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In its early stages of development, additive manufacturing was used chiefly for
prototyping, but over the last decade, its use has evolved to inoagteproductioof
certain products fonumerougndusties in generalandspeciality industries such as
biomedical and aerospace industries in particédditive manufacturing can be used

to fabricate unconventionabmplex designsthat aredifficult and timeconsuming
throughconventional fabrication methodsut offer signifcant performance advantage
over state of the arOne such example is high temperature heat exchamgtrs
complex novel geometries thedn help improve theeat transfer densignd provide
better flowdistribution, resulting irmore compact ancéfficient desigis andthereby

also reducing materials costsnsideringabrication of these heat exchangers from the
suitable super alloys with the conventional manufacturing techniques is very difficult

and ldorious



This dissertation presents the resulttheffirst hightemperature gawm-gas manifold
microchannel heat exchanger successfully fabricated using additive manufacturing.
Although the application selected for this dissertation focuses on arpaegogre
cooling heat exchanger application, theutesof this study carstill directly and
indirectly benefit otheindustrial sectorsas heat exchangers are key components of
most power conversion systenhs this work, optimization and numerical moligj
were performed to obtain the optimal design,iolvhshow 30% weight reduction
compared to the design baselimbereafterthe heat exchanger was scaled dowstto

x 74 x 27 mm and fabricatedas a single piecasing direct metal laser sintering
(DMLS). A minimum microchannefin thickness of 65¢ m waehgeved Next, the
additively manufactured headengere welded to thdneat exchanger core arke
conventionally manufactured flangéshigh-temperature experiemtal loop was next
built, andtheadditively manufactureteat exchanger wasiccessflly tested at 600°C
with ~ 450kPa inlet pressuréd maximum heat duty of 2.78 kW aradheat transfer
density close to 10 kW/kgere achievedith cold-side inlet tempeature of 38°Cluring

the experimentsA good agreement between the experimental ancharical results
demonstrates the validity of the numerical medskd for heat transfer and pressure drop
predictiors of the additively manufactured heat exchanger. Goegto conventional
platefin heat exchangersp t025% improvement in heat transfignsitywasachieved
This work shows that additive manufacturing can be usefhliacate compact and
lightweight hightemperature heat exchangevhjchbenefit applications where space and

weight are constrained.
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Chaptlenrt rlooducti on

1.1.Motivation and Background

Energy savinghroughheat recovery has been an importahjectivein many
industries.Researchers have identified the importance of high temperature heat
exchangersvith operating temperatus®f 500-1000°C to recover heat from a hot
exhaust stream and transfer it for heatiotd inputs to the systefd]. It is well
established that higher cycle efficiencies can be obtained when the turbine inlet
temperature for a typal power generation cycle is increased. However, increases
in turbine inlet temperature are limited by the high temperature heat exchange
which support the power generation cycle. One of such high temperature heat
exchangers is used in aircraft envimental control system (ECS), in which heat
exchangers are used to cool compressor bleed air using ram air as the heat sink, and
the cold ekaust air on the hot side used taconditionthe aircraft cabin as shown

in Figure 1-1 [2]. High temperature heat exchangers can also be used to increase
gas turbine efficiencyherehigh temperature recuperatarsed for this purpose
have a typical operatintemperature of about 58018, 4]. Anotherapplication of

high temperature heat exchargér in gasoline fueled vehicle® reduce fuel
consumption by recovering washeatfrom exhaustanging from 200 to 850°C

and converting it to mechanical or electrical endfgy6]. High temperature heat
exchanger islsoused in gas cooled nuclear reactors wherasn@mmediate gas

gas heat exchanger recoverglearheat(> 800°Q and transfer# to secondary

systems to generate electricity or hydro§és].



Aircraft system

Ram air "
Heat exchanger —
1]

Bleed air

Figurel-1: Heat exchanger in@raft environmental control system

Currently, themostwidely commercialized type afompactheat exchanger used

in high temperature gas-gas applications is the plai@ heat exchanger (PFHX)
[10-12]. To improve theperformanceover the conventional designsovel heat
transfer surfaces have been suggested in recent years. One such design is the
manifoldmicrochannel technique first proposed by Harpole and Enid&nn
1991.Since then, numerous studies have been reported in the literature discussing
the superior performance of this technologwarious applicationsompaed to
conventional technologiefl4-26]. Unlike the platefin design the manifold
microchannel concept desigtilizesa manifoldplacedon top of microchannels as
shown inFigure 1-2. Then, through the mé#old, the air is distributed into the
microchannels and travels a short length in each microchannel before it is guided
out.Due to the shofftow length, the aiflow in the microchanndpically remains

in the developing regions, which results in sahstlly higher heat transfer
coefficients Studies by Arie et a[15, 25]show that an aicooledair-to-waterheat

exchanger utilizing manifolthicrochannel has higher heat transfer density and
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heat transfer coefficient than other statehe-art dry cooling heat exchangers used

for power plats. Jha et al[17, 18] investigatedthe performance of a tubular
manifoldmicrochannel evaporator for waste heat recovery systems and reported
high heat transfer coefficients. Reschers also demonstrated enleganc
performance of plate heat exchangers with manifoickochannel used for

refrigeration/air conditioninll9, 24, 26]

Manifolds

Microchannels

Figurel1-2: Platefin concept (leftlvs. manifold-microchannkconcept (right)

Despite the superior performance of manifolatrochannel heatxchangers for
various applications reported in the literature, their main drawback is the difficulty
associated with their manufacturing. When the manifolds and the micrahan
surface are conventionally manufactured separately, the heat exchanger with
multiple layers of manifolds and microchannel surfa¢&s shown ifrigure 1-3)

must be assembled through brazing, welding or diffusion bondinghdset
processes, the bonding material may penetrate and obstruct the microchannels,
adversely affecting the performance of the heat exchanger. Moreover, for large
scale heat exchangers consisting of hundreds of mamfaidbchannel layers, the

assembly preessis challenging and time consuming.
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Microchannel
surfaces

Manifolds

Figure1-3: Multiple layers of manifolds and microchannel surfaces

Additive manufacturing (AM) has evolved from prototyping to mass production in
the last decade and is now used in ynadustries such as biomedical, automotive,

and aerospacg27, 28] AM can produce lightweight structures with high
mechanical robustness and has capability to fabricate unconventional dleatgns
arenot possible using conventional fabrication methods. Heat exchangers are one
such applicabns for which AM has recently gained tractiorAdditively
manufactured heat exchangers can be fabricated with complex internal geometries
and external shapesith lighter weight andhigher compachesswhich are key

factors for heat exchangers used in highd applications such as aerospace

industry.The shorter lead time to produce the heat exchangers is another advantage
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of AM. High temperature heat exchangers typicailyolve expensive materials.
Additive manufacturing fothese heat exchangdyy incorporating unconventional
designscan help improve théneat transfer densityand provide better flow

distribution, resulting in compact and efficient heat exchangereduced caost

Additive manufacturing technology has sro great potential not only fohé
design and construction of complex geometries but also for simplifying the
assembly process and reducing fabrication steps. Recenttirgce metal laser
sintering(DMLS) process has been used successfully to fabroatallic fins as

t hi n a $oraddr-M-watemmanifoldmicrochannel heat exchangeoduced

as a single unit (manifolthicrochanneilvasonly used on the air side while water
sidehadsimple rectangular channe[8P-33]. In another recent study, Grestler and

E r n B4 wetallic heat exchanger, veh is used as a turbine engine faebled

oil cooler, wasalso fabricated through selective laser mel(i@8gM) without any

assembly process.

Although there have been a few studies on additively manufactured heat
exchangers, no work is reported in therhture which addresses development of
AM heat exchangerfor high-temperature gat-gas applications such as those
found for heat exchangers in aircraft environmental control systems, which must
be able to operate up to temperatures of 650°C with ieedir[16, 3437]. The
current work demonstrates the successful design and fabrittatoargh DML Sof

a gasto-gas manifolemicrochannk heat exchanger using Inconel 718. this

work, the manifoldmicrochannelwas used on both hot and cold sidElse heat

exchanger was experimentally tested withoN the hotside at 600°C and air on

5



the coldside at 38°C. The experimental results weoempared against the
calculated performance of conventional pifiteheat echangers to assess the

performance enhancement.

1.2.Dissertation Objective

The main objective of this dissertation is to deslynilt and tesa gasto-gas heat
exchanger thatan providesignificant performance enhancement compared to
conventional hesexchangers for aerospace application. iebe accomplished

by implementing advanced fabrication techniques, advanced heat transferssurface
anddesign optimizationAccomplishing this objectivavill be an important step
towards development of ecamical gasto-gas heat exchangeffsr aircrafts
environmental control systerin addition, although thistudyfocuseson gasto-

gas precoolingfor aircraft the knowledge gained in this study can be applied to
many other applicationghereair or gads usedas the heat transfer medium, such

as HVAC, automotive (car radiator), and electronic cooling applications.

1.3.Approach

To accomplish the piect objective, metallic heat exchangers wexbaustively
studied. Metallic heat exchangers are the mostnoomtype of heat exchangers,
especially for aerospace applications, due to their high structural strength. To
demonstrate the technologg, full-scale airto-air heat exchanger design was
created based on the operation conditions through an optimizabicespr Therg
scaleddown unit was designed, fabricated, and experimentally teStbs was
motivated by the notion that full-scale aerospagare-cooling heat exchanger is
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too risky andexpensive to buildThe scaleelown unit also does not require a

sizeabletest setuggompared tdahe full-scale unit. The heat exchanger can be then

scaled up fothe g

ivenapplication based on the experimelytalalidated model

The scaledup design was compared with the conventional design to calculate how

much improvenent

the advance design cowidld. A flow chart showing the major

steps performed to accomplish the dissertation objective is shdvigure 1-4.

Literature review
| Create conceptual design Work Done:
Gen 1: 2 Gen 1
Sub 5‘?3“3 (2kW) Identify fabrication altematives
Gen 2: : & process constraints
Medium scale (20kW)| *
| 1
| | Fabricate test print coupon | | Update process constraints
1
Upda'_te Compare measurements to |
numerical nominal design e m————
model * g
f | Fabricate & test subscale unit |
' v
- - - - -|-| Compare test result to numerical prediction |
| Validate & finalize numerical model |

Figurel-4: Flow chart of the mject approach

A summary of each stap provided in the following.

1. Literaturereview of high temperature heat exchangers
A detailed literaturereview of high temperature heat exchangers was

performed. The study includedentifying common types of high



temperature heat exchangers (HTHXs) and tteirespondingpplications

in the literature.

. Define the design requirements & create conceptual design

The design requirements for the heat exchanger, such as heat exchanger
capacity, pressure drops on both lamd coldsides, inlet temperatures,
system pressures, and mass flow rates were defined based on specifications
of atypicalheat exchanger on airctaf conceptual design was then created
based on the manifolohicrochannel technology and the design

requrements.

Identify fabrication alternatives & process constraints

A study was performed on the advanced manufacturing techrittatesin

be used todbricate the metallic high temperature heat exchanger. The study
included fabrication techniques and fahtion limitations such as

minimum feature size and maximum fabrication size.

. Create the heat exchanger design

Based on the chosen fabrication agofy the fabrication limitations and
constraintgdentifiedin the previous step were implemented for thesign
selectionand sizing A full-scale heat exchanger design was then created

throughthe optimization process

. Fabricate test print coupon &pdate fabrication process constraints
To save time and confirm the actual fabrication constraints, several
sectional test coupons were fabricated bye additive manufacturing
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technique. A detailed evaluation was performed to check the quality of the
fabricated coupondf the measurd parameter (for example, fin thickness)
turned out to be significantlgifferent from the design value, théesign
process constraints would be updated, and a new design would be obtained.
Then this step would be repeateadil all the manufacturing constraints are

satisfied.

. Fabricate & test scalelown unit

Oncethe testprintcopmonds qual ity was confirmed fr
a subscale unit was created by scaling down thesgalle unito meetthe

AM fabrication sie limitation for the identified AM printerThe subscale

unit was then fabricated through additive manufaotuand tested under

high temperature conditions, which were chosen bas#tescalingdown

process, initial design requirements, amel capability of theéest setup.

. Compare test resuto numerical prediction & update numerical model

By comparing thetest results of the subscale unit to the numerical
predictions, if the differere wastoo large, the numerical model would be
examined and improvednd some or all previous steps would be repeated.
If the heat exchanger design requirements and fabnicatio
constraints/limitations were updated, then anothersitdle as well as
subsale design would be created.he new subscale unit would be tested to

check thaevisednumerical model.



1.4. Major Contributions

The major contributions of this study are faflows:

1. The successful use afiditive manufacturings demonstratetbr the first

time to print a metal gasto-gas crosglow_manifoldmicrochannel heat

exchangefor high-temperature applications

2. A computational model was developexhd the model waserified by
comparison of the results with those of the experiments, thus verifying the
modelthatcan be used as a design tool.

3. The performanceof an additively manufactured manifefdicrochannel

heat exchanger characterized for thigst time at tempeatures up to 600°C

and pressures up to 4.5 bar throaghew hightemperature experimental

setup This setup can be used to test different high temperature heat

exchangers under desired conditions.

Details of the work are documentedrespective chapte of this dssertation

1.5. Dissertation Layout

The layout of this dissertation is as follows. First a literature study of conventional
and stateof-the-art high temperature heat exchangers is presentdthpter 2The

design requinments are definedni chapter 3. In addition, the manifeld
microchannekoncept isexplained.Subsequentlythe fabricatioralternativesare
presented in chapter 4. The fabrication process and constraints are also discussed

in detail. Next, the numerical ied used to predithe performance is explained
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in chapter 5 The optimal fullscale aitto-air heat exchanger design was also
selected based on the optimization results with different fabrication approaches.
Then, the fuls c al e d e s idgvn pxesssic @dsentedhe test print
coupon study is discussed in chapterabn d t he subscal e u
fabrication are discussed as wdlhe experimental work on the scaldolwn heat
exchanger is discussed in latehapters The experimental ressltare then
comparedvith numericalpredictions Considering the decent agreement between
the experimental and numerical data,advanced design was created and discussed

in chapter 9Lastly the conclusion and future work are presented in thelagter.
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ChaptlLeirteeRur e Revi ew

2.1. Introduction

High temperature heat exchangers (HTHXs) are described in the literature as
operating above an arbitrary value of 500°C, and early development of HTHXs was
motivated by the first oil shock in 1973, which created a demarehfrgy saving

and more effecti@ use of energfB8]. Since then, various types of HXs have

been developed, and many have been used as recuperators for gas turbine engines,
aerospace, hydrogen production, waste heat recovery, supercritiggboB@r

cycles, and high temperature fuel cell syst¢d®@s43]. Heat exchangers operating

at such high temperatures are subject to unique material challenges such as creep,
reduced strength at higher temperatures, oxidation of material, corrosion, and

thermal shock.

Most mateials used at lower temperatures, sustseeel, copper, and aluminum,

lose their thermanechanical properties at elevated temperatures. For this reason,
they cannot be used for HTHX applications. Rather, materials which can retain their
properties at higkemperatures, such as highade steeland Nibased alloys, are

used for HTHXs. Thstrengthof some material candidates for HTHXs application

are shown irFigure2-1. As shown there, mosif these materials lostrength at
temperatures exceeding 550°C and particularly above 600°C. Depending upon the
operating temperature and pressure, high temperature materials can vary from steels
to Ni-based alloys and ceramics. The prices for the mahigan vary from ~$2

3/kg for steel to ~$70/kg for Nbased alloy$44].
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Figure 2-1: Temperature ranges for heat exchanger materials (adapted from

referencd45])

As a result, expensive alloys that retain their strength at etetextgoeratures are
typically the material of choice. However, these alloys typically have low thermal
conductivity, and difficult manufacturdly [46, 47] and thus they present their
own challenges in heat exchanger designfabdcation. Even these alloys lose
strength at elevated temperatures. This low strength at higher operatisigrgses

means that the walls must be thicker, requiring more material. Thick wall geometry
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makes the HTHXs made of expensive alloys cost pravebih most power cycle
applications. One way to offset these costs is to develop compact heat exchangers
that hare higher surface area to volume ratio and thus reduce the amount of material
needed. As a result, in past couple of decades, there has beasad interest in
development of compact and cost effective HTHKES, 49] Advanced
manufacturing technigues, mainly additive manufacturing of metals, bagatly

shown potentialsin fabricating compact HTHXs with innovative heat transfer
surface designfb0]. This chapter provides insights into recent developmients

design and application areas of HTHXs.

2.2.Types of High Temperature Heat Exchangers

The cost of HTHXincreases exponentially as the operating temperature increases,
particularly above 600°C, mainly due to the material cost as well as manufacturing
cost of the superalloy and ceramic heat exchand#? Higher pressure
applications such as those encountered in theep cycles complicates the issue
even further. The majority of conventional heat exchanger designs usad in
temperature applications prove to be uneconomical at high operating temperatures.
The high cost of exchangers in power plant applications sushercritical C®

Brayton cycles is a major stumbling block to making the cycle econofh@al

As a result, newer designs of heat exchangers that utilize the materials more
efficiently, namely higher surface area to volume ratio designs, are being developed
[10, 50] These designs typically use microchannels as well agefimetries to

accomplish the higher area. An added advantage of smaller channel sizes is that the
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heat trasfer in such miniature geometries is much higlfet, 52] This section
reviews variousheat exchanger types and designs utilized in high temperature

applications.

2.2.1 Platefin heatexchanger (PFHX)

Platefin heat exchangers (PFHXare one of the most commonly utilized HTHXs

for diverse industrial sectors. They are used mainly fort@gas heat transfer
applications. The main components of a PFHX, including side bars, fins, and
parting sheets, areéhown inFigure 2-2. The fins are usually fabricated using a
stamping process and are brazed together with the base plates. A brazed PFHX can
withstanda maximum pressure of 90 bar, while diffusion bonded PFHXs can be

used under pressures up @ar[10].

Parting sheet

Side bar

Figure2-2: lllustration of main components of PFHX

The fins in PFHXs can be easily rearranged, which allows the PFHXs to operate in

any of the crosflow, counterflow, or crosscounterflow configurations. The
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main applications for PFHXs at highiperatures are gas turbine and power plants
for hot gas hat recovery. Generally, PFHXs have a good heat transfer area to
volume ratio and hence can be compact and economical fortdnigberature

applicationg10].

2.2 2. Plateandframeheatexchanger

Plateandframe heat exchangers are ofteadito transfer heat between two liquids

or two gases. Théuid-separating plates of these heat exchangers are typically
manufactured by compression processing of a thin metal sheet, and they come in
several patterns such as wavy, chevron, washboard)di@one, crossorrugated,
crossundulated, or croswavy [49, 5355]. Two such heat transfer plates are then
stacked to produce a single cell, and this process is repeated to manufacture the
required number of call The structural strength of the core is achieved through the
connection of the end plates once all the caksstacked, as shownkigure2-3

[56]. For high pressure applications, the plates can be welded or brazed together to
ensure operation up to 200 bar pressure and 8tEsP@eraturg57]. Two layouts

are typically used for platandframe heat exchangers in recuperators in
microturbine systems: 1) rectangular designs, wldoh installed behind the
rotating machineryand 2) annular designs, which are wrapped around the turbine

[49, 58]
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End plate

Pattern plate

Figure2-3: Plateandframe heat exchanger structure concept

2.2 3. Shellandtubeheatexchanger

Shellandtube heat exchangenBSigure2-4) are the most common type used in
industry. The tube diameters vary from 0.6
conventional heat exchangers. These heat exchangers have very low surface area
to volume ratio and hence are generally not economical forthigberature and
high-pressure applications. Chordia et[&0], however, developed a shalhd

tube heat exchanger with a large number of tubes of diameter close to 1 mm to
achiewe snall wall thickness and very high surface area to volume ratio. Since the
channels are on the order of millimeters or less, the heat exchanger benefits from
the high heat transfer. Since this type of heat exchanger can handle more severe
conditions andhigher pressures and temperatures, it can be used in gas turbine
systems if there is no space limitation. It can also be used as a high temperature

gascooled reactor for nuclear heat utilization.
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Figure2-4: Shellandtubeheat exchanger structure concept

2.3.Examples of HTHX Demonstrations

High temperature heat exchangers have several applications ranging from
aerospace, waste heat recovery, nuclear heat utilization, exhaust gas recuperators,
and as primary heaters aratuperators in advanced high efficiency power cycles
such as supercritical C@rayton cycle. The present section reviews some of the

applications of the HTHXs currently being used or developed.

2.3.1. Recuperator for gas turbine power generation

For ove half a century, gas turbines have been widely used in power plants and
aircraft propulsion, in which heat exchangers have always played an important role.
The heat exchanger serves as a recuperator, which preheats compressed air before

it enters he comlostor by recovering heat from exhaust gas. Thus, the gas turbine
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cycle efficiency can be increased and fuel consumption can be rel&@¢eBor

this application, theypical compressor exit gas temperature can be as high as
725°C, which requires an HTHX as the recuperfddr Three major types of
recuperators in gas turbine systems are used: PFHXs-goldfeame heat

exchangers, and shahdtube heat exchang€g®0].

For an optimized gas turbine cycle, whose inlet gas/air temperature is 825°C/ 521°C
and pressure ratio is 24.3, Aqu§rd proposed a PFHX fabricated from superalloy
with increased fin thickness of 0.15 mm on the air side tostetid he pressure at
these maximum operating temperatufe®FHX designed by Toy[®1] was used

as a recuperat with effectiveness of about 90% in intercooled and recuperated
micro gas turbines at about 650°C under inlet pressure about 400 kPa. Similar to
the external shape of the PFHX design from Toyo, IngeRsatid [62] also
developed a platén recuperator, which adopts offset fins in the heat transfer area,
operates at 700°C with eftiveress of about 90%, and has a cycle pressure ratio
up to 14. Al 1 i edSi gn a[63, 64]drodnced/aveerhplcd s pr e d e ¢
platefin ceramic recuperator for a cruisgssile propulsion application, and an
industial gasturbine platefin recuperator (effectiveness of -88%) with offset

platefin surfaces which operates at 51875°C and has a pressurdaaif 10.

A plateandframe type recuperator with effectiveness of about 90% and operating
temperature of 85C has been developed by Rekuperator Svenska AB (RSAB)
[65] for application in a micro gas turbine power plant for combined electricity and
heat generation. Another welded ptandframe counteflow recuperatorwas

developed by Honeywdl66]. A plateandframe recuperator with effectiveness of
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90% was designed by Wilson et @7] using silicon carbide, which improved the
overall thermal efficiency from 27% to over 40%, since the mateasialwithstand

inlet hot gas temperature of 955°C.

Oak Ridge National Laboratory58] developed an annular plaa@dframe
recuperator which can witted inlet gas temperatures as high as 850°C, inlet
pressure of 690 kPa, and offers benefits from minimal ducting of the system.
Another counteflow annular platandframe recuperator with effectiveness of
90% and operating temperature of 725°C was desitpyy ACTH68]. RollssRoyce

[69] also developed a spi recuperator which operated with pressure ratio up to

14 and effectiveness up to 92%.

In addition to plat-andframe heat exchangers and PFHXs, saetitube heat
exchangers are commonly used in gas turbine systems if size is not the limiting
factor. Roe Power System$70] developed the Proe 90TM shalhdtube
recuperator, which operatavith maximum temperature of 891°C and maximum
inlet pressure of 621 kPa, and has a predicted heat duty of 30 kW, effectiveness of
95%, and relatigly low pressure drop {& kPa). Schnenborn et al[71] also
developed a crossounter flow recperator, which operates with maximum
temperature of 671°C and maximum inlet pressure of 3091 kPa. Thisratarp

was fabricated with two manifold tubes and a bundle of profile tubes using Iconel
625. However, the estimated total weight of this shetttube type recuperator

was about 1,000 kg per engine, which clearly adds too much weight to the engine

systemon aircraft[4].
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2.3.2. Intermediate heat exchanger for nuclear heat utilization

Another application of HTHXs is nuclear heat utilization. For nuglearer plants,

the heat exchangers must be both economically competitive and meet stringent
safety requiremm@s. Excellent safety characteristics can be achieved with high
temperature gacooled reactors (HTGRSs), since HTGRs have high heat capacity
with their graphite core and high chemical stability with helium as the coalhnt
However, to transfer the nuwlasalydrogdne at
production or steam reforming system, a high temperaturematkate heat
exchanger (IHX), which may use He as the working fluicboth sides and must
operate above 900°C, is needi@d]. In the 1980s, a shedindtube He/He IHX was
designed and constructed in Germany with a heat duty of 10 MW, which
successfully an some tests for several months up to 95642 72] Another 10

MW He/He IHX based on the sha&lhdtube design was designed in Japan to
operate at temperatures above 90(81C The IHX is a vertical helically ¢led
countefflow heat exchanger. Primary He enters from the bottom at 950°C with
inlet pressure of 4 MPayhile secondary He enters from top at 200°C with inlet
pressure of 4.1 MPa. To minimize constrairdf axial and radial thermal
expansions on the tab, a floating hot header with a combination of a central hot
gas duct was adopted which passes throughcéiméral space inside the helix

bundle
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2.3.3. High temperature prime heat exchanger in extertiaég systems

An externally fired combustion pcess takes place at atmospheric pressure outside
the working fluid operating cycle. Generally, an extdgnfited system may have

hot combustion temperatures of 1500°C and hi¢ih@}. Therefore, an HTHX is
required to transfer heat from combustion to the gas turbine working fluidh wh
may have pressure up to 17 bar for a gas turbine or 250 bar or higher for a
supercritical CQpower generation cycle. As the heat exchangerdasthstand

the stresses imposed by the working conditions and the constituents in the
combustion gases,shellandtube heat exchanger may generally be the preferred

candidate for externally fired systs[74].

One such HTHX is presented by K. A.-Attab[75]. In this biomass fuel powered

system, a twgpass crosfiow heat exchanger with baffle shells andbes was

chosen to transfer the combustion heat to the compressed air. Due to the selected

materal, stainless steel, the maximum turbine inlet terafure was limited to

694°C. If a nickebhased superalloy had been wused fc
fabricaton, a maximum turbine inlet temperature of 80825°C may have been

reached74].

2.3.4. Precooler for aircraft environmental otrol system applications

The environmental cordl system is used in aircrafts to maintain a comfortable
closed environment by keeping temperature witticeptable limits. Hot bleed air
from the engine compressor, which has temperature of 500 to 750°C is precooled
using HTHX, sathat it can circulatevithin the various systems of the aircraft for
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other usaggq76-78]. The precoolers are typically compact PFHXs that have
relatively hgh heat transfer surface area per volume ratios. Since weight is a critical
desgn point for components on aircraft, a phdite carborrcarbon heat exchanger
operating at 650°C was des&d by Stevenson et 4R]. This HTHX acheved
about 40% mass reduction over a common metallic HTHX. Howevaltji-m
component coatings were needed for this caddarbon heat exchanger to &lo

the oxidation issue at this operating temperature.

2.3.5. High temperature industrial waste heat recpve

Industrial waste heat refers to the energy generated as adbgpin industrial
processes that otherwise is not put to useful practical Exsemples of high
temperature waste heat sources with temperatures of more than 500°C include
metal refinirg/heating furnaces, hydrogen plants, and glass melting furnaces. For
example, exhaust gases leaving the reverberatory furnace, which are frequently
used in aluminum melting operations, usually have temperatures from 600 to
1300°C, and 4®0% of furnace engy input can be carried way with these exhaust
gases. HTHXs can bdilized to recover most or a good portion of this waste heat

and improve the tat cycle efficiency.

2.4.HTHX Fabrication using Advanced Manufacturing Techniques

Processing, machining,eling and brazing of superalloys is difficult due to their
higher toughness, low thermal conductivity, tendency to crack during welding, or
the unawilability of suitable brazing materigl46, 47, 79] Specializd equipment

and highly trained operators are often needed for processuiy reaterials.
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However, new developments in advanced manufacturing teasguch as-B
printing can address the challenges faced by conventional manufacturing. This
section discuses HTHXs fabricated using various advanced manufacturing

technigues suchsaadditive manufacturing and phatbemical etching processes.

2.4.1. Additive manufacturing

Additive manufacturing (AM), also known asCBprinting, emerged nearly three
decades agand was initially used mainly for quick prototyping and production of
speialized parts. However, due to its high degree of freedom, especially for
fabrication of complex parts, there has been significant development of industrial
scale 3D printers sine then. 3D printers now can print various metals, ceramics,
and other tougto-machine materials. As a result, AM has evolved from
prototyping purpees to production of complex parts used in industries such as

aerospace, biomedical, oil and gas.

There arghree major metdbased AM techniques: selective laser melting (SLM),
direct metal laser sintering (DMLS), and electron beam melting (EBM). SLM and
DMLS printers usually consist of two platforms. The first platform is a powder
dispenser platform that hoesthe metal powder. The second platform is the build
platform on which the-D structure is built. After a layer of thel3 structure is
built, thepowder dispenser platform rises while the build platform lowers, so a new
layer of powder can be distribaten top of the existing layer. A-@ater arm is
used to uniformly disthute the metal powder, as showrFigure2-5. In the case

of DMLS, the metal powder is sintered using a laser just below its melting

24



tempeature. For the case of SLM, the powder is completely melted. Lenses focus
the laser beam whilestanning mirror controls the beam or spot locabiased on

a slicing of the & structure CAD file. The process is repeated until the entide 3
structure isuilt. The EBM process is similar to that of SLM. The major difference

is that an electron beamiised instead of a laser to melt the powder. Dtteet use

of the highpower electron beam, parts fabricated using EBM will have better

mechanical strengtiihan parts fabricated using the SLM or DMLS process.

3-D
Structure
Build
platform
Powder dispenser
platform

Figure2-5: DMLS / SLM concep{80]

Laminated object manufacturing (LOM) is another AM techaigqapable of
fabricating metal hat exchangers. In the LOM process;R 8tructure is built layer
by layer by cutting a sheet of materiging a laser. A heated roller bonds the build
part in the current layer onto the previous layer. The process @teepentil the

entire 3D structue is built. Compared to DMLS and SLM, the LOM process is
25



simpler and cheaper. In addition, LOM can be usedabricate ceramic heat
exchangers. However, the finish quality and accuracy of LOM are not as good as

DMLS or SLM.

Additive manufacturing candtp fabricate the complex and compact geometries of
HTHXs which are otherwise almost impossible to fabec&everal superalloys
such as Inconel 718 and Inconel 625 are compatible with AM. It also allows
fabrication of théneat exchanger as a single comgat, which eliminates the need

to weld or braze different parts. There have kmeeauple oSuccessful &&mpts to

fabricate HTHXs using AM, as summarized below.

1. Multi-furcating heat exchanger

A 3-D printed HTHX was dveloped by Gerstler and Erjd4] from
General Electric Global Research. They successfialbricated mult
furcating heat exchangers using SLM for fueboled oil cooler
applications. The heat exchanger surfaces were fabricatied dour
different materials: aluminum, titanium alloy (Ti64), cobalt chrome, and
Inconel 718. The test results sted that the heat exchangers ntied
pressure drop and heat transfer design requirement with 66% lower weight

and 50% lower volume than tkkenventional heat exchangers.

2. Advancedin-andtubeheat exchanger

In another study at University of Maryland collaboration with Oak Ridge

National Laboratory (ORNL)36], a novel finandtube heat exchanger was
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succeskllly fabricated out of titanium using DMLS. The heat exchanger
has a complex fin geometry which cannot be econdiwifsdoricated using

conventionamanufacturing methods.

3. Novelair-to-water heat exchanger

Arie et al. [16] reported anovel airto-water heat exchangedesign
fabricated throughthe DMLS procesaising different materials such as
aluminium alloy (AlISi10Mg), stainless steel (S$4){ and titanium alloy
(Ti64). A fin thickness of2 2 0 oa thme air side was also claimed as th
minimum feature inside the heatchanger fabricated using DMLA&rie et
al. [35] alsodeveloped amtherair-to-water polymer heat exchger made
from thin polyethylene sheets usilayerby-layer line welding andreowed

superior airside performance over a plane plate fin surface.

2.4.2. Photo-chemical etching

Photechemical etching is a fabrication process that utilizes a photoresist an
etchants to machine away a certain area of a metal plate. The processialys ini
developed fofabricationof printed circuit boards. However, due to its ability to
etch various metals, including titanium, nickel superalloy, and copper superalloy,
andits high accuracy, the process has been used to fabricate printed circuit heat

exchangers.

During the etchingprocess first, a photoresist layer is deposited on the metal

surface. Then, the photoresist is exposed to UV light via a fibotoAfterward,
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the exposed metal is dissolved via an etching process to formcseuoiar
channels with typical channel widthf 0.52 mm[81]. Lastly, the photoresist is
remowed using a solution like alkaknIf the photetool specifies the area that needs
to be dissolved by the UV light, the process is called posiimking photoresist.

If the ploto-tool specifies the area that is left, the process is called negatikeng

photoresist.

Photechemical ething has been extensively used to fabricate printed circuit heat
exchangers (PCHEs). The design consists of stacked plates with fine grooves
etdhed into each plate. The stacked plates are usually bonded using a diffusion
bonding technique. The common flogonfigurations of PCHE include counter
flow, crossflow, and crossounterflow. Some PCHESs are claimed to withstand a
maximum design pressuré @00 bars and temperatures up to 98(BZ]. Heatric

[83] has successfully marketed a printed circuit heat exchanger fabricated using

phot-chemical etching and diffusion bonding.

PCHEs achieve high thermal performanand are compact due to the Hera
channel geometries. However, they incur larger pressure drops due to the long
straight microchannels. The chemical etching process itselfgensive for the

high temperature materials, as they are tough to etch. maies these heat
exchangers retavely expensive, especially for higher temperature applications.
The low massased heatransfer densitykW/kg) and high cost of such heat
exchangers has been a challenge for their adaptation in high temperature (>600°C)

applications.
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2.5.Comparison oBSelected HTHXs

Table2-1 compares statef-the art HTHXs. As seen the tablefor the listed heat
exchangers, thehsll-andtube heat exchangers offer the highesaximum
temperature and pressuiShelandtube heat exchangers also benefit from being
well researched and widely used in a diverse range of applications with good
reliability. However, they are usually lkyland heavy due to their low heat transfer
dersity. Plateandframe heat exchmgers and platén heat exchangers offer higher
heat transfer density than shafidtube heat exchangers, although they need to
operate at lower temperature and pressure.dthitian, recent development of
printed circuitheat exchangers has resulted@dampact heat exchangers with very
high heat transfer densitidiowever, the high pressure drop of the printed circuit
heat exchanger is the major limitation for many applicatrdmsre pumping power

is constrained.

Table2-1 Stae-of-the-art heat exchanger comparison

laf®  o4e (Ihjr;)-:whlnl

o) (6)
Shellandtube 50i 100 1100 1000 [57]
heat exchanger
Plate-andframe 1207 660 815 200 [57]
heat exchanger
Platefin heat 8007 1500 800 200 [10, 11]
exchanger
Printed circuit 2007 2500 980 900 [10, 82]

heatexchanger
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2.6.Summary

Cost effective high temperature heat exchangers are kieg sniccess of emerging
high-temperature, higlefficiency modular power cycles for diverse applications of
energy conversion, power geration and energy/waste heat recovery applications.
Most common heat exchangers currently available in the markdieapaatefin,
plateandframe, and shelndtube types. The ideal high temperature heat
exchanger would offer an optimum balance ambegt transfer effectiveness,
pressure drop, size angeight (indirectly controlling the cost) of the heat
exchanger, wie meeting longevity and reliability requirements. For elevated
temperatures, most heasistant superalloys that can withstand theguired
temperature suffer from low thermal condudyviand high cost. Therefore,
innovative design and manufacturing hemues are crucial to successful
development of such heat exchangers. While additive manufacturing of superalloys
for high temperatur@pplications faces numerous challenges, it is bedietat
additional research support in this field can overcome nudirthe challenges.
Significant progress has already been made in the past few years and demonstrates
thepotentialof AM for fabricatian of high temperature heat exchangbrshe next
chapter, a high temperature glasg as heat e xchanignewhibhs concept
incorporates the manifoldhicrochannel technology and has the potential to be

fabricated through AM, will be discussed.
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Chapt@on®g&ept ual Desi gn

3.1. Introduction

This chapter discusses the design requiresfenthehigh temperaturgasto-gas
heat exchangefThe conceptb¥ehind the design of the metallic heat exchanger
surfaces (manifolagnicrochannel technologyare also explained For the heat
exchangerdesign, a gasto-gas crosslow heat exchangemwith manifold

microchannel on bothot and cold sides wasoposed.

3.2.Design Requirements

Thedesign requiremesatvereprovided byan aerospace compafoy an aerosgce
turbofan precooler. The current conventiohdesign is based cmcompact plate
fin heat exchangethat incorporateshe microchannekechnology. The detailed
design specifications including overall volume, build mater@dssflow rates,

inlet temperatures, system pressures, pressure drapan both hotand coldsides

are shown imable3-1 andTable3-2.

Table3-1 Physicalspecifications

Overall Volume 0125 ir? (0.002 n¥)
Cold-flow Length O 5(0.127m)
No-flow Length O 5(0.127m)
Weight 010 Ib (4.54 kg)
Material Inconel718
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Table3-2 Operaton specifications for fublscale heagxchanger

Parameter Unit Nominal Condition
Flow Rate Ib/min (kg/s) 10(0.076)
Temperature | °F (°C) 1200(649)

Hot Side
Pressure psia(kPa) 64.7(448)
Pressue Drop | psid(kPa) 2.6(18)
Flow Rate Ib/min (kg/s) 10(0.076)
Temperature °F (°C) 100(38)

Cold Side
Pressure psia(kPa) 14.7(10))
Pressure Drop | psid(kPa) 0.3(2)

3.3.Manifold-microchannel Technology

reported in84].

32

The manifoldmicrochannel technology waisst proposed by Harpole and Eninger
[13] in 1991 The main advantage of thischnology is that a high heat thermal

performance can be achieved without digant increase in pressure drop as

The manifoldmicrochannel concept involves flow guiding system called
manifold positioned over microchannels as showhkigure 3-1. The purpose of
the manifold is talistributeand deliver the flow into mufile short mecrochannels.
As shown in the figurehte flow first enters through the manifold chamsnéien is
distributed into the mimochannelsvheretravels a short length before it is guided

out. Due to the short flow length in the microchasnile tow is typicdly in the




thermally developing regions, resulting in substantially higher heat transfer
coefficients. In additiona shot flow lengthin microchannelsan also reduce
pressure drop, which in turn, reduces the pumping posegrirementThe gudy

from Cetgen[84] shows that for the same haeansfer rge, pressure drop in a
channel can be reduced by a factor &f Where N is the number of channel

segments.

Manifold

Microchannels

Figure3-1: Manifold-microchannel concept

By studying the behavior of the flow along the microchanne iUshape path
when it enters and exits, Copeland ef&b] created a-® CFD simulation fortie
microchannel section which is part of a manifaiccrochannel heat sir&s shown

in Figure 3-2. The malel used water as the working fluid and silicon as solid
material for fins and base. It was also assumed uniform laminardikivibution

in all channels. With different combinations of manifold channel pitches,
microchannel depth, microchannel widthsj ahannel flow velocity (inlet velocity
ranging from 0.1 m/s to 1.0 m/s), pressure drops in the rangei df2260 Pa and

thermal resistance of 0.2b 1.85 °C/W were observed. AnotherD3 CFD
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simulation work byNg and PoH86, 87]also considered only the microchahn
section, and assumed uniform flow in all microchannels. By using water as the
working fluid, they observed pressure drapgshe range of 45 10,209 Pa and

thermal resistance of 0.53.66 °C/W with inlet velocity of 0.1 1.0 m/s.

Figure3-2: Microchannel computational domain by Copeland ¢8al.

In another stug, Kim et al. [88] conducted experimental tests on manifold
microchannel for forced air cooling with a design dsiisg of manifold and
multiple microchannels. The heat sink was made of silicon, and air was used as the
working fluid. Theexperiment results revealed that compared to microchannel heat
sink, 35% reduction on thermal resistance was possible wgithg maifold-

microchannel.

A 3-D CFD simulation study of a manifelsiicrochannel heat sink was reported
by Ryu et al[89]. The model included a single mfmhd-microchannel segment

with a portion of the inlet and outlet manifold channels as showigiare 3-3.
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Copper was chosen as the material of the solid part, aber was used as the
working fluid. The results showed that compatedraditional microchannel heat
sinks, manifoldmicrochannel technique can reduce thermal resistance by half, and

improve temperature uniformity along the channel.

/

uniformly heated wall

Figure3-3: Single manifoldmicrochannel segment computatal domain by Ryu

et al.[89]

A small manifoldmicrochannel heat sinkas designed by Wang et f0], and a

3-D CFD modeling was performed. The heat exchanger design had only 30
microchannels, and cppr was used as the solid material. By using watereas th
working fluid, the simulation results showed that manHaeidrochannel desig

could deliver better temperature distribution compared to microchannel heat sink

and an increase in heat transfer byoAvas obtained.
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A combined numerical and experimentaldst on a manifolgnicrochannel heat

sink was performed by Escher et[8ll]. Water was used as the working fluiddan
silicon was selected as the fin and base materiadifplify the numerical model,
porous media was used to replace the microchaseetion. Anisotropic
permeability was applied to account for the resistance of the microchannels. The
simulation resultanatched with the experimental results some degree. hE
results alsshowecdhat a thermal resistance of 0.09°%6#W with a correspoding

pressure drop of 0.22 bar was possible for a 2 x%2sgstem.

Cetegen84] created a mukobjective optimization for a manifolchicrochannel

heat sink design. Tha&umerical model only simulated a single manifold
microchannel segment, and copper was used as the solid material and water as the
working fluid. The simulation results showed that for the same pumping power, the
manifold-microchannel heat sink may provid2% higher heat transfer coefficient

than a traditionamicrochannel heat sink, or 306% higher heat transfer coefficient
than a jet impmgement heat sink. Cetegen also conducted several-gphgte and
multi-phase heat transfer experiments using a mahifotrochannel heat sink
which showed significant perforance improvement compared to other

conventional heat sink technologies.

Botela et al.[92] cariied out a numerical investigation on manifotdcrochannel
heat sink which inelded both the manifold and microchannel section. Different
models with 2 to 20 microchannels were studied. A model vlitmitrochannels

is shown inFigure 3-4. The numerical results showed that the manifold
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microchannel heat sinkelded a 97% reduction on pressure drop and could provide

better temperature distribution compared to a comweal microchannel heat sink.

Constant Heat Flux
(q” = 400 W/cm?)

Chip
Constant inlet ™= ‘
velocity / N
Silicon
Manifold
wafer

Silicon
microchannel
wafer

Symmetry through
center of inlet and
outlet manifold

Figure3-4: Manifold-microchannel computational domain Bgteler et al[93]

Mandel et al. studied the implementation of manHaldrochannel for high heat
flux electronic cooling gplications[94]. Severamanifold-microchannel heat sisk
werefabricatedand testedisingR245fa as theefrigerant. Thexperimentatesults
showed that high heat transfagefficient of 40 kWm?K-140kW/m?K at pressure
drops of 10 kPa50 kPacould be achievelly forcing thin filmevaporation on the

microchanneln two-phaseregime.

Another study regarding manifeldi cr ochannel 6s | mpl ement ati c
flux applicatiors was performed bymdhare et a[26]. A waterto-water manifold
microchannel plate heat exchanger wascsessfully fabricad and tested. The

experimental results showed that with a pressure drop per length value of 5.85
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bar/m, an overall heat transfer cogfnt close to 20 kW/AK was achieved for a

flow rate of 20 g/s.

Arie [80] successfully developed a hybrid numerical method to predict the
performance of aito-water manifoldmicrochannel heat exchanger, and fabricated

a heat exchanger where manifoldcrochannel concept was implemented on the
air-side (the designconcept is shown inFigure 3-5). The numerical and
experimental results showed that manifolccrochannel plate heat exchanger
could yield significant performance improvement compared to conventional plate

heat exchangers.

Air Manifold channels

Winna B Manifold

Hmnd.top ~ *

Hm nd bottom

/

o

Wchn water

tfm.water
; & ; 3 Leotwater
Llot.alr Oy
l < mnd,chn
Microchannels
Fins Hchn,air
Hbase
Base

Figure 3-5: Air-to-watermanifold-microchannetiesign concept by Arig80]
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Although many studies have been reportedregarding the performance
improvement usingnanifold-microchannel technology, they were mostly focused
on heat sink design used for chip cooling application. Even one studytdried
implement manifoledmicrochannelsin the airside of an aito-water heat
exchanger, the heat exchanger was only usedrf/iing cooling application under
low-temperature (~ 40°C on aide & ~ 67.5°C on wateside) operation

conditions.

3.4.Gasto-gas Crossflow Heat Exchange€onceptal Design

Since manifolemicrochannel technologdyas not been implemented in a-gagas
application such as aio-air heat exchangers used on aircraft where weight
reduction is as important as performance enhancenteatproposed high
temperaturggasto-gasheat exchangérsonceptual designonsists of manifold
microchannels on botiotand coldsidesin a crosslow configuration as shown in
Figure 3-6 (a). As discussed in the previous 8en, manifold-microchannel
technologyinvolves addng system ofmanifolds on top of themicrochanneldo
reduce the flowlength along each microchannel. Pumping power can be then
reduced since reduced flow length would fesureduced pressure drop assdhe

heat exchanger. At the same time, increased heat transfer performance can be
expected as the flow is still in tldeveloping region due to the short flow length.
Since manifoldmicrochannel can improvéhe heat transf performance and
reduce the pmping powerpy applying nanifold-microchanned on bothgassides

for the conceptual design, a weight reduction compaoedonventional heat

exchangerwith the same performance can be expecfBlde complete heat
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exchanger my be composed of several laystacked verticallyas shown idrigure

3-6 (b).

Manifold

Microchannels

Mi cr och
sur f ace

(b)

Figure3-6: Advancedyasto-gasheat exchanger concepd design (a); muliayer

manifoldmicrochannel heat exchanger concept (b)
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3.5.Summary

In this chapter the design requirements for igh temperaturdeat exchanger
werepresatedbased on theperatng and physical specificatiomsovided byan
aerospace companfpr an aerospace turbofan greoler prototype whichs
conventionally based oncompact platdin heat exchangserthat incorporate
microchanneltechnology In addition the rationality kehind adoption of the
manifold-microchannel technologyere explained With reduced flow length,
higher heat transfer coefficients and lowegssure drops can be achieved with the
same flow rate compared to conventional heat transfer geometries such-&s plate
or microchannel technique. Considering the proposedaggashigh temperature
heatexchanged s ¢ o0 n ¢ e pcbngistdd of anandid-nganochanned on both
the hot and coldide ina crossflow configuration the fabricationalternativedor
such comfex gasto-gas high temperatutesat exchangers will be discudse the

nextchapter.
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ChaptFearbrdi:cati on Al ternatives

4.1.Introduction

This chapterdiscusseshe fabricationalternatives for the gas-gas crosslow
manifoldmicrochanneheat exhangeisuch aslirect metalasersintering photo
chemicaletching, lasermicro-machining anddiffusion bonding The fabrication
principles and the limitations of theechniques are discussed in detdihe
presented information in this chapter aimgtovide the rationality for adopting

additive manufeturing as the fabrication method of the choice.

4.2.Direct Metal Laser Sintering

Direct metal laser sintering (DMLS) is a metalbwder based additive
manufacturing processA computercontrolled laseis usedto sinterthe metal
powder based on a pprogrammed geometrusually a STL file of the CAD
model)to build a 3D structurdayerby layer. DMLS was first developed by EOS
GmbH of Munich, Germanj95], and nowis one of the most common additive
manufacturing methods fonetallic structureg United StatesA DMLS machire
generallyconsists of two platforms powder dispenser platform to house theamet
powder and abuild platform on which the-B structure is beingabricated When
printing ofa layer of the @ strudure iscompletedthe powder dispenser platform
will rise,andthe build platformwill lower down at the same time. By doing so,
new layer of metalpowdercanbe evenlydistributed on top of thpreviouslayer

through ae-coater armBased on the prprogrammed geomeatya scanning mirror
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controls the laseo sinterthe powderland build a cross section oflBstructure on

the new lagr. The process is repeated until the enti2 Sructure idabricated

Since it emerged as a new manufacturing tecl®idPMLS procesdas been

improved significantly over the past decade. The minimum feature size that can be

currently fabricated throdgDMLS is about 200 300 um with a normatesolution

machine or 150 pum with a higiesolution machine. A list of the fabation

limitations and tolerances is givenTiable4-1 based orthree top DMLSservice

provider companiesin United States (Proto Labs, Stratasys, and 3D Systems).
ConsideringDML® s good compati bil it yrmaterialhh ¢ o mmon
(such as Aluminum, Stainless Steel, and Inconel) and its capability to fabricate

complex geometry which may be difficult anpossible through conventional
manufacturing technique, the fabricatimethod shows promise to be implemented

forbothmani f ol d and microchannel surfacebds fab

Based on the communications with all thi2BILS-serviceprovider companies
(Proto Las, Stratasys, and 3D Systems), it was concluded that to avoid any
warpage on the manifold wall (shownFkigure4-1) and also thermal short circuit
between incoming and outgoing flows, the minimum manifold wall thickness needs
to be 500 um. A minimum manifold base thickness of 1 mm is also needed-if post
process will be applied to meet certain file$s requiremenfor assembly
Moreover, the minimum microchannel fin thickness needs to b@itsdue to the

minimumfeature sizeonstraint.
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Table4-1 DMLS limitations and toleranes

Proto Labs[96] Stratasys[97] 3D Systemq98]
Normal resolution:
Layer 30 pm Normal resolution: N/A
thickness High resolution: 40 pm
20 um
Normal resolution:
Minimum 380 pum Normal resolution: ~ Normal resolution:
feature size High resolution: 300 um 200 pm
150 pm
Firstinch: £ 127 pym
Tolerance =76 pm Thereafter: + 50 um + 50 ym
Normal resolution:
Maximum 246 x 246 x 274 min N/A Normal resolution:
build size  High resolution: 275 x 275 x 420 min

89 x 89 x 74 mrh

Figure4-1: Manifold design layout
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4.3.PhotochemicalEtching

Photechemical etching is a fabrication procedsich utilizes a photoresisnask
anda liquid etchant to remove certamnegionsof a metalpart. The process was
initially developed for fabrication of printed cuit boards. However, du® its
ability to etch various metals, the processalso commonly used tocreate
microchanned in metalsurface for printed circuit heat exchangeAs shown in
Figure 4-2, during phao-chemical etchingrocessfirst the shape of the part is
printed ontaaphotographic film. Then, photimol which is asheet of photographic
film showing negative images of thpartsis prepared. Nextthe metal sheet is
laminated with a UVsensitive phairesist. The coated metal is plaaatterthe
phototool. The plate is then exposed to UV light. After the plate isélbped”,
the unexposed resis$ wasled away. During etcimg, etchant reacts with the
unprotected metahndessentially corrogsit away. After neutralizing and rinsing,
the remaining resist is removed, and fineshed metakheet is cleaned and dried.
Photo-chemical etching is a process by which a concemtiatel is used to remove
material to shape desired structure. However, sitcd@ng on metal materials is

homogeneous, it is hard to fabricate microchannels with rectangular cross sections
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Figure 4-2: Photechemical etching process (adapted from refer¢@@g

Based on the communications with thdof-chemical etching company
(ChemTec- A Division of ChemArj, to fabricate a doublside crosslow
microchannel surface through the etching process, the asagotof the
microchannelwidth to the microchannelheight would be 1.1. The minimum
microchannel fin thickness and the minimum micrauted width would be 8Qm.

The total microchannel surface height, as showsgnre4-3, is geater than 0.013

mm and less than 2.032 mm. However, considerable effort will be needed if the
etched doublside microchannel surfades to meet certain flatness requirement

for assemblythrough post processing.
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Figure4-3: Microchannel surface design layout

4.4.LaserMicro-machining

Lasemicro-machining is another approach to fabridatedoubleside crossflow
microchannel surface. By applying a higbwer laser beam, energy of the laser is
converted to heat which parizes or melts the metal material to form the
microchannel structurasshown inFigure4-4 [100]. An assist gas or fluid is often
utilized to improve the cut quality, expel molten metal, and mininhigbeataffect
zone.However laser micremachining is a very timeonsuming process as it may
takeover 2 days to fabriate one389 x 132 x 1.3mn size microchannel surface.
Also, the maximum channel height would be 5Qén according to the

communicationsvith the laser micremachiningcompany Potomac Lasgr

47



Laserbeam

Nozzle
N, assist gas

“n

workpiece
Vapour 4

jet

Figure4-4: Laser micremachinirg process concepi01]

4.5.Diffusion Bonding

As shown inFigure4-5, diffusion bonding is a solidtate joinng process by which

two nominally flat surfaces are joined at an elevated temperature using an applied
interfacial pressure for a pedaanging from a few minutes to ew hourg102].

If manifold and microchannel surfaeeefabricated separatelgiffusion bonding

would be the best approachassemls the partsdowever, a thin bonding aid layer
such as Niayermay berequired for certain materials which maydaadditional
thermal interfacial resistance to the ass@&ulbre.Due to the small size of the

microchannels, impropdsonding betweenthe manifold and mrochannels can
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also cause clogging in the microchannels which can reduce the heat transfer
performarce and increase the pressure drop significantly. If diffusion bonding is
used, in order to meet the parallel and flatness requireni@ntthe bonding
suifaces, considerable effort is neededpteparethe microchannel surfaces and

manifolds.

Surface Stacking
treatment

a =

Figure4-5: Diffusion bonding process concdfD3]

Based on the communication with the diffusion bonding comp@afacuum

Process Engineeringg i n order to ensure the bonding
parallel needs to be 0.03 mmor bettedant he surfaceds fl atness r
mm or better. Furthermore, microchannel surface needs to add 1 mm thickrside b

on all 4 sides, and mdold also needs to add 1 mm thick side bars as shown in

Figure4-6 to provide enugh bonding surface area.
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Figure 4-6. Exploded view of assembly design for one staxikcrossflow

manifoldmicrochannel through diffusion bonding

4.6.Fabrication Alternatives Rk Assessment

As shown inTable4-2, in order to choose the best fabrication approach for the gas
to-gas crosglow manifold-microchannelheat exchanger, the limitations of the
fabrication alternatives are summarised, andigtks of each fabrication alternative

are assesed.Based on the risk assessment, it was concluded that if the heat
exchanger i8-D printed as a single unitheasserbly processan be avoidednd

the fabricating lead timeanalsobesignificantly shortened
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Table4-2 Fabrication alternatives risk assessment

Process

Limitations

Risk Level

Microchannel
Surface

DMLS

Metal powder may & remained in themicrochannels due to sma
channel width and sintering heat from the fins

Minimum fin thickness is more than 150 um

Minimum separating sheet thickness is about 500 um

Moderate

Photochemical etching

Microchannel has a tolerance of 80 pmmore

Microchanre | surfacebs flatness af
flathess of 0.127 mm is possible with post process

Cannotget rectangular cross section for microchannel

Moderate

Laser micromachining

Podo | Do Boo [ oo o

Cost is very expensive
Very slow proces which may take over two days to fabricate a sir
389 x 132 x 1.3 mAmicrochannel surface

Moderate

Manifold

DMLS

>

Probably going tdbe some warp on the manifold base (if base thicki
is 300 um) due to the heat on the thin veatlicture
Manifold basecan be made thicker and be machined to meet the flaj
requirement

Moderate

Assembly

Diffusion bonding

Parallel and flatness regad for both manifold base and microchani
surface are 0.03 mm and 0.127 mampectively
May cause clogging in the miabannels

High

DMLS

If both manifold and microchannel surface are fabricated through DN
thenit can be 3D printed as a single unithout assembly process

Low
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4.7.Summary

This chapter discusseseveral fabrication optionfor the gasto-gas crosglow
manifoldmicrochannelheat exchangemcluding drect metal lasersintering,
photochemical etching, laser micrachining, and diusion bonding. The
procedure for each technigissdescribed and the associated limitations technique
are discussed. Arisk analysis was performed which indicated the additive
manufacturingvould be a better choice for the current design. In the naxteh

the optimization process which was performed to obtain the optimal heat exchanger
design is discussed, and thenti#ed manufacturing constraints are included to
predict the performaie of the heat exchangeproduced through different

fabricationmethods
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ChaptQeyprt ibmi zati on & Design Sel

5.1.Introduction

This chaptediscusses about a singlbjective optimizatiorprocesgperformed for

the gago-gas crosglow manifold-microchannelheat exchangerto find the
optimal designwhich meetsthe design requirements as listed in chapter 3. The first
goal of this optimization was to compare thpgedided performance of the
manifoldmicrochannelheat exchangers produced throutjfferent fabrication
approachesThe secondjoalwas for desigrselection. An optiral design which
meetsall the design requiremesdind shows the best performance with theseho
fabrication approachyasidentifiedand scaled dowto a labscale unitso that it

could be fabricated and tested.

5.2.9ngle ObjectiveDptimization

A single objective ptimization was performed to calculate the higestt transfer
performance of the nméfold-microchannel heat exchanger tbe given physical
and operating conditiondisted in chapter 3The goal of theoptimizationis to
maximizethe heat duty (whichd the same as to maximize the effectiveneft)e
crossflow heat exchangeBased o the fabrication alternatives discussed in the
previous chapterhe optimization was performed for three manufactupragess
constaints:3-D metal printing (DMLS) photo-chemical etching, and laser miero

machining.

53

e c



The geometrical angerformancecondraints for all three manufacturing methods

are shown inTable 5-1 for both hotand cold side The geometrial constraints

were based on the manufacturing latibns as recommended by the

manufacturersThesananufacturing limitions were also discussed in the previous

chapter.
Table5-1 Optimizationconstraints
3-D Metal Photo-chemical | Laser Micro-
Printin g Etching machining
Geometrical Constraints fiot and cold sideg
Y'Q 100-16,000
0 1O 0.002360.0394 w /1.1 (0.00394
w 70 0.55
w fO 0.001570.00787
W 70 0.03150.0787
O y T 0.007§-0.0787
£ 30-1000
w T 0.1-0.9
o T &0.00118 (0.000630 (0.000394
0 i 70 0.00236
®w f0 0.00394
O ¥ 0.00236
0 -
O i N/A 0.0001020.016 N/A
o T
Performance Constraints
Y 38 C
Y 649C
i) 017.9 kPa
Y 02 . kOF7a
YQ 18,000
YQ ; 18,000
&) (0.00205m®
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Figure5-1: Manifold-microchannetlesign layout

As shown inFigure5-1, the geometrical parameters are defined as manifold wall
thickness @ ), marifold channel width¢@ ), manifold channel height
(O ), manifold base thicknes& ; ), manifoldto-microchannel inlet
width (w , note: this is the width of the opening where either the flowiriem

the manifold channel to the microchannels or the flow exits from the microchannels
to the manifold channel), miachannel fin thicknes( ), microchannel width

(w ), microchannel height® ), microchannel base thickne¥3 ( , note: this

is only for one side, which means the separating sheet thickness is)2 and
microchannel number®n one side (n).The geometrical constraintsvere
normalized bythe frontal area length scal®@ () of 0.127m. Thefrontal area
length scale was calculatexs 0 = @ based on the maximum possible

volume of theheatexchanger The maximum heat exchangeolume @ ) is
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0.00205m? which wadlistedas the heat exchangehysicalrequirementn chapter
3. In addition to the geometrical constrairites performance constraintmsed on

the operating conditionsere dso includedn Table5-1, where YQ is Reynold

number calculated based on fhental areaand the mass flow rates:

YQ 0 & TH ‘ (1)

whereo 0 , and’ is thedynamic viscositypased on the average of

hot and cold inlet temperatures.

Approximatiorrassisted optimization was employed to calculate the maximum heat
capacity and the dimensions timaget all the constraint§he main advantage of
such method is that it can reduce computational time significantly by using
metamodel to predicthe performance of the heat exchanger using the known
information of the system. The optimization process was divided into 4 stages. The
first stage is Design of Experiment (DOE) where initial sampling was pezgfbrm
using space filling method developeg Aute et al[104]. The performance of the
sampling pointsvasthen evaluated individually. The second stage is creating
metamodel using sampling points as input. Dace&riging-based metamodel
toolbox developed by Lophaven et [@l05], was used for this purpose. The third
stage is the optimization process which utilized genetic algorithm method. The
basic principle of genetic algorithm is tse concept like natural selection to
eliminate inferior solutions and retain high performance solutions. The last stage is
to validate the metamodel by calcihatthe performance of the heat exchanger

using the modified hybrid method developed by A8i¢] and compare it to the one

56



predicted using metamodel. If the@ between the prediction and actual valises
small, the process concludes. Otherwise, the metamodel is redogatsithg the
validation points as additional sampling points. The process is repeated until
sufficiently low metamodel error is obtaineahd the process flow chart is shown

in Figure5-2.

Initial sampling points selection

v

Initial sampling points performance estimation

v

Metamodel creation for HX
performance prediction

v

Single objective optimization

v

Calculate performance of the optimum points
using madified hybrid method

Update metamodel
using the validation
points as additional
’ sampling points
Validate the prediction from metamodel

Is error small?

Done

Figure5-2: Single objective optimization flow chart

5.3.Modified Hybrid Method

The pressure drop and heat transfer performance of the mamif@idchannel heat
exchanger were evaluated using modified hybrid method developed by Arie et al.
[80]. This method involesusinga single manifoldmicrochannel CFD simulation

(the model is shown ifrigure 5-3) to calculatethe heat transfer coefficient and
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pressure drop in the microchannel. Thanifold pressure drop, on the other hand,
was calculated by solving a[l differential equation of mass and momentum
balance in the manifoldhannel. The detailed description of the method can be

found in Ref[106].

\ -~

P

Figure5-3: Computational domain and boundary conditiohs single manifold

microchanneby Arie [106]: (1) manifoldchannel inlet surface witimass flow inlet
and constantemperature,(2) manifold channel outlet surface wittbnstant
pressure outle{3) microchannel base surface wabnstant surface temperature,

(4) symmetry plang
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The combined heat capacity ( ) of the crosdlow heat exchanger was evaluated
by first calculating the heat capacity in each stack ). Todothe calculation,
first a single stack heat exchanger needs to be divided intsections on the hot
flow direction and0 sections on the cold flow direction, each consisting of a
single manifoldmicrochannel pass. An example is simawFigure5-4 for a single
stack crosglow manifold-microchannel heat exchanger with 2 passelsoth the

hot and cold sides)( =2 and0 = 2), whichis subdivided into 4 component

with a single manifoleémicrochannel passf each

! Pass1-
7;oldin

7‘hof:,out

Pass2 -
Cold

Pass2 -

Hot

(@)
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Pass 2 hot —
Teotd,in(1,2) Pass 1 cold

|

Thot,ﬂut,(l,Z]

‘ Pass 2 hot -

Tho:.in.(l.Z) Pass 2 cold

Teotd.in1.1) = Thotout, (11

|

Thot,our,(E,Z)

cold,in,(2,2)

= Lcotd,in, (1,2

Tcald,out,(Z,Z)
‘ old,in,(2,1)
= leold,out,

Thot.in(11) pass 1 hot -

Pass 1 cold
' Tcald,out,(2,1}
Thot,in,(2.1) Pass 1 hot -
Pass 2 cold
(b)

Figure 5-4: CAD modelwith 2 passes on both hot and ceides by Arie[50]:

combined model (a), subdivided model (b)

The heat dutyor eachcomponentan then be calculated by performing an energy

balance on that séon. The detailed steps for calculation are as follows:

1. Set the temperature boundary condition:

Y ornan Y i for'F1to0l

4 srp 4 p forE=lto.

2. Set=1 and&1
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3. Perform an energy balance on $ieetionffEby solving Eqs(2) i (5) to solve
for 4 unknown variableseat capacityl j, coldside exit temperatu¢ 5 ,
hot-side exit temperatu ., and base temperatupé; ; , whereE  and

E arethe baseconductance obtained from the CFD simulatidns is the

total base area of the heat exchanger evaluatédas: , 1 T ,
s —#8 4 nir 4 n (2)
1 —#n 4 nnn 4 F Ak (3)
s E 4 Rk AhE 4
1 E 4Rk 4 ARk ©)

4.5et4 shn 4 5 wh

and4z i gge ot 4A1 0 BE

5. UpdateBvalue:E E p

6. Repeat stepBuntlE . AT 1 A

7. Updat€évalue:E E p and resetE1l

8. Repeat step3untlE . ET O

9. Calculate the total capacity of each stack as:
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10. Calculate the total capacity of the heat exchanget as: . 1

where. is total stack number of the heat exchanger.

Two main assumptions wepmnsidered for the modiftehybrid method. One is
that the flow distribution among the microchannels is uniform, which means the
mass flow rate in each microchannel is the same. The sassanhptiors for each
computational domain (j) the base tempet@e remains constant. Ehis a fair
assumption because for the case of single manmattochannel pass, the same
inlet temperature in all microchannels is expected as thedbmmesfrom the top

of the microchannels through the manifold channel,teead transfer only occurs
in the microchannel sectiofno heat transfer occurs in the manifold channel
Because both the hot and cold flows have the same inlet temperathaesiform
flow is fed across microchannels, each layer of the heat exchangee chvided
into hundreds orepeated unit cells which have the sameihlgt and coldinlet
temperatures as shownrigure5-5. For each unit cell, due to the short flow length,

a constant base temperature can be assumed
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Hot-Side Inlet

11

1 |
—)
Cold- Cold-
Side ) Side
Inlet Outlet
—

Unit
Cell

e’ L LT

“Unit Cell” Hot-Side Outlet Y

Figure 5-5. Unit-cell pattern from crosBow manifold-microchaanel heat

exchangefl107]

5.4.0ptimizationResults& Design Selection

The optimizatiorresultsofe f f ect i veness ( U) vommedatiheat exch
(VsaidViot) based ordifferent manufacturing constraints are shownTiable 5-2.

By comparing theresults, tle heat exchanger with microchanrslrfaceand

manifold both fabricated by -8B metal printing(DMLS) provides the highest

effectiveness and lowest heat exchanger sabidme ratio 18% effectiveness

improvement and &% solidvolume ratioreduction are pasble compared to the

heat exchanger manufactured plyotochemical etchingand 8% effectiveness

improvement and 7% solidvolume ratiareduction are possible compared to a heat

exchanger manufactured by laser miarachining. Since the build material falt

three heat exchangers is assumed to be the garnmeonel 718, and the overall
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volume of all three design is the same as 0.08)2arfower solidvolume ratioalso

implies a lower mass of the heat exchanger design.

Table5-2 Optimizationresults

Microchannel Surface Manifold

Manufacturing Process | Manufacturing Process Optimized Results

o

3-D Metal Printing 3-D Metal Printing U =690. 5
(DMLS) (DMLS) Vsolid/Viot = 0.164

. : 3-D Metal Printing U =810. 4
PhotechemicalEtching (DMLS) VeoidViet = 0.249

3-D Metal Printing U =280.5

Laser Micremachining

(DMLS) VsolidViot = 0.197

Besides higher effectiveness and lower heat exchangewsblitieratio, there are

also other benefits for heat exchanger manufactureelbyn@tal printing. First, 3

D printing the entire heat exchanger core as a single piece eliminates the necessity
of subsequent steps. SecondlyD3metal printing technique is quitefficient
thereby saves fabrication time and reduces material wastage as compared to other
techniques. Thirdly, additive manufacturing is highly effective in fabricating
extremely complicat and compact geometries, which can aid in developing
minimumfeature size that will potentially yield higher performance usingriety

of materials as compared to any of the conventional fabricating techniques.

However, if 3D metal printing (DMLS) is bosen as the fabrication approach based
on the optimization reswf the overhang issue must be considered. DuringEhe 3
printing process, ifhe next layer is larger than the previous lagaoverhang issue

will occur and cause build crash on the @e&rtshown irFigure5-6. DMLS has a
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smal allowance for unsupported overhangs5Mmm) and $ructure with sel

supporting angle (Cswel.LA) can avoid over han

Figure5-6: Build crash causkby overhang$108]

For the crosdlow manifoldmicrochannel heat exchanger, depending on the
printing orientation, the overhang issue will either occur at the manifold base and
microchannel finsas shown inFigure 5-7 (a), or at the manifold walls and
microchannel fins as shown Figure5-7 (b). Basél on the communication with

the manufacturer, it would be very challenging to print the part if the design was
like the first case. And for the second case, if inclined fins aricth@manifold

walls (which will be discussed in detail in the next chgptan be implemented

into the design, thprinting of the partould still berealized
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(@)

(b)

Figure 5-7: Overhang issue with cro$l®w manifold-microchannel design:

overhangsat the manifold base and microchannel f{@3; overhangsat the

manifold walls and microchannel firjis)
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Since heat does not significantly transfer along the manifold channels, end th
pressure drop across these channdlsyat be affected much if the manifold wall

is modified from vertical wall to inclined wall, another optimization which added

the effect of the inclined microchannel fins was performed. The updated optimized
resultfrom the 3D metal printing process wagain compared with the other two
manufacturing approaches as shownTable 5-3. The results showed that by
implementing the inclined microchannel fins, the heat duty of the heat exchanger
using DMLS process was reduced lessittiee one using laser mieroachining.
However, the optimal design based ei3netal printing still has the lowest weight
compared to the other two. For the design using pbleéonical etching, the reason

that it has more layers might because the aspgict of microchannel width to

height was fked. For the design using laser mienachining, since the
microchannel height could not be more than 0.5 mm, more fins were needed to
enlarge the heat transfer area. Therefore, it also has the largest ba3eBaBea (x 1 3 2
m nt). As the weight of the manilid-microchannel heat exchanger design is mainly

from the microchannel surfaces, more layers or larger base area will result in
significant i ncrease of the heat exchanger
heattransfer density (Q/m) which means lessghieasan important aspect for the
aerospace applications, and the elimination of assembly process, the heat exchanger

design based on the3metal printing (DMLS) approach was finally chosen.
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Table5-3 Summary of fabricatin process andpdatedptimizedresults

Microchannel | Manifold | Assembly | Main Constraint Optimized Results
Q =23.8 kW
_ - =3.11k
3-D Metal 3-D Metal Fin thickness m g
Printing Printing None 6 0.15 m Q/m = 7.65kW/kg
(DMLS) (DMLS) ' 368 x 115 x 48 mih
(Vtot =0.006 m3)
Q=23.4kwW
Photo 3DMetal | . Channel width m = 429kg
. L Diffusion _
chemical Printing Bonding | = 1.1 channel Q/m =5.46kW/kg
Etching (DMLS) height 341 x 113 x 52 mh
(Vior = 0.0@00m?)
Q =25.6 kW
3-D Metal . m =362k
LaserMicro- O Ve bitfusion | Channel height _ I
machining Printing Bonding | ® 0.5 mm Q/m =7.08kWikg
(DMLS) ‘ 389 x 132 x 40 méh
(Vtot =0.0@®05 m3)

5.5.ScaleddownModel

In order to fabricate and test the optimized heat exchanger design, the heat

exchanger had to sxaled down considering both the manufaeturé s f abr i cati o
limitation and the testing capability in the lathe dimensionsf the subscale unit

were determined by downscalirige full-scale 3.8 kW gasto-gas crossflow
manifoldmicrochannel heat exchagrgdesign which was obtained throutjie

optimization process irthe previous section. This downscaling processs to

reduce the overall volume of tlell-scaleheat exchangeio match theselected
manufacturero6s fabricatiloimt aohqoldtsidd i ty whi
mi cr o c h an n eal parame@rerficrochannefin thicknessmicrochannel

width, andmicrochannel heightyinchanged
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To ensure the subscwaksless thamhetm@shnudaet alrler & s |
maxmum building volume a newoptimizationwas performed. The effort involved
additionalgeometrical constraint® ensure that hot side flow length (L) wass

than 66 mmgcold side flow lengti{W) wasless than 76 mm, anmib-flow length

(H) was less than 76 mm(see Figure 5-8). To keep similar performae

characteristics, mass flow rate peicrochannel orboth hot/cold side and COP

onbothhot/cold sids werekeptthe same as the fudicaledesign. The compariso

between fullscaledesign and subscale unit is showTable5-4. As can be seen,

the subscale unit is about 1/10 of the -Bdhle unit in terms of heat transfer

capacity.

Figure 5-8: Subscale unit desigrthe yellow partwas designedas connection

interface for headeys
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Table5-4 Comparison between fuficaledesign and subscale unit

Fubkbk Dleesi g

Subscal e

Capaclty ( 23.8 kW 2.0 kW
Hot f 1l ow) I 368 mm 59 mm
Col d f I ogw 115 mm 70 mm
Nof | ow I5¢n 48 mm 26 mm
Numbekayer 4 2

5.6.Summary

In summarysingle-objective optimizatiorior the gaso-gas crosglow manifold-
microchanneheat exchanger with different fabrication approaches was described
in this chapterThe optimization constraints and process weseudised in detail.
The optimized results showedat even by implementing inclined microchannel
fins to avoid the overhang issue, the heat exchanger design tBinge&al printing
(DMLS) process could still provide the highest heat transfer density (&oh)
eliminate the assembly process to signifitaneduce the fabrication lead time.

Lastly, theoptimized fullscale gago-gas crosglow manifold-microchanneheat

exchanger wsscaleddown for fabrication and experimental testing.
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ChaptTersit®@tPr CO upwmscal e Unit Fabr

6.1.Introduction

This chaptefirst discusses the test print coupons which were fabricated to evaluate

the build quality using the selected DMLS
based on the scalatbwn design posed in chapter 5 with some design

modifications according to the raomendations from the manufacturer (Proto

Labs). After fabrication, the test print units were analyzed to evaluate the

fabrication quality such as the printable minimum microchannehfakness and

the minimum microchannel base thickness (which can &smalled as separating

sheet) that can prevent leakage from hot to cold side (as the design requirement has

a higher system pressure on t hawatibnpt si de) .
the subscale unitds geo melricatonouaity,andpdat ed t ¢
the unit was successfully3 printed which matched very well to the final CAD

design.

6.2.Test Print Coupomesign

Based on the communication with the magacturer,DMLS only has a small
allowance of 0.5 mm for unsupportedusture [108]. Considering that the
microchannel height on both sides of the dewigald be greater than 1 mm, either
the hot sideor coldsidemicrochannel finsvere suggesteby the manufacturdo
be printed at an inclined angle of 45 degrees to avoid overhangs dieng

fabrication process as shown kigure 6-1. Based on the optimizato study
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discussedinthpr evi ous chapter, it waheatduyund t hat

would be higher if inclined microchannel fins were implemented on the hot side.

l ncl in

¥

Overh

v

Prin
orien

Figure 6-1: Crossflow microchannel design layout: both sidertical fins (left);

inclined fins on one side (right)

Since it was decided that hot side microchannel fins need to be inclined, to avoid
overhang issue on the cold sidee tmaniféd wall on cold side also had to be

modified from vertical wall to inclined wall as shown inFigure 6-2 (a). With

inclined microchannel fins on hot side and inclined manifold walls on cold side, a

20 x 16 x 9 mrtest print coupon design based on the sedledwn desi gnés

geometry dimensions waseatedas shown inFigure6-2 (b).
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Cold side

inclined
manifold
wall
Hot side
inclined fin
Printing
orientation

(@)

A

Printi
orientation

(b)

Figure 6-2: Zoomtin section viewof crossflow manifold-microchannel design
with inclined microchannefins on hot sideandinclined manifold wak oncold

side (a); CAD design of the test print coupon (b)

73



Based on the initial scaledbwn design obtained from the opization discussed

in the previous chapter, two test print coupon designs were prepared to check the

manufacturer o6s

fin thickness and manifold wall thickness. As showTable 6-1, coupon 1 has
0.200 mm vertical fins and 0.172 mm inclined fins as recommended by the

manufacturer, and coupon 2 has the same diloes as the initial scaletbwn

mi n i swahras therminimunanbidroeharined at ur e

design excepthinner inclined fins and manifold walls on the hot side. The same

printing orientation were applied for both coupons as showgure 62 (b).

Table6-1 Test print coupondesigndé mi ni mum f eatur e
Coupon 1 Coupon 2
Hot side | Cold side| Hot side |Cold side
Microchannel fin thickness (tin) 0.172 mm| 0.200 mm| 0.106 mm|0.150 mn|
Microchannel channel width (Wehn) [ 0.280 mm| 0.280 mm( 0.346 mm[0.330 mm
Manifold wall t hickness (Walkng) | 0.500 mm| 0.500 mm{ 0.300 mm| 0.500

6.3.Test Print Coupon Fabrication & Evaluation

S

Both test print coupons were successfully fabricated using DMLS by the

manufacturer (Proto Labs) with Inconel 718 as showfigare6-3. According to
the weight measurement, both coupons showed very good agreement with the

design value (< 2.3%) based on the material density provided by the manufacturer

and the solid volume dohined from the CAD design.
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Figure6-3: 3-D printed 20 x 16 x 9 mAinconel 71&est print coupomith inclined

fins andinclined manifoldwalls

By measuring the small feature dimensions with a digital microscope, the
measurements showed a good match as showalie6-2. However, it was found
that the fabricated minimum inclined fin thickness was 180 pum (grdpeven if
the CAD design value was less than it. And if the designed inclined fin thickness

was less than 100 pm, this feature would not betgulinaccording to the
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manufacturer. For the vertical fins, it was concluded that the minimum printable

thicknes was 165 um (£ @m).

Table6-2 Test print coupons measurement

Coupon 1 Coupon 2

: Avg. , Avg.

Design Measure | diff % Design Measure | diff %
(mm) (mm)

(mm) (mm)
:;‘r’];fr']d(i) 2075 | 2093 | 09% | 2050 | 2066 | 0.8%
lcé‘r’lgtﬁ'?vfl) 1580 | 1576 | -03% | 1580 | 1579 | -0.1%
g(r)]glth) 8.93 8.84 -1.0% 8.93 8.67 -2.9%
Himan_cold 3.82 3.79 -0.8% 3.82 3.8 -0.5%
Hman_hot 2.80 2.78 -0.8% 2.80 2.74 2.1%
Wall man_cold 0.50 0.51 2.0% 0.50 0.51 2.0%
Wallman ot | 0.50 0.53 6.0% 0.30 0.32 6.7%
thin_cold 0.20 0.22 7.7% 0.15 017 | 10.6%
thin_hot 0.17 0.18 4.8% 0.11 019 | 75.8%

No defects (such as broken microchannels or wanmanifold walls) were

identified based on the evaluation of the fabricated coupons. As shdviguire

6-4, both vertical fins and inclined fins showed good uniformity, and the
manufacturer claimed that the surface roughnesstes  um Ra. Except the

di fferent featur e gn, bahsfabricited cdupons @alsou pon s o

demonstrated a good repeatability with DMLS process.
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Figure6-4: Measuremerstof the printed Inconel 718 couponsraight fins (top);

inclined fins (bottom)

6.4.Pressure Containment Coupo

Except the minimum feature size, the microchannel base thickness (which also can

be call as separating sheet) was another important factor for the manifold
microchannel heat exchangdesign. Considering the weight of the microchannel

base is usually abod-50% of the total manifolini cr ochanne|l heat exch

mass, a thinner microchannel base can significantly reduce the total weight of the
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heat exchanger. However, it was notitieat the part fabricated by DMLS is not as
solid as the one fabricatedrdlugh conventional techniques. According to the
DMLS manufacturer, the density of part is generally99%% of the raw material
since it is a sintering process with micron size ingtavder (which means there

are some voids within the part). As a resthigre might be a leaking issue if the
microchannel base was too thin. In order to find the minimum microchannel base
thickness which could prevent leakage under the requested gysissure (64.7
psia), two pressure containment test coupon designs weatedrwith the same

dimensions as test print coupon 2 as showkidgare6-5.

R,

WY

Figure 6-5: Pressure containmentstd ¢ & CADodesign (left); cross section

view i right side (middle); cross section viéwront side (right)

The difference between the pressure containment test coupon designs was that one
has a microchannel base thisOBmmBhse of 0.5
pressure containment test coupons were successfully fabricated using DMLS as

shown inFigure6-6. Considering the small tube opening with an inner diameter of
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4 mm and the inclined microchannels with a channel wafti®.346 mm, there
might still be some power left in tlenclosurearea on the hot side which is shown

in red inFigure6-5, which couldaccidentallyseal the voids and reduce the leakage.

To ensure there was no powder remainmghie inclined microchannels, thel8
printed coupons were pegtocessed using an trdsonic cleaner. After the
cleaning, both coupons showed very good agreements to the design values (within

2%) based on the weight measurements.

Figure6-6: 3-D printed Inconel 718 pressure containment test coupon

To perform the pressure containment test, the coupon was directly connected to a
Nitrogen gas tank, and the applied pressure was controlled by the pressure
regulator. Byputting the coupon under water, if there was any leakage, it would be
visually identfied, and the leaking point could be located based on where the
bubbles showed up. As shownHigure6-7, one leaking point was identified on

the coupon with base ttkness of 0.3 mm, and no leakage was found on the one
with 0.5 mm thick microchannel base. To check the maximum pressure that can be
held by the 2 printed coupon with base thickness of 0.5mm, another- high
pressure test was performd®ly connecting the agon to a watebased pressure
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pump, it was found that the coupon could withstand up to 3000 psig without any

leakage.

Figure6-7: Pressure containment testupon with base of 0.3 mm at 20gpsi

6.5.Subscale UniDesign

Since the fabricatiorand evaluationof the test print couponsndicateal the
feasibility of the selected fabrication approagBubscale unitiesignwascreated
based orthe DMLS process Thedesignhas the same inclinadicrochane! fins
on the hot side, and inclined manifold walbn the cold side. The printing
orientation of the subscale unit is showrFigure6-8. A 10 x 10 x 5 mn? small
sectional sample design was also created for measuring internal tsucture
dimensions considering it would be verydifficult to directly measure the

mi crochannel 6 s dubscalewunii ons i nside the
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orient

Figure6-8: A small sectionalsample for measuring internal structalienensions

(left); subscale unit printing orientation (right)

It was noticed by Arig80] that straight manifold channel may induces a large
maldistibution when the number of microchannels is high (n > 45), which makes
the assumption of uniform flow distribution invalid for the numerical model
discussed in the previous chapter. Theeftie manifold channels on both hot and
cold sides were designex$ tapered channdlsr the subscale unib better control

the flow distribution As shown inFigure 6-9, the flow area in the inlet manifold
channels decreasesnfgitudinally as more flow is fed into microchannels. The
opposite process occurs for the outlet manifold channel where the flow area

increases as more flow leaves the microchannels.
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By implementing the fabricated minimum feature dimensions such as the minimum

microchannel fin thickness of the test print couponsramimum microchannel

base thicknessf t he pressure containment test

was updated from the initial scaldldwn model, anche geometrical parameters of
both the hot and coldides are shown iifable 6-3 (seeFigure 6-10 for the
definitions of these parametgr€onsidering the subscale unit migteged to be
connected to uppdevel manifolds (which can also be called as headers) through
some conventional assembly processefyrmection interface was added into the

design which is marked in yellow as showrigure6-8.

Table6-3 Geometrical parameters of teebscale unit

Hot Side

0 0.180 mm
W 0.390 mm
(O] 0.250 mm
. O AIAREAOT AEATT .72

WO a 0.500 mm
Cold Side

0 0.165 mm
W 0.340 mm
(O] 0.250 mm
. O AIAREAOT AEAT 1,138

WO a 0.500 mm
Overall Size

: 66.0 mm
7 27.0 mm
( 74.0 mm
Mass 2119
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Figure6-10: Crossflow manifold-microchannel configuration

6.6.Subscale Unit Fabrication & Evaluation

Based on the sub s tha heaexadnanget core antha smadl | desi gn,
sectional coupon were successfully fabricated simultaneously in the same build
through DMLSas shown irFigure 6-11. The subscale unit was built within 36
hours which was much less than the quoted [Bme of any other conventional
manufacturing techniques. To ensure there was no powder remaining in the
fabricated subscale unit, it was cleaned multiple times using an ultrasonic cleaner.
After cleaning, he fabicatedminimum featurelimensions were dermined based

on the measuremenbf the small sectional coupoand the overall size of the
subscale unit was measured as weélie variations between the fabricated and
designed dimensions are shownTigble 6-4 and demonstratiabrication fidelity

within 14% of design valuegexcept fin thickness on both sides, all other

dimensions were within 5% pressure containment test was also performed on
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the 3D printed subscale unit. The result showed that the heat exchanger ddre cou

withstand a system pressure of 110 psig without any leakage from hot to cold sides.

Figure 6-11: Additively manufacturednconel 718 subscalanit and the small

sectional coupon

Table 6-4 Pecentage deviation of the fabricated dimensions and mass from the

corresponding design values

Hot Side

0 12.20%
W -3.90%
Cold Side

0 13.44 %
W -415%
Overall Size

, 0.14 %
7 0.18%
( 0.08 %
Mass 1.0 %
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6.7.Summary

In summary,two test print coupons and two pressure containment test coupons
were successfully fabricated through DMIpBocessusing Inconel 718s the
material of choicelnspection of the fabricated coupons showed that the minimum
printable microchannel fin thickness wh85 pm for the vertical fins and 180 um

for the inclined fins. It was also concluded that the minimum microchannel base
thickness neexdto be 500 um to prevent leakage from kogbssure (64.7 psia) to
low-pressurei4.7 psia) side. By implementing the dimensions measured from the
test print coupons in the initial scalddwn model, a subscale unit design was

created, and it was succadsf fabricated through DMLS using Inconel 718.
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ChaptLeortvermpe Padrimaence Characteri:

7.1.Introduction

This chapter discusses the performance characterization otXipeited subscale

gasto-gas crosdlow manifoldmicrochannel heat exchanger under -How

temperature conditions. The singt@nifoldmulti-microchanels model is

discussed since the subscale unit was modified to meet the new fabrication
constraints, and the effect of the tapered manifold cham®el to be considered.

Experimental tests under letl@mperature conditions were performed to evaluate

theheat exchangero6s performances. Lastly, th

with the numericapredictions

7.2.SingleManifold-Multi-MicrochanneldViodel

The numerical model discussed in chapter 5 is based on straight manifold channel
geometry andnte assumption of uniform flow distribution into the microchannels
along the manifold channel. The study from Af®] showed that if the flow
maldistribution is less than 30%, the modified hybrid method with the single
manifold-microchannel CFD model can still predict the performance accurately.
The flow maldistribuin, F, is defined as the ratio of the standard deviation of mass

flow rate among all microchannels to the mean microchannel mass flow rate as
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«SQBé(F,é( (6)

where n is the number of marhannels along the manifold channel, and a smaller

F value means more uniform flow distribution.

However, since the subscale unit was modified based on the new fabrication
constraints, the anifold channel was changed from straight channel to tapered
channel as well. In order to confirm the flow maldistribution with the tapered
manifold channel design is less than 30% so that the modified hybrid method can
still be used to predict the perfoamce, twasinglemanifoldmulti-microchannels
(SMMM) CFD modek werecreatedor both hot and cold sides based on the final
CAD design and measured dimensions. BMMM model was created witha

mesh generation software Gambit 2.4.6, and solved numeriasllyg the
commercially available CFD software Fluehigure7-1 shows an example of the
SMMM model for the hotside. The goal of this model was to obtain the
conductanc&)  at the microchannel base arneatead of the single manifold
microchannel radel (as shown iffigure5-3), and the pressure dr®  from

the manifold inlet to manifold outlet (from surface A to surface B).
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Mass flow rate nlet

Manifold inlet extension

Manifold inlet (surface A)

Fluid flow 1n tapered manifold channel

Inclined microchannel

Pressure outlet

Manifold outlet (surface B)

Microchannel base Manifold outlet extension

Figure7-1: SMMM model for CFD simulation on the hside
To achieve the goal, two assumptions were nfiadéghe SMMM model
1. Mass flow rate in all manifold channels is equal.
2. Symmetric condition exists for both sidesldaop planes of th8MMM model.

The inlet surface of the manifold channel inlet extension was set to constant mass
flow rate boundary condition and constant inlet temperature. The outlet surface of
the manifold channel outlet extension was set as thesyreoutlet boundary
condition. The boundary condition of the microchannel base was set as a constant
value calculated initially as the average of hot and cold inlet temperatures. This is
based on the assumption that uniform flow was fed into each mienoehand

each layepof thesubscaléheat exchanger can be divided into hundreds of repeated
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unit cells which have the same hinket and coldinlet temperatures. As a result of

the short flow length of each unit cell, a constant base temperature cauiipeds

To reduce thecomputational domain, only a haléction of the manifold was
modeled, and symmetry boundary condition was applied on the top plane. A grid
independency study was performed to find the minimum computational element
number that provideless than 3% error e limiting the computational time. It

was concluded that about 4,000,000 computational elements were sufficient for this

purpose.

The heat duty(Q), outlet temperature on the hot and celdes (Y ; and
Y § ), and temperature #tie microchannel baséY( ) were calculated based

on Equations®) T (11) asthere was only one pass on each side.

1 & 675 Yi Yg (7
1 & 65 Y orn Y i )
1 Qy & Y oY €)
1 Q { 6 Y on Y (10)
0 0 1 11

where”Y j and”Y j are the inlet temperatures on the hot and cold sidas, Q
the heat duty for each manifefdicrochannel layefQ y andQ | arethe

conductance obtainedoim the CFD simulations, #seis the microchannel base
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area, and Ner is the number of manifolchicrochannel layers. Five unknaw

variablesY 7 ,"Y § ,”Y ,1,andd) can be solved

Similar to the one showm Figure7-1, another SMMM model was created for the
case with straight manifold channel on the hot side. Based on the CFD simulation
results, it showed that the flow maldistribution is 11.9% with tapered manifold
channel, and 24% with straight manifold channel asasvn inFigure7-2. This
means a more uniform flow distribution could be achieved for the subscale unit
with the tapered manifold channel design. As a result, ussn§ MMM model with
taperedmanifold channel, the modified hybrid method would provide a more

accurate prediction.

10 Inlet mass flow rate for each micro-channel along manifold channel
8 T T T T | |

Straight mnd channel F = 0.247
7k Tapered mnd channel F =0.119 | |

mdot per chn kg/s
o
T
\
1

10 20 30 40 50 60 70

Figure7-2: Flow distributionalong themanifoldchannel on hot side {gxis: mass

flow rate in each microchannel;axis: microchanndbcation from the beginning

to the end of manifold channel i mnd" stands for mani f ol

91

d



It was also noticed that the heat transfer performance predictions with baghtstra
and tapered manifold channel SMMM models were close to each other. This is
becausd¢he geometry was optimized by setting the upper limit constraint on flow
maldistribution as 30%, and most dhe heat transfer occuralong the
microchannelswhich meas theheat transfer performaneeight not be affected

by thestraight ortaperedmanifold channeldesign(if the maldistribution of each
design is less than 30%). However, the predicted pressure drop with tapered
manifold channel was less than the one with straight manifold channel due to a

smaller flow maldistribution as shown kigure7-3.

6000 F
Tapered mnd

5000 - — straight mnd

4000 |

3000 r

dPhot (Pa)

2000 r
1000 r,

O 1 1 1
0.0065 0.0105 0.0145 0.0185

Hior (kg/s)

Figure7-3: Hot side pressure drop prediction with SMMM model (cold side mass

flow rate is constant at 0.006 kg/s)

7.3. LowtemperatureExperimentaSetup

To characterizéhe performance ohe fabricatedubscale unjtexperimentsinder

low temperatureconditions (hot inlet temperature was 43°C and cold inlet
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temperature was ~ 13) were performed. A schematic diagramh the low-
temperatureexperimental setup is shown Figure 7-4. An air-to-water heat
exchangewasadded to adjust the inlet air temperature to the bloavera vaable
speed controllewasconnected to the blower to control the total air flow rate by
adjusting thepower frequencysupplied to the lower. The air flow thenwas
distributed through the-joint, and the flow rateon hot and cold sideereadjusted

by the gate valve on cold side. The hot sidevaisheated by the electric heater to
reach the desired temperature. The cold side air t@typewasadjusted through
anotherair-to-waterheat exchanger which has circulated-@mperature (=5 °C)
working fluid (ethanotbasedwater solution) supplied by a chiller. Theubscale

unit was installed on the end of both hot and cold side as simolMigure 7-4.

1 Hot air
— O— CP 43 °C
BT 7
) - Y [ |
é 3 I_ A \ l \\j
Subscale Nozzle Electri
. unit ectric
Cold air , Heat Exchanger heater

13°C / (covered by headers)
¥ coud o

water

D.—

2
:

2

!
Water drainage port

Inlet air —*@
Heat

Exchanger

‘—» lejoweloy |

Figure7-4: Schematic of lowtemperature@xperimentasetup
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To connect the subscale unit to the {mnperature experiment setup, custom
designed hot and cold side headers were edeas shown ifrigure 7-5 (a). The
headers werthenfabricated using PLAwhich has a glass transition temperature
about 60°Cthrough fused deposition modeling (FDphpcessFor FDM, te parts

are built by laying dwn the meltd plastic filament throughlzeatechozzle to form

the cross section of the object. Then the next layer of the cross section is formed by
repeating the additive process. During thB rinting process of FDM, if the
original design has an umgported strature, asacrificialstructure will be addeds
supporting materiato solve the overhangsuebased onthepr i nt er 8s contr c
program settingsAs shown inFigure 7-5 (b), the 3D printed headers dabeen
postprocessed to removke unneeded supporting padsd were connected to the

subscale unit with a pre$is design

Subscale unit
Hot air

Cold 1
: 1 1 air
' ..."J Hot side
header '
header
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Subscale unit

Hot side
€ neader

Cold
side “—
header -
. \":f
(b)

Figure 7-5: He a d e r s ofor kbw-tempgratureexperimentalsetup (a); 3D

printed plastic headers (b)

As shownin Figure 7-6, the headers were connected to the-lemperature
experimental setup tbugh either Aluminum tapes (hot side) or rubber couplings

with steel duct clamps (cold side). To prevent any leakage from the connection area,
silicon glue was applied to seal the gapsa.both hot and cold sidefour T-type
thermocouples wernaserted ito the headers and placed as close as possible to the
inlet surface of the subscale utotmeasure thenlet temperature Another four

thermec oupl es wer e pl aced at t he subscal
temperature measurements. Since the -tlewerature tests were under
atmospherigpressureonditions, only the inlet surfaces on both hot and cold sides
were connected to the presstremsducerso measure the pressure drops across the

subscale unit.
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Hot side header Nozzle

inside pi
Subscale unit g
- / g
- ’ \ Electric heater
~Calisiclc & ; inside the pipe

header \

g — Hedﬁxchanger
onnected to chiller

Heat exchanger
connéeeted to
heater/cooler

Chiller
1 Rotameter

o\
Blower |~ "W .|

Figure7-6: Low-temperaturexperimentaketup

The vtal flow rateentering both hot and cold sidesas measured through a

rotameter, and a correction cort@a was used to calculate the actual flow rate at

the operation temperature as:

YO w 12)
Y O w

Q
8~
C1 ca

where std means standard volumetric floweyaxp stands for experiment, cal

stands for manufacturing calibratidhjs the air pressure, T is the flow temperature
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(which is the same as tHe)dnkeMWisthés i nl et

molecular weight.

To get a more accurate data, tlosv rateon ot sidewascalculated athe average
of the measurementfnthenozzle andheelectric heater. The flow rate through

the nozzle was calculated based onrtleasuregressure dropcross the nozzle

as:
, e ¢Yu
a 0Qoc¢ W (13)
S o Keo!
whereq, Iis the air density based on Gdhe heater

is the discharge coefficient frothe noz z| e 6 s pcogided byr thet i o n
manufacturerAo is the crossection area dhenozzle thoat, Do is the diameter

of thenozzle throg and Di is the diamet&f thenozzle inlet crossectionarea
For the electric heateheflow ratewascalculated based on:

0Q 6n a YR Yoo; (14

where Qe is theneasurecelectricity energy input tdhe heaterand Cp is the
specific heat based on the average ohtleeat er 6 s i nl et salhed outl et
flow rateon cold side themwasthe subtraction of hot side flow rate from the total

flow rate.

7.4.LowtemperatureExperimentMethod

The bw-temperatureexperiments were performed under the conditions shown in

Table7-1. Due to the glass transition temperat.
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air tempeature was et at 43C to avoid any deformation of the header during the
tests. In order to achieve a proper temperature difference between hot and cold inlet
temperatures, the cold side air temperature was set@t TBe experiments were
performed twicethe firsttest is to change hot side flow rate while keeping cold
side flow rate constant at 0.006 kg/s. Then, the second one is to change cold side
flow rate while keeping hot side flow rate constant at 0.019 kg/s. During the tests,
hot side inlet tempature (Y f ), hot side outlet temperaturé/( ), hot side
pressure dropddn ), cold side inlet temperaturéY ), cold side outlet
temperature”y ), and cold side pressure drap§f ) were measured and

recorded.

Table7-1 Low-temperature@xperimentonditions

Temperature Condition
Y i 43 °C

Y o 13 °C

Varying Hot Side Flow Rate
@ 0.00%0.018 ni/s

W 0.005 ni/s

Varying Cold Side Flow Rate
W 0.017 ni/s

W 0.00%0.007 ni/s
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Based on the measurement® heat transfer rate of thebscale univasevaluated

as:

a é a 7c (15)

a a a (16)

0 6n a Yor Y i (17)
0 61 G Y or Y § (18)
0 0 0 Ic (19)

where Cp and are air properties for hot and cold side based on the average
temperature between inlet and outlet measurem@nkeat balance within 10%

between hot and cold sides was recorded during thedoyerature tests.

The overall heat trssfer coefficient(U) was evaluated using the log mean
temperature difference (LMTD) method for both unmixed cftss arrangements
as given in Eqgs.20) - (23) as a function of inlet and outlet temperatures on both

the hot and coldides.

QY Y & Y (20)
QY Y Yo (21
50 YOS N Q7Y QY 29
00 b Pty (22
N 0

Y —— (23)

0 0 00 "YO
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where CF is the configuration corraiifactor of both unmixed cro$®w, 0

is the number of manifotdhicrochannel layers, anch&eis the microchannel base

area (Aase= 0.059 m 0.070 m).

Uncertaintypropagation analysis was performed to calculate the uncertainty in the
sulscaleheat exchanger performance paranset@; U) due to inaccuracy of the
measurements. A list of the measurement equipment is shovabla7-2 with the
corresponding accuracies. The uncertainty of the calculated quantity),¥aftch is

a function of X, Xz, . . ., Xv with uncertainty of Wi, Uxz, . . . , bkn, can be calculated

using the mihod explained in NIST Technical Note 14909] as:

~ ® .
v RN (24)
T
The uncertainties of thibscaldeat exchager performance paramete® U, &P)

wereincludedas error barg the results presented in thextsection

Table7-2 List of low-temperatureneasurement equipment and its accuracy

Equipment function Equipment name Accuracy
Total flow rate Fischer Porter F + 2%
Rotameter

Pressure drop across Setrapressure + 014% ES of1.2kPa

nozzle transducer
+ 0
Temperature T type thermocouple 1.0°C or 0.75% of
measurement
Setrapressure

Hot-side pressure drop +0.14% FS of 7.5 kPa

transducer

Setrapressure

+ 0.14% FS of2.5 kPa
transducer

Cold-side pressure dro
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7.5. Lowtemperature Experimefitesults

The

hot side flow rate Wwile keeping the cold side flow rate constant at 0.006 kdus. T
heat duty pressure drop on the hot si@gd overall heat transfer coefficiesre
plotted as a function of hot side flow rate. The capacity (Q) is based on a
temperature difference of 30 between hot and cold inlet altigure7-7 (a) shows

a maxmum capacity of 90 W for the subscale unit under -temperature
conditions. During the lowemperature testshe hotside pressure drofw 0 )
reached 4000 Pa at maximum-satemass flow rat®f about0.019 kg/s as shown

in Figure7-7 (b). The overall heat transfer coefficigft) of the heat exchanger was

subscal e

uni t 6 s Figueei7-7 forthmeaseckvarying r e

in the range 09001 1200 W/n¥K as shown irFigure7-7 (c).

120

—4—
SOW

60
40 +
20 | e EXp.

—Num.
O 1 1 1
0.0065 0.0105 0.0145 0.0185

,Hhot (kg/s)
(a)
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Figure 7-7: Experimental and numerical results for constant-sodé mass flow

rate at 0.006 kg/s and 3D temperature difference between hot and cold inlet air:
heat diy (Q) vs. hotsidemass flow ratéd ) (a); hotside pressure drop(© )

vs. hotsidemass flow rat¢d ) (b); overall heat transfer coefficienity( vs. hot
sidemassflow rate(&¢ ) (c)
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The results showd a decent agreement between the numepecadlicions and
experimental resultgnalysing the overall trendheat dutyhot-side pressure drop,

and overall heat transfer coefficierdll increase adot-side mass @w rate

increasesThis trend is as expected since the flow in microchannels is in the

devdoping region, increasing flow rate leads in an increase of heat transfer

performance as well as pressure drop.

Figure7-8 is showing the case of varying cold side flow rate while keeping the hot

side flow rate constant at 0.0k§/s. Theheat dutypressure drop on treold side

and overall heat transfer coefficieare plottel as a function of cold side flow rate.

Figure 7-8 (a) shows a maximum capacity of 100 W for the subscale unit with a

30°Ctempeat ur e
pressure drofw 0 ) of 1360 Pawas ecordedwhen coldside mass flow rate
reached.008 kg/s as shown iigure7-8 (b). The overall heat transfer coefficient

(V) of the heat exchanger was in the ranig@001 1500 W/ntK as shown irFigure

7-8 (c).
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Figure7-8: Experimental and numerical results for conshattside mass flow rate

at 0.a9 kg/s and 30C temperature difference between hot and cold inlehaat
duty (Q) vs.cold-sidemass flow ratéd ) (a); cold-side pressure dropo(0 )
vs.cold-sidemass flow rat¢d ) (b); overall heat transfer coefficieri| vs.cold-
side mass flow ratéd ) (c)
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Analyzingthe overall trendit also shows thateatduty, cold-side pressure drop,

and overall heat transfer coefficiergll increase asold-side mass flow rate
increasesComparing the trend betweéiigure 7-7 and Figure 7-8, it shows that

cold-side flov rate has more impactn t he heat exchangerdés t hei
This is due to the fact that the caidle flow rate is much lower (which is almost 50%

of the hotside flow rate). Therefore, the thermal resistance on thesim@ds higher

than the hoside, and any improweent in coldside flow rate can positively impact

the overall heat transfer performance.

However, it was noticed that the measured -cudig pressure drop was about 40

50% higher than the numerical prediction, while theidé wawithin 10%. Since

bothsi debs pressure dropsd numeri cal predic
models withtapered manifold channel, the higher pressure drop on cold side might

be due to that the col d-ursfordfeowdistibudoe r 6 s desi ¢
when the flow enterthe coldside manifold channels, which means the mass flow

rate in each coldide manifold channel was not equal. As showrigure7-9, the

hot-side header design has several air deflectors to guider thheraithe nozzle to

the inlet of each hegide manifold channeButthecolds i de header 6s desi g|
has two flat channels to separate the inlet air so that it enters eitherttooon

manifold channels on the cold sid&s a result, the flow entergy the cold side

might not be as uniform as the flow entering the hot side.

105



(b)
Figure7-9:Cr oss secti on \esignfa); bot & doltd €de bfeha der s 6

subscale unit (b)
106



7.6.Summary

In summarythesinglemanifold-multi-microchannelsnodel| which can be used to

replace the single manifolaiicrochannel model in the modified hybrid methisd,

discussed. It showthat even the flow maldistribution from the straight manifold

channel design is less than 30%, @enuniform flow distribution can be obtained

with the tapered manifold channel desigihe lowtemperature experimental setup

for performance characterizatias well as the test conditions are presented. Based

on the lowtemperature experimental resulitsshows that the measured pressure

drop on cold side is 480% higher than the numerical prediction, which might be

due to the nowmniform flow distribution  a t the subsdea@lete unitds

surface induced by the headerb6s design.
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ChaptHirgl mpePat toemance Characte

8.1.Introduction

Since the ga$o-gas crosslow manifoldmicrochannelheat exchangewas
designed for high temperature applications, to ensure the fabricated subscale unit
can work as expectedyis chapter disusses the performance characterization of
the 3-D printed subscale unit under hitggmperature (60C) conditions.
Considering mst material cannot withstand high temperatures, and the-firess
connection does not work well with metatmetal interfacecustom designed

metal headers were created akdifully welded to the subscale unit. A f@FD
modelincluding both inlet/outét headers and heat exchanger descussed since

the effect of the headers (such as flow distribution at the inlet swfdlbe subscale

unit and pressure drop induced by the inlet/outlet headers) need to be considered.
Experimentalests under higilemperature conditionsereperformed to evaluate

t he heat e x c h angstyrb@eexpepnentdl results aanecpased

with the numericapr edi cti ons and conventional high t

performance

8.2.Headers Design for HigkemperatureExperiment

For hightemperatureexperiment since test temperature is around 600°C,
inlet/outlet headers®n bothsideshave to be fabricated with higkemperature
resistant material. Considering the subscale unit was fabricatedinsorgel 718

which has an operating temperature up to°Z5@nd to save fabrication time for

108



complex designs which could not be eabilyit through conventional techniques

the hightemperature headers were designed baseddmatalprinting (DMLS)

using Inconel 718 as welBased on the lotemperature experimental results, it

was found that nomniform flow induced by the header migincrease the

measured pressure drop significantlyo improve the uniformity of the flow

enteringthe subscale unit, i w def |l ectors have been added

designas shown irFigure8-1.

Figure8-1:Cr oss section view of headersé desi gn
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Large surface area can easily cause very high heat loss whéhg@flows inside

the headers, which in turn may induce a high heat balance value between hot and
cold sices. Compared to the letemperature headers as showrrigure 7-5, the
high-temperature headers were designed as compact as possible to reduce the
surface area. The inlet/outlet of each header was designed as a 1 in OD tabe so th
the 1 in flanges, which was used to connect the test section to thietmpératue
experimental setup, could be welded to the headers. Consideringfipress
connection does not work well with metatmetal interface under high
temperature condition)e metal headers were decided to be welded to the subscale
unit, and the connectiomterface of metal headers were modified as shown in
Figure8-2. Due to the interface design of the subscale unit, theitletinlet header

hasmore contacting surfacarea compared to the other three.

Il nterface for we l

(@)
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Edge Wel di

Il nterface for we

(€)

111



Wel ding at the

(d)
Figure8-22Me t al Iltanredienrinfedace design: for h&itle inlet header

(a) & (b); for hotside outlet and cotdide inlet/outlet haders (c) & (d)

Since met al material 6s strength reduces at

safety factor calculation was performed adesing the required system pressure
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on hot side is 64.7 psia and 14.7 psia on cold side. Based on the welding join

design, the forc€®) it can withstand was calculated as

O 0 ® O (25)

where P is the total length of the weld (which is also the perimeter of the welding
edge), W is the width of the weld which is about 0.5 mm, and YS is the yield

strength of the asvelded Inconel 718 based on the material spec sheet as shown in

Table8-1.
Table8-1 Inconel 718 spec shefdtl0]
Temperature, °F Tenslle Strength, ksl Yield Strength (0.2% Offsef), kal
Room 135.0 76.0
1000 119.5 55.5
1200 120.0 72.0
1400 103.0 64.5
1600 74.5 52.5

Note: for high temperature condition, assuming the yield strength reduction ratio of
the welded material is similar to parent mee the yield strength of the -agelded

material can be about 68 ksi (4688a) at 1200F (650°C).

For the header under system pressure, the force applied to the héadeaq

calculatedas

o 6 0 0 (26)

where A is the projected arehthe header, N is the design coefficient for system
pressure whic means the applied pressure is 1.5 times the required valueyand P
is the required system pressure.
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Then, the safety factor SF was obtained as

Yo 2 2
o (27)

Based on the calculations for both -hahd cold inlet/outlet headers, the safe
factors are included ifmable 8-2. As all safety factors are more than 10, it was
concluded that connecting the metal headers to the subscale unit through welding
would be a safe and reliable approach to prepare the tesins@ehich includes
headers, flanges, and the heat exchanger core as shbwgnii@8-1) for the high

temperature experiments.

Table8-2 Estimatedwvelding safetyfactor @t 650C)

Header P wW YS A N Psys SF
Name (mm) (mm) | (MPa) | (m m2) () (MPa) ()

mféts'de 186.1 | 05 469 | 1410 | 15 | 0.448 | 46

Hotside | 1943| 05 469 | 1,811 | 15 | 0448 | 37

outlet

Coldside | 151 2| g5 469 | 1606 | 15 | 0101 | 165
inlet/outlet

8.3.Flow Simulationwith Metal Header

Even tlough it was consideredtoatld ow def |l ect ors itto each h
improve the uniformity of the flow entering the subscale und, empirical

correlations could be used to determine the length, location, and shape of the

deflectors. Thereire, cmsidering the computational time&olidworks flow

simulatiors have been performed as a preliminary methiod check whether

uniform flow could be obtained through the custom designed flow deflectors inside
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each header. By trial and error, a prelinnjnaeactr design could be created with

a flow maldistribution less than 5% based on the flow simulation results using

Solidworks.
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- -5.918

- -8.975

- -12.033

- -15.091
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- -24.265

- -27.322
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Global Coordinate System
Surface Plot 2: contours

Flow deflector

Flow distribution of hot side inlet header at inlet mass flow rate of 0.026 kg/s,
negative value of velocity (y) means air is flowing down normal to the surface

(@)

Velocity (V) [mis)
Global Coordinate Sy

~7T Tube extension used
for flow simulation

Outlet flow direction

Flow distribution of hot side outlet header at mass flow rate of 0.026 kg/s
(surface 1 & 2 are half size channels, surface 3 -6 are full size channels)

(b)
Figure8-3: Solidworks flow simulation results: haside inlet header (a); hstde

outletheader (b)
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As shown inFigure 8-3, the flow simulation using Solidworks includes the solid
body of the header design. For {side inlet header, the 1 in tubarface at inlet

was set as mass flow rate inlet with constant inletperature. The five uniform
manifold channel inlet areas of the subscale unit on the hot side were set as pressure
outlet. No symmetry boundary was used as the Solidworks flow simuiatiiudes

the entire flow region within the header. The crssstionview in Figure8-3 is

only for the purpose of showing the structure inside header.

For hotside outlet header, the manifold channel outlet areas of the subscale unit on

the hot side were set as mass flow ratetiwith constantamperature. A 1 in tube

extension was added at the outlet surface of the header design to avoid re
circulation at the headerdés outl et surface
set as pressure outlet. One thing needs to be nagi¢kdt half maniftd channels

were observed at the hside outlet of the subscale unit as well as st

inlet/outlet due to the flow behavior inside the manHoldtrochannel heat

exchanger. Therefore, the flow maldistribution of-biote outlet heder as well as

cold-side inlet/outlet headers was evaluated as

a
0 Cc & P E D (29)
¢ — ¢ ¢ .
CE p £ p

where ared and2 are half sizenanifoldchannelsarea3i 6 are ful sizemanifold

channelsas shown irFigure8-3 (b).
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For coldside inlet/outlet headers, similar boundary conditions and simulation
approach were used. Baseu the Solidworks flow simulation results, it showed
that the original bader design without any flow deflector usually has a flow
maldistribution of ~ 20" 40% with different inclined angles, which is the angle
between the contacting surface of the sulesgalt and the 1 in tube surface of the
header. By adding deflect@ inside headers, aftenultiple design iterations
through trial and error, the bestiow maldistribution results obtained from
Solidworks flow simulationvereindicating~ 4% maldistribuion for hotside inlet
header, ~ 8% for hegide outlet headefr,6% for cold-side inlet header, ane8%

for cold-side outlet header

However, due to the complexity of the subscale unit deign and the small microchannel
size, the Solidworks flow simulation cannot include the subscale unit, which means
the simulation result magot be accurate since the flow resistance from the heat
exchager core is not consideredo ensurethe assumption of uniform flow
distribution from headers among all manifold chanreatg] to get a more accurate
and reliable flow simulation resutinotter Fluent flow simulation (including both
inlet/outlet headerand heat exchanger core) was performed to determine whether the
mass flow rate in each manifold channel is equith the header design obtained

based on the Solidworks flow simulation results
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Fluid flow in tapered manifold Outlet gas

Porous medium
Inlet gas (to mimic microchannels)

4

Inlet header extension
Mass flow rate mlet

Fluid flow in mlet header

Outlet gas

Flud flow in outlet header

Outlet header extension
Pressure outlet

Figure8-4: Smplified singlemanifoldporousmediummodel op); hot-side full

model with inlet/outlet heade(bottom)
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Since the measured pressure drbie test sectioimcludes pressure drop of the inlet

and outleheaders, this Fluent simulation can also predict the totayyeedrop from

the inlet header to the outlet header. As showRigure 8-4, in order to reduce
computational time, microchannels were replaced with a porous mediuhe
simplified model. For the simplified single manifggdrousmedium model, the same
boundary conditions of the SMMM model were applied. Based on a grid
independency study, it was concluded that about 1,300,000 computational elements
were sufficientér the simplified model. Starting with the simplified single maniold
porousmedium model, the porous medium parameters were calibrated by matching
the pressure drop obtained from the SMMM model for a range of the same mass flow
ratesas shown irFigure 8-5. Then, the calibrated porous medium parameters were
used in the full model to predict the total pressure drop, which includes pressure drops

of both the inlet and outlet headers.

6000
= SKMM model
5000 F — Porous medium model
4000 F
)
=
EEDGD -
o
-
2000 F
1000
0 1 1 i
0.014 0.017 0.0z 0.022 0.026
Mg (ke/s)
(@
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1500

= SMMM maodel
— Porous medium model

1200

800

AP g1 (Pa)

400

ﬂ 1

0.0oz 0.004

Figure 8-5: Porous medium calibration: heide core pressure drop vs {sade

mass flow rate (a); coldide core pressure drop vs cside mass flow rate (b)

For the full model, the inlet surface of the inlet heademsidoa was set to mass flow
rate boundargondition The outlet surface of the outlet header extension was set as
pressure outlet boundary condition. The symmetry boundary condition was applied
on the plane where the headers and manifold channels arehelit ifhe result of a

grid independencgtudy showed that about 8,500,000 computational elements were

sufficient for the full model.

r.ntuld {IILEJIS}

(b)

120

0.006

0.008



Fdl mani f ol

4

A

Hal f mani f

Figure8-6: Crosssection view ofmanifold channels on hot side (5 full manifold

channels as inlet channel, 2 half & 4 full matdfohannels as outlet channel)

As discussed before, due to the characteristics of mamfmidbchannel heat
exchanger os fl ow pat h,inclddedlinfthe sudstalefunitt d c hann
design as shown Figure8-6. Thereforea uniform flow distribution means that mass

flow rate at the half manifold channel needs tdhak of the full manifold channel.

Based on the full model 6s simulation resul
channel could be obtained, anohdicated that flow maldistribution is & 8% for hot

side inlet/outlet headgrand 3i 5% for coldsideinlet/outlet headaras shown in

Figure8-7.
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Figure8-7: Flow distribution in each manifd channel (bt-side mass flow ratat

0.02 kg/s cold-side mass flow ratat0.006 kg/s)

8.4.Metal Headers Fabrication & Evaluation

Since the metal header design does not have any small feature (< 0.5 mm) that

requires a higiresolution 3D metal printeyall four headers were fabricated based

on the printing orientation shown Figure 8-8 through the DMLS process with

normal resolution (30 um per layer). However, supporting structures were added

by the manufacturerastheweldy i nt er face of all header sdo o
issue. After the3-D printing process, the headers together with the supporting

structures were removed through wire EDM. The supporting structures were then

removed with a poweotarytool, and the heders were polished using sandpaper

to improve the surface finish quigliof the overhung welding interface area.
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Figure8-8: 3-D printing orientation of thenetalheaders

As shown inFigure8-9, theme t a | h éualidseface finisrawas stated by the
manufacturer as 510 um Ra. The density ofDB printed headers was evaluated

by measuring the weight with a scale and measti@golume with water in a test
tube. The results showed the densigs ~8.081 g/ci which is 99% of the raw
material density for Inconel 718 provided by the manufacturer. It was also noticed
that the measured mass of th® Printed headers was ~8% d$ethan the design
value. According to the manufacturer, this mightloe to the volume loss during

the postprocessing such as that more welding interface was machined away with

the power rotary tool when removing the supporting structures.
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(b)

(€)
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(d)
Figure 8-9: Hot-side inlet hader (a);, hotside outlet headefb); cold-side inlet

headel(c); cold-side outlet head€d)

8.5.Assembled Test Section

As previously discussed, the test section for the -teéghperature experiment
includes hot/ cold-side headers, flanges, and the l@hanger core (the subscale
unit). All parts were decided to be assembled through welding. However, since
headers and ésubscale unit were-3 printed through DMLS process, it was
unclear what quality could be obtained after welding theBg8nted netal pieces
together. To ensure a successful welding job, an experienced welder was invited,
and a small weldingrial piece was prepared as shownhigure 8-10 (a). The
welder cut the weldingrial piece in half and tried to wetlthem backo-back
through edge welding as shownRigure8-10 (b). According to the welder, these

3-D printed metal pieces were still weldable. However, due to the voids inside the

parts (which might have trapped sonablegassuch as Argon during the sintering

126



process), welding-® printed Inconel 718 is much more difficult than the raw

material.

10 mm

(@)

(b)

Figure 8-10: A section fromthe subscale unidesign (a);Welded 3D printed

welding-trial section through edge weldirfl)

In order to connect the test section to the Haghperature experimental setup,

flanges and clamps connection was selected. For tube OD of 1 inch, the metal
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f 1 anges 6urdisiratedtas 100 psga st 800°F whicimage than 10 times

the required system pressufd 1]. However, to weldhe flanges to the headers,

flanges made of Incah 718 were needed, which are not commonly available in the

mar ket . Based on flangedbs design standard
flange design for use of flat gasket was creat@dufe 8-11 (a)). As shown in

Figure 8-11 (b), four Inconel 718 flanges were fabricatedotigh conventional

machining process. To ensure there is no gas leakage from the contacting surface
between two flanges under required system pressure of 64.7 psia;irch-G#ck

Flexible Grafoil gasket was used which has a service temperature ug@ 815

DETAIL B
SCALE4:]

SECTION A-A

(@)

128



(b)
Figure8-11. Mo di fi ed I nconel 718 flangé@phs enginee

fabricated Inconel 718 flanges through convarglonachining (b)

Since a tighfit was required by the welder, and th&®3rinted headers could not
directly fit into the subscale unit as well as the flanges, to complete the assembly
of the test section, headers and subscale unit wer@pmusissed tlough a precise
machining. After the posprocess, all pieces of the test section were fitted into each

other tightly before welding as shownkigure8-12.

Figure8-12: Test section including coréeaders, and flanges before welding
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The test section was successfully welded together, however some leakages were
identified after the first welding job. As it was leaking at several pointa fie
welding line to the ambient when the test section wassurized, more welding

was applied to seal the identified leaking points. After multiple trials, the test
section was eventually proved to be ldede (no leakage from hot side to cold side
through headers, and no leakage from the pressurized teshstecthe ambient)

as shown irFigure8-13. This assembly procesalsodemonstrated the feasibility

of welding additively manufactured and conventional machined Inconel 718 parts.

w

,;pvitilllifilﬂm

Figure8-13: Welde test section including core, headers, and flanges
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8.6.High-temperature Experimental Setup

A high-temperaturexperimental setup was built from scratch to characterize the
performance of the test section under kigimperature (600°C) conditions. A®th

hot side has a system pressure of 64.7 psia based on the design requirements
di scussed i n c hohagde was inially desigpned as antopep 6
with a compressor to supply the pressure and flow rate. However, a compressor
which can suppl 0.02 kg/s air at 64.7 psia requires at least 0 HP power

supply, has a giant size that required too mabbratoryspace, and would cause

huge noises. Therefore, a close loop was designed for the hot side with a smaller
size compressor. To supphetrequired flow rate within the close loop, a 3 HP oll

free scroll enclosed compressor, which can use pressgazeds inlet flow, was

selectedhs shown irFigure8-14.

Figure 8-14: Powerex oilfree scroll compressor punjfl2] (left); 3 HP scroll

compressosystem
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Because the hetide inlet temperature for the subscale unit was required 8€ 650
acommerciaklectricheatemwhich has a capacity df3kW with 3-phase power (@
208 V) was selected. Based on theecification, the heatewhich is made rom
Stainless Steel 304 could sup@lymaxmum exhaust gas temperature of 704°C
(1300°F) andvithstanda maxmum pressure of 120 psiyVith an average rogen
temperature aB0C’C at the given pressure of.@ psia, apressure drop ofl6 psig

is expected when mass flow ratside the heatas 0.02 kg/s This high pressure
drop is due to the-Shape flow path inside the heater as showkignre8-15, and

can becompensat by the selectedoenpressor.

(LAY 4
T

i

Figure8-15: Schematic of the commercial heater

However, as a commercial product for standard industrial applications, the heater
did not have a annection option as the flange/clamp type used in the- high
temperaure setup. Therefor@, modified flange desigwascreated to replace the
original exhaust fittinging of the commercial electric heat@s shown irFigure

8-16) so that it could be installed in the setup. The modified flange then

fabricated atJniversity of Marylandand del i vered to the heater

be welded to the heater.
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Weld

Exhaust
fitting ring

Figure 8-16: Original exhaust fitting ringdesignon the heate(left); Modified

stainlessteel304 flangeas replacement of the original exhaust fitting ring (right)

The electric heater was controlled by a PID controller provided by its manufacturer,
however, fuses were not included in the control panel due to the large size of the
high-current fuseand the imited space within the control box. As a result, custom
designed fuse holder was[B printed using higliemperaturgesistant plastic
material (which can withstand a maximum temperature of@QGnd three 50

Amp fuses were installed inside these holeér. As shown inFigure 8-17.
Considering most of the risks during the higinperature experiments (which are
discussedat the end of thisection) could be related tive electric heater,&phase
power emergency switcla flow rate relay (check haide minimum flow rate),

and a temperature relay (check compressor inlet temperaturepdaed in the

power system.
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Figure8-17: Power switch & control panel for the electric heater

Sincethe subscale unit of the gasgasmanifoldmicrochannel heat exchanger has
a crossflow configuration, it has a chance to create-naiform flow temperatures

at the hot and coldoutlets. In order to obtain a uniform flow temperature
measurement, custo designed mixing chambers were ceelatTo ensure the
measured locationinside the mixing chambercan represent the average
temperature,Solidworks flow simulations were performed by assuming the
temperature varies 8Q across the inlet crossection of he mixing chamberAs
shown inFigure8-18andTable8-3, at the measured location, the simulation results

for this extreme case show that the measured temperature is almost the same as the

134



average tempart ur e at mi xi ng c¢ haohmass fiow ratesn| et

Similar results are obtained for other mixing chambers.

- 500.00
- 496.43
- 492.86
- 489.29
- 485.71
- 482.14
- 478.57
- 475.00
- 471.43
- 467.86
- 464.29
- 460.71
- 457.14
- 453.57
- 450.00

Temperature [°C]

Thermocouple
measurement

Outlet

Figure8-18: Numerical model of heside outlet mixing chamber at mass flow rate

of 0.02 kg/s

Table8-3 Flow gmulation results of the hetide outlet mixing chamber

& hot Tavg Tavg 2 hvg & hvg Tavg
(kg/s) @ inlet (°C) @ TC location (°C) (°C) @ inlet (%)
0.010 475.0 472.9 -2.1 -0.44%
0.015 475.0 473.2 -1.8 -0.38%
0.020 475.0 473.0 -2.0 -0.42%
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The schematidiagramof the high-temperatureexperimental setup is shown in
Figure8-19. In summaryto reach the required system pressure, thesidetwas

built as a closed loop withadgas as te working fluid supplied via aiNyas cylinder.

A scroll compressor, controlled layvariable speed controller, was used to provide

the desired flow rate. A 1BW electric heater was installed on the &ioke to heat

the N gas stream to 600°C. A 20V chiller and an aito-water heat exchanger

(Heat Exchanger 1) were used on thedmie to cool the blexhaust from the outlet

of the test section to ensure the gas temperature at the inlet of compressor was less
than 20°C. Coriolis flow meters were used teasure the mass flow rates on both

the hot and colaides. The colgide was builas an open loop with atmosphere
system pressure. On the calde, air was used as the working fluid, and a blower
controlled by a variable speed controller was used tagediie desired flow rate.
During the high temperature test, the entire setupsheethe run for at least 30
minutes for a proper steady temperature measurement. Because of long operation
of the blower, the outlet air from the blower will increase to ntloa@ 43C for an

inlet blower temperature of 26. A pre-cooler (Heat Exchange) #as used on the
cold-side to maintain a constant caddle inlet temperature (~ 38°C). Pressure
transducers and high temperature thermocouples were used to measuretine pres
drops and temperatures. On both the hot and sidkk, custom designed migin
chambers ensured uniform temperature measurements at both the inlets and outlets

of the test section.
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Figure8-19: Schematic diagram alie high-temperatur@xperimental setup
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3-phase power
plug for heater

Cold side outlet
mixing chamber

Hot side outlet
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Flexible tube
system
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Fuse holder

Electric heater
control panel
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Compressor

Figure8-20: High-temperature experimental setup
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The high-temperature experimentsétup is shown ifrigure 8-20, where the test
sectionwasconnected to # setup through flanges/clamp connection with flexible
graphite gasket to prevent leakage from contaétihga nsgrfaces Three thermal
insulation layersverealso covered the entire test section and all rgixinambers

to reduce heat loss during higintperature tests shown irFigure8-21.

Cold side outlet Hot side outlet Cold side inlet
mixing chamber

Figure8-21: Test section & mixing chambernsefore installing thermal insulation

(top), after installing thermal insulation (bottom)
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Considering the riskinvolved with the highemperature experiment setup (such
as pressurized Ngas was heated to 6D or more through a XBW electric
heatey, a hazard and operability analysisas conducted before the high
temperature teses shown infable8-4. Even the highemperature setupaswell
prepared and insulateif blower or compressor stops workipgoperly, certain
risks still need to be considered and methotimitigation hae been concludeth

the table as well

Table8-4 High-temperature test hazard and operability analysis

Condition Effect Risk Mitigation
Compressor inlet Compressor| Temperatureelayoff A
No flow .
temperature too high damaged heater off
Cold side Vent paint
air flow Low flow Vent exhausts hot P Additional cooling fan
damaged
High flow | N/A N/A N/A
No flow Heater minimum Heater Flow relay off
flow not reached damaged A heater off
Hot side Heater minimum Heater Flow relay &
Low flow Temperatrerelay off
N2 flow flow not reached damaged
A heater off
Hiah flow Compressor inlet Compressor| Temperaturgelay off
9 temperature tobigh | damaged A heater off
No flow Compressor inlet Compressor| Temperatureelay off
temperature too high damaged A heater off
Chiller .
Compressor inlet Compressor
water . . Temperatureelay off
Low flow temperature too high & Chiller
flow . A heater off
& boiling water damaged
High flow | N/A N/A N/A
. Setup Pressureelief valve @
High Setup burst damaged 95 psiaopen
System
pressure Heaterminimum Heater Flowrelay&
Low Temperatureelay off
flow not reached damaged
A heater off
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8.7.High-temperature Experiment Method

The experiments were performedderhigh-temperature and adiabatic conditions as
shown inTable8-5 andTable8-6. Four sets of experiments were conducted. For the
highrtemperature tests, first the Fgitle flow rate was varied while keeping the eold
side flow rate constant at 6 g/s. Then, in the second test, thsideltlow raé was
varied while keeping the hside flow rate constant at 20 g/s. For the adiabatic tests,
which do not involve any he#atansfer, first the heside flow rate was varied while
allowing no flow on the coldide (flow rate = 0 g/s). Then, the cadeflow rate

was varied while allowing no flow on the k&itle. During the tests, the ksitle inlet
temperatureY ), the hotside outlet temperaturéY( ; ), the hotside pressure
drop @ 0 ), the hotside system pressure ( ), the hotsidemass flow ratéa ),

the coldside inlet temperaturéY | ), the coldside outlet temperatar(’Y 5 ),

the coldside pressure dropo(® ), and the colesidemass flow rated( ) were

measured and recorded.

Table8-5 High-temperaturex@erimentakest conditions

Hot Side Cold Side
Temperature Condition 600°C 38°C
System Pressure 448 kPa 101 kPa
Varying Hot Side Flow Rate 107 2049/s 6 g/s
Varying Cold Side Flow Rate 20g/s 47 11g/s
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Table8-6 Adiabaticexperimental test conditions

Hot Side Cold Side
Temperature Condition 38°C 38°C
System Pressure 448 kPa 101 kPa
Varying Hot Side Flow Rate 07 2049/s 0gls
Varying Cold Side Flow Rate 0gls 07 1449/s

Based orthe measurement, thieeat duty(Q) of thesubscale heat exchanger was

evaluated as:

0 6 & Y i Y g (29)
0 6n & Y 5 Y g (30)
0 0 0 ¥ (31)

where Cp is the Nor air specificheat for the hetand coldsides calculated at the
average temperature between the inlet and outlet measurements. The typical deviation
observed betweens@and Qoidwas about 6 8% (it was about 20% before installing

the thermal insuléon).

The overall heat transfer coefficiamisevaluated using the log mean temperature
difference (LMTD) method for both unmixed cref®wv arrangements as given in
Egs. B2 - (35 as a function of inlet and outlet temperatures on hothand cold

sides.
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QY Y 5 Y & (32)

QY Y Y ; (33
50 YOS " Q7Y Q'Y 34

00 O Py (34
Y ! 3

o 00"YO (39

whereCF is te configuration correction factor of both unmixed cites (CF @
0.941 0.96), Awaseis the microchannel base aréadse= 0.059 m 0.070 n), and Q
is theheat dutyfor each manifolemicrochannel layefas shown irFigure8-22, the
subscale unit design has two manifaittrochannel layers, and each layer consists
of a full crossflow microchannel surface, a half k&ile manifold, and a half cold

side manifolds)

Figure8-22: S u b s ¢ a | v manifaldmiérschannel layers
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Uncertaintypropagatioranalysis was performed to calculate the uncertainty in the
subscaleheat exchanger performance parameters (Q, U) due to inaccuracy of the
measurements. A list of the measurement equipment is shovatie8-7 with the
corresponding accuracies. The uncertainty of the calculated quantity),¥afuich is

a function of X, Xz, . . ., X with uncertainty of Wi, Uxz, . . ., bkn, can be calculated

using the method explteed inNIST Technical Note 129[209] as:
~ T .,

Y _ Y (36)
()]

—a

Table8-7 List of high-temperatureneasurement equipment and its accuracy

Equipment function Equipment name Accuracy

Endress Hausser

Hot-side flow rate Coriolis flow meter + 0.5% of measuremer
(0.5inch sizg
Endress Hausser

Cold-side flow rate Coriolis flow meter  + 3% of measurement
(1-inch size)

+ 2.2°C or 0.75% of

Temperature K type thermocouple measurement

Validyne P55 pressui

+ 0.25% FS of 5.5 kPa
transdeer

Hot-side pressure drop

Validyne P55 pressui

+ 0.25% FS of 5.5 kPa
transducer

Cold-side pressure dro

The uncertainties of treubscaldeat exchanger performance parameters (Q, U) were
calculated. The maxi mum uncaedasai2.b000] e s
+ 5.12%, and £ 0.25% respectively, and the error bars are included in the results

presented in theextsection.
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8.8.High-temperature Experiment Results

The heat transfer performance of teabscale unitfor a constant coldide
microchannel Reynolds number is showrigure 8-23. The results are plotted as

functions of hotside microchannel Reyn@aumber (Ren, 1) whichis defined as:

. O saro
Y — 37
Odera g o
where Ann, his thehotside microchannel cross section area{A= 0.00039 m

0.00128 m), kxn, nis the hotside microchannel hydraulic diameter.gioh= 0.0006

m), andad is the mass flow rate per microchannel on theskus.

3000
== Num. — high temperature
¢  Exp.—high temperature
2600 |
S 2200 |
o]
1800
Rechne = 120
1400 ' . . .
230 280 330 380 430
Re chn, h [']
(a)
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Figure 8-23: Experimental and numerical results for constant -cude

microchannel Reynolds numbér Q ; @120 and 560°C temperatudkfference

betweenhot inlet N and cold inlet air: (aheat duty(Q) vs. hotsidemicrochannel

Reynolds numberY{'Q ;); (b) overall heat transfer coefficienty] vs. hotside

microchannel Reynolds numbéy Q )

Figure 8-23 (a) shows the heat duty variation with the-kidie microchannel

Reynolds number for a temperature difference of 560°C between thendatold

sides. Ugo 2140 W heat duty was achieved attheshotd e 6 s hi ghe st

fl ow

the coldside microchannel Reynolds number is constant about 120). The overall heat

transfer coefficient of the heat exchanger was in the range df 800 W/ntK as

shown inFigure 8-23 (b). This number is higher than the overall heat teansf

coefficient of a typical aicooled heat exchanger with gases as the process fluid,
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which is in the range of 50 300 W/ ntK [113]. Heat transfer coefficient in the
present design is improved due to the two main facts: 1) high area to volume ratio of
the heat exchanger, and tBg enhancement related to the manifoidrochannel
technology as reported in the literat[k®, 26] As expected, the heat duty and overall
heat transfer coefficient increase with increase irsti® microchannel Reynolds

number for the test coitins.

The heat transfer performance results fordhlscale unitvith varying coldside
microchannel Reynolds number ¢Re) are shown ifrigure8-24. Rennc is defined

as.:
YQ ; + (38
h

where Ann, cis the coldside microchannel cross section area{A= 0.00034 m
0.00101 m), [hn, cis the coldside microchannel hydraulic diameter{i)= 0.00051

m),anda is the mass flow rate per microchannel on the-sild.
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Figure 8-24: Experimental and numerical results for constamtside
microchanneReynoldsnumber Y Q  @450) and 560 °C teperature difference
between hot inlet Nand cold inlet air: (a) heat duty (Q) vs. calidemicrochannel
Reynolds numberY'Q ;); (b) overall heat transfer coefficienty( vs. cold-side

microchannel Reynolds numbéry Q )

Figure8-24 (a) shows the heat duty variation with the change in-sidiel flow rate

for a constant hegide microchannel Reynolds number of about 450. A maximum of
2780 W heat duty waachievedat coldside microchannel Reynolds numbe26D.

The overall heat transfer coefficient of the heat exchanger was in the rangei of 700
1000 W/niK as shown irFigure8-24 (b). The graphs also show that heat duty and
overall heat transfer coefficient increase with increaseold-side microchannel
Reynolds number. Comparing the trend betwErgure 8-23 and Figure 8-24, it

shows that cokd i de fl ow rate has more i mpact on
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performance. This is due the fact that theold-side flow rate is much lower (which
is almost 50% of the hatide flow rate). Therefore, the thermal resistance on the cold
side is higher than the hside, and any improvement in calidle flow rate can

positively impact the arall heat transfer prmance.

The pressure drop performance of the heat exchanger test section is shigunein
8-25. The trend is as expected: pressure drop increases with increagsoldR
number. During the high tempereguests, the hetide pressure drop reached 4000
Pa at maximum hegide microchannel Reynolds number of about 43%@aximum
cold-side pressure drop was measured as 5200 Pa at maximursideold
microchannel Reynoldsumber of about 200~or the adiabaticests, the heside
maximum pressure drop was measured as 1410 Pa at maximusidehot
microchannel Reynolds number of about.900Id side maximum pressure drop was

measured as 5210 Pa at esidemicrochannel Reywlds number of about 370
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Figure8-25: Experimentahnd numerical results: (a) hside pressure drop(0 )
vs. hotsidemicrochannel Reynolds numbeY Q ); (b) coldside pressure drop

(w0 ) vs. coldsidemicrochannel Reynolds numbéYy Q )

From Figure 8-23 and Figure 8-24, it can be observed thahet heat transfer
performance results show a decent agreement between the numerical and
experimental data. FroRigure8-25, for the hightemperature tests it can kees that

the measured pressudrops are about 10% higher than the numerical predictions on
the hotside, and about 25% higher than the numerical predictions on thsideld

For the adiabatic tests, the pressure drop measurements are within 5% of the
predictions. The deviation obsexd between the higlemperature tests and adiabatic

tests is due to the fact that constant gas properties (calculated at average temperature
between inlet and outlet) were assumed in the numerical model used for pressure drop

prediction. For the adiabatiests, since there was no heat transfer involved, the gas
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properties did not change during the tests. However, for thetdngperature tests,

the gas properties varied along the flow due to the temperature change. The higher
deviation observed on the dedide is due to the temperature difference between cold
inlet and outlet, which was about 3@) while the temperature difference between

the hot inlet and outlet was relatively small (~ 100°C).

As shown inFigure 8-26, if the constant air properties at cold inlet temperature
(which is the same as the adiabatic test condition) is used in the calculations, the
pressure dropredictionon cold sides much lower than the experimental result. If

the constant air properties at hoteintemperature is used, thpFessure drop
prediction is much higher than the experimental result. In fact, the experimental
results fall between twvmodeling case®neis thatthe average value of the celd

side inlet anabutlettemperatures used and@other ones thatthe coldsideoutlet
temperature is used. From these results, it can be concluded that the most of
subscaleaunit on cold side e#ctively operates at higher temperatures than the inlet
and outlet average temperatufdiis may not alwayde the case for other heat
exchangerdesignssince it depends on temperature distribution inside the heat
exchanger. However, it seems for this jafar subscale unithe deviation

observed is due to thismperatureffect.
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Figure8-26: Experimental and numerical results: cside pressure drop vs celd

side mass flow rate

Considering platéin heat exchangers are thst commonly utilizedompact high
temperature heat exchangefer gasto-gas heat transfer appli@ns the
experimental results of the additively manufactured manifoldochannel heat
exchanger were compa with platefin heat exchangers to assess its superiority.
Based on a database provided in Reff4] as shownn Table 88, the geometries of
platefin heat exchangers were selected through an optimiaaiogCOP of 62 and
effectivenes of 60% as theamedesign poinbof the subscale unitnder the same

operating conditionsThe COP was evaltex as:

o0 - .
vo . 4 vy, O (39

whereY0 ; armd Y0 are the pressure drop of the heat exchanger core on the
ho- and coldside,” and” are the gas density on the hot and sidies

anda are the mass flow rates, and Q is the heat duty.
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Tale 8-8 Key geometrical specifications pfatefin heat exchangdi14]

Name Fin pitch (fin/cm) Plate spacing (cm)
PFHX 1 7.82 0.64
PFHX 2 5.94 1.06
PFHX 3 5.82 0.84
PFHX 4 4.37 0.64

Theplatefin heat exchangers were optimizeddarompacsize which was the same

to minimize mass (m). The sizing was obtainedfiging the mass flow rates,
effectiveness, and COP to match shibscalenanifoldmicrochannel heat exchanger
design.The resuks are presented in the form of heat transfer density (Q/m) versus
COPin Figure8-27. The heat transf density is defined as the ratio of heat duty
(Qover the heat e x c h anbgcalenandotdtmierécsanmela s s ( m) .
heat exchanger shows improvement of heat tesrddnsity of up to 25% for the

same COP compared to the best pfatdieat excanger design.

Figure8-28 shows the&eomparisoramong all heat exchangers in termghef overall

heat transfer coefficient. Note that for the conventiptatkfin heat exchangerthe

base thickness ¢( ) is assumed to b8.3 mm whereas for the manifeld
microchannel heat exchanger the fabricated base thickness was 0.5 mm. The result
again demonstrates the superiority of mantoltrochannel heat exchanger in terms

of thermal performance over the conventional platéeatexchangers.
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Figure 8-27. Performance comparison betweenanifoldmicrochannel heat

exchanger with conventional plafie@ heat exchangers
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Figure 8-28: Comparisonof overall heat transfer cdafient (Y) of manifold

microchannel heat exchanger and selected conventionaffipldteat exchangers
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8.9.Summary

In summary, the fabrication of the metal headers and the test section (including
headers, flanges, and the subscale unit) demonstratefgatsiblity of welding
additively manufactured and conventidpamachined Inconel 718 partd high
temperature expenental setup was built so that hitgmperature experiments (up to
650°C with maximum system pressure of 655 kPa)Bmoushigh temperaturedat
exchangers can be conductedhisTchapteralso demonstrateshat the additively
manufactured Inconel 718gh temperaturgasto-gassubscaldeat exchanger was
successfully tested at 600°C with ~ 48%a inlet pressure. A maximum heat duty of
2.78 kWand a heat transfer density close to 10 kwW/kg was achieved witisideld

inlet temperature of 38°C. The detagreement between the experimental and the
numerical results demonstrates the validity ofupeéatechumerical analysis models
used for heat émsfer and pressure drop predictiofise performance comparison
shows that additive manufacturing can be usedchieve the compact and light
weight high temperature heat exchangers, and benefit the applications where space

and weight are constrained.
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Ch aptAdrv an:c ed -mMamriofcchlach n e | He at

Exchanger

9.1.Introduction

Considering thesuccessful fabrication of the subscale unit through additive
manufacturing and the promising experimental results compared to the numerical
predictions, this chadpr discusses an advanced-gagas crosslow manifold

microchannel heat exchanger desigriochhwas created based on the new design

requirement given by the sponsor. More constraints regarding the advanced heat
exchanger 6s over althedssigzstagewfnd e&medustdlee d dur i ng
unit design was created, which has a heat duty of 20 keadesign point

compared to the-RW heat duty of the subscale unit, to further evaluate the

maximum building size and fabrication limits of the DMLS process.

9.2.DesignReguirementor AdvancedManifold-microchannel Heat Exchanger

Since the fabricadin of the subscale unit demonstrated the feasibility of the selected
additive manufacturing approach (DMLS), and the experimental results showed
that the 3D printed heat exchanger can be ldede and withstand required
pressure at high temperatures, dwaaced design with new operating and physical
specifications was requested. As showifable9-1 andTable9-2, the advanced

heat exchanger design must have a size which is equal to or smaller than the given

size of the baseline heat exchanger with the same heat duty of 417 kW.
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Table9-1 Physical spcificationsfor full-scaleadvanedheat exchanger

Overall Volume 01161in%(0.019 )

Hot-flow Length 0105in(0.27 m)

Cold-flow Length | ©9.1in (0.23 m)

No-flow Length 012.15in(0.31 m)

Weight 082 Ib (37.2 kg)

Material Inconel625

Table9-2 Openting specifications for fulscaleadvancedeat exchanger

Parameter Unit Nominal Condition
Flow Ib/min (kg/s) 212.2 (1.604)
Temperature °F (°C) 908 (487)
Hot Side | Pressure psia (kPa) 49.2 (339.2)
Pressure Drofl psid (kPa) 5.43 (37.4)
Effectiveress % 52.9
Flow Ib/min (kg/s) 229.9 (1.738)
Temperature °F (°C) 74 (23)
Cold Side | Pressure psia (kPa) 9.52 (65.6)
Pressure Drog psid (kPa) 1.9 (13.1)
Effectiveness % 50.9
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9.3. AdvancedVanifold-microchannel Heat Exchang®esign

A single obgctive optimization waperformed tdind the minimum weighof the
advancedmanifoldmicrochannel heat exchanger for the given physical and
operating conditions listed ithe previous section. Ashown inTable 9-3, the
optimal cesign achieved a 22% weight reduction with a 5% increase of tfiewo

length and a 2% increase of the pressure drop on the cold side.

Table9-3 Optimized advanced manifolshicrochannel heat exchanger design

0 416 KW(i 0.3%)
0 0.267 m

0 0.231m

0 0.323 m ¢ 4.8%
0 54

M i 28.9 kg ( 22.2%)
Volume 0.0199 ni(+ 4.8%9
Q0 37.6 kR (+ 0.5%)
Q0 13.4 WPa (+ 2.3%

Compared to the first additively manufactured-gagas crosglow manifold

microchannel heat exchanger discussed before, the advanced design includes a

much shorter manifold height on the hot side, a thinner microchannel base, thinner
microchannel fins o both sides, and most importantly, it has vertical fins / manifold

walls on both sides. As shown ifable 9-4, the advancsdd desi gnbo
manifold height for edt layer is 0.95 mm, the microchannel base thicknss

reduced to 0.15 mm (which means the separating sheet thickness is 0.3 mm), and

the fin thickness on both sides is ~0.15 mm.
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Table9-4 Comparison betweenB printed heaéxchanger and advanced design

3-D Printed HX

Advanced Design

O 1.010 mm 0.876 mm
o 0.165 mm 0.149 mm
W 0.340 mm 0.220 mm
0O & 0.250 mm 0.150 mm
W 4.440 mm 17.657 mm
O 5.250 mm 3.300 mm
Cold side — u) 3.490 mm 3.531 mm
Wwaa 0.3 mm 0.300 mm
0O & 0.300 mm 0.150 mm

0 perin 50 69

0 11 14

0 138 626

0 1 1

O 70O 5.2 3.8
O 1.280 mm 0.259 mm
0 0.180mm 0.153 mm
W 0.390 mm 0.310 mm
0O & 0.250 mm 0.150 mm
@ 6.100 mm 12.252 mm
O 4.810 mm 0.950 mm
Hot side ' u) 2.480 mm 0.196 mm
Wwaa 0.500 mm 0.300 mm
0O i 0.300 mm 0.150 mm

0 perin 32 55

0 72 577

0 10 18

0 1 1
O 7O 3.8 3.7
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9.4.Mediumscale Unit Design

Considering the current DMLS printer in the market does not have the capability to
print the fullsize advancednanifold-microchannel heat exchanger, a medium
scale unit design was created by scaling down thesizél design. During the
scalingdown process, channel heighd ( ), fin thickness ¢ ), channel width

(w ), base thicknes&d ), and mass flow rate per microchannel were kept
the same for the microchannel surface as thesizdl design. For the manifold
scaling, width of manifold channel ¢f ), manifold wall thickness
(w@a a ), inlet width to micrehannel (@ ), manifold base thickness
(O ), and pressure drop in the manifold per manifold channel length (which
is the same as flow length) were the same assizdl design. As shown ihable
9-5,themeiums cal e unitdés mani fold height and nur

sides were reduced compared to thedidke design.

Table9-5 Comparison between advancedite andnediumscale design

Cold side Hot side
Full-size | Medium-Scale| Full-size | Medium-Scale

O 0.876 mm 0.876 mm 0.259 mm 0.259 mm
0 0.149 mm 0.149 mm 0.172 mm 0.172 mm
) 0.220 mm 0.220 mm 0.291 mm 0.291 mm
0O ; 0.175 mm 0.175 mm 0.175 mm 0.175 mm
) 17.657 mm 17.657 mm 12.252 mm| 12.252mm
O 3.300 mm 1.890 mm 0.950 mm 0.458 mm
wwaa 0.300 mm 0.300 mm 0.300 mm 0.300 mm
W 3.531 mm 3.531 mm 0.250 mm 0.250 mm
0 0.150 mm 0.150 mm 0.150 mm 0.150 mm

0 626 204 577 155
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However, compied to the 2D printed subscale unit, the meditsoale design is
still ~ 4 timesas much as theverall size and 10 timess much athe heat duty as
shown inTable 9-6. It can also be noticed froMaigure 9-1 that mediumscale

d e s i ng-flo& Ength is~ 4 timesthe subscale design, and much more marnifold
microchannel layers are included in the medsoale design due to the shorter

manifold height on both sides.

Table9-6 Comparison between subscale wamt mediurrscale design

3D Printed Subscale Core Medium-scaleCore Design

0 0.059 m 0.072 m
0 0.070 m 0.075 m
0 0.027 m 0.114 m
0 2 28

0 2.0 kKW * 20.3 kW

"0 wn Coldvertical/ Hot inclined  Cold vertical/ Hot vertical

Note:Heat duty (Q)f 3-D printed subscale IN7I8eat exchangerore is based on

previous operating specificatians

Medium-scale

Ho

Figure9-1: Subscale unilesigh vs.mediumscaleunit design
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Based on the lesson learnt from the welding of the test section discussed in the

previous chapter,themediesnc al e uni t 6s wel ding interface
that thewelding edge has a thickness of 3 mm, and headeb®ibnsides have

separate welding edges (by extending the welding interface on all four sides as

shown inFigure9-2) to avoid any potential leakage directly from-sate header

to cold-side header.

= :

Hot .

114 + 3|)2V\

Figure9-2: Mediumscale design with the welding interface frafmarked in gray)

Because the mediustale design has vertical microchannel fins and vertical
manifold walls on both sides, unlike theD3printed subscale unit, a 4kegree
printing orientation has to be applied to the medisoale design so that the csos
flow microchannel fins can still be sedtipported during the sintering process as
shown inFigure 9-3 (a). However, considering the tapered manifold channel
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