metal foam
reactor fabricated using conventional method.

Cormier et 2014 Cold Spray Aluminum Pyramidal fins arrays were fabricated. Effect of fin height and fin

al. [83] Technology density was investigated. Correlations linking Nalissumber with

Reynolds number, fin height, and fin density wesewkd.
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Cevallos 2014 Fused Deposition Polycarbonate A webbed tube HX with 2mm thick veadtl 5mm inner diameter was
[84] Modeling fabricated. Similar heat transfer performance \pltin plate fin HX
was reported.

Thompson 2015 Selective Laser  Titanium Alloy A flat-plate oscillating heat pipe with 1.53mm dieter channel was
et al. [85] Melting (Ti64) fabricated. Partially melted particle was foundhia channel. Effective
thermal conductivity of 110W/mK was recorded.
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Table 3: Summary of select previous air-side heatkehanger enhancement technologies

Author Technology Type of Claim
Study
Xia et al. [91] Micro heat sink with fan-shaped Numerical 1.3-3 times and 6.5 times increasé\id and

Moore et al. [101]

Yang et al. [98]

Yan and Sheen [8]

Wang et al. [6]

Joardar and Jacobi
[17]

Nawaz and Bock
[93]
Pongsoi et al. [99]

Yazdani and
Yagoobi [19]

Morimoto et al.
[10]

reentrant cavities and internal ribs

A multi-row circular finned tube
bank and a single row of rectangular
plate finned tubes

Experimental

Wave-finned flat tube where the fin Numerical
surface rotates to be perpendicular

Finned-and-tube HX surface
comparison using plain-plate-fin,
wavy-fin, and louvered-fin

Experimental

Louvered finned and tube

Plain-plate-fin HX using vortex
generation

Experimental

Plain plate-tube HX using metal foaniExperimental

Numerical &
experimental

Spiral fin-and-tube heat excjens
EHD conduction pumping Numerical

Oblique wavy walls Numerical

4<compared to microchannel, respectively.

A single-row plate, a four-row finntedhe design,
and a two-row circular finned tube design produce
similar techno-economic performance

The new wavy-finned configuration increé®th
pressure drop and heat flow rate

Louvered fin has the highest j, f, anel goodness
factor while wavy fin has the highest volume
goodness factor

Experirabnt A generalized heat transfer and pressure drop

correlation for louvered fin and tube was proposed.

Air-side heat transfer coefficient increases from
29.9% to 68.8% and 26% to 87.6% increase in
pressure drop

j and f correlation for metal foam vdeseloped

Literature review for spiral fin-and-tube heat
exchangers (j and f correlation included)

Heat transfer enhancement for low Reynolds
number was noted

1-2 and 1-1.3 times enhancement in Nu and j/f is
possible compared to normal wavy fin
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Table 4;: Summary of manifold-microchannel literature survey

Authors Year

Type of study

Application

.Major finding

Harpole, G. M., 1991
and Eninger, J.

E [147]

Ryu et al. [116] 2003

Kermani etal. 2009
[112]

Cetegen [12] 2010

Escher et al. 2010
[118]

Boteler et al. 2012
[15]
Arie et al. [105] 2012

Kaijun and Zuo 2015
[119]

Jha et al. [109] 2015

Arie et al. [106] 2015

Numerical work

Electronic cooling

(liquid cooling)

Numerical work

Experimental
work

Experimental
and numerical
work

Experimental
and numerical
work

Electronic cooling
(liquid cooling)

Solar collector

Numerical work

Numerical work

Experimental
work

Experimental
work

Numerical
Work

heat sink

Electronic cooling
(Single phase
liquid cooling & 2
phase cooling)
Electronic cooling
(liquid cooling)

Electronic cooling
(liquid cooling)

Liquid-liquid plate
heat exchanger

Liquid cooling of

concentrating

photovoltaic cells
(CPC)
Liquid-liquid HX

for absorption
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cooling system

Liquid-liquid plate
heat exchanger

Heat transfer coefficient in the order of 100 Wknand pressure
drop of 100 kPa or 200 kPa were estimated.

Thermal resistances of 0.0196, 0.0232, and 0°G3x were
observed for pumping power of 2.56 W

Heat transfer coefficient of 65.5 kWK can be achieved for flow
rate of 1.1 g/s and heat flux of 75 Wfcm

72% and 306% improvement in heat transfer coefftoreere
observed compared to microchannel heat sink anchhgement
heat sink, respectively, for the same pumping power

Thermal resistance of 0.09 &W with corresponding pressure
drop of 0.22 bar was observed for a system of Zi2

More uniform temperature distribution and 97% reuauncof
system pressure drop were detected compared tochamnel
heat sink

A manifold-microchannel design with heat transtderof
56.7kW, pumping power of 138W, and volume of 4.25ams
demonstrated.

A heat transfer coefficient of 8236W/kKawas achievable with
pressure drop less than 3 kPa. The CPC surfacestatean be
maintained below 6.3C.

Overall heat transfer coefficient of more than 00,0V/nfK was
recorded with maximum pressure drop of 120 mbads1®0
mbars in the refrigerant and air side, respectively

Significant performance improvement in Nusselt nemdnd
friction factor compared to chevron plate heat axcjer was



noted.
Mandel et al. 2015 Experimental  Electronic cooling A very high heat transfer coefficient of 40 kWw/makeo kWw/m2K

[123] work (2 phase cooling) at pressure drop of 10 kPa-50 kPa was recorded

Andhare etal. 2016 Experimental  Liquid-liquid plate Overall heat transfer coefficient close to 20 k\imwith pressure

[121] and numerical heat exchanger  drop per length value of 5.85 bar/m was possibidléov rate as
work low as 20 g/s
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Table 5: Summary of microchannel fabrication technjjues

Technique Ref. Minimum fin thickness  Maximum aspectatio Material Bounding Needed?
Stamping/folding [124- 50 um >10 Metal Yes
126]
Photolithography & deep [118] 12 pm 18.8 Silicon Yes
reactive ion etching
Micro reverse wire-EDM [128] 10 ym 30 Tungsten Yes
Molding [29] 750 um 0.67 Metal — Al & Cu Yes
Hydroforming [28] 360 um 1.5 Metal — stainless Yes
steel
Micro-electroplating [30] 10 um 1 Metal - nickle ¥e
CNC wire cutting [14] 440 um 12 Metal Yes
Photochemical etching [132] 80 um 0.9 Metal Yes
Micro Deformation [13] 90 um 10 Metal Yes
Additive manufacturing (direct [134] 150 um 10 Metal No

metal laser sintering (DMLS))
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Table 6: Summary of the polymer heat exchanger litature study

Authors Year Type of Heat Application Material Major finding
Exchanger Studied
Liu et al. 2000 Shell and tube Liquid-liquid High temperature The wall thermal resistance in polymer HXs is
[21] HX nylon, cross-linked  significantly higher than nickel HX. Larger
polyethylene (PEX), heat transfer area is needed to match the
and nickel polymer HX performance with metallic HXs.
Harrisetal. 2000 Microchannel Gas-liquid Polymethylmethacryl The results show that although the nickle heat
[30] HX HX ate (PMMA) exchanger has higher (Q/(Y)), the PMMA
HX was superior in term of (Q/(nT).
Burns and 2001 Corrugated plate Air/steam- Poly-ether-ether- Overall heat transfer coefficient in the range of
Jachuck [28] HX liquid HX ketone (PEEK) 50-300 W/niK was reported
Songetal. 2010 Polymeric Desalination  Polypropylene (PP) 2-5 times larger conductance/volume value is
[25] hollow fiber HX process recorded compared to metallic HX
Robinson et 2011 Finned plate HX Gas-liquid Polytetrafluoroethyle The thermal performance of the carbon fiber-
al. [31] HX ne, carbon fiber- reinforced polyamide HX is 70% higher than
reinforced polyamide the polytetrafluoroethylene HX, but it is still
and titanium 28% lower than titanium HX.
Yan et al. 2014 Polymeric Water-water  Polypropylene (PP) Adding PP net in the shell side can improve
[26] hollow fiber HX HX the overall heat transfer coefficient by 30% at

Cevallos [84] 2014

Webbed tube
HX

Air-water HX

Polycarbonate

the cost of 12% increase in pressure drop

The first polymer HX successfully fabricated
by AM. Similar heat transfer and pressure drop
performance was noticed compared to metallic
plain plate fin HX.
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Chapter 3: Advanced and Conventional Heat Exchanger
Designs

3.1. Introduction

This chapter discusses the design requirementibadelr the heat exchanger and also
the conventional and advanced heat exchangers nde§ige conventional heat
exchangers were based on the state of the artdlegyncommonly used in power plant
cooling. The conventional heat exchangers were tmedaseline comparisons with the
advanced design. For the advanced designs, tws tyfpeeat exchangers were proposed:
one was a metallic heat exchanger utilizing madHuoicrochannel technology and the

other was a polymer heat exchanger utilizing prameéace technology.

3.2. Design Requirements

A design requirement baseline was derived base@altimore Aircoil Corporation’s
(BAC) and EPRI's power plant cooling specificatitor a 12.2 MW single cell heat
exchanger unit [1, 148]. The detailed design flatey maximum pressure drop, and

operational temperature are shown in Table 7.

Table 7: Design requirements

Variables Baseline - specification

12.2 MW
)-0 608 kg/s

- )0 40°C
E)B+0 584 kg/s

- E)B+0 67.5°C
)-0 <200 Pa
E)B+0 <100 kPa

172
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3.3. Baseline Heat Exchanger

Based on the information provided by BAC, the masnhmon type of fin surface used
for power plant cooling is a wavy-fin surface. Kagad London [5] have provided
friction factor @) and Colburn j factord vs. Reynolds numbeiQR data for several

commercially available wavy fin geometries. Wawy-%1144-38 W from Kays and
London’s database was chosen as the state of tlw®rarentional heat transfer surface
baseline, as its dimensions are closest to theewuindustrial fin geometry (based on

BAC information) and its performance data is aud#an Keys and London [5].

The wavy-fin s1144-38W baseline is only applicalfler power plant cooling
applications, as different applications may uséediint types of fins. It is therefore of
interest to also calculate the improvement thatattheanced surface yields compared to
other type of conventional fins such as louvered fand plain plates fin. As a result, in
addition to the baseline, 22 different types of omercially available plate-fin heat
exchanger surfaces based on Keys and London’safapdse were selected for additional
comparison. Some of the key geometrical specibioatiof these 22 surfaces are listed in
Table 8, and the schematics drawings can be foan#Bligure 13. A more detailed
geometry can be found in Ref. [5]. It should beedothat WFPFS 1 has the same
dimensions as the wavy-fin s1144-38W. As a resEPFS 1's performance will also

serve as the conventional heat exchanger perforenaaseline.
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Table 8: Key geometrical specifications of convertgnal heat exchanger surfacefb]

Plain Plate-Fin Surface (PPFS)

Symbol Fin Pitch (fin/cm) Plate Spacing (cm)

PPFS 1 4.37 0.64

PPFS 2 5.94 1.06

PPFS 3 4.04 1.38

PPFS 4 5.82 0.84

PPFS 5 7.82 0.64

Louvered Plate-Fin Surface (LPFS)
Symbol | Fin Pitch (finf/cm) Plate Spacing (cm) Loedegap Louvered Spacing
(cm) (cm)
LPFS 1 2.39 0.64 0.14 0.95
LPFS 2 2.39 0.64 0.33 0.95
LPFS 3 4.37 0.64 0.10 1.91
LPFS 4 2.39 0.64 0.14 1.27
LPFS 5 4.37 0.64 0.14 1.27
Pin-fin Plate-Fin Surface (PFPFS)
Symbol | Plate Spacing (cm)  Pin Diameter (cm) Pincal Pin Spacing
(cm) 2 (cm)
PFPFS 1 0.61 0.10 0.32 0.32
PFPFS 2 1.01 0.10 0.24 0.30
PFPFS 3 191 0.08 0.15 0.15
PFPFS 4 1.30 0.17 0.50 0.60
Strip-Fin Plate-Fin Surface (SFPFS)

Symbol Fin Pitch (fin/cm) Plate Spacing (cm) Fimgt (cm)
SFPFS 1 4.8 1.23 0.24
SFPFS 2 4.37 0.64 0.64
SFPFS 3 4.70 0.60 1.27
SFPFS 4 7.77 0.13 0.25
SFPFS 5 5.49 0.95 0.32
SFPFS 6 6.15 0.64 0.32

Wavy-Fin Plate-Fin Surface (WFPFS)

Symbol Fin Pitch (fin/cm) Plate Spacing (cm)
WFPFS 1 4.50 1.05
WFPFS 2 4.53 0.93

The conventional fin surface was applied to thes@ie while the water side consists of a
series of rectangular channels in parallel in asi#ftow configuration as shown in Figure
26. The complete heat exchanger may be compossevefal air and water side layers

stacked vertically.
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Figure 26: Conventional heat exchanger

3.4. Advanced Heat Exchanger Design

Two types of advanced heat exchangers (a metalticpmlymer heat exchanger) were
proposed to be studied as a possible replacemetitidacurrent state-of-the-art wavy-fin
surface currently in used for power plant coolirsgdescribed previously. The metallic
heat exchanger was based on manifold-microchaenkhblogy, while the polymer heat
exchanger was based on prime surface technologietailed description of both heat

exchangers will be presented in this chapter.

3.4.1. Advanced Metallic Heat Exchanger

The advanced metallic heat exchanger consists affahdmicrochannel surface on the
air-side and rectangular channels in the water-aglshown in Figure 27. The concept
behind manifold-microchannel technology is that dding manifolds on top of the
microchannels, the flow length on the microchanmals be significantly reduced. This
reduction in flow length can reduce the pressumpdwhich in turn reduces pumping
power requirement. In addition, short flow lengtdn also force the flow to be in the
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developing region, which has higher heat transferfgpmance compared to fully

developed flow.

A manifold-microchannel was installed on the anlesin order to maximize the heat
transfer enhancement, as the air side’s thermataese is generally much higher than
the water side’s. Both heat exchanger surfaces w@nbined in cross-flow arrangement
as shown in Figure 27. The complete heat exchanggrbe composed of several air and

water side layers stacked vertically as shown gufa 26(b).

Manifold channels

N ' | N
P 4 \
: « < :
fin,water < \
o 5 g Ltot,water
Ltot,air | Wm
T d

Water — side Wonnd chn

Microchannels

Fins : [ chn, air

Base



N

Cold air inlet

N
N

Hot water

inlet

(b)

Figure 27: Manifold-microchannel heat exchanger (ayingle layer (b) multi layers

3.4.2. Advanced Polymer Heat Exchanger

The advanced polymer heat exchanger consists ofree surface heat exchanger. The
prime surface polymer heat exchanger consists démehannels through which hot
water flows to be cooled by air that flows througk gap between the water channels, as
shown in Figure 28(a). Water channels were falettdty welding two polymer sheets
together using a layer-by-layer line welding additmanufacturing technique which was
first introduced by Denkenberger et al. [149] od@ittlan High Density Poly Ethylene
(HDPE) sheets. The location of the welding is shawhigure 28(b). The heat exchanger
can be fabricated by using different polymer matsrdepending upon the application
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conditions such as temperature, pressure and cheoompatibility of the fluids. The

wall thickness of the sheets is very small, andstitus no longer a limitation in heat
transfer, and thus does not require expensive palybiiends of higher thermal
conductivity. The fabrication process of the heathenger will be discussed in detail

later this dissertation.

Hot Water In

Welds
Water l Water \
Channel Channel Channel

Air flow

=)

Water Water Water
Channel Channel

A

Welds

Figure 28: Prime surface heat exchanger (a) Isomatrview (b) Cross-section view



3.5. Summary

In this chapter the design requirements for the Brehanger were defined based on the
power plant’s cooling specifications for a 12.2 Mivgle cell heat exchanger unit. In
addition, the heat exchanger designs for the cdrmoweal and advanced metallic and
polymer heat exchangers were discussed in detalyin s1144-38W, from Kays and
London’s book, was selected as the baseline syréesciéss geometry is the closest to that
used for power plant cooling. In addition, for @&der comparison, 22 different types of
commercially available plate-fin heat exchangefas@s were introduced to be used for
additional conventional heat exchanger comparisofize advanced metallic heat
exchanger consisted of a manifold-microchannel be #ir side in cross flow
configuration with rectangular channels on the watigle. On the other hand, the
advanced polymer heat exchanger was made of a punfigce heat exchanger. The thin
wall characteristic makes it is less sensitivenrmal conductivity of the material, which
makes it suitable for polymer heat exchangers whae low thermal conductivity. The
fabrication method for both advance heat exchangelisbe discussed in the next

chapter.
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Chapter 4: Fabrication Methods

4.1. Introduction

This chapter explains the metallic heat exchangrdation technique (direct laser metal
sintering) and polymer heat exchanger fabricatemimique (layer-by-layer line welded).
The operating principles of the techniques, thehimes used, and the limitations of the

two techniques are discussed in detalil.

4.2. Direct Laser Metal Sintering

4.1.1. Concept

Direct metal laser sintering (DMLS) is a metal hselditive manufacturing process
which uses a computer controlled laser to sintetampowder based on a pre-
programmed geometry to build a 3-D structure ldyetayer as shown in Figure 29.
DMLS is one of the most common additive manufaamirimethods for metallic
structures and was first developed by EOS GmbH whith, Germany [133]. Generally,
DMLS consists of two platforms. The first platforisia powder dispenser platform to
house the metal powder. The second platform isbthiel platform on which the 3-D
structure is being built. After a layer of the 3sBucture is built, the powder dispenser
platform rises up while the build platform lowers that a new layer of powder can be
distributed on top of the existing layer. A re-aadrm is used to uniformly distribute the
metal powder as shown in Figure 29. The metal pousisintered using the laser, as
shown in Figure 29. Lenses focus the laser beanevehscanning mirror controls the
location where the laser will hit the powder basaedhe pre-programmed geometry. The

process is repeated until the entire 3-D strudtubmiilt.
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Scanning
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powder
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Powder dispenser
platform

Figure 29: Direct metal laser sintering component

Figure 30 shows the actual DMLS machine used bgt&tys. The building chamber is
where the fabrication process occurs. The chansbelosed when the process is running
to limit the outside interference (like dust) awd $afety measures due to the high-power
laser used for fabrication. In order to avoid oxiola of the metal powder during the
sintering process, the build chamber is usuallgdilwith gases like argon. A computer is
built into the machine where the 3-D digital modan be installed and the entire

fabrication process can be controlled.



Building Chamber

Control computer

Figure 30: Direct metal laser sintering machine [16]

As DMLS is still a new technology, not all metalnche processed using DMLS.
Currently, stainless steel, aluminum, Inconel, atashium are the most common types of
metal used for DMLS. Table 9 lists metals compatibith the DMLS process based on
the three top DMLS companies: Stratasys, Proto Lalbsl Laserwise (part of 3D
Systems). Stainless steel has a good anticorr@sidrhigh temperature resistance which
make it suitable for heat exchange. Aluminum andnahum alloy is a common heat
exchanger material for air-to-air heat exchangersdVAC application. However, its
reaction with non-treated water limits its applioatfor air-water heat exchangers. In
addition, titanium and its alloys has started weree higher attention to be implemented
for heat exchanger fabrication due to its relagivielwer density than stainless steel

(60%), favorable corrosion resistance, and betieral strength. Lastly, stainless-steel,



titanium and Inconel are suitable for high tempa@heat exchangers, due to their high
melting points.

Table 9: Direct metal laser sintering — Material canpatibility

Stratasys Proto Labs Layerwise (3D
[151] [152] Systems) [153]
Stainless steel 17-4 X X*
Stainless steel 316L X X* X
Aluminum AISi10Mg X X X
Inconel 625 X
Inconel 718 X X* X
Pure titanium Ti X
Titanium Ti64 X X X
Cobalt chrome CoCrMc X X* X
Tungsten (pure) X
Tantalum (pure) X

* For high precision machine

A list of the fabrication limitations and tolerarscis given in Table 10 based on Stratasys,
Proto Labs, and Layerwise data. Under normal réisoluthe minimum feature size that

can be fabricated using DMLS is 306. However, by using a high resolution machine,
the feature size can be further reduced to 180 For heat exchangers, the smaller the
fins the better their performance, as smaller ¢iaus reduce the overall mass. As a result,
due to DMLS’s good compatibility with common heatclkanger materials and its

capability to fabricate very thin fins, it showsoprise to be incorporated for advanced

heat exchanger fabrication.
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Table 10: Direct metal laser sintering — Fabricatio limitation and tolerance

Stratasys [154, 155] Proto Labs [152] Layerwise B
Systems) [156]
Layer Normal resolution: Normal resolution:30 m N/A
thickness 40 m High resolution:20 m
Minimum Normal resolution: Normal resolution: 120 m
feature size 300 m 300 m
High resolution 150 m | High resolution:200 m
Tolerance Firstinch £127 m Normal resolution: 50 m
Thereafter t50 m 76 m

High resolution:£76 m

Normal resolution:
Maximum N/A 246mm x 246mm X N/A
size 274mm
High resolution:
88mm x 88mm x 73mm

4.3. Layer-by-layer Line Welded Additive Manufacturing Technique
4.3.2. Machine

The polymer heat exchanger was fabricated from Hbgmsity Polyethylene (HDPE)
sheets using the layer-by-layer line welded adeitivanufacturing technique. The laser
welder apparatus consists of a computer contralleldiing laser that can be moved on
the x-, y-, and z-axes, a motor to position theedasrames to support the laser and
motors, and a printer bed where the polymer staetplaced. The z-direction movement
of the laser is necessary for better control of ldser focus, especially for the case of
printing a ticker heat exchanger stack. The 3-Dntpri machine, including all of its
components, is shown in Figure 31(a), while a zabimeview of the welding laser is
shown in Figure 31(b). The 3-D printer machine wastom made by our partner in
Pearce Research Group in Michigan Tech UniversMTl). The polymer heat

exchanger was fabricated entirely at MTU.
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Motor (to positioning
the laser)

Welding laser
(Can move in x-
Y-, and z- axis)

Printer
bed

Figure 31: Polymer HX 3-D printer (a) Complete lasewelder apparatus (b) Zoomed-in view of the
welding laser

Summarizing the fabrication process. First, twaeetayof HDPE sheets were set on top of
each other. Then, water channels were formed bglimgeboth layers together based on a

pre-programed digital model for the water chanrseslaown in Figure 32(a). The water



channel welding pattern shown in Figure 32(a) isafease where there are two passes on
the water side (water is cooled down by air sided)v Then a third polymer layer was
added on top of the bounded layer. Air channelewleen formed by welding the second
and third layer based on a pre-programed digitatlehdor the air channel welding
pattern as shown in Figure 32(b). The process wpsated, alternating between water
channel welding and air channel welding, as shawirigure 33 for the case of heat
exchanger which consists of 8 layers. It shouladted that the laser power was adjusted
so that the welding only occurred on the top twgefa. A more detailed explanation of

the layer-by-layer line welded additive manufaatgrtechnique can be found in [149].

Water 1 [ ] | Air

Flow Flow

§ 4 4 bd 13 1 3

Figure 32: Welding pattern for the prime surface pdymer HX (a) For water channel (b) For air
channel



<——— Layer 7 & 8 welding pattern

<«—— layer 6 & 7 welding pattern

<«——— lLayer 5 & 6 welding pattern

<——— Layer 3 & 4 welding pattern

<——— layer 2 & 3 welding pattern

<«——— layer 1 & 2 welding pattern

Figure 33: Welding pattern in the stacked polymer leat exchanger

So that water can be distributed to all heat exgbafayers, holes were created on the
heat exchanger header as shown in Figure 34(addition, in order to install the pipe
that supplies and collects the water for the he&aha&nger, pipe bearings were used as
shown in Figure 34(a). The pipe bearing was madeoblHDPE so that it could be
welded to the heat exchanger body. As the watevsflto the heat exchanger, the heat
exchanger will expand as shown in Figure 35. Tightdayer design will produce a
polymer heat exchanger with four stacks (each stadsists of two layers) as shown in
Figure 35. The air-channel is formed from the gapmeen the water channels as shown

in Figure 35 (b).



@)

RS

Figure 34: Assembly of the unexpanded polymer HX:&) Exploded view (showing welded line) (b)
Combined view



(b)
Figure 35: Assembly of expanded polymer HX: (a) Ismetric view (b) Side view

The minimum distance between welding lines needelbet at least 2 mm for precise
fabrication. As a result, the minimum water chargiameter that could be fabricated as

1.27 mm.



4.4. Summary

This chapter discussed the direct laser metalramgtenethod, the fabrication method for
the advanced metallic heat exchanger; and the -layémyer line welded additive

manufacturing technique, the fabrication method the advanced polymer heat
exchanger. The discussion included the componentleoprinters and the operating
principles behind both techniques. In addition, tlesign constraints of both methods

were also discussed.
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Chapter 5: Numerical Method

5.1. Introduction
In this chapter, the numerical modeling method usedvaluate the heat transfer and
pressure drop performance of the conventional heathanger, the manifold-

microchannel heat exchanger, and the polymer xeaiaager are discussed in detail.

5.2. Conventional Heat Exchanger

The performances of the conventional heat exchafemracity ( ), heat exchanger
effectiveness j(; ), coefficient of performance ( ), and gravimetric heat transfer
density ( )) were solved by first evaluating the individu&rformance of both the
water and air sides. On the water side, heat taskfficient ( g)z.9) and pressure drop
( pys+o) Of the rectangular channel were calculated aftdving Nusselt numbeAH)
and friction factor 4) using available correlations [157]. The correspog heat transfer

coefficient and pressure drop can then be calalizte

. (1)
> ny< (2)
2

Thereafter, the water-side thermal resistance dueohvection Qcs gs+o) Can be

calculated as (please refer to Figure 26 for gepcadtvariables description):

3)
— !ge+o Bs or. A B)e+0 XK. EB+o! E)Bro >BSIOcy. A E)BHO
Ces.L B)B+O
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whereAgg,o is the number of channels on the water side, Bng)s.o is the water-

side fin efficiency calculated as [158]:

W @6 ¢v. p)B+o 0 (4)
k.
-~ E)B+0 @6cy. E)B+0 "
@ q ! E)B+0 (5)

D xsr-s Vo, E)B+0

On the air side, heat transfer and pressure draop vaculated using ColbuBfactor 8
and friction factor 4 vs. Reynolds numbeQR test data for common compact heat
exchanger surfaces as described by Kays and Loadlonhe air-side thermal resistance

due to convection(ts )0 ) can be calculated as:

(6)

Ces.Ly-o .
) eoKizyo " 1)o

where! \, is air-side heat transfer coefficieht, o is air-side heat transfer area, and

kizy.o is overall surface efficiency of airside heat exuper surface calculated as:

- 7
Kzyo t 7-—uUT7k_w 0

/ )-0

Xy

MNis the ratio of fin surface area to the total heatsfer area arkl. yo s air-

Xz

where

side fin efficiency.

The combined heat transfer characteristics of thara water sides were evaluated using

thej7 AG method for an unmixed cross-flow heat exchangefirsy calculating the

78



overall heat transfer coefficien®), whereG is calculated as a function of water-side and
air-side convection thermal resistances and basduotion thermal resistan®css)
as:

G (8)
UCcs.L)o X QesLepro X Cess V' -+

6 e+ 9)
Cess —o—
* *Sr-s ()*+
where ' (. is the base area §- > gsg £)B+38sB)-0-

Then,A G , the heat exchanger effectivenegg (), and heat exchanger capacity)(

were calculated as [158]:

G o
AG 0+ (10)

{ E)B+0 )-0
i1z TR} oA G =€ }7  AG ~f,7 ., (11)
JzH{l o o TU_ EBi07 - )oVs (12)

%0 Scecr Semr

? 0\ 0, and — =
)0 1)0 0 1733 ccr Somr$

where ggi0 ? E)B+0 1E)B+0: )0

Lastly, the coefficient of performance ( ) and gravimetric heat transfer density

( ) of the heat exchanger were evaluated as:

. (13)
BB+ -0
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(14)

e >0 )0 y _ E)B+0 E)B+0:
M-o NE)B+0

where is the total mass of the heat exchangerand mass flow rate.

5.3. Manifold-Microchannel Heat Exchanger

5.3.1. Heat Exchanger Capacity Evaluation (Contrololume method)

This section presents a control volume method &duawe the capacity (), effectiveness
(1,z ), coefficient of performance ( ), and gravimetric heat transfer density ()

of a cross flow manifold-microchannel heat excharggesed on the known information
on air-side and water-side inlet temperature. o $'$ . g0 , base conductanck(.o

& $!g)g+o ), mass flow rateq(y.o $'$?g)g+0), and pressure drop (1.0 $'$ g)s+0)- Base
conductance is defined as heat capacity over hase(qy,. ) times the absolute values

of temperature difference between the bage () and inlet fluid (. ) as shown below:

( ] 13
o 0 7

where' . > gsg).0T >BsB E)B+0

First, on the water side, the performances of heatsfer coefficient (gg+o) and
pressure drop ( g+« ) Of the rectangular channel were calculated byisgl its
corresponding Nusselt numbeAK) and friction factor 4) value using available
correlations [157] and Eqgs. (1)-(2) as for the ca$econventional heat exchanger.

Thereafter, the water-side base conductahggd,o ) can be calculated as:
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| (16)
- ( E)B+O 1
Ce+o’ o+

Ces.s (17)

Cegro  CesLep+o X Qoyrpppo X

where Qcs | p)g+o and Qcs s are water-side convection thermal resistance aask b
conduction thermal resistance, which were evaluasguy Eq. (3) and (9) respectively. It
should be noted that the base thermal conduct&istaace is divided into two parts. Half
is considered as part of water-side total therreaistance in Eq. (17), while the other
half is included in air-side total thermal resistanLastly, unlike the calculation @,
which is based on the log mean temperature difterdretween the two fluids, base
conductance calculation requires a caloric rest&td@Qc) g)s+0) te€rm, as it is based on
the temperature difference between inlet fluid anel base temperature. The caloric
resistance represents the additional thermal eewist due to the change in the fluid
temperature, as it is flow through the channeleliates the inlet fluid temperature to the

average fluid temperature. The water-side cal@ststance is calculated as:

(18)

Coyr E)B+0
E)B+0 1E)B+0

For the air-side, a modified form of hybrid methdeveloped by Arieet al. [106] was
utilized to evaluate the air-side base conductghgg, ) and pressure drop () ) in the
manifold-microchannel heat exchanger. A detailedcdption of the modified hybrid

method will be explained in chapter 5.3.2.

The cross-flow -NTU method used to calculate the conventional kgehanger capacity

cannot be used to evaluate the capacity of thefoldsmicrochannel heat exchanger)(
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This is because for the case of the manifold-mizaoocel, both water and air
temperatures are constant in the y direction (lEg88). As the majority of the heat
transfer occurs on the microchannels, the heasfieain the manifold can be assumed to
be negligible. As a result, the air temperaturetna manifold channel can also be
assumed to be constant. As the feeding air temper&iom the manifold channel to the
microchannel is constant along the manifold charfleel length (the y direction in
Figure 36) and the inlet water temperature is umfan the y direction, both the air and
water temperatures are always constant in theectiton. This condition is not purely a
cross-flow arrangement in which the temperatureegain both the x and y directions.
For this reason, a method based on energy and lmaémsces was developed to evaluate
the capacity of the manifold-microchannel heat exger. The main assumption for this
method is that the flow is uniformly distributed &l manifold channels, so that the

performance of all stacked layers, in the z dimettis identical.

The heat exchanger capacity)(was calculated by first calculating the heat cégan
each stack .gd. To do the calculation, first a single stacklod heat exchanger needs to
be divided intdA.,p segments, each consisting of a full inlet manifcténnel and two
half exit manifold channels as shown in Figure Bg.dividing the heat exchanger into
multiple small segments, the base temperature ¢h sagment can be assumed to be
constant, so that an energy balance can be drawslat® water-side and air-side base
conductance as shown in Eqgs. (21) and (22), whidh he explained below. This
assumption is valid, as both air and water tempegatare constant in the y direction, as
mentioned previously, and the x direction length gggment is short. Heat flow rate for

each segment can be calculated by performing amgebalance on that segment. In this
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analysis it is assumed that the heat transfer enxtdirection between two adjacent
segments is negligible as compared to heat tramstbe z direction between the air- and
water-sides. The detailed steps for the capaditgcteveness, coefficient of performance,

and gravimetric heat transfer density calculatimnas follows:

1. Set =1, _gp+o; ~pB+o and _yo. )0
2. Perform an energy balance on the segméntsolving Egs. (19)-(22) to solve for
heat capacity (.), air exit temperatur® gyg)o. , water exit temperature
susE)B+0 - » and base temperaturgy., . corresponding to segmeitwhere
! (p)s+o &Nd! (1o are known variables corresponding to air-side \&ater-side

base conductance calculated previously, Agdis total number of stacks.

E)B+0 (29)
) 1E)B+oU - E)B+0- SUIE)B+0 -V

Asgc

)-0 (20)
—) 1)U o.7 _yo.V
Ao T Ape 1)-0 U sur)-0 . )-0

Lo (21)
! ( E)B+0 Af) u._ E)B+0 - 7 O*+ _V$
*+D

G 22
-; U g+ - 7 )-0 v$ ( )

3. Update value: X

4. Set _ g+o- suE)B+0-;, and _yg. )0
5. Repeat steps 2-4 until A «p

6. Calculate the total capacity for each stack age  * =
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7. Calculate the total capacity of the heat exchaager A «gc *gc
8. Calculate the heat exchanger effectiveness, casiticof performance, and

gravimetric heat transfer using Eq. (12)-(14).

Figure 36: Control volumes for performance evaluatn of cross flow manifold-microchannel heat
exchanger
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5.3.2. Modified Hybrid Method

For the air-side, Ariet al. has developed a hybrid method capable of evalushiegir-
side base conductance {, ) (listed as base heat transfer coefficient in Atieal) and
pressure drop in manifold-microchannel heat exchaigmuch shorter time than a full
CFD simulation, which makes it suitable for optiatibn problem where hundreds of
different geometries need to be evaluated [1063eBaon the method, a single manifold-
microchannel model CFD simulation, as shown in FegRi7, was utilized to evaluate air-
side base conductance of the manifold-microcharimesit exchanger. The main
assumptions are uniform flow distribution in allarochannels and that heat transfer in
manifold can be neglected compared to the heasferain the microchannels (but the
pressure drop cannot). To assure a uniform flowriligion in the microchannels, a
constraint is imposed to limit the ratio betweea ftandard deviation of the flow in all
microchannels and its mean value to be less thé& B0r the pressure drop calculation,
the pressure drop across the microchannel was aedluby a single manifold-
microchannel model CFD simulation, while the presstdrop in the manifold channels
was evaluated by solving the 1-D differential eéguraderived from momentum and
mass balance equations in manifold channels (sé¢1B@] for further details). To be
noted, even though the single manifold-microchammetlel in Figure 37 includes the
inlet and exit manifold channel, their functiontgslimit the entrance and exit effect to
the flow in the microchannel. The calculation oégsure drop in the manifold channel is
more complex due to the deceleration and acceberati the flow in the inlet and exit
manifold channel because of the diverging and camdi flow to and from the

microchannel all across the manifold channels.
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Figure 37. Single manifold-microchannel model.

The hybrid method used to calculate the manifolskpure drop assumes that the inertia
term in the momentum equation in the manifold clehrman be ignored in comparison
with the frictional term [106]. This assumption #slfor the case of low Reynolds
numbers where the friction term is more dominaantthe inertia term, but as the flow
becomes turbulent the effect of the inertia term ©a longer be ignored. A study using
five full CFD models has shown that for the cas&e¥ynolds numbers between 3,000 to
8,000, ignoring the inertia term can cause on @e@out 25% deviation in pressure
drop calculation. As a result, a modified hybridthoal was developed that considers the
effect of the inertia term. However, due to theuaggtion that the heat transfer is mainly
happening in the microchannels and the flow diatab evenly in all microchannels, this
modification in the manifold-channel momentum equatwill not affect the way heat
transfer performance in the microchannel is catedlaAs a result, the air-side base

conductance calculation remains unchanged.

By considering the effect of the inertia term, nalized mass balance and momentum

equations on the inlet manifold channel (subsd)@nd exit manifold channel (subscript
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2) can be derived as shown in Egs. (23) - (27)dspming one-dimensional flow in both

manifold channels:

§9: ; "oy y (23)
AT o 7cv.
S % ' 1s
x0,J "na
SO/< CY. 9 (24)
= . cv.
SMY 1
. "o..: & .‘ ) H > 1 n ) 2
0 3% S Ly, 4QF 15 lts BS|)-0|GO/_JX o, ' h. 9l o (25)
&AL ENC ' 2 o ; 1 cyY. 7,
S S Ts NMeTs - T.s
w~ ‘] v \: H 1 n
gi5% S 2y 4QF1s drs Zmspol oo "o hepo (26)
YNV AR - 2__ 9 avs - 7. V<
S S Ts Nets 7. T.s
% X 02 (27)

where% and%.y_ is the inlet fluid velocity to the manifold charrend average flow
velocity in the microchannels respectivalys is manifold channel perimetér,is the

total number of microchannels per passs and' ¢y are manifold channel and
microchannel cross section areas, respectivdyand J are normalized pressure

1

(7 KLO) at the inlet and exit manifold channels, respety ando/p’ and%d are
M

N

normalized velocities®d % %. ) at the inlet and exit manifold channels, respetyi
Note the subscripts 1 and 2 are represented asnmaleifold channel and exit manifold
channel, respectively. Lastly, as a mass conservaktween the inlet and exit manifold
channels, the sum of the normalized velocitiesath bmanifold channels must be equal
to one, as shown in Eq. (27).

The main difference between this set of equatiosthose originally given in Arie et al
[106] is the additional inertia terms appearedhaslast term in the momentum Egs. (25)

- (26) wheren. andh. are pressure regain and loss coefficient. In additnlike for the
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case of laminar flow wheredQR+t depends only on aspect ratio between width and
height of the manifold channel, for turbulent flodQRt is a function of both aspect
ratio and flow rate in its respective manifold chah As the velocity in the inlet and exit
manifold channel are not the samédQR:g terms in the inlet and exit manifold
channels must be evaluated separatdl@R s is solved using Petukhov’s correlation

[159] for smooth turbulent flow, whefas given as:

"<

4 u 2YWGR V7 £V (28)

N¢

By combining Egs. (25) - (279{9’, can be expressed as:

LR - (29)
§/\Jx gnl
70 > 1s | PU4QRTs. 7%J 7 4QRts. Wv
Crs MZs % ' ’ T
7—9% 9 h.7h 7h,
Ts
where | . (I <« | 7 1.) is normalized pressure drop between inlet madifol

channel (surface 1) and exit manifold channel és@f2) as seen in Figure 38, which can
also be expressed in the form 4QR .. , friction factor times Reynolds number between

both manifold channel surfaces.
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Figure 38: Single manifold-microchannel model contol volume

Based on our previous investigation, as a firsteprapproximation for the range of
parameters in our study, there is a linear relahgmbetweerdQR .. and flow velocity
in the microchannePqy $n the form as:

4CF . Yov. X# (30)

where and# are two geometry dependent constants which amileéd from a CFD
simulation of single manifold-microchannel model bgiculation of4QR .. for two
different%.y values (see Ref [106] for further details). Eq)(8an then be expressed in
term of | . and%, &s:

%y. o >cy, | (31)

. 25,

J <
< > Yy TXH#
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where>cy is the microchannel flow length defined &8, Wrs X 1gcy. $&Nd

2cy. is hydraulic diameter of the microchannel defims® -y &%.N_ (Note: the
SN ¥IN

derivation of the geometrical variables are showhRigure 27)
By combining Egs. (23), (29), and (31), a new ocadyrdifferential equation that governs

the normalized velocity at inlet manifolé’ is calculated as:

§<97 80 §9: : L (32
§AJ<>9=@7 a X 9;57 9.9.Uu4dQF r5 « 79 7 4QF 15 .UV
5§07
X9; 25z %' he7 h 7 he
where:
' nYy. 25 33
9. o .CY' D> — . o (33)
’ Ts >cy, #
9 its > | (34)
< [ 0
T.s rTzT.s /-.
' 9. 35
9_ ° ‘O.T.S—p ( )
# cv.

The boundary condition of the differential equatisas follows:

ol A andy: - (36)

Note that ifh. andh. are set to zero (i.e. setting zero inertia teffa), (32) is reduced to
the form proposed by Arie et. al. [106] for the ead laminar flow in the manifold
channels. For the manifold-microchannel heat exgegrthe values dif. andh. are set

to 1 (for the case of short spacing between bras)chbich is appropriate for manifold-

microchannel where the spacing between each chanwelty short) and -0.8 (for large
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diameter ratios between manifold channel and miaonel), respectively, as mentioned

by Bajura [160]

The differential equation in Eq. (32) can be solvednerically using a Matlab toolbox.
Thereafter, the microchannel velocityg{ ) can be evaluated by inserting t%é
expression back to Eq. (23), and pressure at tle¢ manifold channel ( can be
calculated by inserting tH# and%g,. expressions back into Eq. (25). Lastly, the total
pressure drop ( gsg is calculated as the sum of the total pressuop dtong the inlet
manifold (. NI 7 N ) and the pressure drop at the last

microchannel ( ¢y ) as:

J
BS| X o N

The single manifold-microchannel simulations werk/ad using commercial CFD code
Fluent 14.5 and mesh generation software Gambi62¥here were two goals of this
modeling. The first was to determine the heat feansoefficient, which was calculated
by assuming the mass flow rate is uniformly distréal over all microchannels. The
second goal was to determine coefficieatand b given in Eq. (30). To do so, it is
necessary to calculate pressure drop 4@QR.. ) for two different microchannel
velocities @&y ) and determine those coefficients.

The computational domain and boundary conditiothefsingle manifold-microchannel
model are shown in Figure 39. The manifold channigt was set to mass flow rate
boundary condition and constant inlet temperafline. manifold channel outlet boundary
condition was set to a constant pressure. The @yrwbndition on the base was set to a
uniform constant temperature. To reduce the conmiput domain, only a half chapter

of the manifold was modeled, and symmetry boundandition was applied. Before the
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simulation was started, a grid independency studyg performed to find the minimum
computational element number that provides less th% error while limiting the
computational time. It was concluded that about,@30 computational elements could

be sufficient for this purpose.

Figure 39: Computational domain and boundary conditons: mass flow inlet and constant
temperature (1), constant pressure outlet (2), cotent surface temperature (3), symmetry plane (4),
and insulated wall surface for all other boundaries

5.3.3. Modified Hybrid Method Validation

In order to validate the pressure drop calculatisimg the modified hybrid method, five
complete single pass single manifold (SPSM) modetse created with 2,500,000
elements each and solved numerically using comede@FD software Fluent 14.5

(Figure 40 shows an example of one of the SPSM mpd&y using the modified hybrid
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method the number of element size can be reducedfagtor of 10, which significantly
reduces computational time. Pressure drop betwdehand outlet for each one of the
models was calculated for Reynolds numbers varyfimogn 1,000 to 8,000 to be
compared with the corresponding values calculateshguthe hybrid method and
modified hybrid method. The calculated pressurepsirasing all three methods are

compared in Figure 41 for one of the selected nwdel

Figure 40: SPSM model for full CFD simulation

Comparing the results shown in Figure 41, presdue calculated using the modified
hybrid method shows good agreement with pressuoe dalculated using full CFD
modeling of the SPSM model. In the laminar regimessure drops calculated using all
three methods are close to each other. This iausecat lowQR the pressure drop is
dominated by the friction force, causing the hybmdthod results to be close to the ones
obtained by the full CFD method. But &Rincreases, the inertia effect becomes
significant, which causing deviation in pressurepdcalculations. The modified hybrid

method, which takes into account the inertia effshbws better accuracy at laQR 3%
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similar trend is noted for the other four modelsork this study it was concluded that on
average, for the range QfRbetween 1,000 to 8,000, the accuracy of presstrp d
calculation can be improved from 20% to 5% by skitg from the hybrid method to the

modified hybrid method.

Figure 41: Full CFD modeling versus hybrid and modified hybrid methods

For further validation, the modified hybrid methathd hybrid method results were
compared with experimental data for the case ofntla@ifold-microchannel plate heat
exchanger as mentioned in [106]. The comparisort goshown in Figure 42.

Comparing the experimental data to the modifiedridyimethod results, on average there
is a 24% deviation between both results. Thisiggrovement compared to the hybrid
method, which yielded 31% deviation compared todkgerimental data. As mentioned
in [106], there are other factors such as impedastin microchannel fabrication and
non-uniform flow in all manifold channels that caause the deviation between the

numerical and experimental results. Consideringdhfactors, it can be concluded that



the modified hybrid method can improve pressurepdooediction for the manifold-

microchannel heat exchanger over the hybrid method.

Figure 42: Experimental vs. numerical

Since there is no analytical method in the litemtio evaluate the performance of the
polymer heat exchanger shown in Figure 28, the beahanger was simulated using a
CFD model of a single layer as shown in Figure E&. such purpose commercial CFD

software (Fluent 14.5) and a mesh generation cGdenpit 2.4.6) were used.
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5.5. Summary

In this chapter the numerical modeling to compute performances of both the
conventional and advance heat exchangers weresdsdun detailed. The conventional
heat exchanger performances were calculated usiranalytical correlation andNTU
method. For the manifold-microchannel heat exchan@evanced metallic), the
modified hybrid method was derived to evaluatesade performance, while the overall
heat exchanger capacity was evaluated using acotordlume method. Lastly, for the

polymer heat exchanger, CFD simulation was perfdrtoesvaluate its performance.



Chapter 6: Design Optimization and Selection

6.1. Introduction

In this chapter multi-objective optimization wagfpoemed for both the conventional and
advanced metallic heat exchangers (manifold-miaookl heat exchanger) to find
optimum designs that met all of the design requaets as listed in chapter 3.2. The first
purpose of this optimization was to compare thefgoerance of the manifold-
microchannel with conventional heat exchangers. 3ésond purpose was for design
down selection. An optimum design that met alllef tesign requirement was selected
and scaled down so that it could be fabricatedtastd in the lab. For the polymer heat
exchanger, a parametric study was performed tallcaéc a geometry that met all of the
performance requirements, and then similarly tHecsed design was scaled down for

fabrication and testing.

6.2. Optimization Method

6.2.1. Conventional Heat Exchanger Optimization

A combination of an -constrained and genetic algorithm was utilized tbe
conventional heat exchanger optimization. Theonstrained method is based on
converting a multi-objective problem into a singlejective constrained optimization
problem by setting all but one of the objectivescasstraints. The method has been
widely used, such as in [161-163]. The single dibjegproblems were then solved using
the genetic algorithm. The genetic algorithm is etarheuristic approach which adapts
the principle of natural evolution into the optimion process. The method is based on
crossover and mutation of the populations where snbperior offspring is kept. The

process is repeated for several generations umilthe most superior offspring is left on
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the population. The method was first developed diynJHolland in the 1970 [164], and
since then it has become one of the most widely wg#imization methods [12, 165-
168]. By running the optimization code multiple @smand updating the value of the
constraints after every iteration, the optimizedluson of the multi-objective

optimization can be obtained. For the optimizatmmocess, the performances of the

conventional heat exchanger were solved using #t@ad explained in chapter 5.2.

6.2.2. Manifold-microchannel Heat Exchanger Optimiation
Unlike conventional heat exchanger surfaces whieeeperformance can be evaluated
using available analytical correlations, the maddHmicrochannel heat exchanger
evaluation required solving the modified hybrid heat, which involved solving a CFD
simulation as previously explained in chapter 5.%@lving the CFD simulation can be
several orders of magnitude longer than the amalysiolution solver. As a result, in order
to cut computational times, approximation-assisogtimization was applied for the
optimization process. This method reduces the nurab€FD simulations by using a
metamodel derived from sampling results to prethet behavior of the system. The
method is divided into the following four main sé&g
1. Design of Experiment (DOEThe purpose of DOE is to obtain a limited number
of sampling data across the feasible domain fombe&model. The space filling
method developed by Aute et al. [169], which isdahen the maximum entropy
method, was used to select the initial samplinghggsorhe DOE was run for the
manifold-microchannel on the air side, and the waide, which consists of

rectangular channels, can be solved easily usingnaltytical solution. For each
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sampling point, the objective functions were diectalculated using the
modified hybrid method.

. Metamodel creationThe metamodel works as an approximation function
predict the response of the system at unobservedspaver the feasible domain
by using the known information at the sampling p®iabtained from the DOE
(observed points). The Kriging-based metamodel wlassen because of its
ability to solve non-linear problems that dependnaultiple variables. Kriging-
based metamodels have been widely used to apprtxianaystem behavior as
used in [12, 170-173]. Dace, a Kriging-based metightoolbox developed by
Lophaven et al. [174], was utilized for this purpds The number of required
CFD simulations can be significantly reduced by thge of metamodel
approximation. For example, 200,000 numbers afitswls (unobserved points)
can be provided by the metamodel based on jusDls@thpling points (observed
points). The metamodel was created to predict thenifold-microchannel
performance based on the sampling points solvedgutie modified hybrid
method.

. Multi-objective optimization The multi-objective optimization was performed
using the -constrained and genetic algorithm, the same methgdained in
chapter 6.2.1., by using the metamodel functionaasinput for the air-side
performances (manifold-microchannel), while the ewatide performances
(rectangular channels) were solved using analytalutions. The overall
performances of the heat exchanger were solvedyubi® methods explained

previously in chapter 5.3.1.
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4. Metamodel validationSince the metamodel is an approximation of theesys
behavior, the optimum points obtained must be aédid. This validation was
performed by calculating the actual air-side perfance of the optimum points
using the modified hybrid method. Then, the optimpamnts were recalculated
using the actual air-side performance rather thHam @ne predicted by the
metamodel. Thereafter, the Mean Absolute Error (NMA¥as calculated with
respect to optimum points calculated based on ithéigied air-side performance.
In the case of large MAE, the air-side metamoded vereated by including the
validation points as additional sampling points agpleating the steps 2-4 of the
process, from which a new set of optimum points wakulated. By adding
additional sampling points, the metamodel predictiecomes more accurate for
the next iteration. The process was repeated angilifficiently low MAE was
obtained. For this optimization, the MAE was taegketo be less than 3% for all
of the objective functions. This value is an adyrcriterion chosen because for
smaller target ranges the amount of required sapppoints will increase
significantly and the optimization process becoemsputationally expensive.

A flowchart summarizing the optimization methodolag reported in Figure 44.
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Figure 44: Optimization flow-chart

6.3. Metallic Heat Exchanger Design Optimization
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normalized with respect to temperature differenedvieen inlet water and air () so

that its results are independent of temperaturadhary conditions.

The heat exchanger material is stainless steat,iqa®ne of the most common material
for air-water heat exchanger. The geometrical & €onstraints for both conventional
and manifold-microchannel heat exchangers ardallist&able 11, while the performance
constraints are the same as those listed previonshable 7. Please refer to Figure 26
and Figure 27 for descriptions of each geometn@aiable of the conventional and
manifold-microchannel heat exchanger, respectivdfar the conventional heat
exchanger, the air-side geometry is fixed to thec@@mercially available surfaces as
shown previously in Table 8. On the other hand, thanifold-microchannel heat
exchanger geometrical constraints (both air andematdes) are adopted from the
manufacturing limits of direct metal laser sintgrifDMLS). For a fair comparison, the
same water-side constraints as the manifold mienoeél heat exchanger are applied for

the water-side conventional heat exchanger consstai

Out of all the geometrical constraints listed, sadte fin thicknessW ., and manifold
thickness W ) are the most important variables, as both diyeaffiect heat exchanger
mass. Both variables should be as small as possibheinimize heat exchanger mass.
However, manufacturing very thin fins can be chajiag. To study the effect of fin
thickness manufacturing constraints on heat exarapgrformance, three different fin
thickness limits are consideredty, $ 0.3 mm (based on the recommended limit for
safe manufacturingly/ ., $ 0.15 mm (based on the technological limit), &i¢log >
0.05 mm (based on future technology projection)te€hdifferent manifold thickness

limits are also consideretys > 0.5 mm (based on the recommended limit for safe
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manufacturing) Wy $© 2$based on the technological limit), aW¢gy, > 0.15 mm
(based on future technology projection). The martufing limits are adopted based on

information provided by one of the manufacturei@4jL

The optimizations were run for five different comaiions of microchannel fin thickness

and manifold thickness as shown in Table 12. Ca@édah-Mchn 3) is the baseline case
when both thickness are at the technological li@ése 1 and Case 2 (Man-Mchn 1 & 2),
are for the case when the microchannel fin thickre@smanifold thickness are less than
the technological limit to study the future techowl projection. Lastly, Case 4 and Case
5 (Man-Mchn 4 & 5), are for the case when the nghemnel fin thickness or manifold

thickness is higher than the technological limitstady the performance penalty if the

fins need to be made thicker for more robust martufang.

It should be noted that the manifold thickness ttnon is higher than that of fin
thickness. The reason for this is that the heidghithe manifold 61551 needs to be
larger than the microchannel heigbt(. )., ) to accommodate the larger flow rate. A fin
with a large aspect ratio between its height amncktiess is more difficult to build. As a

result, the manifold needs to be thicker than tierenhannel fins.

Lastly, as the modified hybrid method proposed apter 5.3. is working under the
assumption of uniform flow in all microchannels. dnstraint to limit the flow
maldistribution is needed. A fact@, defined as the ratio of the standard deviation of
mass flow rate among all the microchannels to tle@anmmmicrochannel mass flow rate
(Eq. (39)), was introduced to investigate the umifity of the mass flow rate over all of

the microchannels.
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From the definition of3, it was concluded that the higher its value, thmydr the

maldistribution. In order to minimize maldistribomi, 3 was constrained to be less than

0.3.
Table 11: Optimization constraints
| Conventional HX | Manifold-Microchannel HX
Air-Side
CFrs o 100-8,000
6 )o — 0.2-5 mm
e )0 V. )o — 1-5
C&. )-0 — 0.05-0.5 mm
Ts ” e — 0.4-6 mm
615 BSI — 1-10 mm
" — 50-1000
- Ts "(& — 0.1-0.9
V. yo — , (0.05, 0.15, 0.3) mm
615 (sBBST — 0.3mm
Mg — , (0.3,0.5,and 0.7) mm
6 (++ 0.3 mm
Water-Side
QFe)B+0 25-10,000
6cv. E)B+o 1-25 mm
CY. E)B+0 0.5-25 mm
V. E)B+o 0.2-5mm
>B51)-0 20-200 mm
>BSIE)B+0 0.2-12m
Table 12: Manifold-microchannel optimization cases
Symbol Microchannel fin thickness limit (mm) Manifold thickness limit (mm)
Man-Mchn 1 0.05 0.3
Man-Mchn 2 0.15 0.15
Man-Mchn 3 0.15 0.3
Man-Mchn 4 0.15 0.5
Man-Mchn 5 0.3 0.3
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6.3.2. Optimization Results - 12.2 MW Heat Exchange
The manifold-microchannel heat exchanger optimaratesults are shown in Figure 37
for all five cases as defined in Table 12. Eaclagadint corresponds to a certain heat
exchanger optimized design independent from neigh@opoints. As expected, the
results indicate that with increasing compactneshe heat exchanger (i.e. higher
), the required pumping power increases as wed. (i. reduces).
Comparison of the results for different microchdriire thicknesses (cases 1, 3, and 5)
clearly shows that the heat exchanger performangaproved significantly with thinner
fins, as thinner fins equal less mass, althoughnti fins reduce fin efficiency as well.
Reducing the microchannel fin thickness from 150 tam50 um can yield 20-40%
increase in for the same . But, increasing the thickness to 300 um
reduces by 40-60%. A similar trend is also observed fornif@d thickness
(cases 2, 3, and 5), for the same reason. Redtlenganifold thickness from 300 um to
150 pm increases by 10-30% for the same . However, increasing the
thickness to 500 um causes 10-30% reduction in . Currently, case 3 is the limit
of the design that can be built using current agelinanufacturing technology based on
DMLS technology. However, as additive manufacturieghnology is one of the fastest
growing technologies, it is expected that its manturing limitations will improve in the
near future. These projected manufacturing limitd allow for the manufacturing of

thinner fins, which will yield a significant perfimance improvement.
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Figure 45: Manifold-microchannels optimization restts: the effect of fin and manifold thicknesses

The optimization results for conventional heat exaers are shown in Figure 46 for all
surfaces. Comparing the optimizations results fbicenventional surfaces (Figure 46
(a)-(e)), the strip-fin-plate-fin surface (SFPFSgah exchanger shows the highest
performance, followed by the pin-fin-plate-fin-sace (PFPFS) heat exchanger, and then
by the wavy-fin-plate-fin-surface (WFPFS) heat exuiper. The louvered-plate-fin-
surface (LPFS) heat exchanger performance is sindathe plain-plate-fin-surface
(PPFS) heat exchanger in low . However, for higher , LPFS is superior.
The optimization results for conventional heat exaers results are directly compared
with manifold-microchannel case 3 results, which also shown in Figure 46 (a)-(e).
Comparing the performance of the manifold-microctednand conventional heat
exchanger, the manifold-microchannel outperformsiost all of the conventional
surfaces studied for the entire range of . Only the strip-fin case 6 (SFPF 6) has

performance close to the manifold-microchannel. ey, strip-fins are not the type of
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heat transfer surface used for power plant cooliffge most common type of surfaces
used for power plant cooling are plain surface aady-fin surface, all of which have

significantly lower performance than the manifolicrachannel.

(@)

(b)
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(d)
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Figure 46: Optimization results of manifold-microchannel HX versus conventional HXs: (a)
Louvered plate-fin surface HX, (b) Plain plate-finsurface HX, (c) Pin-fin plate-fin surface HX, (d)
Wavy-fin plate-fin surface HX, (e) Strip-fin plate-fin HX

In order to get a better picture of how much imgment the manifold-microchannel
yields with respect to the conventional heat exgeasy Table 13 compares all five
manifold-microchannel cases with the best surfaxse dor each conventional surface
type. The percent improvement is calculated basethe improvement in for
the case of (estimated based on a practical value for power plant
cooling HX from EPRI with =27.5C [1]). The table shows that the manifold-
microchannel outperformed conventional heat exchangalmost all cases. PFPFS and
SFPFS outperformed manifold-microchannel casesdbamwhich are cases in which the
manufacturing limit is set higher than the actuahitl All conventional air-side
geometries studied are inferior to manifold-micrachel case 3, in which the design is
based on the technological limit. Additionally, W can only outperform manifold-

microchannel case 5. This table clearly shows fibrapower plant cooling applications,
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air-water manifold-microchannel heat exchangerthbayl current additive manufacturing

technology limitation still outperforms other comé@nal heat exchangers. As additive
manufacturing is a fast growing technology, itxpected that a smaller fin and manifold
size can be built in the future which will yieldrfaer performance enhancement, as

shown by cases 1 and 2.

Table 13: Percent improvement of °+2 in manifold-microchannel HX compared to
conventional HXs for3'u 2 1 -,

Man-Mchn 1 Man-Mchn 2 Man-Mchn 3 Man-Mchn 4 | Man-Mchn 5
PPFS 156 122 95 58 17
LPFS 158 124 97 59 18
PFPFS 59 38 21 -2 -27
SFPFS 47 27 12 -10 -33
WFPES 109 81 59 29 -5

Man-Mchn 3 design at was selected as the manifold-microchannel heat
exchanger design to be scaled down, fabricatedeapdrimentally tested, as this design
met all the design requirements as specified inlelf'db and it yielded the highest
performance enhancement based on the current tegirad limit. For comparison
purposes, WFPFS 1's performance at was also selected as the baseline
design performance, as WFPFS 1’s air-side geonnetitye closest to the actual air-side

geometry for power plant cooling heat exchangemdississed in chapter 3.3.

The performance comparison of the down selectedfaldimicrochannel and baseline
(WFPFS 1) heat exchanger is shown in Table 14 heBmnparing the specifications for
the two designs, for the same capacity, (heat exchanger effectivenggs, and ,
the manifold-microchannel heat exchanger mas$ &nd volume R) is significantly
lower, 50% and 37% respectively, compared to thselbee design. As a result,
and gravimetric

substantial improvement in volumetric heat transfensity P
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heat transfer density is projected compared to the baseline wavy-finerev
though water-side pressure drop in manifold-miceoetel heat exchanger is significantly
higher than its corresponding value for the baselinat exchanger, the overall COP of
manifold-microchannel is slightly higher. This igedto the decrease in air-side pressure
drop. As air density is much lower than water,deerease in the air-side pressure drop is
enough to overcome the pumping power increase @uket increase in the water-side

pressure drop.

Table 14: Performance comparison for full-scale (12 MW) metallic heat exchangers

Manifold-microchannel Baseline (WFPFS 1)

heat exchanger heat exchanger % Variation
o [MW] 12.2 12.2 -
o 1 o [W/m] 54,59¢ 27,21 +101
o { ©° [WikgK] 42.¢ 26.7 +59
»YaY 182 171 -
»Yalns, 208 183 -
CAA 12% 73% -
L [m] 8.13 16.3 50
{ qkd] 1.04x1C* 1.6€x1C* .37
A-kAs [Pa] 12,33¢ 505( +144
~y, [Pal 104 121 14

6.3.3. Scaled Down Model

So that the optimized heat exchanger could bedatadl and tested, the heat exchanger
had to be scaled down. As a result, the optimizat bxchanger was scaled down to a 1
KW unit. For scaling down the 12.2 MW heat exchanget, the optimization was re-run
by fixing the air-side geometry as the optimum gebmn calculated for the 12.2 MW
unit. It should be noted that the primary focughia subscale 1 kW unit was to evaluate
the performance of the air-side of the metallictlee@hanger. For optimization purposes,
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unlike for the case of wavy-fin surface, the malafmicrochannel airflow length was
kept fixed (i.e. the air-side length of 1 kW uniasvrequired to be the same as its 12.2
MW unit counterpart). This constraint was enfor¢ednake sure geometrical similarity
between the full-scale and subscale heat exchamgexypreserved. This in turn allowed
us to use the 1 kW unit experimental results onsElisiumber AH) and friction factor
(4) for future re-evaluation of the full-scale heatleanger performance and savings. If
we had not imposed this restriction and allowedatinow length for the 1 kW unit to be
determined by optimization, then the flow distrilbatin the manifold channels of 1 kW
unit and 12.2 MW unit would have been completelffedent, and scaling up the
experimental results would be challenging. This wast an issue for the baseline heat
exchanger because as long as the airflow is fullyetbped in wavy channels, the
Colburn j-factor and friction factor experimentatd are independent from the airflow

length.

In total there were three variables that were adldwo vary for the optimization of the 1
kW unit: air-side Reynolds numbef&-,), water-side Reynolds numbek&s.zx:), and
water-side flow length4a.z43). The upper and lower limit constraints for thesgiables
were the same as those listed in Table 11. Forehigixperimental measurement
accuracy, it was desired that the air-side themesbtance of the 1 kW unit dominate the
water-side. As a result, the strip-fin s110-196hfrKays and London’s database [5] was
used for the water-side of the 1 kW design, a®utd deliver lower thermal resistance
compared to the rectangular channel used in thH2z IRV design. Moreover, so that the
air-side thermal resistance was much more domiteamt the water-side, the water flow

rate to heat capacity rati@ g9 gsp) Was increased 5 times with respect to the full
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scale case, and an additional constraint was atitdénhit the ratio between the water-

side and air-side thermal resistancé%@) to less than 0.1. As the heat transfer
Ell

performance was dominated by the air-side and th&® no water-side geometrical
similarity between the full scale and subscaleqjrie air-sideYs¥A8as more of interest
than the overab¥s%2 As a resultp¥s¥constraints for the 1kW unit were calculated based
on air-side»¥s¥zLastly, for easier additive manufacturing and aareflow distribution,

it was also desired that the air-side cross seali@mea (Calculated asgyp.o $t

>gs s ) be a square. As a result, another constraintaslded so that no flow length
(>s'rse ) was equal to the water-side flow lengthg.o). The operating conditions

and performance constraints for the 1 kW heat exghiaare shown below:

Table 15: Operating conditions and performance congaints for 1 kW heat exchanger

Parameter Value
o [kW] 1kw
{ 5 [Ka/s] 0.0498
{ ARy [KO/s] 0.239
%y [°C] 40
® o peiity [Cl 67.5 -
»YY, [-] >183  »Yiksiipp Ro-ed O€0 [,
3 [Pa] <200
A-Aky [KPa] <100
Apany <0.1
Ay,
>S” ISE  ~E)B+0
Ay .00  Ary.< o (Only for manifold-microchannel heat exchanger)
Material: Stainless steel

Besides being used to determid and4 factor for scaling up the 12.2 MW unit, the
scaled down 1 kW HX can be considered as a stamelddeat exchanger, which can have
many applications in other fields including HVACnda electronics cooling. For this

reason, we have compared the 1 kW baseline andheeidananifold-microchannel units
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performances’. The baseline was scaled down byyagpthe same constraints as listed
in Table 15. The results are shown in Table 16WweComparing the results for the two
units, the manifold-microchannel has significaridwer mass and volume compared to
the wavy-fin for the same or higher capacity, dffemess, and air-sid€/a¥4A»%a%;,):
56% and 49% reduction in mass and volume, resmgilAs a result, noteworthy
improvements in heat transfer density?( ) and gravimetric heat transfer density
( ) are possible compared to the wavy-filowever, compared to the baseline
wavy-fin unit, there was a drastic increase in watde-pressure drop of the manifold-
microchannel unit. This is because, for the samémsde flow rate, there was a
substantial reduction in water-side cross-sectiongta (Calculated asgsg).ot
>gsp .srse ) IN the manifold-microchannel heat exchanger ucisipared to the wavy-
fin units (3.18dr vs. 9.67drf). In addition, the manifold-microchannel heat exober’s
water-side flow length is also longer, which alsmtributes to higher water-side pressure
drop. As thes¥sYconstraint is calculated based on the air$&éde/a design with higher

water-side pressure drop still could be selecteddiynization process.

Table 16: Performance comparison for 1 kW metallilheat exchangers

Manifold- Baseline
microchannel (Wavy-fin) % Variation
o [kW] 1 1 -
e 1 0 [WmK] 79051 34500 +129%
o« { ©° [WrlkgK] 58.7 29.7 +98%
»YaY 116 177.6 -
»Yals, 203.3 182.9 -
&Iz 74.3% 72.6% -
Arz %y ipai [M] 0.146 0.111 -
Axg Aciiz{M] 0.142 0.109 -
Arg ey, [M] 0.0219 0.0871 -
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The geometry for the 1 kW manifold-microchannelsigown in Figure 47. The heat
exchanger is 14.6 cm long on the water-side, 2i@3ong on the air-side and 14.2 cm in
no flow direction. Detailed dimensions of the fiasd manifolds are shown in Figure
47(b). Similarly, the geometry for the 1 kW wavwyfis shown in Figure 48. This heat
exchanger is 10.9 cm long on the water side, 8i7lonig on the air side and 11.2 cm in

no flow direction. Detailed dimensions of the fanrg shown in Figure 48(b).
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Figure 47: CAD drawings of the optimized manifold-nmicrochannel heat exchanger (all dimensions
are in mm)



Figure 48: CAD drawings of the baseline heat exchger (all dimensions are in mm)

6.4. Polymer Heat Exchanger Design Optimization
6.41. &' ()

The conceptual design was first constructed basedMahigan Tech University's
polymer fabrication experience and the process fMaaturing constraints. Welding
patterns for the polymer sheets are shown in Fig@revhere B.1 is the welding pattern
that forms the water channels and B.2 is the wgl@iattern that forms the air channels.
In order to make the heat exchanger as compactoasilye, the water channel
dimensions were based on the smallest channekisatecould be fabricated using laser
welding technique. In addition, in order to incredeat exchanger effectiveness, a multi
pass system was employed where water is forcee-émter the heat exchanger multiple

times, as shown in Figure 49.



Figure 49: Welding pattern for polymer HX

In order to meet the specifications listed in Tableor the 12.2 MW unit, a parametric
study was performed by varying the mass flow rateach layer, spacing between the
layers, and number of passes to find a designntieatall of the specifications. A design
that met all the performance requirements was @#eevhich was then compared to the
optimized 12.2 MW metallic baseline heat exchanfper the same capacity, COP,
effectiveness, and mass flow, rate as shown ineTablbelow. From comparison of the
two designs, it can be concluded that polymer bgahangers drastically reduce the heat
exchanger mass (87%) in spite of increasing thamelby 14% when compared to the
metallic heat exchanger. Moreover, a significampiovement on the gravimetric energy
density of the polymer heat exchanger over metallavy-fin heat exchanger can be

achieved at the expense of a reduction in volumbgat transfer density.
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Table 17: Performance comparison for 12.2 MW polymeheat exchanger

Polymer heat exchange Baseline (Wavy-fin) % Variation

High density

Material Polyethylene Stainless Steel N/A

* [MW] 12.2 12.2 ]

« 1 o [W/mK] 23866 2721 12%
« { ° [WikgK] 208 26.7 +680%

»YaY 170 171 ]

CAA 73.4% 73% ]
L [m’] 18.59 16.2 +14%

{ dkg] 2.14x10 1.66x10 87%
Akiy [Pa] 1632 505( -68%

-y [Pa] 130 121 +9%

6.4.2. Scaled Down Model

Like the case of the metallic heat exchanger, thignper heat exchanger also needed to
be scaled down. A scaled down 1kW unit was caledldty keeping the geometry the
same as that of the 12.2 MW unit and adjustingtlss flow rate and number of passes
to match the specification of the 1 kW unit aselistn Table 15. The 1 kW polymer heat
exchanger results are shown in Table 18 and compeite the optimized 1 kW metallic
wavy-fin heat exchanger evaluated at the same flmaggate. Comparing both designs,
a weight saving of 86% was possible for the polymeat exchanger, while its volume
increased by 47%. There was a slight reduction hendir-side»¥2compared to the
wavy-fin unit due to a slight increase in the agtespressure drop. However, the capacity
and effectiveness of the polymer heat exchangeralgsslightly higher than the wavy-
fin unit. A design adjustment can be performednicrease the air-sid€/%dby reducing

the capacity and effectiveness to the desiredsevel
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Table 18: Performance comparison for 1 kW polymer kat exchanger

Polymer heat exchange Baseline (Wavy-fin) % Variation

High density
Material Polyethylene Stainless Steel N/A
* [kW] 1.04 1 ]
o 1 0o [WmK] 24150 34500 -30%
e« { ° [W/kgK] 218 29.7 +634%
U [W/mK] 68.8 403 -83%
»Y4l 105 177.6 -
»iy, 172 183 -
CAA 77% 72.58% -
ARz % @i M] 0.0952 0.111 -
Aig AaisM] 0.25 0.109 -
Aig ey, [M] 0.0658 0.0871 -
Uy E 34 9 -
1 [dm3] 1.54 1.05 +47%
{ qka] 0.174 1.22 -86%
A-AAsy [Pa] 16,214 681 +2381%
-, [Pa] 134 118.3 +15%

The CAD drawings for the 1 kW polymer heat exchangaet, including its dimensions,
are shown in Figure 50. Figure 50 (a) and (b) sHmwtop and bottom view of a single
heat exchanger layer, including the water andaairftiirections. Water enters the heat
exchanger from the side and then the flow passesigh the heat exchanger four times
(four passes) as shown in Figure 50 (b). For eads,pheat is extracted from the water
into the air, which flows perpendicular to the wat#ow, creating a cross-flow
configuration as shown in the figure. In total 24/drs were needed to achieve 1 kW
performance. The size of the full model geometrg ®& cm on the water-side, 6.58 cm
on the air-side, and 9.52 cm height as shown iur€i0 (c). The water channel is
positioned in a staggered configuration from oneiddo another as shown in Figure 50
(d).
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Figure 50: CAD drawings of the 1 kW polymer heat eghanger (a) Single layer top view, (b) Single
layer bottom view, (c) Full model geometry, (d) stggered flow configuration (all dimensions are in
mm)



6.5. Summary

In summary, in this chapter multi-objective optiatibn was performed to compared the
performance of the manifold-microchannel and cotiveal heat exchangers. The results
show that the manifold-microchannel performance wamificantly superior to the
conventional heat exchangers like wavy fin, louddrs, plain plate fin, pin fin, and strip
fin. Compared to the baseline, significant mass aoldme reduction was noted for
manifold-microchannel heat exchanger (37% and 56%pectively). The optimization
results also show that if the fin thickness candskiced from 150m to 50 m, an even
larger mass reduction is possible. For the cagskeopolymer heat exchanger, more than
80% reduction in mass is possible compared to disellme at the price of slight increase
in volume (14%). Lastly, the advanced metallic @aotymer heat exchangers were scaled

down for fabrication and experimental testing.
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Chapter 7: Performance Characterization of Advanced
Metallic Heat Exchanger

7.1. Introduction

This chapter discusses the performance charadienizaf the coupon manifold-
microchannel heat exchangers (advanced metalli®.cbupon heat exchanger geometry
was based on the scaled down design proposed iptech® with some design
adjustments based on suggestions from the supplfeer fabrication, the fabricated
coupon heat exchangers were analyzed to evaluatéabrication quality. Thereafter,
experimental work was performed to evaluate thd Bgehanger’'s performances. The
experimental results were then compared with theerical results and conventional
heat exchanger’s performance. Lastly, the heatamgdr was scaled up to 12.2 MW for

comparison with the baseline.

7.2. Heat Exchanger Geometry and Fabrication

7.2.1. Heat Exchanger Geometry and Performance

Based on suggestion from the supplier, a few desigdifications are needed. First, in
order to be able to use the high precision printimachine, the 1 kW heat exchanger
previously proposed need to be scaled down eveaheiuto 150 W. The 150 W heat

exchanger was a portion of the 1 kW manifold-mit@mel heat exchanger proposed in
chapter 6.3.3. The sizing process is based on ghengtion that the heat exchanger
capacity is proportional with volume. As a resulie 150 W heat exchanger was a
portion of the 1 kW heat exchanger (with approxighatl/7 in volume) as shown in

Figure 51. This assumption can be justified aswhter temperature is only varied by 1

°C for the 1 kW unit. The CAD drawing of the heatleanger is shown in Figure 52
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while the geometrical variables of both the air avater sides are shown in Table 19.
The size of the air-water heat exchanger is 24.9x.3 mm x 61.7 mm. In order to
achieve the 150 W performance, the same massdlapplied in both the air and water

sides as the one proposed for the 1 kW unit.

Figure 51: Scaling down of 150 W heat exchanger (linit in mm)

(@)



(b)

(©)
Figure 52: Heat exchanger geometry: (a) full-view(b) cross-section view, (c) top view (all dimensian
in mm)



Table 19: Geometrical and flow variables for the 16 W HXs

Air-Side

6(@ )-0 1.2 mm
V. o 0.15 mm
e, )0 0.27 mm
Ts " C& 4.24 mm
- 2.45 mm

61s (sBBST 0.3mm
6T.S BS] 5.43 mm

M 0.3 mm

" 39

6()*_,_ 0.3 mm

0 6.23g/nfs
Water-Side

6(@ E)B+0 1.14 mm

(€. E)B+0 2.4 mm
V.. B)B+o 0.318 mm
E)B+0 100g/nfs

Overall

>B51)-0 24.78 mm
>Bs/E)B+0 44,3 mm
>5 rSE 61.74 mm
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For the second modification, the air-side fins badinclined at a 45angle as shown in
Figure 53 and Figure 52(b). As a general rule,tprin of a layer which is not supported
by the lower layer can lead to overhang issue.dnegal DMLS method has a small
allowance for unsupported overhangs. One way tocowee this issue is to adopt self-
supporting structures with inclined angles’ 45 higher [175]. In our design in order to
avoid unsupported air-side fin strcture, these fiesd to be inclined 45For the third
modification, in order to ease the pressure drapd jarovide better control of flow
maldistribution, the manifold design was modifiedm a straight manifold to a tapered
manifold as shown in Figure 52(c). The manifold+ula flow area now varied with
respect to the amount of flow in the channel. Timsans that for supply manifold

channels, as more flow was diverted into microclketalong the air flow length, the



cross section area of manifold channel was redusedeen in Figure 52(c), at the inlet
of the manifold channel, the cross sectional arasa tive largest where the mass flow rate
was the highest, while as the manifold cross seatiarea tapers, gradually more fluid
passes through the microchannels where the actaalttansfer takes place. For the exit
manifold the opposite process happens, in whiclctbss sectional area of the manifold
channel gradually increases as more flow exitsrttoeochannels and flow rate increases.

For the last modification, in order to avoid overbgaissue during the fabrication, the

strip-fin was replaced with plain plate fin.



Figure 53: Vertical fin and inclined fin

In order to study the effect of the incline fin aiaghered manifold on the heat exchanger
performance, three single pass single manifold nso@&PSM), which each consisted of
inlet manifold channel, exit manifold channel, fimmd microchannels, were created for
CFD simulation of the air-side performance withlimed fin and/or tapered manifold as
shown in Figure 54. The first model simulated aecakinclined fin with flow direction
on the direction of the fins (Case 1 Figure 54(A¥.this case was intended to study the
effect of incline fin, a straight manifold was usddhe second model was to simulate a
case of inclined fin with flow direction againstethdirection of the Figure 54(Db)).
Similarly, a straight manifold was used for the®®t case. The third model combined
the inclined fin and tapered manifold as shown iguFe 54 (Case 3(c)). For the flow
direction, flow against the direction of the fin svaelected. To calculate the overall
performance of the heat exchanger, the same cordhaine method explained in chapter
5.3.1 was employed. The air-side performances weestuated by using SPSM CFD

simulation rather than the modified hybrid method.



@)

(b)

130



Figure 54: Inclined fin and tapered manifold simulaion cases: (a) Case 1 — inclined fin & straight
manifold with flow on the direction of the fins (b) Case 2 — inclined fin & straight manifold with flow
against the direction of the fins (c) Case 3 — incked fin & tapered manifold with flow against the
direction of the fins

The simulation results of all three cases are showiiable 20 compared with the
performance of the original design of vertical &ind straight manifold. Comparing the
heat transfer performance, a reduction in heat angér capacity () is noted for the
inclined fin design (cases 1 and 2) compared toathginal design. This is because,
unlike the case of the vertical fin where the pragd fin thicknessW 10sa+cs+s) IS equal
to the actual fin thicknes$/\( ), for the case of inclined fin the projected fmckness
was always higher than the actual fin thicknessshasvn in Figure 53. As a result, for
the same actual fin thickness and flow length,rtheber of fins per inch for the incline
fin design as always lower than the case of vdrfina This caused a reduction in the
heat transfer area, which in turn reduced the le@ahanger capacity. For the same
reason, the air-side pressure drop performanceasdésc1l and 2 with vertical fin and

straight manifold case was higher than the origo@ale with vertical fin design. As the

131



number of fins per inch decreases, for the san® toass flow rate and total air-side
length, the amount of flow that goes to each micaomel will increase, which in turn

increases the pressure drop.

Comparing the performance of case 1 and case B ikeno significant difference

between both cases. The only noticeable differéndkat case 2 yields 5% higher heat
transfer capacity than case 1. Comparing the effieitte tapered manifold (case 3) to the
straight manifold in case 2 (Both case 2 and 3theesame inclined fin configuration),

only minor pressure drop reduction was noticed (6Ph)s is because this geometry does
not produce high flow maldistribution, as the getm®&as optimized by setting an upper
limit constraint on flow maldistribution. Lastlgs most of the heat transfer occurred on
the microchannels, the heat transfer performance also not affected by the tapered

manifold design as shown in the table.

Table 20: Performance comparison of the inclined fi and tapered manifold

& ‘ (
) ( o =l (. * # L -((#
[+, [++, [++,
e 1 0 [++, 10, 10,
« { O© /0, [#, I#,
CAA {+, {++, {++,
>BSI)-0 / / /
P #, #, I#,
g 10, 10, /0,
AsAAY 1, 1, 1,
-y, #1, H#Ht, .,

Although the numerical method previously developeahapter 5 was for the case of
vertical fins and straight manifold design, the hoet can still be applied to inclined fin

and tapered manifold designs with high accura@/number of conditions are met. The
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first condition is that the flow maldistribution@lld be low. As the main function of the
tapered manifold is to reduce flow maldistributidar cases where maldistribution is
already low, the tapered manifold will not sign#rdly affect the performance. This is
the case for the proposed geometry, as previousigussed. The second condition
requires that the microchannel hydraulic diamédtew length, and heat transfer area for
both the vertical and inclined fins not be sigrafhtlly different. To achive that the
microchannel geometrical parameters, including tite{§cy ), width ( ¢y ), and fin
thickness \V ) for both vertical and inclined fins, need to tedided as shown in Figure
53 for both the vertical and inclined fins. Consexily, the microchannel pressure drop
and heat transfer performance calculation baseth@rybrid method can still be valid
using vertical fin models. In order to prove theowad assumptions, the performance
comparison of the hybrid method to the full CFD ralodf case 3 is shown in Table 21.
Both heat conductance and pressure drop calculsied the hybrid method were only
8% and 5% different, respectively, compared torteguivalent values calculated based
on full CFD simulation.

Table 21: Performance comparison — hybrid method foinclined fin and tapered manifold

@, -((#

(kW] 0.126 0.135 7%

o} -9, 578 628 8%
e 1 ° [WmK] 66.6 714 7%
« { ° [WikgK] 43.2 46.3 7%
éaa [%0] 70.9 74 4%

P [dm] 0.069 0.069 0%

(k] 0.106 0.106 0%

A-AAy [Pa] 802 802 0%
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7.2.2. Fabricated Heat Exchanger Evaluation

For evaluation of the fabrication quality and refpbdity, seven small coupons were
fabricated from different material as shown in Feg65. Three coupons were fabricated
out of titanium alloy (Ti64), two coupons were falated out of stainless steel (SS17-4),
and one coupon was fabricated out of aluminum (Alslg) and Inconel 718. The
microscopic view of the coupons were shown in Fegb6. Analyzing the fins and
microchannel quality, some of the channels werdighgr obstructed especially for the
case of Inconel 718. The fin thickness and micraokawidth for all seven coupons and
the requested dimensions were compared in Tabl&22t of the fins were fabricated
close to 300m thickness compared to requested thickness of 5T itanium alloy
coupons show the best fabrication quality althowgth poor repeatability. This analysis
show that significant fabrication inaccuracy waseed in all of the coupons and HXs

which may affecting the heat exchanger performances

Figure 55: Coupons heat exchangers for fin evaluains
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@) (b)

(c) (d)

(e) ()
Figure 56: Microscopic view of the fins and microchnnels of the coupons (a) Ti64 — C1 (b) Ti64 — C3
(c) SS-17-4 — C4 (d) SS-17-4 — C5 (e) AlISilOMg — @pInconel 718 — C7
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Table 22: Coupons heat exchanger fin dimensions

cy. [ M] V. [ m]
Requested 270 150
Ti64 — C1 150 260
Ti64 — C2 80 340
Ti64 — C3 130 290
SS-17-4 — C4 120 300
SS-17-4 - C5 110 310
AlSilOMg-C6 | 90 | 330
Inconel 718 —C7* | 130 | 290

* Not taking into account the clogged channel

The 150W heat exchanger was built out of threeedbfit materials: titanium alloy

(Tie4), stainless steel (SS17-4), and aluminum (X081g). Stainless steel is one of the
most common materials for air-water heat exchang@rs the other hand, although
aluminum is not often used for air-water heat exgea due to its reaction with water,
aluminum is often used for other air-based heahamnger applications like air-to-air heat
exchangers. As the main focus of this project aaioside enhancement, it is also in our
interest to study aluminum-based heat exchangaslyl, the main reason for the use of
titanium alloy as one possible material for metalieat exchanger fabrication was
because titanium alloy is lighter than stainles®ls{60% in density), and it also has
better material strength than stainless steel. dditian, titanium is one of the most

abundant materials on earth next to aluminum, iama, magnesium.

In total five heat exchangers were successfullyi¢éabed from three different materials:
two from titanium alloy, two from stainless steahd one from aluminum, using the

direct metal laser sintering (DMLS) technique asvahin Figure 57.
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€Y (b) (c)

Figure 57: Fabricated test coupons core (a) Titanim alloy (b) Stainless steel (c) Aluminum

In order to assess the fabrication quality, theralVelimensions Xgsg ).0 >gsg g)s+o and
>gs s ) and mass () of all prototypes were measured and compared thétoriginal
design dimensions and expected mass. Table 23 stumes#he percentage of deviation
between actual fabricated and design dimensionkeoheat exchangers. Comparing the
overall dimensions, a good agreement is seen batiteefabricated and original design
dimensions for all heat exchangers. However, imsepf mass, there is a significant
deviation between the expected and fabricated dveztangers for the case of stainless
steel and aluminum alloy prototypes. The deviatromass could be due to fabrication

inaccuracy in some of the variables as previousons.

Table 23: % Variation of the requested and fabricaeéd dimensions of the test coupon HX

Ti64 -1 Ti64 - 2 SS17-4-1| SS17-4-2  AlSi10Mg

>BS|)-0
>BSIE)B+0

>s" rSE
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In order to assess the quality of the fabricatedrochannels and fins, the Ti64-2 heat
exchanger was cut in the middle using wire EDM teghe. Since cutting the heat
exchanger will damage the test section, it wasaftdr the experimental testing was
finalized. The microscopic view of the fins and michannels is shown in Figure 58. The
fin thickness was measured at 23540, while its microchannel width was measured at
185+30 m, as compared to the requested fin thickness damchannel width of 150
m and 270 m, respectively. In addition, partial obstructioasnalso noticed in some of
the channels which blocked about half the charaseshown in Figure 58. Lastly, it was
also noticed that there was geometrical non-unifigram both microchannels and fin
sizes in all of the channels. Up to 20% deviatimnTt average values was noticed for
both variables. These fabrication inaccuracies rave surprising by noting that the
technology is still in its infancy stage and regsirfurther effort to overcome

technological challenges, especially in areas ofgss precision and consistency.

Re-calculating the mass of the heat exchanger asedy ), al$ andW,,

aj , the percentage of deviation between the fabricatel anticipated masses can be
reduced to only 1.5% as oppose to 9.1% calculateskd o ¢y )o °*1$ and

W o I as previously reported. This confirms that the seawf the mass

deviation as previously reported is due to thec¢naacy in the fabrication.
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Figure 58: Microscopic view of the fins and microchnnels of Ti64-2

The assembly test sections for the titanium anidlsts-steel heat exchangers are shown
in Figure 59. Water and air headers were addelistdbute the water and air flow to the

HX cores. Both headers were manufactured by 3-Btipg using nylon.

(a) (b)

Figure 59: Assembly test section (a) Titanium alloyb) Stainless steel

7.3. Experimental Setup

A schematic diagram of the experimental test setughown in Figure 60. The air-side

flow path consisted of an open loop with a blowedtive the air flow. To control the



air-side mass flow rate, a Variable Speed Contrd\ésC) was used to control the
amount of voltage supplied to the blower. A heathexger was used on the air side to
control the air temperature before it entered #sé $ection. On the other hand, the water-
side flow path consisted of a closed loop with dlehto drive and control the water
temperature. On both sides, flow meters, diffeedngpressure transducers, and
thermocouples were used to measure the mass fteywmassure drop, and temperature,
respectively. Due to the low temperature differencé¢he inlet and outlet of the water
side (<1°C), a differential thermopile was utilized to measuhe change in water
temperature. The reading data was collected usim@ta acquisition (DAQ) system
connected to a computer. The assembled experifrtestasetup is shown in Figure 61

with the test section shown attached at the ertdeodir flow path.

Figure 60: Schematic diagram of the experimental & setup
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Figure 61: Assembled experimental test setup

7.4. Experimental Method and Data Reduction

The experiments were performed for the conditidmsws in Table 6. The water-side
inlet temperature (. gys+o) Was set at 32.8C. In order to achieve a larger temperature
difference between inlet air and water temperatilve air-side inlet temperature. (.o )
was set at 8C. The experiment was performed twice: first byyirag the water-side flow
rate while keeping the air-side flow rate constamtl second by keeping the water-side
flow rate constant while varying the air-side floate. The purpose of the water-side
flow variation was to obtain a Wilson plot to evalle water-side convective thermal
resistance Qcs | g)s+0 ) FOr this purpose the water-side volumetric floate PE)B+O)
was varied from 0.025 L/s to 0.2 L/s while the sitte volumetric flow rateR)?o) was

kept constant at 5.9 L/s. On the other hand, wireside volumetric flow rate was varied



from 1.89 L/s to 18.9 L/s, the water-side flow ratas kept constant at 0.1 L/s. At each
flow rate variation, air-side inlet temperature (o ), air-side exit temperaturedyg .o),
water-side inlet temperature. (g)s+o ), Water-side temperature difference gyg.), air-
side pressure drop () ), water-side pressure drop )s+o), and air-side and water-

side mass flow rat€?(.o and? gyg.o) were measured and recorded.

Table 6: Experimental conditions

Temperature Boundary Condition

- )0 5°C

. E)B+0 32.5C
Varying Air-side

Peyg+o

R.o

Varying Water-side

Peyg+o

R.o

In order to evaluate the heat exchanger performameat exchanger capacity)( air-
side base conductancé (, ), air-side heat transfer coefficient,( ), overall heat

transfer coefficient@), and heat exchanger effectivengss { had to be evaluated.

First, the heat exchanger capacity was calculatedth the air- and water- sides as
shown in Egs. (39) - (40) below. The energy baldreteveen both sides was found to be
within 1-18% of each other. For consecutive caltoes, the heat exchanger capacity
( ) was evaluated as the average of air-sidg | and water side (g)g+o) capacity as

shown in Eq. (41).

)-0 }0 1)-0 Sup-0 7 - )o (39)
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E)B+0 E)B+0 1E)B+0 - E)B+0 ! SUEE)B+0 (40)
o X E)B+0 (41)

Next, the water-side wall conductantegg., ) can be evaluated as:

' B)B+o (42)
! P
o O*+ Ces.L E)B+0 X Q()*+ X QC)r E)B+0
(43)
Coyr E)B+0
E)B+0 1 E)B+0
Qo+ 60*; (44)

. *Sr-sl O*+

where Q) g+0 and Q)+ are water side caloric and conductive base thermal
resistances, respectively aQds | gyg+0 IS the water-side convective thermal resistance
calculated using Wilson plot @' (Overall heat transfer area times area) q@fmo

whered a as described in Ref. [176].

In chapter 5.3.1, a method to relate the capadity cross flow manifold-microchannel
heat exchanger () with air-side and water-side base conductanggo($'$! g0 ),
mass flow rate ., $$?gp+ ), and inlet temperature (o $$. g0 ) Was
described. Using the same method, air-side basductemce can be back calculated
using the known water-side base conductance, hedtarger capacity, air-side and

water-side mass flow rate and inlet temperature.

After calculating the air-side base conductance aiih-side heat transfer coefficient can

then be calculated. The air-side base conductaatée derived as:

! (45)

- -O 1
2 o+ Qcsiyo X G+ X Coyry-o
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(46)

Coyr)-
C)r )-0 10 1)0
47
Qestyo T . *7)
oKz yo0 /)0
) 48
k/z )-0 7T — )OU 7k’_. y-o vV ( )
/ )-0
W U@J)-o 6cy. y-o vV (49)
K. o
U@ 6¢cy. yo v
— (50)
¢ gt
- *Sr-s V-. )-0

whereQcs )0 IS air-side convection resistancg;y .o is air-side caloric resistance,
' /)0 Is air-side heat transfer area, ), is air-side fins are&;; ), is air-side overall
surface efficiency, ankl_ )., is air-side fin efficiency. By using Egs. (45)50), the
air side heat transfer coefficient ( ) was calculated using the previously calculated ai

side base conductance, air-side mass flow rateamsside geometry.
The overall heat transfer coefficiel@)(then can be calculated as:

G (51)

"o+ Qesiyo X aGyw+ X CQesipys+o

whereQ:s, ).o $s air-side convective thermal resistance as dasdrin Eq. (6)It should
be noted that theverall heat transfer coefficient calculated herbased on the base heat

transfer area.

Lastly the heat exchanger effectivengss J can be evaluated as:
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(52)

jiz
{I EB+w0o )yo U.gB+o 7 -yoV

?

where g0 ? E)B+0 1E)B+0: )-0 0 1)0 $

For repeatability analysis, the experiments weretwice for each heat exchanger. The
heat transfer and pressure drop performances weaitaated to be within 5% for both

runs.

7.5. Uncertainty Analysis

Uncertainty propagation analysis was performedatioutate the inaccuracy in the heat
exchanger performance (! ( G j;z ) due to inaccuracy in the measurements. A
list of measurement equipment is shown in TableK their corresponding accuracies.
Based on the method explained in NIST TechnicaleNd#97 [177], the uncertainty of
calculated quantity (G;) which is a function of . ,$[<, ... ,$[ with uncertainty of

Gzy &, G, can be calculated as:

(53)

7

I S
Gy ge 0,—pGZM

el .

Using this method the uncertainties for all heathexiger performance parameters
(' (G j;z ) were calculated, and the error bars are incluitkedhe results

presented in the next sections.
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Table 24: List of measurement equipment and their ecuracy

Equipment Function Equipment Name Accuracy
Air-side flow rate Fischer Porter F Rotameter é é
(Model#: 10A4557SS)
Water-side flow rate Endress Hauser PromassF é é
(Model#: 82Fit331582)
Temperature T type thermocouple g¢ S
Air-side pressure drop Setra pressure transducer 0.14% FS of 5 inch
(Model#: 239) H20

(For < 1kPa)
0.14% FS of 50 inch
H20
(For > 1kPa)
Water-side pressure  Validyne P55 general purpose  0.25% FS of 35kPa
drop pressure transducer
(Model#: P55D 4-N-1-36-S-4-S)

7.6. Experimental Results

7.6.1. Heat Transfer Performance

The heat transfer performances of all five heahargers are shown in Figure 62 for the
case of varying air-side flow rate while keeping thater flow rate of 0.1 L/s. The results
are plotted as a function of air-side flow rate delynolds numberR, ), which is
calculated as [5]:

25,4 (54)
1o

Qh.o

5 6cv. )0 ov. )o (55)

6cy.)0 X cv.)o

Where5 is mass flux on the microchannels d&h, )., and ¢y )o are microchannel

height and width as defined in Table 19.
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The heat transfer performances of the heat exchsuhgdt from the same material (Ti64
— 1 with Ti64 — 2 and SS17-4 — 1with SS17-4 — 2)eneompared. As shown in Figure
62, the performance of both Ti64 heat exchangexsvary close to each other (within
10%). On the other hand, the performance devidbetveen both stainless steel heat

exchangers is much higher.

The capacity of the coupon heat exchangers is shown in Figuze(& for
temperature difference between inlet air and wafe27.5°C. The graph shows heat
exchanger capacity up to 200 W, 300 W, and 400 &Vpassible for Ti64, SS17-4, and
AISi10Mg heat exchangers, respectively. Figure lB2shows that overall heat transfer
coefficients G) of 75-1100 W/rfik, 100-1700 W/rfiK, and 100-3000 W/AK were
reported for Ti64, SS17-4, and AlISi1l0OMg heat exgjeas, respectively. Heat exchanger
effectiveness j(z ) up to 92%, 95%, and 99% was observed for Ti64175§ and
AISi10Mg heat exchangers, respectively, as showkigare 62 (c). Air-side heat transfer
coefficient (.o ) and base conductande {, ) results were shown in Figure 62 (d) and
(e). Air-side heat transfer coefficient in the rangf 100-450 W/ifK, 100-600 W/rK,
and 100-900 W/AK were observed for Ti64, SS17-4, and AISilOMg heathangers,
respectively. For the base conductance, air-side lsanductance in the range of 200-
1000 W/nfK, 200-1500 W/rfK, and 200-2000 W/AK were observed for Ti64, SS17-4,

and AlSi10Mg heat exchangers, respectively.

Analyzing the overall trend, heat exchanger cagaoiterall heat transfer coefficient, air-
side base conductance, and air-side heat tranefdfiagent all increase as Reynolds

number increases. This trend is as expected, athéocase of flow in the developing
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region, increasing flow rate leads in an increaseheat transfer coefficient which
subsequently increase both the heat exchanger ibapmed overall heat transfer

coefficient.

Comparing the performance of the five heat exchanghe aluminum heat exchanger
yielded the highest, G,j,; , and! (o $ollowed by the stainless-steel heat exchangers
and titanium alloy heat exchangers. Such trendeaxpscted as aluminum has the highest
thermal conductivity ( =174W/mK) followed by stainless-steet €13W/mK), and
titanium alloy ( =6.7W/mK) [178-180]. However, due to manufacturingccuracy and
partial clogging as mentioned previously, heat exger prototypes fabricated from
different materials delivered different heat tramstoefficients despite the fact that all
five of them were based on the same original geomeédtherwise, heat transfer

coefficient obviously should not depend on the mal@roperty.

(@)
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(b)

()
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(d)

(e)
Figure 62: Heat transfer performance (for constantwater flow rate of 0.1L/s): (a) Heat exchanger
capacity, (b) Overall heat transfer coefficient, (f Heat exchanger effectiveness, (d) Air-side base
conductance, and (e) Air-side heat transfer coeffient
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The overall heat transfer coefficient performanseaafunction of water-side Reynolds
number and flow rate are presented in Figure 68vakiated at the air-side design point
(R?o = 6.23 L/s). The same equation as derived in Eo®)- (55 can be used to
evaluate the water-side Reynolds numbers by usatgrwside geometry and flow rate.
Analyzing the trend, it can be seen that overalathransfer coefficient is not
significantly affected by water side mass flow rakbis shows that the air-side thermal
resistance is much more dominant than the watex-<hly at low Reynolds number
(QR)s+0 <1500) does water flow rate shows some effect @ndverall heat transfer

coefficient.

Figure 63: Heat transfer performance (for constantair flow rate of 6.23 L/s): Overall heat transfer
coefficient
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7.6.2. Pressure Drop Performance

The air-side pressure drop for all five coupon eeahangers ), is shown in Figure
64 as a function of air-side Reynolds number ao ftate. The trend is as expected
where pressure drop increases as a function of fis. However, comparing the
performance of all five heat exchangers, differepedormances were noted for some of
them. Both titanium alloy heat exchangers’ pressiop performances were similar, in
the range of 50-2000 Pa. However, there was sagmifidifference between the pressure
drops of the stainless-steel heat exchangers. Reedsop of SS17-4 — 2 heat exchanger
was in the range of 200-7000 Pa, while the presswop of the SS17-4 — 1 heat
exchanger was more than double that of SS17-4 ta&tly the pressure drop of
AISi19Mg heat exchanger was close to the SS17-4hed& exchanger in the range of
200-7000 Pa. As for the case of heat transfer wosft, this variation can only result
from manufacturing inaccuracies (in fin thicknes&l anicrochannel width) and partial
clogging on some of the channels. Looking at tkeedr titanium alloy shows the most
promise to be manufactured by 3-D printing asélds the lowest pressure drop (lowest
manufacturing inaccuracy), while SS17 — 1 showsvibest fabrication quality, as its

pressure drop is significantly higher than the pthefaces.

152



Figure 64: Air-side performance: Air-side pressuredrop

7.6.3. Comparison with Numerical Results

The air-side base conductance and pressure drop emnpared with the numerical
method mention in chapter 5.3. The performance ewis@n was performed for the
Ti64-2 heat exchanger, as its actual fin and mitaooel sizes are known. The
comparison between the numerical and experimeetllis are shown in Figure 65.
Compared to the numerical values of the actual $Sine (¥ =235 m), there is a slight
drop in the base conductance and slight increapeessure drop. The average percentage
error between the numerical and experimental ressiltalculated as 18% and 12% for
pressure drop and base conductance, respectieejRdynolds number in the range of
250 to 400. One of the possible causes of the temias due to microchannel
geometrical non-uniformity, as reported in chapfe?.2. Another possible cause is
clogging in some of the microchannels. Clogging caduce the flow area and heat
transfer area, which in turn can increase presduwp and reduce base conductance.

Compared to the predicted values, if the fin theds and microchannel width were
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fabricated properly at 150m and 270 m as requested, there was significant increase in

pressure drop as shown in Figure 65(b) due tofsgnit reduction in the flow area.

(@)

(b)

Figure 65: Comparison between experimental and numeal results of Ti64-2 HX (a)i ;w5 (b) A s
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7.6.4. Effect of Microchannel Non-uniformity on Heat Exchanger Performances

A study was performed to examine the effect of mherochannel geometrical non-
uniformity on the heat exchanger performances §ures drop and heat transfer).
Evaluating the impact of all geometrical non-unifities on performances of the heat
exchanger can be challenging without performinglliesize CFD simulation of the entire
heat exchanger. However, a full size CFD modelihthe manifold-microchannel heat
exchanger with non-uniform microchannels is a @maling process, as it consisted of
approximately 40 microchannels. But, for a simpésec of a non-uniform manifold-
microchannel heat exchanger which only has twoatians in the microchannel width,
half of the channels sizes argqy . and the other half arecy <, its performance
prediction can be significantly simplified. Figusé shows an example of a non-uniform
manifold-microchannel heat exchanger where the firsee microchannels have widths

of ¢y.. and the last three microchannels have widths gf ..

Figure 66: Manifold-microchannel heat exchanger wih non-uniform microchannels
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A method to predict the pressure drop performantea onon-uniform manifold-
microchannel heat exchanger using the performahemiéorm manifold-microchannel
heat exchangers was discussed here. The uniforrfatgamicrochannel heat exchanger
performance can be evaluated without having to inb@eentire heat exchanger by using
the modified hybrid method proposed in chapter.3As a result, using the proposed
method, the performance of the non-uniform man#uoidrochannel heat exchanger can
be evaluated without having to model the full heathanger as well. As the non-uniform
manifold-microchannel heat exchanger has two mi@ooel width variations, as shown
in Figure 66, two uniform manifold-microchannel heaxchangers: one with
microchannel width of -y . (Label as HX1) and the other with microchannedtiiof
cy < (Label as HX2), as shown in Figure 67 were requi®o that the uniform
manifold-microchannel heat exchangers model camesemt the non-uniform model
(labeled as HX3), all other geometrical variablesitbe the microchannel widths have to
be the same for HX1, HX2, and HX3. Lastly, in ortiemaintain the same total length
(>ssg )0 and number of microchannel$)(for all the heat exchangers, the fin spacing
(V), as shown in Figure 66 and Figure 67, must alwmeyset to be constant for all heat

exchangers.
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Figure 67: Manifold-microchannel heat exchanger with uniform microchannels (a) With
microchannel width of 0 4555 (b) With microchannel width of 0 45 .

So that the performance of the uniform manifoldnmihannel heat exchanger (HX1 &
HX2) can represent the non-uniform manifold-micrachel heat exchanger's (HX3)
performance, an equation that relates the mass g and pressure drop of all heat
exchangers needs to be derived. For the non-uniforamifold-microchannel heat
exchanger, it is assumed that the flow maldistidoutis only caused by the non-
uniformity on the microchannel size. This is a dakssumption as the manifold-

microchannel heat exchanger that was fabricatedtestgd in the current work was
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designed for low maldistribution. As a result, thecrochannel non-uniformity that
accidently happened due to fabrication inaccuracyhe only factor that could have
caused flow maldistribution. Based on this assuomptihere are two different flow rates
in the microchannels. The first flow rafe,_. is for the case of microchannel width of
cy.: and the second variatioB. _. , is for the case of microchannel width ofy, <
as shown in Figure 66. In order for HX1 and HX2répresent HX3 performance, the
mass flow rate per channel in HX2 .(. ) needs to be equal ®._. and mass flow rate
per channel in HX27 . .) need to be equal ®._. &s shown in Eq. (56) and (57). For

visualization of? .. and? ... please refer to Figure 67.

S (56)
<: <s (57)
?._. and? ._. can be related to the known value of the totalsflasv rate of the non-
uniform manifold-microchannel heat exchandg®gég _.) as:
s X e T BSI—+ (58)

where" is total number of microchannels. By combining &) with Egs. (56) and

(57), Eq. (58) can also be rewritten as:

;e X <:= BSI—+ (59)
In addition, for manifold-microchannel, the totaépsure drop calculation () should be
independent from the flow path ( o <X @ X g =X 54X

ag) @s shown in Figure 66. As a result, so that tlesgure drop for the non-uniform

manifold-microchannel heat exchanger can be reptedeby the pressure drop of the
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uniform manifold-microchannel heat exchanger, thtaltpressure drop in all three heat
exchangers: HX1 (. ), HX2 ( ,z< ), and HX3 ( ,z= ), needs to be set as equal as
shown in Eq. (60). The main assumption is thatptessure drop in the microchannel is
more dominant than the pressure drop in the mahdblnnels. As a result, although all
three heat exchangers can have different mass e in the manifold channels, its

effect on the total pressure is not significant.

1z ; 1z < 1z = (60)

By finding the mass flow rate combination of the Hxnd HX2 which satisfies Eq. (59)
and , the pressure drop and microchannel flow rateridigion of the non-uniform
manifold-microchannel heat exchanger can be ewaduat
Base conductance can be evaluated by dividing dineuniform manifold-microchannel
heat exchanger into segments each with the samm®ahannel size. The non-uniform
heat exchanger shown in Figure 66 consists of ®gments with microchannel size of

cv.: and ¢y < in parallel. By assuming that there is no heatdier between each

segment, the overall base conductanice) (can be evaluated using a thermal circuit

analysis as:
(61)
—  — X —
Casi O &
62
Cesi 7 (62)
(0
63
¢ — (63)
(s O+
64
C. (64)

Pe<' om
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where! (. and! . are base conductance for segments with microchameeof cy .
and vy < respectively. The base conductance in each segraare evaluated using a
CFD simulation of the single manifold-microchannedel as proposed in chapter 5.3.2.
For the mass flow rate input, the mass flow rate geannel ¢._. and?._.)

previously calculated can be used.

Lastly, a variabl® is defined to represent the non-uniformity of thierochannel size as
the ratio between the microchannel with variatiod @s average value as:

( cy. ; 7 CY. <E (65)

9
. X oy <

To be noted, the actual manifold-microchannel designsisted of 39 channels, as
microchannel non-uniformity was evaluated by assgntivo channels, so tfgevalue
may not represent the actual microchannel non-tmifg. But, it may represent the
extreme case when half of the channels siz® are% larger than average and the other

halfis9 % smaller than the average.

The effect of the microchannel non-uniformity ore theat exchanger performance is
shown in Figure 68 for both pressure drop and lsaseluctance. Analyzing the figure,
microchannel non-uniformity@) causes an increase in pressure drop and dedrease
base conductance, which in overall reduces the leahanger performance. As
microchannel non-uniformity increases, the numeéricasults get closer to the
experimental results. This confirms that microct&nnon-uniformity is one of the
possible causes of the deviation between the noaleand the experimental results. As
discussed in chapter 7.2.2., up to 20% deviatiorminrochannel size was noticed

(9 £  for the Ti64-2 test coupon. Comparing the perforoea for the case of
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9 £ with the experimental results, some deviation &t noticed. This deviation
may be due to partial obstruction on some of thenakls, as channel obstruction can
reduce the flow area and heat transfer area, whitlwrn can increase pressure drop and
reduce base conductance. These results show thahummerical method previously
proposed in Chapter 5 can predict the performaridbeo manifold microchannel heat

exchanger with high accuracy.

(@)
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(b)
Figure 68: Effect of the microchannel non-uniformity on the heat exchanger performance: (a)
Pressure drop, (b) Base conductance

7.6.5. Comparison with Conventional Technology

The manifold-microchannel performance was then @avegh with the conventional
surface performance (wavy fin, plain plate fin,Jeted fin, pin fin, and strip fin) in term
of pressure drop ()0 ), base conductancé (., ), and heat transfer coefficierty( ).
The conventional surface geometries were based hen best surface from the
optimization results stated in chapter 6.3.2 aigiespecification of

The performance comparison for aluminum alloy (ABWg) manifold-microchannel
heat exchanger surface with the conventional sesfas shown in Figure 69. A plot
showing the performance prediction if the fins ¢cenfabricated properly at 150m is
also included. Comparing the air-side base conduoetan Figure 69 (a), for the same
pressure drop, the manifold microchannel yieldegh&i performance over plain plate

fin, louvered fin, and pin fin at the region of higressure drop, )., >500Pa. However,
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at low pressure drop, .o <500Pa, its performance is equivalent to louvenedafid pin
fin. Comparing the air-side heat transfer coeffitiean Figure 69(b), manifold-
microchannels yield superior performance over nebshe conventional surfaces at the
region of ), >750Pa. Up to 40% improvement is possible compé&veslavy fins for
the same pressure drop. At low pressure drop,{ 500Pa), the manifold-
microchannel is still superior to wavy fin, plaitage fin, and louvered fin. But, it is
inferior to pin fin and strip fin. If 150 m fins can be fabricated, both base conductance
and heat transfer coefficient can be significanttyroved. Manifold-microchannel
performance will be superior to all conventionatfaces for the entire pressure drop
range. Compared to wavy fin, up to 105% and 95%ravgment in base conductance
and heat transfer coefficient is possible for thenas pressure drop. A summary of the
percentage improvement of aluminum alloy manifoldcrothannel conventional

surfaces is shown in Table 25.

(@)
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Figure 69: Performance comparison between AlSil0Mmanifold-microchannel HX with

conventional HX: (a) 6y, $

gpp D)0y g

Table 25: % improvement of AlISi10Mgmanifold-microchannel over conventional HX for

0 yp
Cogvefntional % Improvement for Gy, % Improvement for dyy,
urface
AlSil0Mg AlSi10Mg - AlSil0Mg AlSi10Mg -
e 0,° 0,°°
(Num) (Num)
Wavy-fin -30% to -5% 75% to 105% -10% to 40% 75% to 95%

Plain Plate-fin
Louvered-fin
Pin-fin

Strip-fin

-5% to 15%
5% to 50%
-10% to 60%
-40% to -5%

115% to 1759
175% to 215%
185% to 200%

70% to 85%

55% to 95%
10% to 55%
-20% to 45%
-30% to 20%

145% to 225%

95% to 125%
65% to 80%
45% to 55%

The performance comparison for stainless steel {81511 and SS17-4 - 2) manifold-

microchannel heat exchanger surfaces with the ¢dmrel surfaces is shown in Figure

70. A graph showing the predicted performance i@ 15 fins can be successfully

fabricated was also included on the figures. Analyzhe graphs, the SS17-4 - 1 heat

exchanger, which by far shows the worst fabricatjolality, shows lower performance
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compared to all conventional surfaces. On the oltiaerd, SS17-4 - 2 heat exchanger

shows better performance than conventional surfacés high pressure drop region.

When the air side pressure drop is higher than B&)0or the same pressure drop, SS17-
4 — 2 manifold-microchannel performance is supetrall conventional surfaces in
terms of base conduction as shown in Figure 70Cmmparing the heat transfer
coefficient in Figure 70(b), SS17-4 — 2 manifoldenoichannel yields superior
performance over all of the conventional surfacesept strip fin at the region of
)0 >1000Pa. Compared to wavy fin and plain plate fip, to 10% and 50%
improvement in heat transfer coefficient is possilibr the same pressure drop,
respectively. However, at low pressure drop f, 500Pa), the SS17-4 — 2 heat
exchanger shows superior performance only oven phite fin surface. If 150m fins
can be fabricated, SS17-4 — 2 manifold-microchapeéiormance will be superior to all
conventional surfaces for the entire pressure damge. Compared to wavy fin, up to
140% and 95% improvement in base conductance aatdrda@sfer coefficient is possible
for the same pressure drop. A summary of the peaagenmprovement of the stainless

steel manifold microchannel conventional surfaseshiown in Table 27.
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Figure 70: Performance comparison between SS17-4 mifold-microchannel HX with conventional

166



Table 26: % improvement of SS17-4 manifold-microchanel over conventional HX for6
oo

% Improvement for &y yp % Improvement for Oy,
SS17-4-1 SS17-4-2  SS17-4+SS17-4-1 SS17-4-2 SS17-4 -
po bo
('j’OO ('j’OO
(Num) (Num)
Wavy-fin | -55%to - -25% to 130%to | -60%to - -20% to 75% to 95%
30% 20% 140% 40% 10%
Plain -50%to - -15% to 125%to | -30%to - 30%to  145% to 225%
Plate-fin 30% 15% 175% 20% 50%
Louvered | -40% to - 5% to 190% to -50%to - -10% to 95% to 125%
-fin 15% 50% 225% 35% 20%
Pin-fin -45%to - -10% to 185%to | -65%to - -30% to 65% to 80%
10% 50% 200% 40% 10%
Strip-fin | -60%to - -35% to 110%to | -65%to - -35%to - 45% to 55%
30% 15% 125% 50% 10%

The performance comparison between experimentaltsesf both titanium alloy (Ti64 -

1 and Ti64 - 2) manifold-microchannel surface whle conventional surfaces is shown
in Figure 71. A graph of performance predictionl80 m fins can be successfully
fabricated is also included in the figures. Anatggithe graphs, for the same pressure
drop, manifold-microchannel yields significant iropement in base conductance and
heat transfer coefficient over all conventionalfaces despite reduction in performance
due to manufacturing inaccuracy. Compared to theywis, 45% - 100% and 15% -
50% improvement in base conductance and heat @namsfefficient is possible for
pressure drop between 100 to 2000 Pa respecti@ampared to the plain plate fins,
70% - 95% and 95% - 120% improvement in base cdaduoe and heat transfer
coefficient is possible. If 150m fins can be fabricated as requested, larger ivgmnent

can be achieved: 135% to 150% and 75% to 95% fee banductance and heat transfer
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coefficient, respectively, compared to wavy fin. gummary of the percentage
improvement of aluminum alloy manifold microchaneehventional surfaces is shown

in Table 27.

@)

(b)
Figure 71: Performance comparison between Ti64 mafdld-microchannel HX with conventional
HX: (a) GU b $ b (b) Oyb $ b
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Table 27: % improvement of Ti64 manifold-microchanrel over conventional HX for b

% Improvement for & yp

% Improvement for Oy,

Ti64-1 Ti64 -2 Ti64 — Ti64-1  Ti64-2 Ti64 —
bo bo
('j’OO ('j’OO
(Num) (Num)
Wavy-fin | 45%to 50%to 135% to 1509 15%to  20%to  75% to 95%
100%  100% 50% 50%
Plain 70%to 70%to 130%to 175% 95%to  105%to  145% to 225%
Plate-fin 95% 95% 110% 120%
Louvered- | 90%to 95%to 185% to 220% 35%to  45%to  95% to 125%
fin 140%  140% 65% 65%
Pin-fin | 60%to 60%to 175%to 185% 1% to 5% to 65% to 80%
140%  140% 55% 55%
Strip-fin | 30%to 30%to 125% to 130% 1% to 1% to 45% to 55%
105%  105% 25% 25%

7.6.6. Scaled Up Performance Model and Mass Saving Estimans

In order to calculate how much mass saving is ptessior power plant cooling

application by incorporating the manifold-microchahconcept, the titanium alloy heat
exchanger, which has the most favorable performaniteof the three tested materials,
was scaled up to a 12.2 MW unit suitable for poplant cooling. To scale up the test
coupon to a full scale 12.2 MW module, the optirti@aprocess was re-run. The air-side
heat conductance and pressure drop were evalusitegl experimental results instead of
CFD simulation. For scaling up, the air-side geagnstas kept unchanged and only
Reynolds number and water-side geometry were atlotwevary. A summary of the

geometrical constraints is shown in Table 28, whike performance constraints are the

same as those shown in Table 7.
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Table 28: Geometrical constraints for scaled up 12.MW HX

Air-Side
CF.o 100-8,000
Water-side
CFe)s+o 25-10,000
6ce E)B+O 1-25 mm
@. E)B+0 0.5-25 mm
V. B)B+o 0.2-5 mm
Combined Geometry
>BSIE)B+0 0.2-12m

A curve fit method was employed to create correteifor air side Nusselt numbexH)
and friction factor 4) with respect to Reynolds numb&HR based on the experimental
results for the region of .-,,<200Pa. The Nusselt nhumber and friction factor were
previously defined in Eqgs. (1) and (2) respectiyv@ihere? is the hydraulic diameter as
described by Eq. (35The Nusselt number and friction factor correlasidor the Ti64-
2 heat exchanger are divined as:

AHS 7 o t TICFXS ot TOQR7 ¢t TUQREXS & (66)

.'. "<
4 <722 +  CPQRTIXS ot TTQR7S t TIQEXS % (67)

where Reynolds numbe®f was evaluated using E¢4).
The scaled up manifold-microchannel heat exchamgex compared with the baseline
stainless steel wavy fin heat exchanger. For furtbenparison two additional graphs are
also included: conventional titanium alloy wavy fireat exchanger and numerically
optimized manifold-microchannel heat exchanger Wirttihickness of 150 m. The mass
for all heat exchangers was normalized with the srafsthe baseline heat exchanger

(wavy fin SS17-4) at the operation condition of GQIP2, as shown in Figure 72.

170



Figure 72: 12.2 MW scaled up heat exchangers: masaving vs. COP

Comparing the manifold-microchannel experimentatigled up heat exchanger with the
baseline (stainless steel wavy fin) at the openatmndition, it can be seen that 20% mass
reduction is possible. If the comparison with camti@al wavy fin is performed for the
same build material of titanium alloy the Ti64-2 mifald-microchannel heat exchanger
has equivalent mass with the Ti64 conventional wiavyThese results indicate that for
the scaled up designs based on experimental datatést coupons there is about up to
20% mass saving depending on the material of eselavy fin (i.e. stainless steel vs.
titanium alloy). However, the results do not refldte potential mass saving possible by
refining the fabrication technology. In order tosba better picture of the potential of the
technology, optimization was performed on the n@dimicrochannel design. The

results indicate that if the fin thickness can educed from 235m to 150 m and the



design is optimized, 50% reduction of mass is bsstompared to the conventional
stainless steel wavy fin heat exchanger or 30% atemlu in mass compared to the
conventional titanium alloy wavy fin heat exchangéhis suggests that future efforts
should be focused on reducing additive manufaagugmmoduction uncertainty and
increasing printing resolution. This goal can baieeed through better control of 3D

printing parameters and settings.

7.7. Summary

In summary, five coupon heat exchangers were ssfidbs fabricated out of three
different materials: stainless steel, aluminum, @achium alloy, and then experimentally
tested. Inspection of the fabricated heat exchangealed that the fabricated fin sizes
were much bigger than requested. In addition, glastistruction was noticed on some of
the channels. This caused the heat exchanger penice to deviate from the initially
predicted performance. Out of the three materidgéium alloy heat exchangers showed
the most promise. Compared to the wavy-fin basel®8b6 to 100% and 15% to 50%
improvement in base conductance and heat tranefdfigent is possible for pressure
drop between 100 to 2000 Pa, respectively. If ttupg@sed dimensions can be built, an
even larger improvement is possible. As the scalecheat exchanger was no longer
optimized due to the need to modify the design &eirithe new fabrication constraints
and also due to fabrication inaccuracy, the scaledesults did not show significant
improvement compared to the baseline. If the falbioo inaccuracy can be reduced and
the optimized design is used, 30% reduction in n@apsssible compared to the baseline.
As the numerical modeling has been successfullidaid by the experimental, the

prediction of 30% reduction is valid.
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Chapter 8: Performance Characterization of Advanced
Polymer Heat Exchanger

8.1. Introduction

This chapter discusses the performance charadiernzaf the polymer heat exchanger.
First, in order to test the water channel expanpiatess, a polymer heat exchanger was
fabricated with only 4-5 layers based on the prepodesign. Based on the lessons
learned from the expansion process, the polymer éezhanger design was modified.
Thereafter, the modified polymer heat exchanger Vvedsicated and experimentally
tested. The experimental results were then compaitd the numerical results and
conventional heat exchangers performance. Lastéyheat exchangers were scaled up to

12.2 MW for comparison with the baseline.

8.2 Heat Exchanger Geometry and Fabrication
8.2.1. First Fabrication Attempt — Proposed Design

In order to study the water channel expansion psche proposed 1 kW polymer heat
exchanger discussed in chapter 6.4.2 was reducsizén The coupon heat exchanger
consisted of only 4-5 layers out of the 34 layetigioally proposed for the 1 kW unit.
The heat exchanger was fabricated out of High DerRolyethylene (HDPE) sheets
using the layer-by-layer laser welding additive mfacturing technique. The fabricated
polymer heat exchanger is shown in Figure 73(aje®fation confirmed that all of the

layers were welded properly.

To expand the water channels, high pressure airappked to the channel via a nozzle,
shown in Figure 73(a). However, the expansion m®terned out to be unsuccessful, as
most of the channels did not expand and as thprassure increased the welding line
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break instead, as shown in Figure 73(b). We sugpatthe constraint we had previously
on the allowable minimum water channel was too ktahllow a proper expansion. In
order to ease the expansion process, the polymar éechanger was modified by
increasing the water channel diameter to 6.5 tihigger than the one originally

proposed. A new design is proposed and will beudised in the following chapter.

(@)

(b)
Figure 73: Fabricated polymer heat exchanger (propsed design): (a) Before expansion (b) After
expansion
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The new polymer heat exchanger was design withifeigntly larger channel size (6.5
times) to ease the expansion process. As the mapoge of this unit is to validate the
fabrication process, only one layer was fabrica®dCAD drawing of the fabricated
polymer heat exchanger and its dimensions is showfigure 74(a), showing the
welding line of the water channel. Figure 74(b)w&dow the heat exchanger will look

if it can be expanded properly.

(@)

(b)
Figure 74: Modified polymer heat exchanger (a) Ungganded (b) Expanded (all dimensions in cm)



The fabricated polymer heat exchanger, which ctssisa single layer only, is shown in
Figure 75(a). A similar expansion test was perfatménlike the proposed design, the
water channel in the modified design was succdgseédpanded. The expanded heat
exchanger is shown in Figure 75(b). This confirnoed initial suspicion that the reason
that our proposed design did not expand properlyesause the water channel was too

small to allow proper expansion.

@)

Figure 75: Fabricated polymer heat exchanger: (a) expanded (b) Expended
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Since this modified design was successfully expdndexperimental testing was
performed to evaluate its performance. A header gvaated to accommodate the air
flow and to serve also as housing for the polymeathexchanger core, as shown in
Figure 76(a). The header was fabricated using 3ibtipg made out of polylactic acid
(PLA). The assembled test section is shown in kgud6(b), which shows the
unexpanded polymer heat exchanger inserted intve¢lder. The gap between the heat
exchanger and the header serves as the air chanfe¢ water channel was then
connected with pipes to supply and collect the waseshown in Figure 76(b). It should
be noted that the header was needed only to deterthe heat transfer in the prototype

and will not be required in a heat exchanger withtiple stacks of polymer layers.

(@)
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(b)

Figure 76: Polymer heat exchanger and its headera] Header design, (b) Assembled test section
(unexpanded) (all units in cm)

The assembled unit of the expanded heat exchasgg&nown in Figure 77(a). Due to
expansion of the channel, the overall size of tfaaded heat exchanger is significantly
reduced compared to the unexpanded one, as shdwgure 76(b). The gap between the
heat exchanger core and the header which servéteaar channel is shown in Figure
77(b). Since the channel took a tubular shape #iteexpansion of the polymer, the air
gap between the test section and header was notrmniThe channel gap varied from
0.6 cm to 0.15 cm depending on the curvature ofvdwer channel. Lastly, in order to fix
the position of the heat exchanger core, smalhdyical rods were added as a support to

the heat exchanger core as shown in Figure 77¢j@n



(@)

(b)

Figure 77: Polymer heat exchanger with header: (ahssembled chapter (expended), (b) Front view of
the assembled chapter (expended) (all units in cm)

The assembled polymer heat exchanger with the héadaown in Figure 78(a). Lastly,

a second header was added to distribute the flotheéoheat exchanger. The second



header was also fabricated using 3-D printing mawteof polylactic acid (PLA). The

final assembly of the polymer heat exchanger tedian is shown in Figure 78(b).

@)

(b)

Figure 78: Polymer heat exchanger with header

8.3. Experimental Test Setup

The schematic diagram of the experimental tespsistshown in Figure 79. The air-side

flow path consisted of an open loop with a heaharger to control the air temperature,
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a blower to drive the flow, and a flow meter to @& the flow rate. The polymer heat
exchanger was installed on the end of the looghaw/s in Figure 80. In order to control
the flow rate of the blower, a Variable Speed Calfdr (VSC) was used. The water-side
flow path consisted of a closed loop with a chitiercontrol the water temperature and a
Coriolis flow meter to measure the water flow rai@ evaluate the performance,
differential pressure transducers and thermocouwpks® used to measure the pressure
drop and temperature, respectively, on both sidas.to very low temperature difference
(0.5 to 1.5°C) in the inlet and outlet of the water-side, arthepile was utilized to
measure the differential temperature of inlet antlled of the water. Instrument data was

collected using a data acquisition system (DAQ).

Figure 79: Experimental setup schematic diagram
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Figure 80: Zoomed in view of the test section

8.4. Experimental Method and Data Reduction

The experiments were performed for the conditidmews in Table 29. Inlet air and
water temperatures were fixed at 225and 50°C respectively. The experiments were
run for varying air-side and water-side flow rat@s-side volumetric flow rate F(§?_’0)
was varied from 3 L/s to 24 L/s while keeping watumetric flow rate PE)B+0)
constant at 12.5 mL/s. Similarly, water-side volameeflow rate was varied between 7
mL/s to 21 mL/s while keeping airside volumetriovl rate constant at 20 L/s. Air-side
inlet and exit temperatures_(y.0$ "$$ syg). ), air-side pressure drop (y.o ), water-
side pressure drop (gg+o ), Water-side inlet temperature _( gyg+o ), temperature
difference between water inlet and outlet g)z,o), and air-side and water-side mass

flow rate (2 .o and? gyg4o) were recorded for each case.



Table 29: Experimental conditions for polymer heatexchanger testing

Temperature Boundary Condition

- )0 22.5C
-. E)B+0 50°C
Flow Rate Boundary Condition (Air side variation)
Pe)g-+0 12.5mL/s
B.o 3-24 L/s
Flow Rate Boundary Condition (Water side variation)
B.o 20 L/s

To evaluate the performance of the heat exchaner,heat transfer performance
indicators like heat exchanger capacity,(overall heat transfer coefficieng), air-side
heat transfer coefficient!{, ) and heat exchanger effectivenegs; () had to be
calculated. The heat exchanger capacity was ewauat both the air and water sides as
shown in Eqgs. (68) and (69). The energy balancerd®t both sides was found to be
within 1-24% of each other. The average of air-sahel water-side heat exchanger

capacity (Eq. (70)) is used for further estimatidnhe heat transfer coefficients:

)-0 }0 1)-0 SUE}0 !/ - )0 (68)
E)B+0 E)B+0 1E)B+0 - E)B+0 / SUEE)B+0 (69)
o X E)B+0 (70)

In order to evaluate the overall heat transfer fiaeht, the heat exchanger was divided
into 18 identical segments as shown in Figure Bledch segment, the air-side and the
water side was at cross flow configuration. Befilwe overall heat transfer coefficient can

be calculated the heat exchanger effectivenesacin segment need to be calculated first.
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By definition, heat exchanger effectivenesg () is the ratio between heat exchanger

capacity over the minimum of the heat capacity) (of the two fluids times the

temperature difference between the two flugjg T S .
00d3dc ¥ ¢ ‘dc MN ¥d ¢ MN

Bergman et al. has shown that for any heat exchatige effectiveness depends only on
the fluid mass flowrate, overall heat transfer ot times area, and heat exchanger
configuration [158]. As each of the 18 segmentsiéntical in geometry, mass flow rate
input, and also heat exchanger configuration (CHlosg, heat exchanger effectiveness is
the same in each segment. As a result, the hehaerger segment effectivenegs («p)

can be derived as a function of known informatidrthe air-side and water-side inlet
temperatures, mass flow rates of air and water tlaadheat exchanger capacity as shown

in Egs. (71)-(74):

E)B+0 1E)B+oY - EB+0- 7 suips+o -V for =1:18 (71)
TEM' 1)-0 u SUE)-0 - 7 -. )0 .vfor =1:18 (72)
. ) _1. (73)
* — ~ for =1:18
Viz =0 F %0 ScecEf Semf U MNecE M’ MN eMf¥
if (74)

-T™M-
1

where _is the capacity of each segment ants heat capacity derived asg+o
? pB+o 1E)B+0 and g @ 1)0$as only half of air flow rate passes over each

segment as shown in Figure 81.
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Figure 81: Polymer heat exchanger computational doain

Considering the symmetric geometry of the heat amgkr and the similar flow
conditions (both air-side and water-side) for ak tsegments, the overall heat transfer
coefficient G) of the entire heat exchanger can be assumeduasatmt to the overall
heat transfer coefficient in each segment. The alvdreat transfer coefficient per
segment can be evaluated using the unmixed cross ITU method, as previously
shown in Egs. (10) and (11), wheBewas evaluated based on heat transfer area per

segment$'; «.p), which is calculated as 28.8 €m



In order to calculate the air-side heat transfeeffament, the overall heat transfer
coefficient is related with air-side and water-stoeat transfer coefficient, as shown in

Eqgs (75)-(79):

(75)
G o Ces|
QBS\ Q)-O X QE)rr X QE)B+O (76)
(77)
Qo T——
o' /=D
6 + SUE (78)
Ceyrr m
79
Cegro 7T (79)
PEyB+0 /=D

where Q is thermal resistancegyg and . is the channel outer and inner radius,
>pyg+0 ++p IS the water flow length per segment (calculated® @m), and is the HDPE
thermal conductivity:(=0.5 W/mK). As the thickness of the of the polyrtegrer is only
0.15 mm, the heat transfer area in the air-sideveaigr-side can be assumed to be the

same, and defined as«,.p , which is also used to evaluate overall heat featregea.

The water-side convective heat transfer coefficigrig.o) was calculated using the
analytical solution for a circular channel descdilie Ref. [157] based on the assumption
that the water-side channel is fully expanded. BEsisumption is justified, as water-side
thermal resistance is not the limiting factor oe #ir-water heat exchanger. As a result, a

small deviation in the water-side heat transfefffament will not significantly affect the
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calculation. To justify this assumption, in the heection a chart will be provided to
compare the percentage of the water-side thermstamce compared to the wall and air-
side thermal resistance. Thereafter, the air-seda transfer coefficient can be calculated

using Egs. (75)-(79).

Lastly, the overall heat exchanger effectiveng¢gs)(can be evaluated as a function of
heat exchanger capacity, air-side flow rate anet t@mperature, and water-side flow rate

and inlet temperature as previously shown in EB).(5

For repeatability analysis, the experiments weretwice. The heat transfer and pressure

drop performances were evaluated to be within 108bdth runs.

8.5. Uncertainty Analysis

Uncertainty propagation analysis was performedalcutate the inaccuracy in the heat
exchanger performance (! G j;z ) due to inaccuracy in the measurements. A list
of measurement equipment with their correspondicgui@cies is shown in Table 30.
The uncertainties for all heat exchanger perforragmarameters (! G j;z ) were
calculated based on the method explained in NISthilieal Note 1297 [177]. The error

bars are included in the results presented in éxé chapter.
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Table 30: List of measurement equipment and their ecuracy

Equipment Function Equipment Name Accuracy
Air-side flow rate Fischer Porter F Rotameter é é
(Model#: 10A4557SS)
Water-side flow rate FCI FlexCor mass flowmeter € é
compact
(Model#: CMF-CNQOAOAID-
C00000)
Temperature T-type thermocouple g¢ S
Air-side pressure drop Setra pressure transducer 0.14% FS of 5 inch
(Model#: 239) H20
Water-side pressure  Validyne P55 general purpose 0.25% FS of 35kPa
drop pressure transducer

(Model#: P55D 4-N-1-36-S-4-S)

8.6. Experimental Results

8.6.1. Heat Transfer Performance

The heat transfer performance of the polymer heahanger for a constant water flow
rate is shown in Figure 82. The results are pladieélnctions of air-side volumetric flow
rate and Reynolds numbepR, ). QR is defined as:

2y.0 )0 (80)
" 0sB )ol)o

Qh.o

where' 5sg).o Is air-side frontal area evaluated as the froatala of the header as
shown in Figure 77(b) ¢ $7 ) and2,, is air-side hydraulic diameter also
evaluated at the frontal area of the headgp ( . The air-side mass flow rate
was divided by two, as the heat exchanger consigiso identical sections, as shown in

Figure 81.
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Figure 82(a) shows the capacity of the polymer le@hanger at 27.%C temperature
difference between inlet air and water §yg.v.0 ). The graph shows that up to 225 W
heat exchanger capacity is possible. The air-sede thansfer coefficient is between 35 to
135 W/nfK as shown in Figure 82(b). The overall heat transfoefficient of the
polymer heat exchanger is in the range of 35-1261K/ as shown in Figure 82(c). This
number is higher than typical fin-tube heat excleau® which typically ranges from 25-
50 W/nfK [158]. Up to 60% heat exchanger effectivenessoied, as shown in Figure
82(d), which is lower than the design required lee@hanger effectiveness of 72%. This
is because the polymer heat exchanger was a diffdiesign from the proposed design
due to the failure on the expansion process ofpitogposed polymer heat exchanger
design. Analyzing the trend, as expected, heatangdr capacity, air-side heat transfer
coefficient, and overall heat transfer coefficientrease with increase in air-side

Reynolds number.
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(d)
Figure 82: Heat transfer performance (varying-air sde and constant water flow rate of 12.5 mL/s):
(a) Heat capacity, (b) Air-side heat transfer coeftient, (c) Overall heat transfer coefficient, (d)Heat
exchanger effectiveness

Similarly, the heat transfer performance results tftte polymer heat exchanger for
varying water-side flow rate and nominal Reynoldsnber are shown in Figure 83.
Nominal Reynolds numbeQRst g)s+0) is calculated based on assuming a fully circular

water tube and given as:

2E)B+0  E)B+0 (81)

QFst BB+ 3 |
,0S.B E)B+0! E)B+0

where2gyg.o and' psgeps+o are water-side hydraulic diameter and frontal aséth

corresponding value of 0.87 cm and 0.5F araspectively.

The heat transfer performance of the polymer heethanger for a constant air flow rate
is shown in Figure 83. There is a slight increastrend in overall heat transfer

coefficient as the water flow rate increase. Howetle overall heat transfer coefficient
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is not significantly dependent on the water-si@devfrate. This shows that the water-side

thermal resistance contributes only a small portibtne total thermal resistance.

Figure 83: Overall heat transfer coefficient vs waar flow rate and Reynolds number (constant air
volume flow rate of 20 L/s)

The percentage distribution of the thermal resiaor three different air-side Reynolds
number values are shown in Figure 84. These aredbas the minimum, middle value,
and maximum air-side flow rates set during the expent. The water-side flow rate is
the same for all three cases (12.5 mL/s). Compaié the water side thermal resistance
(Qe)g+0 ), air-side thermal resistanc&)( ), and wall thermal resistanceé), ), as
evaluated from Eqgs. (77) - (79), is shown in FigBde As can be seen in the figure,
despite being built out of low thermal conductivitaterial, the wall thermal resistance is
very low (max 3%) as compared to the air-side tlamasistance, which is the dominant

resistance in all three cases. This shows thathibkness of the heat exchanger can be
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further increased for higher pressure heat exchangghout significantly changing the

thermal performance of the heat exchanger.

Figure 84: Distribution of the thermal resistance 6r three different air-side Reynolds numbers (all
cases evaluated at the same water flow rate of 1218 /s)

8.6.2. Pressure Drop Performance

Air-side pressure drop performances as a functfaaireside Reynolds number for three
different water flow rates are shown in Figure he trend is as expected where
pressure drop increases with air-side Reynolds euanihterestingly, it was found that

the air-side pressure drop slightly increased aemgde flow rate was increased. This
was because when water side flow rate was incredbedwater channels started to
expand further, restricting the airflow path. Attesaside volumetric flow rate of 12.5

mL/s, the air side pressure drop was in the ramd8-®30 Pa.
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Figure 85: Experimental results — Air-side pressuralrop

The water-side pressure drop experimental resush@avn in Figure 86, which shows
increasing trend as water-side nominal Reynolds barnincrease. This variation was
attributed to deformation of water tubes as wdtaw frate increased. Numerical analysis
of water flow in an elliptical pipe was done fofffdrent values of the ratio of major to
minor axes of the ellipsg]. g corresponds to a circle. Experimental results heatc
the numerical values of pressure dropgat0.4 for low flow rates; however, the
experimental results were closer to the numeriedles agg=0.5 at higher flow rates.
This shows that the water-side pressure drop isecldo elliptical pipe performance
rather than circular pipe performance. It should nmed that the actual hydraulic
diameter decreases as the valug decreases. The hydraulic diameter was varied from
0.87 cm to 0.62 cm agvaried from 1 to 0.4. While the elliptical tubedse reason for

the high water-side pressure drop, there is alsthen factor than can cause high water-



side pressure drop. Some bending was noted ondtex whannel, especially close to the
connection between the heat exchanger and wat@lygcqllection pipes as shown in

Figure 75(b), which can cause additional presstop.d

Although the water-side pressure drop results stiat the actual water channel is an
ellipse, our assumption on using circular channelyical solution to evaluate the water
side heat transfer coefficient can still be justifi as the thermal resistance on the air side
is much more dominant than on the water side, asvishin Figure 84. As a result, a
slight change in water-side heat transfer coeffici@ill not significantly affect the
overall heat transfer performance. Recalculating &lir-side heat transfer coefficient
using elliptical pipe ¢=0.5) for water-side heat transfer coefficient desthe air-side

heat transfer coefficient values only up to 2%.

Figure 86: Experimental results — Water-side presse drop vs. water flow rate
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8.6.3. Comparison with Conventional Technology

The air-side performance of the polymer heat exgbanwas compared with the
performance of five commercially available plaimatel fin surfaces commonly used for
metal based heat exchangers. The plain plate ffaciperformances (pressure drop and
heat transfer coefficient) were calculated basetherfriction factor and Colburn j-factor
test data provided by Kays and London [5]. The flemgths for all five plain plate fin
heat exchangers were set to be the same as thagraheat exchanger air flow length of
0.11 m as shown in Figure 74(a). The geometrieslidive plain plate fin surfaces are

listed in Table 31. For a more detailed dimensjecsications please refer to Ref. [5].

Table 31: Plain plate fin surface geometries [5]

"'# ¢ " % 1&'("
% %l&
% %!&
% %!&
% %!&
% %!&

The performance comparison of the polymer heat axghr with plain plate fin heat
exchangers is shown in Figure 87. The performamd¢beopolymer heat exchanger was
equal or even superior to some of the plain pletdéat exchanger performances. This
shows that the polymer heat exchanger shows protoissmpete with conventional
metallic heat exchanger in terms of heat transtfopmance. In addition, the major

advantages of polymer heat exchangers comparedohwveptional metallic heat
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exchangers are their lower weight, lower cost, amdi-fouling and anticorrosion

properties, which are not shown in the figure.

Figure 87: Performance comparison with conventionaheat transfer surfaces

8.6.4. Scaled Up Performance Model and Mass Saving Estiman

In order to apply these results to power plantiogplthe heat exchanger was scaled up to
12.2 MW. One baseline requirement for the 12.2 M&¥igh is that air-side and water-
side mass flow rates need to be close to 600 kg/shown previously in Table 7. As a
result, the experimental data wheg, $ ? g0 $ kg/s was selected as the
single element model, as it has the same massréitavratio as the 12.2 MW baseline.

The single element model can be scaled up usingrtetbods:
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1. Full scale 1 => by increasing the number of elemémimatch the total mass flow
rate to the baseline of 600 kg/s
2. Full scale 2 => by increasing the number of elemémimatch the heat capacity to

the baseline of 12.2 MW

Table 32 shows the scaled up results of the polyreat exchanger using both methods.
As the number of elements is the only variable tzet be varied for the scaling up, it is

not possible to get a design which matches botlsrfia® rate and heat capacity at the

same time.
Table 32: Scaled up results for polymer heat exchaer
Full Scale 1 Full Scale 2
Single Element (Matching Flow rate) (Matching Q)
[MW] 0.000125 6.0 12.2
[WikgK] 267.8 267.8 267.8
P [W/m3K] 8480 8480 8480
vo [Pa] 117.6 117.6 117.6
EB+o [Pa] 3486 3486 3486
[-] 95 95 95
y-0 ka/s] 0.0125 600 1224
£)g+0 ka/s] 0.0125 600 1224
-0 IC] 40 40 40
- B)B+0[C] 67.5 67.5 67.5
U 4RYR R™ 1 48000 97945

Comparison of the scaled up polymer heat exchamiérthe baseline (stainless steel
wavy fin 12.2 MW) is shown in Table 33. Comparihg full scale #1 with the baseline,
903% increase in gravimetric energy density is ipbssat a cost of 50% reduction in
capacity and 45% reduction in COP. Comparing thiestale #2 with the baseline, 903%
increase in gravimetric energy density is possabla cost of 45% reduction in COP and

two times increase in flow rate.
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Table 33: Comparison with baseline

Full Scale 1 Full Scale 2
(Matching (Matching Baseline % Variation % Variation

Flow rate) Q) (Wavy-fin) (Full Scale 1) (Full Scale 2)
High-Density High-Density Stainless
Material Polyethylene Polyethylene Steel - -
[MW] 6.0 12.2 -51% 0.00%
[W/(kgK)] 267.8 267.8 26.7 903% 903%
P [W/(m°K)] 8480 8480 27217 -69% -69%
vo [Pal 117.6 117.6 121 -3% -3%
eB+0 [Pa] 3486 3486 5050 -31% -31%
[-] 95 95 171 -45% -45%
y-0 Ika/s] 600 1224 608 0% 101%
£)g+0 ka/s] 600 1224 584 0% 110%
-0 JC] 40 40 40 - -
- gB+0lC] 67.5 67.5 67.5 - -

The scaled up polymer heat exchanger cannot mieet @de design requirements (heat
capacity of mass flow rate). This is because entlle proposed design, the simplified
model was not designed for 12.2 MW from the begigniAs a result, it is possible that it
cannot be scaled up to meet all of the design reougénts. However, as this is the first
time a polymer heat exchanger based on prime suMas successfully fabricated and
tested in the lab with favorable heat transfergranince, this work can count as a proof
of concept to show the potential for prime surfaodymer heat exchangers fabricated
using additive manufacturing. In addition, althoulgl scaled up design does not meet all
of design requirements, a mass reduction close¢oooder of magnitude is possible, as

shown in the previous table.

8.7. Summary

In summary, the polymer heat exchanger based oprtdmosed design was not fabricated
successfully, as water channels could not be exgmhmioperly. However, instead a

simplified design with larger channel hydraulicrdigter was successfully fabricated. The
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experimental test of the simplified design showat thverall heat transfer coefficient in
the range of 35-120 WAK and air-side heat transfer coefficient in thegamf 35-135
W/m’K are possible. The air-side performance of thgmel heat exchanger is equal or
superior to common plain plate fin surfaces. Initold, the wall thermal resistance is not
significant compared to the total thermal resistavehich shows that the prime surface
polymer heat exchanger was not limited by low thareonductivity of the polymer
material. The heat exchanger was then scaled @ 18.2 MW unit according to the
design requirements. But, as the heat exchanger ssnplified model that was not
designed for 12.2 MW from the beginning, unlike ttesse of the proposed design, the
heat exchanger could not be scaled up to meeialli¢sign requirements. However, the
experimental results show that, in addition to adse having advantage on low weight,
low cost, antifouling, and anticorrosion propertpmpared to the metallic heat
exchanger, the prime surface polymer heat exchasagealso compete with the metallic

heat exchanger in terms of thermal performance.
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Chapter 9: Conclusion and Proposed Future Work
9.1. Conclusions

In this dissertation, additive manufacturing tecus& was used to fabricate and
successfully test metallic and polymer heat exchengwhich benefited from an
advanced design optimization scheme to meet theiderheat transfer requirements for
dry cooling of power plants. Although the studyudsed on dry cooling applications for
power plants, results can be of significance t@pthdustries that rely on air side cooling
for various applications. These include air coaddeddensers (heat pump, refrigeration),
air cooled heat sinks (electronic cooling), airaio-heat exchangers (economizers), and

other air-water heat exchangers (car radiators).

9.1.1. Advance Metallic Heat Exchanger

The advance metallic heat exchanger was composeaanifold-microchannel surface
on the air side and mini channels on the water. $iderder to predict its performance, a
novel numerical modeling method that can be usemimunction with optimization was
developed. Water-side performance was evaluateedbais available correlations while
the air-side performance was calculated by the fimatdhybrid method developed as part
of this study. The overall performance of the heathanger was evaluated using a
control-volume-base method that specifically depetb for this unique type of heat
exchanger. Using the developed numerical modelti robjective optimization was
performed to identify designs that could lead te thighest gravimetric heat transfer
density ( ) and coefficient of performance ( ). The optimization
constraints were defined such that all possibleitewis would meet the geometrical,

manufacturing and performance constraints. For @ispn purpose, multi-objective
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optimizations were also performed on conventionghthexchangers (e.g., wavy fin,
louvered fin, plain plate fin) for the same perfamoe constraints. The results showed
that the manifold-microchannel heat exchanger sf&gnificant performance advantage
over conventional heat exchangers. Compared tovéwy-fin baseline, 59% increase in
gravimetric heat transfer density was achievedttiersame coefficient of performance.
The heat exchanger design was scaled down to geaeedobscale prototypes that can be

used for fabrication and experimental testing.

The manifold-microchannel heat exchanger prototywere fabricated using the direct
metal laser sintering (DMLS) technique. Using thisthod, the manifold and the fins
were built together as a single piece, which elated the need to bind both parts
together. Five scaled down prototype manifold-ngbannel heat exchangers were
fabricated out of three different materials: titamialloy (Ti64), stainless-steel (SS17-4),
and aluminum (AISi10Mg). Detailed inspection of fladricated coupons revealed some
fabrication inaccuracies in one or more parametespecially on the air-side fin
thickness. Experimental testing was performed bfiva prototype heat exchangers. The
experimental results were compared with the nuraknwodeling for the same fin
thickness, which showed good agreement betweenrbsthits. The average percentage
errors between both results were calculated as di83612% for pressure drop and base
conductance, respectively. Compared to the conwediti heat exchangers, despite
fabrication inaccuracy, higher performance was edd for Ti64 prototype heat
exchangers. Compared to wavy-fin surfaces, a 45%1@06% increase in base
conductance and 15% to 50% increase in heat tracséficient for the same pressure

drop were observed. It was demonstrated that iffiingabrication resolution can be
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improved, so that all fins are built uniformly witb0 micron thickness, then an even
higher performance enhancement is possible. Howéverperformance of SS17-4 and
AlSi10Mg heat exchangers were lower than some efcinventional heat exchangers.
This was attributed to the higher fabrication inaecies in both SS17-4 and AlSi10Mg

heat exchangers as compared to the Ti64 heat eyehan

Using the experimental data, the titanium alloyatiet heat exchanger performance was
scaled up to 12.2 MW, which is suitable for powéanp cooling applications. The
performance of the scaled models turned out todweerd than what was predicted
numerically. Compared to the stainless steel haseli0% mass reduction is noted.
However compared to the baseline with the same rrabtgitanium alloy), both heat
exchangers’ mass were identic. This is becausedéisggn of metallic prototype heat
exchanger had deviated from their initial optimizbbign due to additional fabrication
constraints and fabrication inaccuracies. Despmitaeesfabrication inaccuracy in this first
round of fabrication, the study demonstrated theemital of additive manufacturing to
realize successful fabrication of a high-perforneanmanifold-microchannel heat
exchanger design that would have been very diffiannd cost prohibitive with
conventional manufacturing techniques. In additibe, experimental results successfully
validated the respective numerical models. Thisfioos that if the fabrication
inaccuracy can be reduced, the predicted perforenaechancements should be
achievable. 30% reduction in mass was predictedpeoad to titanium alloy baseline.
Since additive manufacturing is in its infancy stador applications in heat/mass transfer

enhancement, it show promises to overcome its iculiritations.
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9.1.2. Advance Polymer Heat Exchanger

The polymer heat exchanger was based on primecsutfaat transfer technology. A
geometry that met all of the performance requirdsewas proposed based on CFD
modeling. Comparing the performance of the propgsegmer heat exchanger with the
wavy-fin baseline, 680% increase in gravimetric theensity ( Is possible
because polymer vyields significantly lower densiympared to metal. However, the
aforementioned increase in gravimetric heat dengis accompanied by a slight
reduction, 12%, in volumetric heat transfer dengity? ) due to polymer’'s low
thermal conductivity. The polymer heat exchangesigiewas scaled down to develop a

prototype for fabrication and experimental testing.

The first attempt of fabrication of the proposedide was unsuccessful as the water
channels could not expand properly. As a resuihadlified design was proposed with
larger channel size. The new coupon heat exchamger successfully fabricated.
Experimental tests were performed on the heat exgdra Experimental results show that
due to low thickness of the wall, the wall thermedistance was not the limiting factor of
its performance. The wall resistance only contesutip to 3% of the total resistance.
Comparing the air-side heat transfer coefficienthwplain plate fin surfaces, higher
performance was noted compared to most of the agfarhe polymer heat exchanger
performance was scaled up to 12.2 MW, which isablgt for power plant cooling
applications. But, as the heat exchanger is a fiegpimodel that was not designed for
12.2 MW from the beginning, unlike the case of pneposed design, the scaled up heat

exchanger could not meet all the design requiresaéfawever, this work has shown that
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a lightweight and low cost polymer heat exchangan be fabricated with additive

manufacturing techniques.

9.2. Proposed Future Work

Several directions for future work in the areasnoimerical modeling of manifold
microchannel heat exchangers, additive manufagguend also continuity of the project

are proposed here.

9.2.1. Numerical Modeling

The modified hybrid method proposed in this disgeyt did not take into account the
effect of tapered manifold on pressure drop catmnia As the main function of the
tapered manifold is to reduce flow maldistributidar cases where maldistribution is
already low, like the one proposed in this studye tapered manifold will not
significantly affect the performance. However, itllwe beneficial to be able to evaluate
how much flow maldistribution can be reduced bynggiapered manifold for cases with
high flow maldistribution. In addition, optimum dgss which were not selected during
the optimization due to high maldistribution mayctme available due to this tapered
manifold design. In order to take into account ¢fiiect of the tapered manifold on the
heat exchanger performance, the modified hybridhotetcan be modified further by
varying the manifold frontal ared {5 ) as a function of distance from the entrante (
axis) and recalculating the mass and momentum ieqsaHowever, as both velocit§y(
and manifold frontal area would vary as a functdrt, the differential equations may be

highly non-linear and could not be solved usingdéad method.

205



9.2.2. Additive Manufacturing

In the field of additive manufacturing, work is weel to improve the fabrication quality
of DMLS. The numerical results have shown thatonder for the performance of
manifold-microchannel heat exchanger to be marlyinauperior compared to
conventional surfaces, the fin thickness needsetd® m or lower. Current DMLS
techniques are still unable to fabricate fins witltkness of 150 m or lower. However,
as the additive manufacturing is still in the deypshent stage, there are still many ways
that it can be improved. Several research aredscraimprove the DMLS technique

include: laser resolution, finer powder, and semsmtrolled process.

9.2.3. Project Continuity

For continuity of the project, it is proposed the¢cond generation of manifold-
microchannel and polymer heat exchanger were faiedc Based on the lessons learned
from first fabrication attempt, a new set of faltion constraints could be drawn, such as
inclined fin angle for the metallic heat exchangegrd minimum channel width for
polymer heat exchanger. The optimization can beimeby taking into account of all of
these criteria. Based on the new optimized desigsecond-generation prototype could

be fabricated, tested, and scaled up.
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