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Abstract

Additive manufacturing (AM) offers signifi
of heat exchangers with complfeaxbrii ictae nerg d | [
traditional manuf & b epsrressnegn tt se at e exaplieessu. o aTrhii csa
Si mul @atfheoants tramsfaedi t hvely manufactured
exchanger for an aircraft engine. The heat
where the engine's hot | ublrnocdmtghneMMoadmeési gn.
optimized for Laser Powdhar cBead oFuastieosn a( LTRB |
Mi ni mal ( B MEapictei ce for the heat Aestbhadygesta
conjugate heat transfer siqavleatige#t Was s =mod
( RANS) appr oacre gwi tShRSTt teurlbbul ence model . Vv
thickness, materi al, and f 1l ui dr mampacftl oomn r
fuel outlet temperaturien. |Tahed iscteudwal fli nds ctk

properties of solid body exert mini mal i nf
state condition. ahlaéo/fs htseh eniar o ist dastibes tt shrec ef | u
t her mal resi sttehrade t divee rAdvh andaotwesr i al . Hence,

dynamics within the heat exchanger core
perf or manTchee fruerstuhletrs-d e ihveedn tehoef HAEM gerequi v a
performance to t het ecdo noveebnutti eomfad dty hif giblrii ght
design i mprovements focusing on the fluid
the AM geometry and heat transfer Dbetween
viability of AM for ocempl|l ax foluendmali ony $ toe m

into optimizing heat exchanger designs.
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Chapttaeat rbducti on

1. Thesi s Motivati on

The motivation for this research stems fr ol

designs that | everage the unique capabilit
traditional manufacturing met hods nflt en [
efficiency of heat exchanger s. As industr
performance and efficiencies, there 1 s a

designs and manufacturing techniques.

AM, especially | aser powder bed fusion (L
enabling the fabrication of complex geomet:
traditional manufacturing met hods. i mMhi s C
manufacturing intricate internal structure
Additionally, with AM, it is possible to op
fuel efficiency.

Thi s research ai ms |l everage the capabi |l i
conventionally fabricated aerospace fuel 0
goal i's to replicate the functionality of
performance through innovative desAMn app
concept s. This research wil/l provide val ue

manufacturing processes of the AM hmalt exct
performance. Furtelre vwraar ehe attheexAManger Wi
demonstration component to support the ind

1. RrobDedmnand odbj ecti ves

The heat exchangelt hepaftecufor saat hReiagourreo p ¢
1L, thi sraditionally manufactdmred e amuesxangan ¢ &

sever al manuf aocusesbdeggpmetassesamping, bra:



and machining. Sheet met al stamping and ca
ti mes, while manual operations such as wel
di mensi onaand yperweargmmance. Reliance on mul't
adds further compl evhiitnecirtmghse hei skppfy qoalai
i ssaegrodudel asndof fers a unique oppotrhtiusni t
componendtewesi mpnuf acanofde wsgurppriwvhedst est i al |
reducing weight, i mprovpagtpeofpamancensmas
desi gal bceavneeg agept i ondeésilegnwefi sewdom to optin
i mpropvedsure dr opltlwai mnal mpeneetirohgosaomr add en gl y
objective of this research i s t o -odelvehleoapt &
exchanger AlMsiTdhreed efved oped heat exchanger
demonstration piece for the industry partn

design process as wel |l as optimization of

100 m

FiglhreTraditionaal ymimewmanmf ecchaeader



1. 2Delsi gn Requirements

To be a dir dcotr rtehpel acccemeennh ¢ @atn a b kg e rdtaapien ,c ¢
constraints must be i mposed to ensure prop

as foll ows:

l1)Physitclae IchooMint depmgdtiwtit hin the bounding
t r adaittoimpmoonent to ensure, it does not 1in
aircraft.

2)l musatt sBave identi cahd i mdfge dst, utrdwest d eest tsi on a |
countto pamsgure full and compl ete connect
3)The heat exaidbden goeprt i entitzeeidn taopc esmgar ablde c
and heat tryansfer efficienc

4)The desiignenmutad edaarhdeirzneadl | y controll ed
regul ate the outlas ftemperianutrieeoconwen:
5)Since part consolidation is a key advan
shall be d adirn gdadmgub reseset .

6)The printhenohedt oédxchangef iws h dliurs altbdl eec o n
vol ume of the Renin @maiv2 Sdnd S5Emesed for
component [fldgbri cati on

7)Thé i nal geometry must b ededseivgenl ofpoerd AiIMh pac
to minimize the usa&ndofmps uppyoratnys tprousctt t
requi rements.

8)Prototypes mustAl Ise ld0aMipdEaga a(tsed @fNrecs@anad a

1. Background

AMis a manufacturing process that fabricate

mat eri al-byy ayar |.py eApegadatcearbilaelpo | iymelrsd met al

ceramics. The aerospace indusglraayshasmbaeent
role in continued gmeed hf oprhmghi yycdmpl &x
componelnad &n nua l pvoldasmeéHRroonj ecti ons by GE



publishing indicate that the aerospace 1ind

revenue, representing the]largest single s

Onenaj or f ocalesr ofsqpracieses eof oMdMs=e i § abnhecatt i on
exchangksrt abli shed in 2018 and on going, ¢t
Research Projects Agency has invested over
Exchange through Materials and Manufactur.i
ma ngyr afndsused on theaufs®&b nic3itMi Weorappl i cati o
imhis doméai mated by tthlreandaebsliegsn tfhree ecdroenat i o
l at ti cewistthmi ugcht Bsrue & a ¢ ea ntdo tvhcel capmsachttdatteo f e
t herreebdyuci ng telxd emsée o ef s a egpmbobcye daimces € 0 mmec

conventional met hods empl oy4el]d for heat exc

Onpromi nent GExAepd&pHPBRSeengi ne, developed fo
family of aircrafts, i ncorporates 267 met a
exchanger which ishdadapet aghyertaaeada®@sthdat g
163 paundtradiheonali nhteoata esxbdiiigalneg aurnliyt, aer
heat exchangeprrse haeraee uthiel & auged n kaon dP rceohoel a tti hneg
reduces the viscosity of the fluid thus re
increasing the fuel efficiency through enh

combustion chamber.

Ni knam [&fjawd .conducted a cnoAMNWrledaimsexehare
opportuniti es abnode ycihnael d esniggensi f i eeannatb | oepdp ohretau
exchangepsoptuicei zed geometri esomirtohl | eerdh asnuci
roughness, fully controll etdhedn dniconfag § mii né oh g
wel dagnar/ ibma@glk opSchantatodbdilave conducted two
on heat exchan@estddgi desfgnedAMand manuf ac
wattewwat er mi ni ature heat exchanger for a f
efficiency compared to HeornbveaNtheahalexbbhathg
weieglhess than half of iInsaceepdeartide@mallgtceun

an -taairr counterfl ow heat exchanger for mic



AM compwagwtst lwa,s iitmposnainlmlifect wre through

manufacturing methods.

The desi gpaf oexddid sgpevresr age Triply Periodic

(TPMS) |l attackeastumuetubhbaeabsni maochmpbhsgbegbhg

replicate through trafdBiiT@M&|l |l mabutacsur uni
hi gh su#fvaodes mer eaati o, are prime candidate
TPMS surfaces divide the design volume int

foffuiéll ui d heatl nemnhla Adgesasacnecde ,Engi nfe®]ri ng
utilized a TPMS | attice i hgeeaa rhbemdxt aeiXieH arcpeer
The AM bdeeibraggh t he vol ume and four ti mes mo
componestroasgt aament t o t htehBlPrMiSgueatadweaentsag
bri rmhge atto exelamgqer

Baobaid eftlé@afpl drrd®2t)he potenti al of TPMS
applications using comput at iiarreaslul felduhisadt odw n
t he THRMS*Ed heat sink outperforiheg®w. c8nmeharil
Punt 284hse r edesicgonoelde da cloilgduipd at e for auton
't uses a gyroid | attice tiat vieams deeea g nwa reg

to increase the surface area by three ti me

Mor admand dgtlBalvee CcdDhddu)ted numeri cal and e
t herhmalr aul i c performance of-P haemd @gwrchiachg®

structures. The gyroidhelaat ttirae sdiegn ipfeird amtn
to conventional t ube DBRanlkast.t ilcne cdoind rractt , s h
i mprovement in ther mal performance over t

Additionall vy, thesheadystrre&SHl uerdbaunl $eander ett  hno

provided bethet hage&tpeanewmlmewwit twi th an error

The
exchangers. AM opens the opportunity to de:

(7]

e studies establish a strosnoggf fAM nHdead ti

efficient comphyetlattmiumdsee dratnicen dlei ng mor e

for aerospace, as it would |l ead to signifi

' i fespan ¢fLBLBAEpROGF Ccraft
5
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wei ght , requires f e vaenade tnbapneurf faocrt nuar ni cneg
rements fTohri st hpea paeprp loiuctatiinoens. t he Comp
| ow, geometry meshing, setting physic:

sis asbwsektd psothet AMN of a functiona

at ExClhaxgiefri cati on

exchangers are cruci al component s ir
ument al in maintaining required perfo
es. Their effectiveness and ef.fikKei enc
et al.'s Fundamenf{fadaEEbasfi Heas Eeahaaesy
heat transfer process, number of f |

ce compactness, and hkiag3nteg ansfer mec

high | evel, transfer processes are ca

tcroenctta c t heat exchanger s, the fluids re

i d
t a
h a
h a
h a
toi

ng

wal | | s utcyhp eg s atnedhuuelixahre @ dpgldaatse. e-k oh am r
ct type heat exchangers, the fluid co
nging heat, such as cooling towers an
nger is classifiedpédry uwunist healtuma.anGd
ngers are used in aerospace applicati

c al concerns.

onstruction of the heat exchanger ref
l uid path within it. For fuel oi l he
e, its heat transf er -pnheacsheand osmv esccanb o &
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e construction features can al so be wuse:¢
signs. The primary types of construction
generative exchangers. Tubul aesheat tebeb
e

re hot and cold fluid flow and transfer

-

-phriegshs ur & eampce rhaitgur e appl i cations, maki n¢
dustrial atpypde chad ato nesxmulPd ragpeeres tuhtiinl ipd2eat e
thin gap to create chaRheguseTfhoery falruei dhif
tomi zabl e and repairable due to their mc
be adjusted to meet required heat tran

dily replaced in |ieangér scHapeyparng,hemlea

O ©® S w

hangers gener al | yprceasnsnuorte adcrcoopmnroedcau ier el no

-

upt f | uBxdt efnldoend psatrhf.ace heat exchangers
sol i d wall s saesp asfhaotgvl @8 nti me r felagsied s ur f ac

ance heat transfer performance, making t

c T O

ally thinner than the primary wall di vi
roduce a | ower tfhoerr mah hanecse dsthaemate tSmuwanh
xing and turbulent flow. These designs
tomotive industries, where highi redlfliy,i e
generative cohypeubebbnekshangtor dgsi gn |
rface or medium is periodically moved i

mmon use cases for regener atailvef ud emsaicerss

ntilating systemsowbeyei soaemphaogad. heat
derstanding these classifications all ows
nufactured aerospace heat exchanger s. It

signs manufactured using traditinganal htese
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Classification according to transfer process
L

I 1
Indirect contact type Direct contact type

I T 1 [| 1 1
Directtransfertype  Storagetype Fluidized bed Immiscible fluids Gas-liquid Liquid-vapor

Single-phase  Multiphase

Classification according to number of fluids
L

L L] 1
Two-fluid Three-fluid N-fluid (N > 3}

Classification according to surface compactness

] L
Gas-to-fluid Liquidtodiquid and phase-change
L L
r 1 f 1
Compact Noncompact Compact Noncompact
(B=700m%¥m% (B <700m¥m®) (B =400 m%m?) (B < 400 m¥/m?)

Classification according to construction
i
I i 1 1

Tubular Piale-.lype Extended surface Regenerative

r T T 1

PHE Spiral  Plate coil Printed

r — 1 circuit
Gasketed Welded Brazed

] ¥ L]
Rotary Fixed-matrix Rotating
I T T 1 Plate-fin  Tube-fin hoods
Double-pipe  Shell-and-tube Spiraltube Pipecoils M
—— Ordinary Heat-pipe
Crossflow Parallelflow separating wall wall
to tubes to tubes

Classification according to flow arrangements

Single-pass Multipass

] ] | ¥ |
Counterflow Parallelfllow Crossflow Split-flow Divided-low
i T 1

Extended surface Sheil-and-tube Piate
[ } 1 r t 1 E
Cross- Cross- Compound Parallel counterflow  Split-flow Divided-flow Fluid 1 m passes
counterfiow paralielflow flow m-shell passes Fluid 2 n passes

n-tube passes

Classification according to heat transfer mechanisms

L
i I | 1

Single-phase convection  Single-phase convection Two-phase convection  Combined cenvection
on both sides on one side, two-phase on both sides and radiative heat transfer
convection on other side

Fig8&reCl assihtaecahh apaie/npd
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Fi g&rSechematic of (gllaB8tle heat exchange

1. BundameHedrnasn offer

The thermodynamic definition for heat (Q)
temperature boundary system to a | ower t e

occurs solely because of the tempemafterse di

from one boundary i-mobondaroyt heyst &nene ac Hens
temperature, the heat transfer then falls
transferred into the system, gaynd ranmsdgatriew
the sys$smemarly to work, heat is a transfe
System of Unit (SI') for heat transfer is J

There are three primary mechani sms for h ¢
radiati on. Understanding these mechani sms

of heat transfer.

10



1. 5Colnv edetaltoann s f er

Convection heat transfer occurs in fluid me
in density. Density is a function of tempei
its density decreadensitTyhepafwiree| egddendwdy

buoyancy, which carries heat energy with i
Convection heat t uanNdgetro ctsn |baw wafl)icaa caltiendg

§ oYY (@)}

Whenes the rat eAicsfhhebaetttsuahathesat ba convec
heat transfer coeX¥Y iscdiiefefte mefrt @ehpe f dtuide. an

The convection heat transfer coefficient P
temperature of the fluid, the di mensional.

l ami nar) .

To increase convection heat transfer in a |
maxi mize the surface area interfacing with
turbulent flow, and maxi mize t mhesfteemmear dt
fluid.

1. 5Co2nd uHadaltoann s f er

Conduction heat transfer occurs through mo

its kinetic cawrgigmglincealeaastes, vi br at e. The
collide with adjacentThmosl elceud te st rt an stfrearn smee
effective within solids, as mol eextent aot
mol ecul e col |l ision

Conduction heat transfer d&n be calcul ated

. gy
o ,
oo @)

(]

11



Il n t hi skr egu a & ehcetr mah e coof n dt uhcet Aimvaitceyresesest t, i o n a |

area of the hea+i srbaheftemperfihoretbbpbdamhatetea

To increase conduction heat transfer in a
the fluids must exhibit a high thermal <con
mi ni mized to obtain a high thewanall igmtaar feac
with the fluids. The use of lattice struct
copper or aluminum is one way that t-hese t

type | attices are idealrecandadhtas Ewchahg
is parametrically optimized f[oX.9]Admdada X iimwuml
a gyroid |attice contains two separate vol
indirect contact type heat exchanger.

1. 5Ra3di #e aTbansf er

Radiation heat transfer refers to ther mal €
Radi ation heat transfer does not require

substances to transmit and absorbreherf mal

absolute zero, radiate energy in the form
O.1um to 100um radf 2.0 A absl atchkebrondayl irsa daina tiidoe
as it absorbs all wavelengt hs.

The rate of rlhrdataammbesfdert eb niBodd zbma ntnh d a Svt
radi @t i on

v DY 3

Wheries t heo$ttefmamn5 .céon sit alfiGR) i s/ tshen sur f ace
of the albjectthe absol ute tempeQraetpurees eint sk &

emi ssivity onhitchhe i osb qadionheta sounr ea bosfor pt i vi ty.

12



1. 5TMerQ@alducti vity

Ther mal conductivity is a properamatteha@tl e
The SI unit for ther mal conductivity is wa
the materialsbé density, t her mal di ffusivit
t her mal di ffusivity are tempeéeraiuoyeofiepdrd

changes with temperature. The thermal <cond
t he f odd wa@inogn

Q "6 (4)

Whereg,anda artehe density, thermal diffusivity

materi al respectivel y.

There are several met hods to measure the t
met hod of measuring htehar datd kondpkatei mgth

Figbhrehe test specimen is placed bet ween ¢
plate is insulated using a guard ring and
heated plate supplies a constant hesatanfl| ow
equilibrium temperature state, the tempera
sampl e ageua@iednciad cul ate the thermal condu
met hod is primary used for 4 loavw,c lotaismemli ng o n
t e[sa.1]

13



| nsul ¢

Heated

Samp

Col d

FigaBehematic of the guarded hot plate method

Heating e
& Heati ng¢

sample

FigbGreTransient patdi®@]source schem

ThE€ransi ent Pl ane Source (TPS) or Modified

camnls® used to measure thermal cFoingdburcet he ity
sample is placed on a disc shaped heating
t her mometer . The &s@abungtidnmé mdhreta tnaaptpelriiea |l |,
temperature redaspbessendhmm&knadwraets initial

which t he ftad spheerbaitiuirzeed t o cal cul ate the t

materi al

Laser flash analysis (LFA) is also a commo

by measuring the thermal diffusivity of a

14



apply a pulse of energy on one side of a s
of the materi al with respect Adodittiinoen atlo dnee
on LFA techniqgesecdi &rh@rremsad ntDad fiumsi vity

1. 506ébnsity

Density represents the mass of a wunarte vol u
kgPmFor simple geometries such as cubes or

calipers. For complex geometries Archi mede:
submerging the sample in a |iquid acmeds meas
the density of ddrec omarttesdniicddsh e rwmhailc hconduct
Ther eéfoor AM components, it is itmpoohtaaitnta |

rel ative dentshdrymalo croamxd utzievi ty

The densi ty boef caalscauntpaltee dc abny (5). Wkee f @, | ma wa md
are the mass and volume of the sample resp

” a (5)
W

1. 5TheerErplansi on
Ther mal expansion is the change in the di
temperatur e. When the temperature is incr
and the atoms vibrate. This resulrtessuiln ia gl
in thermal expansion.
The ther mal expansion can be (&alcul ated us

Yo | OYY (6)

Wher ey, &Mdepr esamd fsfoitfhi¢ehnetr ma(l CTeBE)p am s ii am | e

of the sampl e, and change i n temperature r

15



The C3$fEwncti on of <change in | ength and cha
i nver se kTeh@fTilenf (tlh/eK)mat er i al can b,e wieerseur e
the sample is placed in a furnace and heat
expansion i s measure mechanically, optical

systems.

The advantage of optical and | asecrondialcat ol
measurement. Therefore, the sample does no:
t hat may skew the results. Additionhel vy,

experi ment would not distort due to extern

Il n an optical dil at ometer, a camera 1S US:E¢
pi xRllssser dil atometer measures the interfer
of the beams reflecting off the sample and
to the sampHRieglarseTekowntenference beam's 1in

the expansion of the sampl e.

Pushrod dil atometers are the most common
equi pment i's cheaper thp23]ofst i chadwg@rreanl as e
pushrod is positioned in contact with the
heat ed, its ther mal expansion pushes agair
position. The pushrod transl ati am ioptmeas
encoder to calculate the CTE of the sampl e

The furnace temperature and pushrod displ at
accurate readings. The temperature is calil
or silver, where the sample i®i rmteadfedt te 9:
can be identified by the abrupt drop in t|
temperature of the sample is then compared
to calibrate the furnacetedhkypusihmngdadi sfpé

with known CTE values, such as a crystal o

16



l:i L Laser

=7 Detector
I I Window

Vacuum rods

Protection tube
Sample holder

Q- Inductive furnace
o Sample

Figére aser gdH amatméd er

Measurement ;' ‘
L
i system | Pushrod || Furnace | | - i

Fig&rePushrodsdhkdgaRthihet er

1. 5Sp/lecHefaGag aci t vy

Specific heat capacity represents the amoul
of 1kg substancies bcyo nimecahg gyr e@ . uShng a di ff e
cal ori meanred i(sDiSiCopbdbet per kel vikmg)perSikicleogmpa
heat is a measure of energy and temperatur
must be calibrated. The temperature mode o

17



heat capacity does not rapidly change with
frequently. The heat flow is calibrated usi
heat c[aZp6alddi bpseline test is run with an em
by D&e@ i.t Fdlefh the sample is tested to measu

The specific heat capacity can@be calcul at

. o 7
6 6 G3 (7
Wherde,, and, are the specific heat capacity
specimen respec@repltgseihse shebokrtical di

empty crucible and the s Peicsi ntehne ovne rtthiec abDS
bet ween the empty crucible and the sapphir

symb7| s@andre the mass of the sample and t hi

1. 5T.BerDndlf usi vity

Thermal diffusivity represents the rate of
S| unit for ther mal di ff uwss )i tlyt iiss mey girc &
using the |l aser flash aRralg@sieas |(alsFeA) inse tuhsoe
a pulse of energy into a sample, and the t
opposite side ofnt hdeerteedchlre Ui NMma xami ze tF
by the sampl e, a thin | ayer of graphite 1is
can be heated to test its ther mal conducti
expansion musttbatt dakegm tempecadmres as th

increases as the temperature is increased.

18



the resulting temperature profile graph
the materi al
detector
.protective
T @ tube
@
sample )
thermo- C © |
couple = sample
@
®
heating
element/
PAONYEE @ furnace
source
Flash Technique
Fi g8r elskcAh e m&t7i] c
The thermal diffusivity of the enqu ®&®)ii @an
o
, owy ®
T®0
Whede,js the thickness of the sample and
the maxi mum temperature recorded after
The typical test specimen for an LFA test
di sk. The thickness of the spemmmeandeplkaodek
be chosen to reach a halfway point of the
Thinner samples are recommended at hi gher

corr gat8ijon

19



l1.Bundamental Concepts in LPBF A

1. 6Balsi ¢c el ements of an LPBF system

Laser Powder Bed Fusion (LPBF), also known
Met al Laser SinteAMhgclDaM&SYy iphaviermg éaslea

selectively mel't regions of sequentially &
di mengi3dbgl¢ QA shdawmguLuiPpreLPBF wor ks by firs
thin |l ayer of metal powder on a build platf
the cross section tolibdwer pashkwg Tihlepvdea i dsp
recoated ovnotlouamheb et bai |l dser melts t Hdimext

| ayelrayelrri cati on i s repebauieldt .unti |l the ent

The corerehatatl dshasdd@BFparambi ekpaogvsddeay er
charactaendi at mospbhaser cpataméters such as |
hat ch dindt sscaap!| atyr art egwuri mrd wlikngpr operti es
printed part. PRowdmeard ecrhiaarla cotaempiosstiiecissinz e di
anmarti cl eL asyheacpkece Ee s b et gha ble powder | ayer s
builfdompmBhi nner | ayers c¢an anedadb ettotf ehrin igshuerrf a
buithcrease thé&tmoisipth ederfaeoimean @lt enabocel of t
chamber at nolseprhee ner t g ama ii nso au/tgielnb 2 eedvvetl a

speci fi eanallhsroetsalideg lugsats ftl lnev pawedero slpad t er cc

The fepdwtteck LPBF can be spherical or irre
is commonly wused due to its high fl owabil
particl es. Thetypheahdtgbcpowdert hsough a
at omi,at iwhri ch mol ten met al i's dispersed ir
stream. This rapid cooling process results
into the required particle size distributi

To prevent oxi dation and c¢onhbaumilndatd lhbaxmbdeurr
purged with an inert pbefomsecihhiatsibbAaTbbdmi lod

i shpnocesséd@iotsligirievsesfuriteme sGagapressure, fl

20



anaxygen | evel wi tériac @nhle niuoonulstdoyméé mived ne d
within dec®gpabi igualbiyt t hceont.r ol speci fi ca

Residual stress can devel op dpureedanett hiemg ap
and solidifyinbDhe htehaenrersalh ugpmwavdiie@gansi on and
of the materi al | ehdi ngato sihwiné & el fg9tnr esehse
in the absence wmeasppresepr iphtoemiczoasd taperc en,t  op ¢
and scanninbespraecdgicesreandual stresses.

can also significantly r edduuciengt htehef &&iidutalp
Thkereated build plate reduces t he otoHdrnmaland
solidificatinpmr,ovwhitchhe alvseoa ai | di mensi onal
properties ofPotbhueihlgdat nt edaltpsaedeesi dual str
present withilnt tihse cpommmane dt opacrandultéf ar @ ost
the printed parts are r emovdeids tforroom otnh ee f i wei

resi dual stress.

Scanning
Galvanometric Mirrors
and
Focusing Optic

Laser Source

Recoater
(Blade)

Powder
Reservoir Part

I Build Plate

FigulbeSchematic ¢f314 LPBF system

LPBrFemains the |l eading industrialeAMdnuecihis
attributeldPBFo wleilé ~10% i s L&8Fi veadc hi ne s
[ 3.20 PBFO0s popularity can be attributed to
compl ex geometry and relatively high res

technol ogi es. A common use for LPBF i s r aj

21



t o
pr
Th

me

an

oling and fixturing is effectiveblayt cehl i mi

oductions.

eoretically, any met al all oy powder <can
tals can be pfHaees spaddiurctta a hee fdewte!l o p me

d distortion are defects i n yLsPtBeFmst.hatAlplre

based on the aiSumi bumasiyl isycrn eMAIr epresent

to be particularly r[e33®oSnisiaviel otyos LhPaBs/Fe par ohci
the | iquiad ephaesandysweéi dablyepver ahnarr ow
facisltihteatpa po#fiereee ocfMocit mevro.fSK ory sAlems i nvol
all oy AI Si 10Mg which contains 10 wt. % sil.|
i mportant role in enhancing mechanical pr
strengthening and iplriecomi cdaacatstoaml frazldeat ngn
t he formati ommianfumprgirmarnys alesulting 1 n a

enhances tensile strength and ducti-Bity. M
enables rapid cooling ratwhsalleleswyi ng8giinnita
enables the pSieciwhitah i otnr edfgtMgen t he all oy
mechanical 3ftoperties

The rapid coolbiyngyertfeabrmnindat iagmrof LPBF ol
mechani cal properties in the build and tr
structure. Notably, this anisoheomatext ahd
wel | and must be considered when t[h34]mal [
have demonst rbautieldd thheaatt ptorsetat ment process
conductivity of solid AI Si 10Mg speci mens.

solution heat treat ment s, and aging resul
el hnmted the anisotropy i n thuweirlmals fieognudmecn s
11. Furthermore, the post processed specim
cast materi all706a:n2d0alr0d. DIIhNe EcNnange i n micro
a direct influence on t hRei glhteeasotesal reiceoatdruocnt i \
microé6&6&Me | magepsy i ot edheni crostructure had
configuration bepWaamr. t ICo® n x ¢tr rseddy e g zt H@e chie

22



di splayed a uniform si

i sotropic ther mal conductivity.

into coarser aggregates

its desirable response

t

con

t hat

o LPBF

di

stribution b
Heat treat

emhwvmnices hénv

andAEBdvant ai

all oynsowaruet i | i zed i n a appolwicnagt i oinmsbeirn otfhe

aerospaoceyggndectors

[T Build direction [ Transverse direction ~ —#— Hardness xy-plane
200 140
T 180 0
"2 160 - §\ ; ) I _
Z 4 g BRit : 100 3
2 120 [[TTL I =
:E- 120 L1 .| {0 B
'§ 100 o E
E 80 - 145 154 157 1 =
3 130 s
O 60+ i q40 8
g 401
5 - 20
2 20 5
= 0 ~ 0
As-built Annealed SHT 520°C 1h SHT 520°C 2h Té-like

FiglteTher mal conductivity
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2 pm
xy-plane yz-plane

SHT 2 hour SHT 1 hour Annealed As-built

T6-like

Figu28EM i mages of Al Si 10Mg microstructure
|l i ght greyrircelpraerseeanst,s aSnd -dach [grddgsreprese

1. 6Ef2f e ®d wd-maf| Ratreadme t er s

The packing density of the powder bed has

print gd85pRadtors that influence the packin
di stribution, aedREpmeratabnpoewddenparticle
efficiently compared to irregularly shaped
i nparticle friction that | owers flowabilit

t hi ckSrmeaslsl.er powder particles can <create a
becomkei hdapy tend to aggl omer at e has ptalme i tdr
increases with the reduction of si ze. Thu
dragging adjacent parhRiiglBeesNowiatbhl yt,h eanmba se ng
can also cause the3.ppwder to aggl omerat e

24



R R

FiguBeEffects of aggl omeration on a spread

1. 6Ef3f endd s-e®| Ratreadmet er s

Lasreerl ated parameters for LPBF include | ase
bet ween consecutive | aser scan paths), and
calcul ate the energy density i ndpeuntsipeyr (UuEni
calcul ated using@®.he foll owing equation

0 Wird oQi 9)
Y& ¢ & QIO &Xb N & QXY @D Q¢ Qi i

|l ncreasing or decreasing the input energy
increase in the amount of porosity in the
produces |l ack of fusion porositwywnh whiolde can
gatsrapped pores. The type of porosity can |
of fusion pores tend t oFibgeli dseh awhpe itagnadp pigrarse ¢
pores tend to be spReglhtal in shape as sho

25



Figub#daePorosity in LPBF sampl es.
(a) irregular shaped | ack of fusion porosit.y

1. 6Dedsi gn for AM

AMoffers uni que advantages over traditio
fabricating complex geometry, ormedudiemgnuohat
ma n uf a catnudr imogr,e . To fully | ever agper itnlcd spd else
should be considered from the beginning o
advantages and constraints are integrated
optimized for performance, witiolse rif hii @i 2inc

|l i keli hood the defects wild]l be present

A Practical Guide to Design for [RBRdditines M:
several guidelines to consider when design
for AM as in most scenarios, traditional m:
component cheaper and faster.forl fAMa omoinp e
factors must then be considered. One of w
structures that restrict deformation of th
devel oped during rapidmsol mdmfiuaastuippro.rt e
a

ngle for LPBF is approximately 45 degrees

| ower angles would result in poor surface
Fi gl eTherefore, selecting a print orientat
reduces the cost and | abour required to re

26



is challenging or i mpossi bl e, per manent Sl
design. |l deally the geometry must be modi f
to machine areas. For exampl e, hobezeert &l
supporting with a dHRiagiopned Aosr at egaernderroapl sghuai pc
horizont al hol esmm ed aorw ae dp raimetteed iprB.7IBPBF v
Residual stress can also be problematic at
stress concentrations and at regi ons wher e
masses of materi al transpire. dhe ¢canehsad
cracks and deformation but can be mitigat
design solutions include rounding sharp ecf
uneven thicknesses. Preheattiamgt itchef druill a@s
resi dual stress as it reduces the -sotudifi
annealing during the build cycle itself.

The cost of an AM part is driven by many f
be on the order of days, the amount of raw
of pastd processing steps, and habdosult ogady
instructions and part number in the print
duration, thus the cost remains relatively
identifying the product barsasnedmblkyeep tr ack

27



amond Teardr or Per manent

Fi gbblkesi gn concepts for the pgiimgdglian®Bref hor

CAD 50 degrees 45 degrees 40 degrees

ud

35 degrees 30 degrees 25 degrees 20 degrees

FiguéeEffects of [uh&lupported angl es

1.A1 Si 10Mg Materi al Properties

The Al Si 10Mg powder wused in this project i
l i ne-Sof wAls acquired, and it is optimized f

of the powdTearblties shown i n
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1.

A

Tablt eChemical

composi tion

(0]

f Al Si 10

anal ysi s

particl es’

El ement Wei ght
Al Bal anc
Si 10. 0
Mg 0. 35
Fe 0. 04
Ti 0.01
Cu 0.01
7TPRolwdSezDe st ri buti on
powder size distribution (PSD)
Engineering Qrenatsruer.e sT hteh eP oo wd e r
frequenncyg powdlirg dsifaemgpil €pl ays t he
cumul ative volume distribution of
was found to have an

P
a

article

sampl e

8¢m raasg ew g IDI5 089 s plad % i (cD1

—100.0

—50.0

(D90) passiam@esrizespecti vely.
00 T T TTTIT T T TTTTI T T TTTTT I/Ijllllll] T T TTTTT T TTTTTT

Size Classes (pm)

[Frequency] - [27] AISi10Mg Virgin
Powder-08/11/2022 1:12:55 PM

— [Undersize] - [27] AISi10Mg Virgin
Powder-08/11/2022 1:12:55 PM

.0

10,000.0

Cumulative Volume (%)

Fi gu7Fer equermaynudrad i vedi% tfrisokeutAilsderiz E0 Mg powder
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1. 7TAp2parent density

Apparent density represents mass of | oose
setting up a LPBF build to estimate the am
density was measured usingFtpbagAwhokcd dé&ns
|l oose powder into a cyBi,nderd ore aksnuorwens vtoh el
powder in the volume to cal qull Tahtes Aal pSpialrOeMgt

powdet ewaed five times, and the average ap

g/ &m

e e ey, SO, QDT OITQEB @ O @apy
onnwiadeo Qoew

Wwwa VEEDDIa Q

Figu8eArnol d density measurement app:

1. 7TTa3p density

Tap density repgespatyketd hmedahbki typowder .

by pouring 20g of met al powder into a 25ml
for approximatel pr dt momufpi b@&tn®emeasuri ng t he
powder in the graduated cylinder. The Al Si

1.5869g/ cm
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1. 7Eldow r at e

The flow rate was measur eRi glsWwetgh aa Ha.l 10 f d r
The hall flowmeter was filled with 20g of
powder through the orifice was wasasduedetdo

Ssi X times todfolbavaiinaBéngasver age

FigueeHall fl ow meter apparatus

1. 7THe5l i um Pycnometry

Helium pycnometry is a precise techniqgue

measures the volume of the sample by measu

gas 1is wutilized for it smal/| atomhicn st ze ,
surface of the sampl e, ensuring an accur a
sample is calculat@d® .usTihnreg sBaanpll eed6 si sl apw a(ckEq
with known volume and purged with Helium ¢
chamber with know volume, and the pressure

used to calcul ate testvselpeme meaacupi ed by t

Do 0w (1)
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A sample of the Al Si 10Mg powder was wused t
were extracted and test e@ab2la&ddhet helti eisnt pryes

results show that the average density of t

Tab2t eHelium pycnometry results of Al Si 1

Sample Temp | Density | StDev
ID (°C) glcm® | (g/lcmd)
AlSilOMg | 2.6786 25.6/ 2.671 0. 0(
AlISilOMg | 2.6786 25. 7/ 2.61]1 0. 0(¢(
AlSi10Mg 2.7871 25. 1 2.6 0. 0(

Mass (g)

1. 7Labser Fl ash Analysis of Al Si 10 Mg

LFA analysis of Al Si 10Mg was condumat ed itad n
and calculate its thermal conductivity. Fi:
mi ni LPBF machine wusing recommended print
(Equi spheres) and machi ned t oA melrxilcOaxn3 Shont i re
for TestingAShMdt MaBkd4bddEBAppendi x A

The ther mal di ffusivity of each sampl e was
(Fi gBpPpel ocat edTemp etrhaet uHieghTher mal Anal ysi s
University. The thickness of each sampl e we
was conducted at room temperature, ther mal
deermining the ther mal di ffusivity. To ens:

pul se, a thin | ayer of graphite was spraye

Five | aser pulse shots were run on each s
di ffusivity were measured. The dummldrey of
Excluding the outlier observed 1Al SialmpMge 5
was measured #o.bdJt#&bi zdngnmthis value, t
Al Si 10Mg was calcul ated to be 117 W mK.
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FigRbeNetzsch LFA 427 system
47
j ||
46 .
¢ M @ ‘.v v v
w451 A % oA u o
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| @ AISI10Mg Sample 5 - Thermal Diffusivity
B AISi10Mg Sample 4 - Thermal Diffusivity
B A AISi10Mg Sample 3 - Thermal Diffusivity
41 @  AISI10Mg Sample 2 - Thermal Diffusivity
1 . V¥ AISi10Mg Sample 1 - Thermal Diffusivity
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Temperature /°C
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1. 7A17SigDoeM s i t y

Taal culdeetnessi ty ofi AeSdaondlgty speci mens wer e
density specimensheeRenpshavelemaAMuSe@Qsg |
t hreecommended print p @rroome tdeeeds | tmadni. A1 8h &4 D |
informagaodi ng thieplL@Bdntmad hilmesspéecbmens
10x10mmt Obes 4udietghc eae naftert he(Fbgoak emo facilita
part removal from the build plate.

FigR2eAl Si 10Mg Density Speci mens

The density oameaschr stdidetiism@gmedes oi l i nfil
measuremehni mbehdhgasshaompéeme wsur ed tehhea dry
samples were then submerged in oil gnder \
connectwdr @ofebkly infiltrated with oil . Af
measured again in air and while submerged |

to calculate the densit@2of each speci men

) a ’ 1y

a a

The average density of the Al Si 10Mg speci me
property was used in the numerical simul at
the simul ati ah§i abDeMgtn ewp athhan rit ghebr
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ChaptRenvwe2 se EngReccedvifagng a
Aerospace Héatr EPB8Ianger

2. Reverse Engineering the Conven

Reverse engineering of the conventional I
devel opmeniaodd amno AtMt er par t . This include
physical shape of the conventi emdanl suenrivti caen
Il ni tidildiyt ala model of t h ewatsr aald tttadolnead h ehdeca
di mensional and positional i nf drem3@aisoenr on
scanwasngutilized to odesioneaapPpobghpaihleond o
geomwhsy caupstiumtgexaBomAb s ol u€Ce mpa owiHtRHh-8 .a9

I

asemeastctasmcamegmans| ated i ntoHeax apfoddli Scl ouc
soft War ehest capturtédhet Heasgeromatpmoys,uraa j b eve
appropr imuletlawpdred mgo@inhgom di fweerree redd.patingrl e s
point cloud wheneafoenpgetneadi€ed desi gn (CAD
as shbwgagm®hhe point cl oud was agH# psbkheetecdh @ sn't
were defwnencing theapei hheA Cdd do dhealt.e me a
machine (CMempwayed hioghearptue ol wtriidn caat
featimcdsudenfoddtuiiadns ndfets and outdhedwn as v
i Fi g24Te measiumtegremalet ry of the 1 nl etag hand
feawamel diesdRegpr or ubbdertr t iquficgluat st W t ut oyo PH
Algrofil ewgps ofjflrenoutili zed to measure the |
resoluti onki qalsfesIho wn martatbhd cga d ¢ unheead snernd o f
chamfer ang(Fegiwhdi dh loMahuelstowei sceh al lasmsgeissg t
Measur gdmem st he p weftehleen pwsosidetcttg t he CAD mo.
devecloompéry eendecreagohbe amtdeast!| et s
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(a) Point cloud (b) CAD model of
exchanger

FigBBeDevel optnreandi toifonahle heat exchanger

The internal structure of the heat exchang
a band#igayWwdgphpreveal ed that t he epoarses wsaesr rparte
extended surface concept, where the fuel a
confirmed that the core was manufactured b
wel dingei tashed blbdy. Secti oonienwg odl g eent ale
regul atin egf aail et caumeadgeur ement anidti #xkxemnaht
geomdRirgy@Be elvhal ve wasaselifnt e garsasteeddelssgugbned t o
mai ntain the fuel temperature Hbdloowmdl hmpdc
into the heat exchanger cor e.dt Whenr pddief if
temperature threshold, the woiul dcbhbaenrhueclt etdo
t hemeljpot oi l fl ow Thi e d&detthdeo thheeant rt r ans f e
the core to regulTehtee gteltbameft v ggl otf e mpheer avtad vee.
using caliper measuremedetpt bcshbbasomweéid nals
the thread depAtdhdd tamdaadil gmettdhre®ad gauges v
t he pitchs offhal kot hesfpodrn dti meg A M rheeaads ¢ hema
selected based on these measurements.
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Fuel Exchanger
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Fuel
Outl et
Mountin
Points
Oi | I
Mount i
Point s
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FigdeCritical feathmegeof the Heat

(dN)egative maol @$ s

outlets (b) Negatipeoimol é
machi ne

FigBbRrofil etPrajné quer uneialsiuzed t he inlets ai
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FighB8eSectional <cut out of the ther mal

2. RM Heat EXvcehraanlglerGeometry

The AM heat exchanger was designed using S

tparametric define the overall geometry of
design and integrate the |l attice with the ¢
due to its implicit model ing capabmpl ekes,
structures that are difficult to model i n

The first step in designing the AM heat ex
essenti al to be replicated for its functi
engines. The inlets,geoméety, csdddviomgimnico mg

24were referdmadd tfiroomm It heeat exchanger.

Selecting an appropriate bottom surface fo
proper adhesion to the build plate and sup
surface is preferred as it resulgo®di meat s

di ssipati pmaovgaed foundation for building
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support structures. In the context of the /

as the bottom surface. This is due to the
mounting points, which crefheatareebase bhbe
it and adbanwdkdghe dni ni mal support structures.
The tempergatiwmwrte ng valve system was integrat

operate similarly to Utploem timadietcita magl theatva
the secouobhawhicputidtehe concentric cylinders f
|l imited orientations Wwihteh oaupt iamayl spurpipnotr tor
determined to be with the valves parall el
support structures and eliminate the need
t hese featur es. Fuardtdheedr ntodr reogv ecratmanmifeie gsm rwee r e
290 optimize the geometry for LPBF.

For the design of the heat exchanger <core
(Fi gipe This shape was selected as the exte
supporting and the internal aasr sheevowoenl d
31 The absence of overhanging surfaces si mj
material waste, as well aprobesstsimg. anedaed i
channels were incohpatatexchthogeomnocece 8thd
regulating valve syssempoSuchgpapnéilkas uwect
di sruption compared to permanent supports i
of excessivenpsesvurce. dSomce the fuel i nl
valve system was |-pasast efdu ealt ftlhoew tcogn f iag utrwvac

accommodate the deasasgnco8ifmguanaltyonawhwose

within eekehawmeger Sctoce the i nverse teardr
symmetrical in the build direction, the oi
at the bottom, to minimize poor <circulatio
an oil dr aidn tpmponthewdsraddeex changer core. Th
strategically positioned to all ow drainage
Therefore, when assembled the drain port p

compllyetreemoved from the core.
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Teardr
profil e

(a
FigRe®eTraditional vs AM thermally regul a
(aggecti onal view of the tradivalonal MmMahu$Sact
view of the AM optimized thermally
Temper Fuel |
regul agy i ng |/
val ve
Mount i
poi nt
Fuel
Mount i Oi | |
poi
Oi |l ou
) 100 mi
FigBbeOverall geometry of the AM heat
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Lattice

Tear dr
profile

FigBteSectional view of the AM heat exc

2. BMPS Lattice

Triple Meriimadi cSur face (TPMS) | attices are

their continuous, smooth surfaces that ext
TPMS was published by H. A. Schwarz in 186!
(SchwWar zur3f%]Experi ments with soap fil ms |
sur faces, as they naturally form |l ocally
1970, Al an Schoen, further explored these

cl assi fi ceartailont yopfe ss eovf TPMS structures th:
Engineering anf3MmpEwean att hswcghe ntckese TPMS |
existence for a |l ong ti me, their manufact u
design softwar e, has only now empowered cao
compl ex geometries.

TPMS | attices are generated using i mplicit

the periodic |l attice. Common TPMS | attice

4 2



Split P, andTHecei ssurdfaeateacdansberg the fol
showha b3ne

Tab3t eTPMS | attice equations

Latt _ Eq
Equati on

type no

Gyro OFd AT OFUATW: OFUAITGE 13

Schwg Alg ATC AT x

Ofrg OfruU OfFU OFg ATU ATU
Di a mg Al @ OFru Al U 1p
Al d ATU OFU
OFd 7 ATC OFU OFfFd ) AT Ofd
Lidior OFd 1 AT g Ofd AT O©71 ATO) | (1P
ATO) ATO) ATO) ATOY &
p® OfF¢@ OFU ATU OF¢U OFg AT U
Of¢U OFfU AT @
Sp IPi Al ATCU ATCU Ai¢d U | @Yy
ATcdU Al @
mAIcg AU AlcCU

NeovVi cAT € ATUC ATC tA¢Z ATC AT O 13

2. 3T PIMISat Balceect i on

nTo¥hsoftware was wutilized to design and in
model . While many | attice possibilities ex
volume into two separate domainsofasntegast
were considered. Lidinoid and Neovius TPMS
powder <can get trapped. Hence, they were
options. For those that remaiesed, es wrrfogpc er
were compared to select the | attice that w

4 3



First the surface area to volume ratio was
ot her, t he sol itdhivood uaerses, land itcleke wadundi ng
equalized between the selected concepts. L
20x20x20 mm, the | annt, i aerdwalhle tshoil a kin evsod uanrte
23283 me | attice unit ced |c osniszoek twdanst lowdaurmee.d
evaluated test dSFpgQ@iz2mdss shaoMnesthlmevnDiiaamond T
|l attice contained the highest surface area

Schwar z

respectively.

Tabdt eSurface area t o ovfoldurmhd ema&tnito TEMSBp ampit g
Lattice|UniCelSl ziemm Surface Solid v
( m ( m#n
Gyroid 101010 5 358 2326
Di amond 12112112 . 5500 2328
Schwar z 8IBIB. 8 480 2331
SplPit 17117112 . ; 5264 2 372

-

Gyroli

Fi gBR2EPMS

Further mor e,

infl uence

woul d

Di amor

t he

thaeahepaet fexmhangenf

4 4

| attice

pressur e

Schwa

options

redecgyt dpeumagnsdd oemn s ur e

drop was

Spl i

eval uated for Al

al so ev.

A | ower press

efficient fl ui



exchanger. Eaah uladtetdi by wadsnrducting a fl uid
the pressure drop bFdarwetehni styhpeu n phd see a laantde tu |
was designed with nam anndnea I|da tatmracteeTlhenfg trdfds
section of the tesRi gsBpBeecTi hnee nssi naurlea ts hoonw nw aisr
Ansys Discovery, where an inlet mass fl ow |
of 0 Pa wAs spd@wab e®Pdamond | attice resulte:
drop, foll owed ISy hGwaerepdct Bpkel y. P and

Tabst eTPMS | attice pressure drop si mul ¢
Lat Ty gce Un iCe ISI z(emm) PresbBruape (
Gyroid 10x10x10 338
Di amond 12.3x12. 3 265
Schwar z 8. 8x8. 8x8 818
SplPi t 17.2x17. 2 490

FigBBeSectional viewi mil athieopressturepedciom
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Based oanl utahte Dieasmo ntdh eT PWM&is d ean ttsit fbiee dnost s ui t
for heat exchanger dtphpel ihciagthieossnts .s ulrtf adceéer dt nos |
i's cfraciahnhanci ng c oannvde ctthieo N ohweeasttw tpgrragmsssiuerud
reduce the | oad adn vtehetvopl ulmaeise@dciese quent |y,
Di amond TPMS | attice provihdgdmeamabptpiemdlor
anldopnr essure drop, making it the preferred

exchanger design.

2. 3La2t CeBikze

Lattice cell size refers to the dimensions
can significantly influence the fluid f1l ov
transfer characteristics. Smad |&@reaxebut salz
to higher flow resistance. To determine t
conducted in Ansys Discovery. The objectiwv
result in a kKraedour ¢ her @ kP & 2fbora i thh ea nfdu e<I d

The pressure drop can be reduced by increa
of the channel to decrease the resistance
unit cell size, -wacttihorall aagear cbegeagthbsbth
the unit cell in the direction Safncfel avet o |1
flow is predominantly in the build direct]

reduces the overhang radi  URBF marko agssdes .mor

Additionally, the | attice wall <can be offs
in one fluid domain while red&tcgdfet het hbs

case, the | attice wall was offset t owar ds
viscosity and a | ower pressure drop requi
all ows for better management ofi Fobued dgntn

specific properties of the working fluids.

The fluid futoiwtisz2emull @witd opmr Depldldde i es shown i1
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Frotmhe fl uid fdtorwe asmlimuneast i wenr,e analyzed to
circuPaoi oairculation regiemgmhenr edfincesint ¢ &
presentl!| wind Blasgidom.n t hese tihnasti gdhitrse c tt hteh eb ¢
within the heaé¢emexdchaegdrdwadmeo ncrfelacwe
cove, atgreemgbgvi ng the ovdheal loptl whe ath wmiod lo
fl owr oughl saf flrleaslpsr eddsos ua red de dygpamfcer mance of
heat e xHohweenvgeerr,. due to the need for support
support materi al, some —regions within the
circul at i ofFni gaBsh edeth @B ei n

| t was al so observed that the 10x10x20 mm

in the fuel vol ume comparechalloen heniltO xd®IxI3
circulation and wutil,i zwehd crhmo reen adbdfl ei tist ftlou iuds
thereby reducing t@Fegaerall flow resistan

As demon3abtheadlPPn5x12.5x30 mm un-surééakck s
of fset resulted in a pressure dropAMi thin

heat exchanger design.

Tabét eSummary of pressure drops model ed for

Oil Dom _
Fuel Do mai
Uni t Cel | Si ze Pressur e
drop (Pa
(Pa)
10x10x10 444009 8175
10x10x20 29853 7351
10x10wPROhmnd.oSf f s ¢ 25736 13827
10x10x30 27743 9055
10x10wBOhmnd .o5f f s ¢ 24890 15052
12. 5x 12wi5txhghad . o5f f 23894 9229
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Fuel

(c

Fi gBdACGrt hogviagoWii ¢ he baffles inside the hea
(a) Front view, (b) Left view, (c)
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10 20

FigBbeExample of a lattice wall of f
Thleattice wall is offsetmtowards the bI

FigBfBuel flow streamline comparis
ity strenamluinnds cefl |t se zEOX BAX2C@ e, (
it ceThesiee ¢tiatdcl ewd fdruead hfilgohw irgehgti
in the i measgeo(th)prtelseetnt i n i mage ( a)
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Fi gBFfFreudlowf si melsafishe 12.5x12.5x3mMmmmh cel |l s
surface offset

PRESSURE.

FigBB8e®Oillow simulation results of mmemil@. $xnf2ad
of fset
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2. 3La3t Pr cathAshsielsistme nt

Toassersisnt abill2i. S5 1@MBEXIBE aa lalmosnidz € RvMS hl aat t |
O.mm mid surface eakf e ¢ s isgpmgmerdi et negdd 8 .p

Theest speci men woanse fd etshiegnwea! tuiniieenr e¢ he | at't
encl osed by blocking the apeshdwmga@tet he 1t c
Ther edfyoreaet,t aching an inflated ba$l ehowon &t h
FigaPea | mak dibedhte ombdyu cet xeadma m i antgh a@lcfiheml def | a
over Ftiivme.t est speci menlsatweircee pwaalslt stdheiachkemnr ee
to be 0.3, 0.mMmTHMWe 5t e Dt. 6s meradi MersH were prir
FIl ex system,powder AdSiilhd Mgecommended print

Al l t estpeasgdeitea meemask t est atshetihre pshteasrstoimnsg e
more tha&dd2tdaysally, a visual inspection ws:
of t he nldaatintgircreecoater damage, obhd emw edi. g Mih

successful printabidtihtay a shsee d saohd b dc ed esimia aulscltt

printed with wall thicknesses as thin as 0.

(b

Fi gBf8lemages of the. |l eak test speci me
(a) Ppdatt(@ddr os s asve cetwi on
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FigdbelLeak test setup

2. Br iGab meGemyr ati on

I n preparing trmanufracntte ewaedyaalil d @vea tei omasd e t c
facilitatespepts. pFrocessdiyng ex f rea ttuhaaets rwoad | dwv
need to bhEvemachthhPoBaFd hcan produce high resol
surface finish and resolution oforAMs twaud ar a
t hr eTahdesr.e hormedi ai onmat &r. Salmmwad i ncluded o
reqdmaechi ning. Thidt hadtl oavayn c®eu refnasae ei rr egul
from the nomioniadée dd amernesdtoends curi ng the mac
ipredi sal diFmendreems an andndiwasonadded to th
sur ftd@at edwfiad t he beunisludr ep | aadteeq, leatiea nma theer i a
pafrar maafhi @i ngecnonvpi onnge nbth eol fdivi pal hdetaenFdi sgauwwr. e

4highltihgeghtsaur f aces whaesrdel eelxt ra materi al

A ribbing textuheawasxalaegesd mne il dd atsa ial
emphasi ze the desTognacfkrneceodhoend gibrutl PBIKS. fr om
and acadeim wo lgw eodi pignh @ the 5d ptgiovsve wer e added t
modedenwes as a form of recognition for the
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The exgarotm Wnaléogpa nfeosriimsafitiidaept uiret niheat e det ¢
the component , it waasxiimdmowbhby oehddmébdt wo h
Howevdrn sedeas alttiheas hecdaofmer st t han 13 anmd | aohi l
si 2650 HMB.efs t hiscrsease t lademampstivditainarmy
potential |l y afpapirlo ptt @ asgdeerpaernatien g a poanboiftl h & hye
comp.Uthemr etfhoer emesh wasi agmpmOtf ORBs hold. Thi :
the numbem dfhef ancesdht lwdi dliestkzmrerpe nlget ween t h
mes hes Isepleocw ftiheed t hreshol dedBBR®R5S5B6ecad tamag
a fil eddsiMB o oFwng diret he si mmai Metidaesdnnmd sahr

geomeprotal ehe i niwthii dlea mférsgdhcitziionng of i ts i ni

FigdteExtra material | ocations on the A
The surfiaceidchéemeciedi ¢ | extat &a omas dwhéeedh et o t he pr
model .
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Figa42CGompari sonhntoéli mabmkistheadept s considered.
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ChaptNeme3 i cal Analysi s

The numerical analysis aims to evaluate th
the AM heates®ixgmhhengteradi ti onal heat exchar
establish a reference focotihtetUssaigigt CFeDr ftoo
various operating conditions and design p
analyze the thermal interactionsdwaltbhaiml ¢ h
insights for optimizing design paeametehs
required ther mal performance specification
3. Xonventional geometry

To simulate the thermal performampat dedt he
design (CAD) o f the conventional design w
component consisted of stagnated finned fe
showii gdBa) . Thi sprcomdéidilgluemgii mag -q walcirteyat €
vol ume mesh duer t®i mileatcioanpl exi ty of the f
computati on demandHawleeennprhe §hHiemdg heat exchan
ut i laiszesdh&dwmgdB8bho further simplify the geor
focused on the heat exchanger core, thus r
showhi g@aBe&)ompare 2t e
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(a) Oriaginal Heat exchbhha&i moori éi e

Fuel

Fuel
Oiolut |
Oi | i
(c) Simmlti feixecchang
Fi gaB8BEonvenitdaothadxchanger core visualiz
3. 1Caonventional Geometry Meshing

The faubketant meshing workffdd@¥%si ntAhsyedFL 0c¢
the volume mesh for simulation. A wrap ext
used to extract each domain for meshing. CL
anad mini mum el emanwvasi gel et ®&dedd ol wiriemrn emes
showhi g44Téhe resulting vol ume nmadh equal ity
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a 50 (men)

FigddeSectional view of the conventional

Tab7t e Sumntahcep n o £ rhteiaa n aelxmebsehn ggeura |l it y

Numbeceldfs 9 579 733

Ort hogwalail t Av:@d8 9 Mi 19 02 Max0 99
Orthogonal Qual it yodaell Quality<0.0
Skewness Avg:1 O Min: 20. Max:8 0.
As p eactti o Avg:9 2. Mi n:4 1 Max: 20

3. AMGeometry

Tosi mul peefohemaAklehedt t dheec hfalniewi, v bl amebe h
exchawegmerde Agsds howng dibsee p ameast be otrhseo loii@ n d
fuel gswemaienaltweod di ff erent conf i g uweacteieoantse do f
wher ¢ athe ce wadrlb ettdwlecelfimihe a 8 cthml . 0
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Fuel

Fuel Fuel
(bl u

Oi | i
Oi |
(red)

Oiolut

Figdbeschemati c r ehpMheesaetn teaxtcihoann gfeofr e gighaemetsr vy a

3.2AM Geometry Meshing

The AM geometry wast meshandt ume sslgi ndhewd akifl It c
meshi emy.al Tate the effect of wall thickness

O.mbh | attice wall thickness AM heat exchan

Mul tiple configurations of mesh controls w

the setup that resultedmmnt i svlom&ksad | wa Ime s |

exchanger was a mesh using polyhedral vol ut
mm for curvature @E&nd4apedbhienmltlyaGctoincce owasl | 1
heat exwamersderdapuosliynhge ecroale hwveod ume i nfi |l |, v

el ement snmzéoof thel@urvatu(e gaifFttheroas wml tiyr
vol ume mesh qruazléidt bglas @a bSluemma

|l deal | vy, a smaller el ement size would be p

and better capture near wall behaviour of
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si zes

compl exity

Tab8t e Sumnmahneg sbf quammtlye aff

Numbecldfs

resul ted in a
AM design.

of t he

me s h

1

f ai

035

l ure due to

dx®hanger
686

Ort hoguwalail t

Avg79 0|

Mi

0:10

Ma xi:

Ort hogelnlalc

Qualit ypodel

Qualityxelo

Skewness

Av @:12

Mi

n:

0 Ma x0:.

99

As p eactti o

Tabdt e Sumnahneg sbdf gualnmnt yh eaft

AV @6 0

Mi

n:

1 Max8:15. 2

k.xtthanger

Numbeceldfs 239811

Ort hogwalail t Av @:88 Mi ®:. 00 Ma x0:. 99
Orthogonal Quality<0.1( Quality<0.0
Skewness Av@:. 12 Mi ®:. 00 Ma x0:. 99
As p eactti o Av §:32 Mi 1:63 Ma x3:6 98 4
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0 ! 100 (mm)

Fi ga6eVol ume mesh pmevVviaéewi ¢k uish@gnddgOy Hdeod ruanhes s
infill

100 (mm)

Figd7eVol ume meshO@mevVviaewi cke wh@ll-hyd hec c¢rker evss| wm
infill
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3. HLoverBgumg i on

The conjugate heat transfer simulation was
energy e€elhwreatReoymso.l ds nsmaefgeamipr ok & m8@t el d

388hia@he withinréepeamed shbwhedtbha&8rece i ani | i z
turbul enfthephkegiacsSST vi scoRFnoecdeslr ewt t bnl w
empl oped tted handle the transition from [ am

Theovgerning equations ReyrredVlavsargaegés dNake semrg
(RANS) approach. The mean f 1l ow, mean tempe
defiusedg the folllBdWMianngd fe quat i ons

10
o N 1y
To 1 66 pTAC T 6 pt 06 . )
— - —— U - - Y
0 Tw "Tw Tw " Tw
T"Y 1T 6°7Y OT Y pT 7Yo . 21
— T N e~ n o w . Y
T 0 Tw Vi Tw Tw

I n the above syseéepmenéntsuvhe oassembife ave
is the mearYsporassufer ahé&Yamdlarprempartat hre.
terms related to momentum and t’'heamdl ener
denote the fluid properties of demsgpietcy,i vkeilr
6andrepresent the fluctuating v eclad d ietdy a
Reynolds stress tensor and tumbuwnddNa heat

respectively.

The Reynolds stress appeared in the gover
averaging of the governing equation needs
equati ongh.e Asnhseurcehn,t randomness of the f1l ui
stress iSequbhéeéi BAN The Boussinesq hypothesi
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eddy viscosity to approximate the Reynol d
describes the connection between Reynol ds

using the fol2ld2W ng equations

. T 10 C .
00 UmT_ am 272
Y 2
wo | I @3
Tw
Thii oSSmhodel is used to model the Reynol ds

governing &OmpganoB8ST mbdelorwietcht ilomvw Rveas us
the viscositkkOmégah8ST| model The widely kno
adaptability across a wi-@deu adadndpyes ordcd d lp,w 1 €
I bbi zes t
P eosSt Srmeocadne | i s
defined through t@%e2%oll owing equations

which is a ! 2l Emmddel Bt u

modeéar t ehred

LQéLQ 0 TZTQW T_ ' 0 T_TQ (2%
To Tw Tw " Ta
R . T T 2%
_O Om |Y T—| mU —Um
pT M1
PO e

Wh e

and PUan®ar B, closure coefficients.

&na i s tturebul ent KkKkinetic energy and spec

After solving the transport equations for
eddy diffusivity are found thr &OgbgappPsopr
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mod el |l eading to closure of governing equa

(Equa®@p@ms &dnid

3. i mulSettia@BbundGmyi ti ons

Th€onjugate heat transfer simulation was
Ansys FAQAaFEnRzhe software was-100um0oPNnCRU, |Iwmitt
Nvidia GeForce RTX 3060 and 64 GB of DDRA4

processors and double precision accuracy f

I nl et parameters such as mass flow rate a
i ndustr ysppeacritfnecrasi ons. The wfeusedt atnad Wi Pa.o
outl et temperature was <calcul at edveu gihnn g dt h

average of its respective outlet surfaces.

3.4Silmul ati &no Matrt teir ¢ & |

The hot fluid in the heat exchanger is the
fluid is the fuel. One of the more common
fluent dat abase materi al propettubes cweri en

combi nat i-Le2n3 609f9 Miil i t ary specification and
Ansys Fluevatssddt abase

Equi sphedebepAloSi H@Mg powder used to manuf :
Theaensity and thermal conduptwaiegmedsat bed m
the heat <capacity [wiflsd ro btthaeiinre dAl bSyi 1)X0dvihge tnrayt e

The AM aluminum all oy prweperaieesmbserdtion
conducted internally and materi al propert.
materi al properti escop padtietriiocanlalpryg p eNit6i2ebs al
fluent database were used to simulate dif/f

exchanger.

6 3



hanger

For ctomeventmaonnuaflalcyt ur ed heat exc
properties found in
properties used in the simulations.

Tabllo&u mmary atf egribaplemt i leiszed i n

numer i cal

S

m

t heT&bllGyusmniral ruieznets dtaht ea bm

' Ther mal/Heat _
_ Density Vi sco
Materi al conduct|{Capac
(kg / 3m (kg/n
(W m K)I(J/ kg
Al umi num (hTere
exchanger 2719 202 . 4 871 -
Al Si 10 Mg 2610 11@. 6 915 -
Ni 625 8442 9 57 41 -
Copper 8978 387. 6 381 -
Jet Al fuel 768 0.21 2 076 0.00
oi | 1000 051 1845 0.00
3. Results Analysi s
The aim of the cwrarsento <wivmuluattieorn het pey f or
exchanger and compare it with the convent.i
study was also conducted on the AM heat e
combinations ofhinakrees sads. almhde wmdrlf dar mance
the industry partner, was to obtain a fuel
ensured that the thermally regulating val

regul at e
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3.5Quant  Resaunl tve

Tobtain a ewevdleuamnicreg ftolm eAN elr & aotr nmeaxncchbagnod e rt hd
conventnwarsalsi mu.t atheed si mul ati on resul ted i
of 37.3 AC. The temperature contoWl gaff et he
48

[StcaaicTemperature Fuell e
1.00e+02
9.008+01
8.008+01
7.008+01 Fueut |
6.008+01
5.00e+01
4.008+01
o Oilhl et
2,008+01
1.00+01
0.008+00 Oi | Ol

contour-1

Figa48eSi mulation of the simplified tradi

The AM Heat exchanger was simulated with v
to evaluate the sensitivity of thEBhfdweeli gn t
outl et temperature was moni hoeedstofbesoe:
summary of the simuTablile\n|lr esunlft guireatsboawn
fuel outl et temperature greater than 32 AC
Figasbdows the temperatmmr ¢ acomntceumwadfi 1t he c&

AM heat exchanger.

The oil flow rate was |l altsoceawiae¢d omichees
its effects on the fuel outlet temperature.
of 5 %, and the fuel outl et tempeRiagbubree was

These r esdal tpsosiintdiivceatceor r el ati on bet ween tF
temperatur e, a$h eax pcebcod eedd ihrne aa fAmelhangens s

flow rate | eads to a higher convection <coe
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S

esulting in a hiNphamhl gyt ldets pi ¢ mpé hat ume.r e

l ow rat e, the change in fuel Cuwtrlt dter me mp ¢
ncreasing the oil fl ow rate, would resul
ncreasing the oil fl ow rate can-odrdhawider T

ncreased phes 9 uiaé mdrcdep ovkan B G MogoAlfSigwasat i on

el ected t ouemanoufiatcst usriemid ar heat transfer

degned lamgd timed ghit aylc opnpa gt eéctt ®dt dlemat edi al s.

Tabllle AM heat excluendgeorutdiemulteaetmper at ur es

Wal |t h(inenk Materi| Fuel outl et t ¢
1. 00 Coppert 36. 5
100 Al Si 10 36.1
100 Ni 625 3 2.
0.75 Copperl 356.
0. 75 Al Si 10 37. 2
0.75 Ni 625 3 6.
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Static Temperature
[c]
1.00e+02

9.00e+01
8.00e+01
7.00e+01
6.00e+01
5.00e+01
4.00e+01
3.00e+01
2.00e+01
1.00e+01

0.00e+00
aluminum-body

Fi gd®9Teemper at ur e Oc &bt onunr |tafti tdikdiee Bveaalt | ex changel

37.8
37.7
37.6
37.5
37.4

37.3

Fuel Outlet temperature (°C)

37.2

37.1
0% 5% 10% 15% 20% 25% 30% 35%

Increase in Oil Flow Rate (%)

FigbbeThe plot illustrates the cormeFatéon be
outl et temperature.
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3. 5QuWwal i Reastuil vt es

Tagain physicatlhridenene gt & mathhdde hfreevat exchanger
cressesstional views wesreec tainoan aylz evdi.e wWish enwseer ec rtoe
XZ, and YZ pl &n g ftaegiy osdid alenb i net perspectiv
within the heat exchangecti dimeipinighesn af sueeal |
regwbn| e retdhe ndipcsastsagi gb it eh rhoeuagth exchanger.
Fighka@&)hdi cates thge famal t firleogl @pedrsdsiicnat es t he
fl owagtehsrsough the | attice core.

leane Xz
P pl ane
XY
pl ane
FigbteCross section plane |l ocations
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( a)Z s eadsti ieownn allblewXzZ secaldewy

Figb2eCsessi onal views of the AM heat

(a)Z <c-se06FH (bXZ2 crsescd

(cXY crsescd

FigBeCross section views of the tempe
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