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Chapter 1:anfldittreadud autrieomRevi ew

1. Moti vati on

Commer ci al and residential B4lG % dofmgsotcalmp s 8¢
consunfpglirdoon 2022;. LQfNLt hi2€02dgt egory, space he:
approximately 50% for residenti a(l EIbAL, |20 Ihy,s 20
Energy use for air conditioning @oinier micaleaar
resident iy apprlaxdinmgastl Sluy advaksbiak@B Tdwl, n 28d @)t i on
devel oping countries, such as China and I ndi a
of I'ife for their citizens. Part ofWotrhidsiidmpr
air conditioning enenygerceddmpeven sablél yi dc 5
devel oping countries andbl. 2(0&Bwetexs| dro.MMehted earle.l ,0
Pari s AClciomattse Igl@rk i de e mifscsri oanl lgoppdrsti ¢ i miat i qgat e
climate Denahgpi ng and devel oped countries w
condi tainadn isnpga cues ahgeea taisn gi t pea 9dq leglsiitmpr ofveki f e.

Paris Climate accordsd aeom seibbhoaglpakesenitaddi
installation and uslatgei sofa psppaarteenlitp otehdaitt e o B i 1 dn ¢
goal s, t he re fcfoindii én coyn isthfg abig s iteomsroendeudcde over al

consumption

The U. S. i s increasing the efficiency standa
commerci ahewnirtesi-dé&ind i tailormiimg systems must me

Energy Effi ci enkclyA, Ra2tlpel)ISIEIERg | | vy, the SEER m



Sout heast and Sout hwest anldheate laeas tmalndy iwma ytsh
the SEER of residential airacondionido meteamer A K
refrihgeeactandxchanger. There is typicallg allkon
systBysi mproving the performance of t,hesre he

Coefficient of oRenfher manmceon@®R),oning unit <ca

1. Zompact Heat Exchanger Design

The chall enge -two dfhr irgeesrpeaerctt heoataiexchangers i s
the heat transfer (perdmemcwidincef i spddhe (Sameel op
significant]l ysiide rcera ssiiedfger itpdreer Saanlhseh odvisop he gen

desgagal s fteorefan gaeirrant heat exchanger.

Tablllei-tr&RefrildeatanExchanger Design Goal s

g Ai-Side HTC

ya Ai-S dg@

ya Ref r i-§ edg@a nt

ya Envel ope Vol un

V4 Wei GNMat ¥aoli mhe

VA Refriger/alntt &rhraalg
This is afwemp,)l gégneénahe design challenge is
exchabowgperatingi coendtheoweti mal geomettr yf carnd
di fferent air inlet tempermgatrame, sal@gdpo aiatiryd,y t h w

resi ddeVAiRa p p | isc actfi bosnst -0ae frr ihgeearta netxa&rhe nigwee o f

t hneo st common refr4pgkAhk addBdi aRs élodwaver R these a



phased out due to their( GWH)m fghwobmal ofwal mweg

refri.gabxksehtoswar i ous ways to definecomplaapaetr f or 1

exchanger s.

an

Tab2t eHeat Exchanger Performance Eval uat

Key Figure Definition Units
Energy Efficiency -Qo P
(Fugmann et al., 2019) YO 0
Volume Efficiency -Q 0 w
(Fugmann et al., 2019) W a o
Mass Efficiency —Q0o 0
(Fugmann et al., 2019) a QU
Compactness o a

(R. K. Shah and Sekulic, 2003 ® a
Colburn tFactor _Q:,_f) i7 /-]
(R. K. Shah and Sekulic, 2003 "W W

Friction (f)-Factor o T v 0 C o /7
(R. K. Shah and Sekulic,2003 & " °QO oo

e most signif-ioeahtiggemanatcompactisaideatt hex ana:
si st angiede Tthiee rama | resi stance can make up a
Si sHeannccee, it is al so where the mosjtexitramrdeve m
rfacefi,asachsad to owsirce nmehdrhmalhirgehsiastranc e

ansfer Pen$oamhneee this by-sddastictaklley sunt¢
en thosgdet heaaitransfer coefficient | imits

ceaarea to overcome this.

ntyy peesx toefnded surfaces have been employed to

d have been exxtpeustmewmelay | sptsiadnidelch umer ot aktlys

3



convection enhdaheemahraemetvieod sutmearraiteusreed 5o @v i e w
attro efrihgeeartanetxc handemxd swmidtédtscfenseinle das ot her si
transfer enhancement met i Adamhdismc h2 @8 nvdoAwaeixs
Bhui yan, 2018, K uame@rh oautb egyl, . 2 ® 2NDA 15 t;Set dvirmojbaell 0 @ 2 )

3lists a select number of the most common air

l' iteratur e.

Tab3t@Gommon AlrrarmHsfagr Enhancement Techniqg

Type References
Plain Fin N. H. Kim andYoun, 1999; Sarpotdar et al., 2016:@C.Wang
et al., 2000; Chi Chuan Wang et al., 2015
Slit Fin Kong et al., 2016; Chi Chuan Wang et al., 2001; Yun et al., !
Louver Fin Larija et aahdWang2997;RyandLéea201p;
Sarpotdar et al., 2016; C. C. Wang et al., 1998; Chi Chuan \

et al., 2015

Wavy Fin Bacellar et al., 2014; Chi Chuan Wang et al., 1998, 2001, 2

Perforated Fin Chaudhari et al., 2022; Liu et al., 2020

Microchannel Hassan et al., 2004; M. H. KiandBullard, 2002; Yadaand
Singh, 2023

Vortex Generators  Menéndez Pérez et al., 2022; Saini et al., 2023; Sinha et

2016; Syaiful et al., 2021

Whi |l epabsebsee heat transfer eandriathe emeeant manmma h o d
i nnovation and madmibteugduen otfo msnipdngorwaetcreemy e nt i 0N :
of thybdesau(l i c di ameter gaGnemaMeretbampapipr beamar
designs are needseiddet oheiamp rtorvadd ctrhheex c @apiert & atr max c |
are defined as having a hpddaalriec cthiaamet er i at
smal |l er envel ope tvhcel smeteanotl &eti gwveé ofre st sturra msc
area density o MgR.e akenBdtktd i c7 OVR & 3 )cooonkpiancgt a 't
attroefrigerant crossfl ow compact heat exchang
becomadhvass ageous . tThoalbecdi@dden dvw d Mt ages using e x

4



at tube hydrauli cThdisamenaddiusddiesmaye vé smmus resi
and external volume, unwanted temperature gr acf
evaporatoftBaoaeldi ar.rBeshacomp20a7) onal and exper

|l iterature have shown t hathdv el & sssigdoemptalcet ra mhael

hydraulic performance when compared to their
hydraul izppgni @axmemaesinf Bracel | ar et al ., anodl4, 2
Rader macher, 2016, Lim et al ., 2020,;Ba&Radlelramrac
et al. showed the cost ($i1o&w heai st aacef)eonfcoe

verlsamrse tubes (Baceal gav.emAtchsehy @04ad)i,¢ hei amet
bare tubes begin t a gout paerrofuonrdm at hhey2df Bhamunifeicde ddei
t hat pawtphecrul talr essiedienepraessure drop penalty, or
side heat transfer wadehf ffiicnil eensts iclmeant ébies uaicehh ageevshi
ran(gBekacel | ar .Cent talp, ,0d 2 0t &h7a)t u-die s ccwvliesssalsc trsdorm @ € S

cafnurt mpr ov esitdhee treham mpallk Ff oromaence i rclhare deav gr

been numerous numeri cal and etkpkenakeabalkt stalc
Bacellar et al ., 2017, Z. Huang et al ., 2018,
Lavasgmaiayat, 2016; Rader macher. et al ., 2017; F

Ai-t 0 ef rnibgaerrea t ube compact headrdesxhaogeat sswiaple
the potenti al to-hgdvaul mprpeefl ot manmal when cc
finned heaah eenx cnhoavnignegr st owar ds tubes with outer
3 mmheext gulecw s et et i al i mp/rda vaaud i tc hfgpeeantd lo r m.
exchafngaithei gher syst encdrmedietli cCnOMPN pifs gad ésa sdee. 1 n

heat transdeaen fcamifliinttcdteaasev-emadil tiaomi nTghissy st en



an be ekxphaihedf olUesttwa lhegy amte waamdreat or t hat p
S an exampl e. Evaporator 1 is the exact same
tsri de heat transf ermhec csgafmei aimonrstn.td e®dstule ¢ daacved @ a i
chieve the same heat transfer capacity, heat
et ween the refagagismantngarmd | aiort her factors a
efrigerant mada®erdéi owvsgiedoed @or easisra As s d mimpage tt h e

i's the s anieh utneiadpicet ryaa susieh | movt M as et uati ons, t he
O praovliiddeenrp er aanud ewillilf thave | ower power cons:
ower consumption increases the -£COPcOssthec oS
mproved condenser -sdasi ghlsC. wilLtehs sh itgehmepre raitrur e

et ween the air and refrigerant for the same

ess &theaglyower temperature | ift. Obviously, t
onsi deuvaht ismsdeaiand-si ederipgesantr e dr op, refrige
tudies bhwhel eéoualding into accouhat mappr @oxXi md
oubl i ngi deheheamdatr transfer coefficient, the ovVe
O%Beshr et al., 2016; Rader macher et al ., 20

Tompdeat ExMdhhaelgre@gt i mi zati on

he previous section discussed thathomommact f
resescti onal shapes have t hhey droawlnitd ad etrtdoo ri nmeprr
efrigerant heat exchangers and consequenti all
ext question posed is how t ¢ hacetxecahdaweagteyr ismo d e

reasonabl e amount of computational power .



Computational FIl uid Dynamics (CFD) has becom
predicting the perfBymaaktei nf§ hp Sttokkmsh teegdieaN a
(finite vol ume), one can predict the pressur ¢

for mulG@tmmemnm.ciiahlouse devel oped &CiFDc reelatéi tzwmarses/, c

momentum, and energy conservation equations t°
momentum, and energy conrsteheEega bt Doneqbaetowns a
nad T E ql
B¢} ) no (N @ E q2
®4 | n 4 E q3

CFD has the capabsiilde gthiyedr rpe leido  tpa redses amidr dr o p
heat transfer coefficient) owi taBiOrg Bfalcoew |lcawerethb
201AYdi tiawvahlces in PPCFD have all owed for a

(Abdel azi z, 2009;. Abdel aziz et al ., 2010)

Var iooputsi mi zati on techniques-tared ruged awitt he@ED
Tab#4 sehows a suwmpmamytzeadh minguedhreat eNCAh@&Rer s

applications.



Tabdt eSummary of Optimization Techni gl

Methodology Expertise Relative Computational Cost
Exhaustive Search Low 10,000,000
Random Search Low 1,000,000
Parametric Search Low 100,000
GradientBased Methods Medium 10,000
Heuristic Methods (e.g. MOGA, .
NSGA etc) Medium 10,000
Approximation Assisted :
Optimization (Offline) High 100-1,000
Approximation Assisted :
Optimization (Online) High 100
*L. Huang et al., 2015)
A literature review by Tancabel sétapalogrodrogwi d

opti miuzsatd tfrw e f r ihgeeart a retx(cThaanncgaebresl .Aadtd i @ li .o,n a2 0 1y§ )
et al. identified a variety of heat exchanger
parametric studies and MOGA with meltVAG&Rel i ng
appl isc Eangnet.Paarlamet2rli2cl )st udi es and approxi mat
heuristic methods such as MOGA ampée¢e itmheae emdhreatca

i n HWAeC &R e | d

Il n general, t he more comput ateixopnearlisdyrisdtednpedeidv

t o i mpl evihente ictomputationally i nexpensi ve t e

@D
x

pert iBxhauwkstlilve sear ch, random search, ano

o
o

mputationally expensive. Of the three, parat

pol ogy opHVMC &ptpilarcsatfimms. A finite number

—
o

over a set range to obfsem®adadamne terfifce cat wdy tchae

readi |l y iatvlai maby ecommer ci al CFD sOANSME el ma.cf



201&anpdOMSOL Mul t(i @ONMSOLlc,s aB@22)omewhat straigh

i mpl ement

Heuristic methecasudbedhwashMOBAr oxi mati on assi
me t hwidtsh b@Emedt anso dEthese met hods require | ess ¢
succegssnpuleimegqui res signifiaocadntlsmemiuegpelf exmpewaon |
There are MOGA and AAO tool bose®s tlviskAEThLMABsS Kr i
(Mat hWorksbheOpgedpcess of efficiently and succ:
CFD and then feeding these metamodels to heur

process.

Asuccessfudf usudhzatioamework using anviagppr ox
CFD MO®G8A i s shown i ns(tBhaec efldlalrowiArug eworHkuang, e
et al ., 2017; Rader macherThets alr.a,me2n0olr 7k; hTaasn cdael
finhessroundolmprae tt Unlealth eesxec hsat nugdei megs: euhteinlsiizvee ami
scale analysis and shape optimizati onheaaptpr oa
exchamregdrgns by | everaging autmematmod e@Mhb ggiurewsl|

The overarching opti mikiagliroen fr amewor k i s sho



Concept Heat Parameterize Geometry ( Approximation AIr AP HTC,
Exchanger o 3 [aorma RefAP/HTC,

o[ senet ol S i L = Max Stress, ...
s e - : ROV
y Y G “PPESA )

( Optimized HX [ Optimization - MOGA \

Optimized HX

Simmid ot Current
. Technolo:
% . Technology 3 1 w New Design
2 “e. Manufacturable & s
3 ®e., Designs % Best
Beste.,, "o '-....Designs 7 HX Model &
Designs ~~**eeseee | | | Teeeesnn, Y ; ;
mulation
HX Volume HX Volume Simulatio
y | .
Air AP, Volume,
| Mat'l, Heat Load,
| Manufacturing Max Stress,...
Constraints

Figlhr Shagpepol ogy Opt i mi(zTaatnicoanb eHr aeme vadr.k, 20

This fr amewourki fudri m i-Epeltsi( idd) & B B rtaanettheer igzeeo me t r
of the bBubee. aflddt opel ggyy met ry nwmi mglhNgpPRB S | ¢

such asshotwiRd sgg@nr e

Magnitude Velocity (m/s)

B =
0.0 9.0

Static Pressure (Pa)

I u
-20.0 69.0

anpcmlurc (K)

s 1

308 338

Figx2P CFD Si mul anidomolodgySh@mptei mi zed NURBS Tube

(NTHXBacell ar et al ., 2017)

Theeakxchanger, MNTHXDtpytwens zed usi agwdprieyv ifo uasmeyw
succeegsperliwywyental ly validsasteéed pseasundidtop, al
capacity beinh%amnsddi c ee dBrmicteidlay.Tdti salwa,s 2t0Ohle7 )
experiment al validation of a compaotwuwnti creoess

sectional geometsrcyal esianngal tylsiis m@muwmldt Adpgt i hme atat
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exchangers experimentally evaluated in Chaptet

using fteememanmewor k via the re3abklcéei ve aut hor s

Moving on to thebd eaegtadiaeegobgpsed Oaptismierati
gradient based techAdpgaent ssboheendj odnteangtnb e
sensi wivviht respect to amanyg desdgnfomargahbhdesnt
met hods for | ittle additional computational c¢
superi ormThee ciognput ati onal cost to obtain thes
number of desi gmAdy anindablmed hiomcn esa e ta nach @ce w ma

of the firtsaamamppdy camionspemsni wa@EPiomo mme®a u, 19

Pironneau derived the change in energy dissip
steady, | @imn onaa d jH@iomth amse tbheoedn appl i ed to numer
and heatprtorbd desnfee s o n mat hematically devel opect

compressible(Eamesoamd 2®8®8®hised adj oint met hod
compr ess(iJoanee sfdn wAd j @i nt Me9&hpod has been utili

model s 4(€ch Sas Kkm. eBomk. ovforokbsé Jufsbirnegt fame t he at

transfer vaeprpes € damairalrss sol ving i nverrsedihfefagdr etnr
scen@adaosy et al ., 1991; Subasi, 2002)
Adjointcamwthbhedcl assified into two major <cate

adjoi ntWimehe htecdnt i nuous,taej obpecappeodahction
t hkav-Séeokesneafgygfow equations in their conti nuc
di scretization) and the resul tjtnog baed jdoiisnctr eetq u
numerically sol ved i n ovradrei rd Plag Ko bastphsatged a € h e

GiannakogMWouh 20&6)3i gchree toeb jepxprioveechf,uncti on 1 ¢
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di scretized residuals of the pri mal equati on
function and rearranging, the adjoint variabl
already discretized,( Paayshudanc ltdmg@aagnmiakto geé quat i2
Recently with 1 mprovement in CFD sdlhwerdd sanmet

met hod has becowmeédpt e miheefdgharind pyr obl e ms .

There are seteocdnesiginghdrahtur based adjtod nitmpred vheo
the thermal hydheati expbahgemanod bapatfer mkedd
mu lothij ecti ve optimizations of a pin fin-heat e
100. Authors achieved a design with 113s% diencr e
pressure drdqp/j dyaspeec tshveasndddibhbhd) conducted 2D
topol o@yjmclttiive opti mi zatn dresa td ne kaa bsedmigleerss, o f |
2021)The optimized topologies demonstrated suj
pressure | osses compardd nto anan\wd ratgigea eklo (f d inrs
performebj emaitve shape optimization of a sing
The final tube design achieed W1 de%riemcre @ade
compared to irfiVidgla etr @oihar 200194 i ebsa sceodn dhueca te
exchanger design with applicationtsdélruandgi magati
exchadgbd3summatihesteudi es t hat haveshapd adgob]

topodmigiymi ze h éhaetate xscihnaknsger s
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TabbtHe at

E X cHean@peXiinnki z e d

WMeit mg dA BSjt awidn te s

Study Title

SummaryKey Takeaway(s)

Multi-objective topology optimization of pin
fin heat exchangers using spectral and finit
element methods

(GhasemandElham, 2021)

The optimized topologies demonstrated superior cooling performances at lower costs of pre
losses compared to conventional (circulashime and staggered fins, and confirmed the supremad
topology over pure sizing optimization.

Topology optimization of a heat sink with a
axially uniform crosssection cooled by
forced convection

(Lee et al., 2021)

A heat sink is optimized in a physical domain and simplified for manufacturability. The topolq
optimized heat sink has a 31% lower total thermal resistance, as well as 9% reduced weight ¢
to the commercial heat sink.

Threedimensionaimulti-objectiveshape
optimization of acylinder in acrossflow
usingdiscreteadjoint method

(Vidya et al., 2019)

A cylinder in a crosdlow is modeled and optimized using the discrete adjoint methodarBaeclose
to the front and rear stagnation points do not undergo a significant change, while the area arg
45° and 135° angle of the cylinder are gradually deformed. the optimized cylinder can achievg

increase of heat transfer afi4% decreasof drag force.

Application of adjoint solver to optimization
of fin heat exchanger
(C. Wang et al., 2015)

Improved the design of a generic fin heat exchanger, using novel discrete adjoint solver toolg
computational fluid dynamics (CFD) software FLUENhe combined objective, heat transfer ar
drag, was improved by approximately 50%, compared to the initial design.

Optimization of air cooling system using
adjoint solver technique

(CzerwidW¥ss goszyn, 20

Optimized the shape of the heat sink geometric model asjo@t solver technique. The
temperature reduction behind the heat sink by as much as 25 °C, with minor changesadnrieat
temperature, has been achieved.

Topology optimization of two fluid heat
exchangers
(Hoghgj et al., 2020)

A method for densitpased topology optimization of heat exchangers with two fluids is propog

The optimized designs for both cases show an improved heat transfer compared to the bas

designs. For the shadindtube case, the full freedom topologytiopization approach is shown to
yield performance improvements of up to 113% under the same pressure drop.

Multi-objective optimization of a heat
exchanger using the discrete adjoint methqg
(Vidya et al., 2018)

2D staggered cylindersincressl ow wer e opti mi zed using AN
Multi-objective optimizations were conducted and increased heat transfer by 11% and redd
pressure drop by 11%.

A new framework for design and validation
of complex heat transfer surfaces based or|
adjoint optimization and rapid prototyping
technologies

(Kametani et al., 2020)

Adjoint shape optimization conducted on two different pin fin arrays to maxbigetive function
of ratio of heat transfer to agide pumping power. The pin farrays were adtively manufactured
and thermahydraulic performance evaluated. Objective function increasé#i3®

Synergistic use of adjoifitased topology an
shape optimization for the designhffluid
heat exchangers

(Galanos et al., 2022)

A method that combines topology and shape optimization for the desigfluifitheat exchangers i
presentedBoth are based on continuous adjoint to compute the gradient of objective and con
functions.

Optimal shape design of compact heat
exchangers based on adjoint analysis of
momentum and heat transfer

(Morimoto et al., 2010)

An adjointbased shape optimization method of heat exchangers, which takes into account th
transfer performance with the pressure loss penalty, is prop&$esh applied to a modeled heat
exchanger passage with a pair of oblique wavy walls the j/f factor is further increased by 4% fi|
best value of the initial obliquely wavy duct.

Multi-physics topology optimization for
thermalflow problems applied to additively
manufactured heat exchangers

(Tang et al., 2021)

A thermalflow topology optimization workflow wadeveloped for heat exchanger applications
Adjoint sensitivity was computed witmadjoint solver based on a defined objective funcfidre
thermal flow topology optimization was extendeddaoial flow topology optimization problem to
enable simultaneous optimization of two fluid domains with different material properties for h

exchanger applications.

Optimal design and thermal modelling for
liquid-cooled heat sink based on multi
objective topology optimization: An
experimental and numerical study

(H. Lietal., 2019a)

Developeda design methofbr liquid-cooled heat sink based on topology optimizatidrereadjoint
variable method is applied to conduct the sensitivity anal@gismized cooling channel can achiey
a lower thermal resistance and a higher Nussettber in comparison to the conventional parallg
channelBoth traditional parallel and topology optimized charwefremanufactureénd
performancexperimentallyvalidated

3D topology optimization of heat sinks for
liquid cooling
(Sun et al., 2020)

Conducedtopology optimization of thredimensional heat sinks for liquid cooling.set of
consistent adjoint equations are derived from the weak forms of the state equations in order t
the sensitivity Parallel plate fin heat sink could consume up to 450% more pumping power tha

topology optimization design while achieving the same thermal performance

Topology optimization of turbulent forced
convective heat sinks usingraulti-layer
thermofluid model

(Zhao et al., 2021)

Topology optimizations of a heat sink for ecodoling are carried out to reduce the average
temperature rise of the heat source under a maximum volume fraction constraiatljoint method
is employed to determirtbe analytical sensitivity of the objective/constraint functidiepology
optimized heat sinks exhibit better thermal performance and provide [§2t8%6 reduction of the|
average temperature rise, compared with the reference designs.

Topology optimization of conductive heat
transfer devices: An experimental
investigation

(Subramaniam et al., 2018)

Presented aexperimentathermal managemeirtvestigation of tredike structures obtained by
topology optimizationThe gradient information of the objective functisrtomputed using the
adjoint method.

Thermal design of microchannel heat sinks
using a contour extraction based on topolo
optimization method

(Zhou et al., 2022)

Perfornedtopology optimization on microchannel heat sink. Adjoint method is used to find tf
sensitivities of the objective function and volume constraint with respect to the design varial]
Experimental thermahydraulic performance agreed well with simulated performance.
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Many of these studies focus ormraasevadroyl blpitmeimi ed
are minimal studi esbjwddtcihv é nogetsdtdisipmad tei enugd h a h g €
for condenser, evapoir aiktednsuT@Ad moasdi ationi | ar st

being by Mhdaysaa mEi hamand Kamé¢ Gamis e mt &l El ham,

Kamet ani et al ., 22 P®er iVmarytaaletv alli.dat20In8 )o f
exchandgemsted. Fxbaen ot tTindbiddessveexmp er i ment al v al
( Kamet ani et al ., 2020; H. Li et al ., 2019 a;

Adjoint based stiapleespthan g att ulmen loé atgrexadhang
i mprtohteh e rthrgyadlr aul i ¢ per for mance. 't i s i mporta
desi gn bsapraec tGounh)e sh o<w we | | can adjoint based sh
tube heat e xccohmapnagreerds o pwbhi ermit ha@tri o N mesthhaopdes asnudc h
topol ogmewioghku®ed to desi(@BamaceheaNTEXsal ., 201

2022)

Fi gBgslows the shape change of a single tube i |
demonstration exampl e. I n this exbemper at hee o
changing the shape of the bae®h.t ublee Shape cdha
are used as a guide to determine how the tub
functi on. Once the tube shape is changed and
again to find theindwtdhleame ws anog ipthiewdi tgieeosnet r y

i mproves each iteration until a | ocal opti mum
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Change mesh shape &
run flow solution
(Toul, avg = 27500)

Initial flow solution Run adjoint solver to obtain shape
(Towt, avg = 27°C) sensitivity

lteration 1

. Run adjoint solver to obtain shape Changs misah shape &
New flow solution run flow solution

° itivit o
Moy =275°6) AN (Tou, avg = 27.9°C)

Iteration 2

27 32 37 42 47 52 57 62 67 72 77

static Temp. [c] NS E— |

Fi g3ireéShape Opt i miTauabtei a m -BAfi or® urissmsg Adj oi nt M

The final optimized design will more than | i ke
and it is most I|ikely that these optimized de

the heuristic methods &GAsSGuUwhead hprhawieoas Imu,c hs |

finding gl obal opti mums. Though, the opti mi ze
shapes since there can be a significantly | ar.
as a bare bebédiskbapée] zedninto a | arge number

segment being a design variable. This can | ea

AAO optimization algorithms to reach.
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Additively Manuf aclLtivreeRietieecsst Exc hanger s

mplaate tube heat -ceixrcchua nagre/rusniwiotrhm ncoonasisl s ect
timized within a reasonablbe mamefiactafi ocg mme
ed t dueXidMamieano & dji bes e me tdheosdi gonpst ihnaivzee du nc on
apegsarmandt htlhegkhotutre Adkditt iexec hManrgefract uri ng

tential to facilitate greaeffnobenti mesafoex

itamanuf acture many of Htelnds e xwcrmiaqgerde iaggres pr

day, rely on traditional ma naud atcitug i ngl imen
azing/welding, or a combination of Mpt obtbesse
ng et .@aypi,c20Ob0®Pmpact heat exchangers, such

ins to augment heat transfer and ar éMmaAuf ac

ie et.Tadhles,e 2t h)ods | imit the types of geome
ch as tube walls, that can be fabricated. A
tdhirmeeensi onal objects by joi-lmyy agemat Eypiatal f
mputer Aided Design (CAD) model is created
e model into thin horizont al slices. These
eates each indiwmeduaM | ayeaotohemated to jus
so can <create parts composed of met al al | «

tef(ival luang .eManafactapNnab$ are beginning to

chnol ogy. Since parts are built by adding s

it with one monolithic build. This coupled
ed, facilitates the production of heat exch
have increased ther mal performance andostliat
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prototyping, researchers can design, fabricat:
of time. One of the earliest examples of rese.
test a heat eixmc hBdh@epamwas . edwalsmjad 20the)at exch
and t hrsecealmeshceat sinks were rapidly manufactu
and the ther mal performance experimentally de
of researchersnewi cgtufkRnthpeatr extcdangers and |

i ncreased fdwdereynd ehres .pa st

Surface Roughness

The effect of surface roughness on heat trans/
for -crhannnel and microchannel heat exchangers.
have a higher surface roughness compared to
Selective Layer Sintering (SLS) hashrmessnt aofepd

35 a( Kumbahmddu | ay,. 20ulr8f)ace roughness is highly

machine parameter s, and build direction. Sur i
transfer. For the simple case of convective h
r enge , surface roughening increased the heat
(Achenbachl| f 19F&) roughness el ement height i s
| aminar sublayer thickness in turbulent fl ow,
subl ayer, thereby, i ncreasi ndR.t benShehlau Il i s,head 0

Mul tiple studies have been performed to stud:

roughness o.n Resdaxtmdaeirsgfeanrt al |y st udied pressi
performance through small c(hSat ni nnepl sso nmaentWf aalb.t ,ur
decreasing hydraulic diameter, thetdbyidctiudbnct
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di ameter rati os. The friction and heat trans
channels were compared to channels with groov
t her mal perf ormance. The ther maledpeahamrmealns ef
comparabl e heat transfer performance to the (¢
potenti al of the artificial roughness 1 n man:!

cool(iVegt ol a .etThael .c,on2v0elcdt)i ve heat transfer was

flat surfaces and 35% for finned surfaces. A ¢
channel s, more quantitative informatidnmnws ne
t hrough these channels. Wi th regard to correl

additively manufasehochkduchaedna!| shorough study
caused channel roughness drenghfdontmsenipds eanf . evta rail o
They devel oped necessary tools for designers
presented that correlates the relative arithm
grain roughness for wuse folfowstthrrnlaugmga tML S rri
This can be used to prediActdowimé aNUs®él tt hru mne
roughness is the increased pressure drop whi
exchanger. Thi st hlan mer expd @i inmipds tbigoHeotWweawtd ro,r 2 C
new geometries can facilitate | ower pressure
bet ween the ability to create new geometries ;
of t he heaTfhrexc hmanjgeerr . characteristics of t he
exchangers that affect the overall design an:t

porositpgotantdi Hlkekadmaleltehsatt ckavsbe successfully
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Mat eri al Porosity

There are numerous AM processes that produce

very common defect. Porosity in SLM created
during solidification, and saudhfeascieosn bdefA qpeabrat il aa
et al ., 2004; Bawuerei (Ohet palr.o,si201l 4a;f fTeacptisa tehte
exchangers in two major ways; they include t he
and fatigue strength. Processed materi al t hat

curtahésmaheconductivity and can negatively a
Reseamusckeadr $061 Al uminum with—a obuwlrk a¢ @n dnwud ttii\
sinks with different geoMMt r Wersg uesti rg wiehlye2r(AM9t 3

effective ther mal conductivity of—ptahrd | pr docewcaai

the solids produced were 90% dense. |t i's al
contribute to a reduction in tenhBapdiea sd.tr ealg.t,h
Thi s posest haen diesssiugen faonrd rel i ability of heat
could contribute to the mechanical failure o
thickness, which can | imi{Zhaegf eat ale,si2D@0)

Mi ni mum Feature Thickness

As the accuracy of AM increases, the possibildi
arises. These extremely thin features facili
complexity at smaller scale$, tabeé mas$l it mpaokr
wal | thi ckness becomes smal l er, t he overall
effectiveness of the heat exchanger Il ncrease

exchangers can be desinginneidmuam df ema nuu fea ctthuircekdn. e
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dependent on the AM prab&persesyv iadneds maa tseuw mmd r yu scef
smal |l est features manufactured for metal, pol
provides a rough estimate of wha¢ Mt hA. cArirene !
2016Yyggests with current DMLS AM technology,
thickness is 0.3mm, the technelcthgiod algi lciami tpr io
0. 05 mm. Note that this is for fins, not tube

pressure and separate the two active fluids.

Tabet eSummary of Smal Aesai FrebteresiThgcAKMekar Ve

Material AM Process Wall Thickness
Metal Direct Metal Laser Sintering ~150° &
(M. A. Arie et al., 2016) (DMLS)

Polymer . . s
(Rua et al., 2015) Polyjet ~32100" a
Ceramic Lithographybased Ceramic ~100° &
(Scheithauer et al., 2018) Manufacturing (LCM)

Additively Manufactured Heat Exchanger Litera

Tab/lTea b8l edat9iIses mmari ze al | studies which used &

a heat exethalngepol ynmenr , and cerami c, respecti\

Tab7t eSummary of Manafladddi ¢d vidégt Exchanger

Researchers AM Summary/Major Findings
Process

1 Micro scale heat exchangers and meso scale heat sinks were manufactured

1 Micro scale heat exchangers demonstrated consistent performance with those considerg
previous research

1 Meso scale heat sinks did not perform as well as existinfirpaesigns

1 Heat transfer and pressure loss characteristics of four heat sinks experimentally studied

Tsopanos et al., 2006 SLM

Matthew Wong et al.,

2007 SLM 1 Aluminum 6061 proven to as a viable material to be used with.SLM
1 Five heat sink geometries manufactured using Aluminum.6061
M. Wong et al., 2009 SLM 1 Lattice-structure heat sink demonstrates that increasing surface area alone does not neg

improve the overall heat transfer performance
1 Three novel finned structures manufactured using Aluminum 6061 and Stainless Steel 3
SLM 1 Heat sinks produced showed superior performance to the conventional heat sinks.
1 New geometries incurred lower pressure drop.
1 Evaluates the manufacturability and performance of AISi10Mg periodic cellular lattice
Yan et al., 2014 DMLS structures.
9 DMLS can be used with this new alloy to produce porous lattice structures.

Matthew Wong et al.,
2009
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Ventola et al., 2014

DMLS

1 When compared to smooth surfaces, rough flat surfaces and finned surfaces produced
DMLS respectively experienced on average 63% and 35% better convective heat transfg

Pakkanen et al., 2016

SLM

1 Cylindrical geometry for internal channels built at different angles using AlSi10Mg and
Ti6Al4V and internal surfaces analyzed.
1 Surface roughness of internal channels evolve depending on building angle.

M. A. Arie et al., 2016

DMLS

1 Implementation of DMLS was studied on a manifaiicrochannel heat exchanger.
1 Manifold-microchannel geometry using DMLS offers significant improvement overstate
the art advanced fin technologies.

M. Arie et al., 2016

DMLS

1 Fabricated and experimentally tested a kpghformance titanium alloy awater heat
exchanger that utilizes manifefdicrochannel design.

1 Demonstrated a 4500% increase in base conductance anr8% increase in heat transfer
coefficient for the same pressure drop compared with sfiavgurfaces.

Stimpson et al., 2016

DMLS

1 With decreasing hydraulic diameters, the friction factors increased as a consequence of
roughnesgo-hydraulic diameter ratios.

1 Channels made with DMLS have relatively comparable thermal performance to channelg
grooves.

KirschandThole,
2017

DMLS

1 Three wavy channel coupons, each containing channels of varying wavelength, were de
and additively manufactured to evaluate pressure loss and heat transfer performance of
channels.

Snyder et al., 2016

DMLS

1 Cylindricalshaped channels built in three different orientations, while teardrop and diam
shaped channels built horizontally.

1 Vertically built channels had the lowest friction factor, while the diagonally built coupons
the highest friction factor.

Stimpson et al., 2017

DMLS

1 Developed correlations that relate the physical roughness measurements to the effect th
roughness has on the flow friction and heat transfer.

1 Heat transfer correlation is presented which predicts Nusselt number of flow through DM
microchannels using predictions or measurement of friction factor.

Bernardin et al., 2017

DMLS

1 Presented a process to improve the thermal performance of a twisteahnstalbe heat
exchanger by leveraging CRhodeling and expanded fabrication space of AM.
1 Modeled to have a 40% increase in heat transfer coefficient.

Bacellar et al., 2017

LPBF

1 A new bare tube heat exchanger was designed and additively manufactured using laser
bed fusion.

1 Achieved ~20%reduction in size, ~20% reduction in air pressure, ~40% reduction in mat
volume, and ~2% reduction in face area compared to a microchannel heat exchanger.

Ibrahim et al., 2017

LPBF

1 L-PBF used to fabricate a muléiyered, Ti6Al-4V oscillating heat pipe(MIOHP)
1 Characterized the MIOHP thermal performance.

Garde, 2017

SLM

1 Additively manufactured oil cooler was designed and manufactured using SLM
1 Design is projected to transfer heat at 15kW at the design conditions

GerstlerandErno,
2017

DMLS

1 Novel heaexchanger designed to meet the heat transfer and fluid pressure drop requiret
of a turbine engine fuel cooled oil cooler.

1 Mass and volume of the heat exchanger is 66% and 50% lower than the legacy fuel coo
cooler with similar performance.

Korinko et al., 2017

SLM

1 Type 316 Stainless Steel printed tubing has a higher mechanical strength and lower duc
than annealed Type 316L Stainless Steel.

M. A. Arie et al., 2018

DMLS

1 Three prototype heat exchangers were fabricated out of stastéedstitanium alloy, and
aluminum alloy for power plant awater heat exchangers.
1 Improvement in gravimetric heat transfer density compared to wavy fin heat exchanger.

Hathaway et al., 2018

SLM

1 Commercialscale tube bank oil cooler fabricated.
1 Unique features include, lenticular tubes with offset strip fins, and anglefipkte

Jazi et al., 2009

Wire-Arc
Spraying

ﬂDense, alloy 625 deposited on the surface of 10 pores per inch (PPI) and 20 PPI nickel f
sheets to fabricate compact heat exchangers.
20 PPI foam showed higher resistance to flow and greater heat transfer than the 10 PPI
because of its smaller pore size and larger internal surface area.

Cormier et al., 2013

CGDS

1 Pyramidal fin array produced with CGDS outperformed traditional straight cut fins at the
fin density and hydraulic diameter due to fluid mixing increasing the convective heat tran|
coefficient.

Cormier et al., 2014

CGDS

1 Investigated the effect of varying the fin height and the fin density of pyramidal pin fins.
1 Increasing either fin height or fin density also increases the total thermal conductivity at {
expense of a highgressure loss.

Dupuis et al., 2014

CGDS

1 Two new geometric pin fin arrays manufactured; pyramidal and trapezoidal fin arrays.
1 Two new geometries have better heat transfer performance than traditional plain rectang
fins, but larger pressure loss.

Farjam et al., 2015

CGDS

1 Pyramidal fin arrays with different volume fractions of alumiralumina were produced.
1 Use of AluminumAluminum feedstock powder as an alternative to pure aluminum prever
the use of costly polymer nozzles that wear out quickly.
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1 Nearnetshaped pyramidal fin arrays of various materials were manufactured; including
Cormier et al., 2016 CGDS aluminum, nickel, and grade 34 stainless steel.
1 The aluminum powder outperformed the other materials.
Dupuis, Cormier, 1 Pyramidal pin fins fabricated using CGDS.
Fenech, Corbeil, et CGDS 1 Classic double recirculation structures, and flow bypass structures observed in wake reg
al., 2016 fins.
Dupuis, Cormier, 1 Pressure losses and the convective coefficients of square base, round base and diamon|
FenechandJodoin, CGDS tapered pin fins.
2016 1 Staggered configurations produce higher convective coefficients and-pigissure losses.
Tab8t eSummary of Polymer Additively
Researcher{ AM Summary/Major Findings
Process
Harris et al., LIGA ﬂCrosstow micro heat exchanger was developed to provide function similar to a car radiator|
2000 ﬂMicro heat exchanger demonstrated good heat transfer rate/volume ratio.
Deisenrottand 1 Provides a thorough review of polymer heat exchangers.
Bar-cohen LPW 1 Case study presented of anWater heat exchanger constructed using Laser Polymer.WeI
2016 ’ 1 Polymer heat exchanger required 85% less mass, but 35% more volume than a metallic wg
heat exchanger of the same capacity. COP also increased by 27%.
1 Aimed to quantify the limitations of the AM process when used for printing microfluidic chan
Rua et al., 2015 Polyjet in heat exchanger fins.
1 .032mm.1mm walls were possible to clean with care, but deformed slightly under pressure.
M. A Arie et 1 LPW or layerby-layer line welding by laser was used to fabricate atoaivater heat exchanger
a|:, 2.01ge € LPW 1 Extremely thin walls (150 d) reduced the thermal resistance of the wall to only 3% of the tg
thermal resistance.
Felber et al. 1 Prototype akto-water heaEXChan_ger designe_d and printed u;ing FDM.
2016 ’ FDM 1 Improving the thernjal'condu_cnwty for _the pr_|nted polymer directly affects the heat exchang
performance, but this is a ndinear relationship.
1 Novel polymercomposite heat exchanger, called a webikeé heat exchanger.
Cevallos, 2014 FDM 1 Design shown to have similar performance to a giatbeat exchanger but used less material

volume.

Tabdt eSummary

of Cer amic

Researcher AM Process Summary/Major Findings
Liu et al., 2020 Mould Shape Deposition | { Fabricated micro heat exchanger with four and 40 channels out of silicon carbid
S_hulmanand LOM 9 Demonstrated complex ceramic heat exchangers can be built using LOM proceg
Nicole, 2015 1 Ceramic heat exchanger could be manufactured at a reasonable cost.
Schwarzer et al., LCM 9 Demonstrated the creation of complex designs using LCM
2017 9 Components with densities after sintering higher than 99% were achieved.
Scheithauer et al. 1 LCM allowed the production of alumina and zirconia cgmpoqents. _

LCM 1 A heat transfer surface of more than 350¢rand toles with a diameter if 0.2mm

2018

can be realized
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1. 5Resear amdGpesti ves

Research Gaps

Based on the current |l iterature review, the r

T Airsi daeh ytchrearurd i ¢ per-ffloownaaedre i gferamds hheat e x
potential to be i mproved. While compact hee
thoroughl ynoaivedmlirgat ethe heat exchangers w
belGmwm have the potenstiidad heoati ntcrreagnassfeeetd hceoeea
t hesiade pr easmrdarvee chrodp been t hohréorueg hilsy a nnveees
more experimental per fnoormmamberecdpuded i dainr o
refrigerant heat exweh a nagnedv acroynadteor ,r aanédt @
conditions (hydraémm¢. difTametemcl edsesthéae

component | evel and with system | evel inte

T The use of additive manufacturing to const

the pasatstdbtsadeo realize previously I mposs|
desi ghsewever, the consequences of usneg sa
noyteftul 'y uimtderset dbadks experi ment al eval uat

heat exchanger s.

1T Gradbhasned adjoint optimiahtli desugenhgi tCiFDe
organi c, and pobéant iexiclhy nfgheep eerdieasrrieg nfsew nu

investigations of using adjoint method bas:¢
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exchangHeMVWAC&IRp p | i chMotrieoonvse r ¢  ftrdesproe X par i ment al
investigations KHVAQ&Rtp|lexahammaer slptsd mmeg ad

adjoint based methods based on the I|iterat

Objectives
The ovegaaldiipsaagtdo knowl edtghdeeandni mpr ovmp@act ba

fluid heat e X cham@me r shuawaet ht uchcempdgemmearrey. t hr ee

objectives to accomplish this.

ObjectiPvevilde a comprehensive experiment al i
optimized compact hreoautn de xfcihnal negsesr sb awiet ha mnthoens ur
wet ), condenser, Henad reaxdcihaatnogre rcso mwdeiu rei Qmpst d mmezte

( MOGA) used with approxi mattiiohi assgsCED bas$ead

(Bacell ar, Aut e, Huang, et al ., 20160b; Bacell
al ., . Re0f2r2i)ger amtlsdD Ai MallduadRe R
Obj ectDevsei 2o nandaxpgerai ment al t esvalfumatiilng yt lter

l evel perf o2m&dn(cReFBOBT 9 aloVEm®paicalaged air condi't
under AHRI 2 1O0Ex2p4e0r icmoenndtiatliloynsi.nvesti gate t he s
packagedwubhht af i rtaub & iloenaatl dwdloxmg err elph(eaicgeu tt h e
conventional ewaoppfactiberseubiad eatmudw evaporator.
unit 6s piesv alrumatnede at t he same AHRde x2k0/i 2nketh t cad
eval wahtoiwont he per fa@omande onfi nggn uaniirt i s affecte

tube heat exchanger design.
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Objective 3

Par tbeA)el op

di

opti mi zatutoinl iszcihnegnea

fi

nl

these

screte

ess

met hods

Par tLaB)t | vy,
t herhmyadlr aul i c
manuf actexrpee,rianechtal $iyn yMad | sh@ode s cdhwalreerr adbat or

whi ccptiismi zed

Tabll®er eaks

new

adjoint

bar e

( MOGA)

down

shape

used

us

each

opti

perfor mance

i ng

adjoint

mi z ed

desi fhydd authecmaler f or mance to

withadapmpmo X IARA®DL) i. o n

over

objective

shape

variabl e

met hodDefveerlao ptVASDI&dmbipe ptl i cat
d it soc rdeetttedpeant jeimeinp ad ¢ e ME B T

t ubley dhreaht b nsexta enrq in 1KO@.-A50 O ovi@mImp ar e

heat i

ex et ii mah toaleltsyhmegpteh mpt i mMmpeodvdesihe

t Dees i igmi, t iaadld i d ii

by their

met hod, and manuwfsaecd utro npgr ondeucheodpr ot ot ypes
TabllOe Objectives nf ormati on
ApplHXXd
Obj ect V'SagceeT/ubg Optimizaticpel_refvoerI Manuf actu
P Met hod( s
. 2i3mm OD E MOGA with H X Addland/'e
Objecti vi Bare Tu Met amodeéasd Compon Conventi (
Topol ogy Op P Manufacturi
" MOGA with .
Obj ect V‘2|3mm ob _F Met amodeansd A/ Ey st Conventllc
Bare Tu Manufacturi
Topol ogy Op
Obiecti mi 0.7B0nm OD| Di scretMe Al H X n/ a
_____J ___________ Finl ess BH Shape Opti| Compon
. 58 mm OD Di scret de Ald H X . .
Objecti B¢ Bare Tu Shape Opti ComponAdd't'Ve Me
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Di sse

rtation Organization

Chapter 1 presents the research motivati on, I
design/ optimization methods, and additive man
this dissertation.
Chapter 2 presents the results of objective 1;
and topology optimized compaott heateexchange
evapor atnsdet ) dr gondenser, and radiator condit:i
T First the heat exchanger test facility use
T Al | NTHX heat exchangersodéo experi ment al res
Chapter 3 presents. the results of objective 2
T First, the design and construction of an e
system | evel pe.f% ( MBSO 87e9 widWnae r Z.i @ | packarf
conditioning unit under AHRI 210/ 240 is sh
T Experimental results ofatubenbasalti pecpaocige
with the Copper NURBE3I|Tulba zHSH tGaNEXdCEhnat negde ra n
di scussed.
Chapter 4 presents the results of objective 3
T ANSYS Fluentdés adjoint solver iIs selected
bare tube heat exchangers and a valAndati on
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Uconstraint and penalty metewho dc ho patiN BiviBzzaetdi o
Fl uent 6s adoj piemulotbignec e ve shape optimizati
exchanger s.

T Critdjcailnta sol ver s eup iunsgesd aanrde 2pDr enseesnht esde ta
T Opti mi zataroem preesfudftiseldess bare tube heat e
di ameters rdmM@i mgni hgomdpPobnt met hod shape
T A 5W0 heat exopbangpered susing theddevebvepyw
manuf aanhdredgperi mentally tested as a radia
f Lastdlydbjnecti ve optimizations were conducte
optimized NTHX design as the starting geom

air velocity of 3 m/s.

Chapter 5 draws main conclusions and summar i

compl eted with this work. Future work and rec
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ChaptNeTHRXx per iTreesnttian g

2. Heat Exchanger Test Facility

Adedi chetagd exchanger testing facility was us
exchangertso aifndieglla@Atd BdaR -tamadt eari rc dhdist it es$ i n
facility facilitates the testing of hadt exc
hydraul i c char adtder iasntdi-xisée fornagtelrearedai srur ed wi t h
i ntegratiTohe iheami mkchanger testing sfeatgs$ lainty c
AHSRAE standard closepgeldoopfwigertmonnéloppa p@an
The c¢closed | oop wind tunnel controls the inl
includes the inlet air mass flow rate, temper
| oop ctomd riohilset refrigerant conditions to the
evapowiattlorRA -10¥4aRThi s includes the heat exchan
rate, temperature, pressure, anddlog tqhueliinlyet
conditions to the test heat exchanger. This i

and tempbkeat o ebenvd thnigosn se adeettuapi d st s et

2. 1ClLotedp Wind Tunnel

The ASHRAE standard &d odeklagodips wi ASIHR AEK netl an
( ASHRAE,anld987)HRAE ,an2d0 0i0s) c apakkeea toefr /trebsttaitgge r a
exchangers between a wdadpaaint wnafe r-56@0 2nW yH d aedsfs, k
201Hi)gausrheows t he cl oseApilcdaup ewiordd tthesdld rha tcil 0 s
of the warsedhowdngé@dreldi gbr er espElterin ¥y edye two tes

test section 1 is for smaller capWctidyd4 hleWtare
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test section 2 is for | arger capasitygebenBbdnecs
cressescti onal area of 0. 33 xse0c.t3i30 nma.l Teerseta soefc t(

The |l ength of each test section is Bmb5tmete&rs

pol ypropylenkapl atmedul ar design, in that hea
uninstalled. When one test Fsgsleows i & 3inmupulsic
schematic of the wind tunnel when i n use.

Fi g&ar eHeat Exchanger Test Facility, CIl os

29



Air handling coils ":;"t;g
chilled f:'l:r —(O—ben
water  —— ok et Rotameter
. | zzzzzz=]
glycol \ — Flow rate
water pump. [Rotameter -+ = measurement|
chamber
Hot | Hot I ——
o ‘Water -
i —— koo .+ = QEP S
N N
Humidifier |y -~ 1 o T
e 777N
-— _J { PUNCHX D1
.__E_l" NN BT
gl =g 1 |
O (S _\- - ! \
3

1 @ @ Test sectic-rT2 @ @_l

s s

Xl J'@TL Blockage ™ @i“:. l
1 l

Mixer () (79) P) @) Test section 1 @@_,7’—‘
Test HX

T e - 1B d___,___~—“'T:' L

® l@i;q 1 K . —.
i | L. |: - ?
—O— CMH { CMH |-0
Blower Blower

Fi gbhr edeat Exchan@leos elTddVslhaldmSacnhheenfayt,i cHuang,

Flowrate Test Heat
Measurement Exchanger

L HOOD OO @M oo ®

E

E NI N N S e

g CMH ¥ 1 CMH
& @ @ &

@ Dehumidification Coil (Chilled Glycol) @ Humidifier <:> Blower RH = Relative Humidity Measurement

RTD — Temperature Measurement Via. RTD

@ Cooling Coll(Chiled Waten <5> AirMixer Air sampling Tree cpH — Chilled Mirror Hygrometer
@ Heating Coil (Hot Water) @ Air Straightener (Dew Point Measurement)
P — Absolute Pressure Measurement

DP - Differential Pressure Measurement

201

FigereSi mplified Wind Tunnel SdcdINematioc sfcand eh
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Starting in the section | abiefiegdt lefefrleow sr aatne am
ASHRAE st andéred anazm2zaldes . mass fl ow rate was mea
ASHRAE standard nozzles bdASHRARE, ArdB®ABA notna n d
197B5hi s arrayiig@r shhuorwinngi nt esting the applicabl
ot hers weA esebrpoecesk sodfr e t aps measure the static
(ei ght befamrde tahnds afst &Bphraed alde dh% 5 WE&ERumetric
of bet-w860 (TH.MMB.3859ran be Mablmhews al l nozzl
with applicabl e Av ovlau matbd iec sfpleeew rca®tneg.i fugal f

generate airfl ow.

+0.00

H'—'L‘l D=7

Static Pressure Taps:

FAIRING RADIUS -
ABOUT 0.05 D D=7"—
IF NECESSARY.

eft: Standarcd i Moz GlefeSHRASES,MAPBI7THoz z | e
hamber i n Cl;osRkidg hto:o pStWdtnidc TRRmenedur e Dr
Nozzl e(s)

Tabllle NozzI|l e Quantities with Applicab

Nozzle Diameter Sizam, IncH | Quantity| Applicable Air Mass Flow Ratenf®/s, CFM]
50.8mm, 2in 1 0.0330.071, 70150

76.2mm, 3in 2 0.07%0.156, 150330
127.0mm, 5in 1 0.2120.425, 450900
177.8mm, 7in 2 0.40%0.850, 8501800
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Settlimgdg rmeares €61 ow directly before tehveennloyz z | ¢
di stributed ar,, aznadfbadrhementorcioheppeeesmisrug g itre amusm
temper aamdeabsol ut e .p g4 sss uursee,d arlecsupleacttel vteley ai r

rat e
a w " E g4

Fi g8ssheows the instrumertpatfioon tahred hecqaui gemerta nge
sampling tdeex wi/tllD &Dd Ni RTD and chilled mirro
after the test hderayt tbheanxhghlea rad airr ett @ mghletdaidiu p @i & t

and settling means ensure uniform flow.and t
Rel ative humidity sensorsaarean|l egatradhami datlhy
Additionall vy, a igfodatodd tdter enac bcuoprefa srumeivreq p |
temperature distributiber mcpessipdsaaeain phefi
section 1 and nine per Ap-friapiee sisnuapehies | megeur ¢ @
t teelsetat exchanger using a ds f $geice s tirfal utr@ rheaesf sourr

and direc)Yly before and after the heat exchan
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Chilled Mirror Hygrometer
(Dew Point Sensor) in Line
with Sampling Tree

Relative Humidity
Sensor

RTD in line with
ling t i

sampling tree Static Pressure
Taps

Test Heat Exchanger
Section
Thermocouple,
Grid Air Settling Means

Air Sampling Tree
(behind settling means)

Fig8fLe)Measuri ngUpPIl (abneef ocSree and af (TeRi ghist heat
Mi x Bro;t tRagdttati ¢ Pressure Taps across Te

A cooling coil, heating coil, dehumidificatio
aiirmml et temper ahAuwat emds hluarti dla sdyr ¢c bukt leed water

rejects heat toi anaogchdod dbReidgclgsialyocwest tlhienewat er

condi ti gaangdtgehaomi dsfi er .

Fi gafle)Hoan@ol d Wat er Di(Ba-RiigdHutnieoyrwe3 i dHumi di f
(Bot tRagWatenmnd GIycol Di s ArLldopdsonColLndiietsi o nnitnog
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While the nozzle pressure drop correlates we
(Bohanonextia7ma)r mass flow rate calibrations
testongnsure accuracy and that no si.¢Fnigluireant

1hows a simpl i faiied nsacshse md toiwcurpmaftaet dcea Inisth rad tl iean

heater.
®
R
— | |
é‘é Resistance ‘
@ Heater @
AP: Absolute Pressure
DP: Dew Point Air Straightener
T:RTD Temperature e Air Mixer

DPr: Differential Pressure

Figu(eeeft) Air Mass Flow Rate Calibration Sct
into Test Section

A resistance heater ewachamgedralwoeuwl dvhkea et & shtee ch
Ai-frl ow was established tRACoaghapmplei eddsacrsesd it
heater to creadieregpe até parnedh aamevwhaftetKwas used to
the power dissipatibghbwat UbBetrceabanstanhbe heat @

through the test section

a S E g5

Ai-si de pressure dropFigdmwass atl s anuceatlad @eant hay a
flow rate d8oharomihed& 75y mass Vamoiwedadweewatshe
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raniglee air mass flow rate calculated via the 1
nozaweesx compared. The difference between the
testing to continue. Icfa | tchudaddueddf ewan cgr datt avre el
this ianidresEtrentd within the cl osddr | e@ops ams me
to kealridor awede over the course of five years
needed toTakl2rkrecwsalaedsummary of the c¢closed | oo

and respective uncertainties.

Tabll2€l osed Loopl Wsnhdumennati on and Uncer

Syst emsg
I nstrument Type Range Uncert a
RTD 1/ 10 DIN/ 200 tAo N O0.03 t
Thermocoupl e T 250 tAC N 0.5
Barometric F Strain 60 t kP4 N 150
HX Different Strain 0 to 24 N 0.62
Nozzle Diffe Strain 0 to 12 N 3.11
Pressure
Dew Point SegChilled Mirr -40 tAC N 0.2
Rel ative Hun Capaciti 0 to 1 N . 2o
WatMeet er Hall Eff¢ O to 4 N 20 W

2. 1PA@mped Refrigerant Loop

Tachieve the desired r etforafgreirggenrtantnl ledatc oenxdd ht-
pumped refrigerant | oopFwgbhaHMKisgiglhdedwaadpicons
of the completed pumped refrigé€hanpumpeg kbadp
circulate refrigerants such as R410A and R1314

conditions for the heat exchanger of interest
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Connections to Test
Heat Exchanger

Sub-Cooler

Back-Pressure
Valve

Rotary Vane
Pump

Pressure Relief
Valve

Resistance Heater 2 (5 kW)

Resistance Heater 1 (10 kW)

|~ 3-Way Valves
Condenser

Data Acquisition
System

Resistance
Heater 2

Condenser Glycol

Diverting Valve
Electrical Distribution
Resistance Box
Heater 1
Glycol Tank
Reservoir

Glycol Circulation
Pumps

Glycol
Temperature
Control Valve

Figbt ePumped RefCoimpé redUuptd [Sedp

S From Outdoor Chiller
Chilled
Condenser Glyeol
Tank
JG, To Outdoor Chiller
()
=
)
)
©
Rotary Vane Pump

-m Resistance Heater M Ball Valve Filter Watt Meter
@: Heat Exchanger % Three Way Valve @ Type T Thermocouple
@ Pump % Diverting Valve @ 1/10 DINRTD
@ Coriolis MFM DI Check Valve (P Pressure Transducer
_@ Back-Pressure Valve @ Sight Glass @ Pressure Gauge
D(n Pressure Relief Valve —o=).  (Charglng Port @ Safety Temperature Switch

Figu2ePuRpédilgeomanbchematic
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Starting with the return refrigeran(tplfdtoev Hea at
exchangheera)t i s rejected to a chilled glycol |
of the ogltyhceolcondenscent anld/ lale@astepraegriet olon t he
of the chilled glycol. By varying the tempera
the condenser, the condensing Qorssaquentofaltlh
condensingthempéeratrargiema@anitodifinree stseusrte hAkfatterex ch
exiting t,mael ccopdduehs eorf i pred d u ged amwa p apgli aatye he a't
exchanger Avaub addleers)p.ee d orndtraorlys Maree rppdmpg ger ¢
adi s measured using aAbGoftiuodlkei prmassrfel awdme e enp
directly before a tsoerdieetse ronii nree stihseai fat nicdere nheedayl mea
i qui d. The resistanced altdhateerres t dies stiepsat eh eearto u
refriignetrbaenrtmo d y n a nkioar setveatpeodr regguattheti ger ant of th

typi caphase,woand si tdse t eerEtgéi anlepdy by

Hence, the enthal py and evaporation pressur e/t
The refrigerant exits the evapoarnmtdeonmpeasatal rup
meas Froed.condenser testing the outlet refriger
The pressure and temperature measurement at

calcuhatmodyndmec comdieadader of the test heat e

l iquid and its temperature and pressure are :
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valve is installed directllii ghreesg adailEeh ccvest h e
a summary of the pumped refrigerant | oopobs

AppendheowA the el ecamsgtcrad htsesd efjp@ant e ms

Tabll3e Pumped Refrigerant Loop I nstrument

Syst ema
Il nstrument Type Range Uncert a
Mass Fl ow Mg Cori ol i 0O to 50/ N 0. 1% of
RTD 1/ 10 DI 200 to { N O0.03 t
Thermocoupl 6 T 250 to N 0.5 /
Absol ute Pre Strain 0 344&Pa N5.2k P a
Di fferenti al Strain 0 to 34 N 0.083
Watt MeY) er Hal | Ef 0O to 4 N 20 W
2. 1W8ter Loop Facility

Figu®ddows the schematic eafwattheer ataftiseglLéilgoop use

shows the water -dmp.op experi ment al set

From HX

Hot Water
Storage
Tank

Hot Water
Storage
Tank

o )

Natural Gas
Heater

@ Coriolis Mass Flow Meter PHX Plate Heat Exchanger

@ Pump (*)  Type T Thermocouple
[s] 2 . i %
Belimo Solenoid Valve =~ - Electrical Connection

s0 PID Controller

Vf0 Variable Frequency Drive

Figb3ePumped Water Loop Schematic
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Hot Water
Reservoir Tank

Coriolis Mass,
Flow Meter

Water Mixing
Valves

Plate Heat
Exchanger

Variable Speed
Pump

Figu4dePumped Water Loop Experiment al

Hot water up to 80 AC is produced using a gas
mass flow rate of water to the test heat exch
met erdi iawiot i ng tvlad vemouwccmintaofolreturn water fron
water from the hot water storage tank to cont
exchamiggers @ows a s c lwamseitrd &s to fh & dfies eixrcshtarngeent a
during raanadtam tesatmphg@ of one the many test

the sectionTioheg heesadnomlcevaRTeDrs measure the inlet
temperature. Absolute pressur erters@madcacer s me
di fferenti al pressure transducer measures the

exchanger.
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® 900

Inlet Water

Figubs(eeeft) Waterside I nstrumentation during
Exchanger in Duct Section

Tabl4 hows a summary of the pumped refrigeran

uncertainties.

Tabllde Water Loop I nstrumentation and

l nstrument Type Range Systema

Uncerta
Mass Fl ow Msg Cori ol i 0O to 50| N 0.1% o
RTD 1/10 DI 200 to § N 0.03 't
Ther mocoupl ¢ T 250 to N 0.5
Absol ute Pr e Strain] 0 to 137 N 1.72
Di fferenti al Strain 0 to 34 N 0.03

2. 1E4Aper iDetnada aAcgqu@aentn oins

National (NeE)mpmentdd( ®AQO g wwieishso oimewar e LabVI E
wer e ucdaetda fool |l ection. An expmplse Fdfg wiildeenD A Q 1
DAQ modulbaus lhaven col d jfuonrc tailo n tchoem paeonbsbaatpi boens t ¢

state testing conadwmittihonsonagn adkwtpotnsrinmtgyversl D mp |
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into LabVI EW PID2tautpetoumianhgh € a n( Noaet i foomwad d nat r u

2023)

FiguB6eNati onal I nstruments Compact Dat a

2. 1ESperiuUmemdralaahy i s

All uncertainty anal WSAISSMME, aF200dlvee dg IANSeME mRda&Ls uMe
is a me@meusbwed the course of steady $Btate t

with a given Eg9nfi dence | evel (

~.
g

O Y E q7.

The uncert aif ntfay me s tsiumaimepmtsed of t wo Ge)l eamednt s ,
randiojmt@nudmaocert asht yment ati on systematic unce.l
the manufacturer and incl udes Rmyndtoenw gispocée,r tlaii m

a measurement I soocoabeub&édtadsbobeadytbBéeate test.
samples MmMeasuopbpebined expanded uncertT’c{i'n$y wi t

cal culExgg.ed i n
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Aldr o@mr s on
appl i caprlepeaegatoiron
be found in the

Tabl% hows a

s u nrmealr agtyi svfee matei c

uncfeirn ali

alappgrnguaned@8tédlawenf Adp e Bah ckwesv ed
examplé edétoai Ir e f eamnetl byasni usn c er

st APMBYr.dd@18)pocument ati on

nmegasam

parameters for radiator, condenser, evaporato
Tabll5 Final Measured Parametersd Systema
i q
Fi nPaalr amet er Relatlvg ]
Uncertai nt
Aver age Capacity (SerCsnthémes &K < N5%
Average Capacity Wet Evaporat < N10%
Sensible -Heat Rati o | < N6%
Air Mass Flow Rate [g/ s] < N3%
Refrigerant Mass Flow Rate | < NO. 1%
Power Consumption (A/ C Systel < N2%
COPA/ C Syst-pm Level) | < N6 %
2. Dat a ReMleutchtoidoonl o gy
The following section details the data reduct

exchaanagretrai ned .Tini sChianpctleuwd e2s

t estFiomg.al |

ther wedwnhamitc opsopahte

r adaawetr , e

caomareats

commer ci al ¢
(Optimized Ther.maTlThiSsy sitrearisyd 0 2t3he refri ger ant
wel | as moi st ai
2. 2AL3i de Data Reduction
Values of the pi adgd jdpreesidalcc thleamtted cas an eve
bet webprpat hexaonhangeamd outl et unless other wise
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Ai-Si de Pr eansldimrleetDr\epl oci ty

Pressure drop acr oss itsheanr eiamp ocerxtcahnatn gpear aone tienr
exchanger 6s hydraulic characteristics. Of t en
(smaasethe cl osedWhempt wi 1di g-uinthe |l paesesut dedmra
the heat exchanger test section will behdue t
contraction through theThsinsalilsehs faidese sam eeat @r o
atsri de pressuneedrhemt e xsd hpaenegsesru r &1 odnreo,p awirt ho
exchamgdral | ed i(sopeerhsdiroiefdiThe)sdnbBgern pressure
and without the haetatt heex cshaameg eai rii msdadaltrieatth ti e¢d f &
pressure drop of the heat exchangogadWhdagrne wit
i's the total pressure drop across the test S
exper gimexntt,he pressure drop across t lgeixitsest s

the estimated pressure dgrapi soft htehev ali aaet addpoh

conditions, radiator, condenser, and evaporat
Empty Air Duct Test Section Duct Test Section Installed HX
EE— [

Airflow

Fi gu?Y eHeat Ex$hdegRre®fAsure Dr olpe SMedd wme ment

YO 5 Y0 YOi Eql 4

4 4



The heat exchanger inlet air velocit¥qls assu

shows how the inlet air velocity is calcul ate

P — Eql5

Some heat excihamageroprroutdoet yymeesod t he tuldenbgurhdl e
uset@Eqisms the air fl ows REFihgloJugWhemd heal ¢ s athiomng
vel ocil eywysthtlei s t hsee cohieonat cr oss

- Side-View Cross
~ & Section
~

Figu8BeHeat ExSihdeglem!| &t rAir Vel ocity Cro

Heat Transfer Capacity

Condenser and -sriadde abh eat ttortaar s faeisre ncsaipbalcei thye aits t

capaas tsyhBgin6 | hhe | ad sesnutmd tdesedo .i s
0fp O 5 a O Ys Y Eql6
Dry evaporator (| otwot #li @lzei mheladat tvantsd mirdictaypla c

be all Egkhslitblwas visually confirmed during t e

0 a4 O Yy Y Eql7
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Wet evaporator total capacity asdciompc&EigGeul aff ¢

18Thatdaet 6s temperature iseonstsbdl pyg détdgenmbne z ¢
O0r 5 O O a4 O Yy "Y; a Qr 0 U f Eql 8

The wet esvarpirtalteorheat E@lt9Tdhi ss gdahitneg byg i

determiningotheepsopbettonl atent cooling.
YOY — Eql9
He at Loss Calibration
Ai-gi de heat | oss cali bration was conducted bef

|l ength needed before and afteaimithiendretadt axcit
measure the air temperature and humidity at t
of duct dorf he@atdadadd £ ct s -stihdee nheeaastu rterdb masifrer e ¢
is too much heat |l oss it can causlensalmdarone nw
installed to minimize heat |l oss. Ambient temp
desi rsiddeaifrl ow rate and Tiheemppathour bewbs|l ashi e
showhi gh®e8ipxe T thermocouples are spread ever

the test section where heat | oss/ gain occurs.
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Ambient

© A © © ® o

B|ower;é S) Blower

A 4
— | P —
— / 7] —>
—_ HX Test Air Out —>
:)>A|r In E Section g :i
— & /53 —
—_— # g @ A 53 —3

Ambient

Air @) © ©

Figu9eWind Tunnel Heat LossUpCali brati on

The test séobibeat seemptapgen)et airods temperat
airds temperature is kept constant. Heat | oss

bet ween ambient,E@g2@ the test section
Y'Y F8 0 a ©r Yy Y Eq20

During actual heat exchanger t estawerdatgtee di f
temperature Iis useBg2bhalest lcataréres ehtiesadtb | 1eo shse aat n dt
This applies to evapor atamrd, irsa dihaet ovra,| uaen dr ecpoonr

|l t was addsluthmead | oss/ gain was sensible and | at

C
=

C?

CA

Eq21

2. 2REfri-fedanbata Reduction

Hedtransfer Capacity

For radi aato®irde scdapaci twy i sEgl dllhceu liantl eedt aasn ds hoouwd
temperature are each an aver agedThviasl uies od h o vhn

Figlube
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0 a wp  Yi o Yi Eg2 2

For condenser testing, the inlet refrigerant
by the measured temperature and absolute pres
its enthalpy also determimaead wawdbismdg ut be pmeasul
greater than two degrees of subcool itprhga swas a

Refri-gedantapacity during condebBg8r testing i
0fr & Qp O Eqg2 3

For evaporator testing (dry Ppmaswet)e,gitome wi nhlh
typically between 0.10 to O0.30. I nl et refrige
However, thisfulsl ynode feinmai gthhda ot her mbdEgta mi ¢ s
cal culragfersi g chreant tédret hanllpyt of Ushiemghethreiogacdmmn
ent hal py and temperature or absolutfTédepoassdern:
refrigerant i s a superheated vapor and its en
and absolute pressure. Typically, greater thal
refrigermamtsei satt whendiudd et ap Reiftry geeurai ng evap

calcul ated&gad4 shown in
0r & Qn 'O Eq2 4

Pressure Drop

Refri-gedantpressure drop was exmedamnged saursonyg (st
di fferenti al transducers. The following el ement
port fittdaomge, des dgeirEBghS yAl | refrigeraavwat éR%10A

pressure drop values reported are total

48



w O w0 w0 w0 w0 Eqg25

2. 208erPalrlamet er s

Ani mportantc qrufaihremaygcuoacy ofestubda shhepemiemgrrt &l
bet ween t hesinldeea saunrdesdi eberrihg@at a h(r AR AE, c2(@p®@&C) t y
Energy baglearmal Wyai nexd. dbettovexe.n0 % during all I
testing. I f the energy balance was outside th

t he dat a rreealuickirieotni com was needed
Ot Qi 6GH OE P maT——— Eq2 6
h

Averargenomeanitalexchanger heat transfer capacity
average betwesndéeheandebcapgacianhy. This is the |

when compared to the simulation values.

__h Eq27

C

2.2Cd1| bjanfd factor

The-saidre hydraulic diameter f &g2§ Kesgmdomaatn, e xc
1984 )Whemes A he mi-oariamusn f§d il s nahe adeat hLof t he

co(direction aaifds aAi haéclto eeeadlai s ur f ace ar ea

o — Eq28
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Ai-gsi de Raymbkd is calc&had edhmases s\horwn vibleoci t

mi ni mu-mml Dweer ofsnwsn secti on,

YQ Eg29

The friciQientheant coralldd sl athed,c omhg/faect r ani oadvf o
mi ni mum fl ow aVea&VAGnfirsonthael marsea f | us eatt i tome 1

ar ea.

o Seofs Vo p ¢ _ p EQq30

0 "o Qoo too
Eg3ral cul ates the Col burn J factor.

QW g T Eq31
& W 6 Bt

To cal cul at esitchee heveetr atgreams frer coeffolkli ewingu

process Nwars nuad e ch.eat tdreafnisnfdedi3d &ciatphaci ty i s

(&)

Yoz 0 0 YO E Qg3 2

WhetLeg Mean Temperatures Df bf-klcewane e LiMJDn at i o

correction factor for dif #droemt, caordf iUgAu riast itohne

transf er.U”Ao efafni chieenftur t her broken down into i
conducef onsgiedbeandonvestit denc oWaldic ati loenr. ma | resi st
readily calcul ated-sidedavbeagppNaopsebdtenwaber

to find theiawrve HBdEs edkantoaw!,eltkigsed deei raver agpenHTC

be calcul at ed.
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2. BBURBS Tube Heat EGaommpamgenEs pledlviediE nt al
Testing

A comprehensive exwpasi e n dfaikvtecdvanpdllc gabaoa t ul

exchangers

2. 3NTHRackground

Two mportant performance factors for f-enbHess b
heat transfer coefficient and pressure drop,
respectiveidsy.deBhtelatt t & aanisrf er ceo eifnfviecriseenlty apnrdo p
to the hydraulic d.i aBwetthe rc oonip uthaet ifd md le sasred edxeps
' iteratur e hladve i nh®ewrs compact h e asti deex cthhaenrgnear |
hydraulic performamee rwhemne@mpaotundretr@tar al . |,

For thessdemeprmaéssure drop penal tsyi,deorhemumptirnag
coefficient (cBaanc edd aacheetrovasdd ,he2atl 7e)xchanger de
hydraulic diameters are dheysdrrabllifto rfrmarrtceeh € 1 m
refrilmeatante xacphpalnigcdahtee oqpqsesti on posed is how t
optimize, and-oneafnrufgaecrtaunrte haeciart exchangers smal
round shapes and different topologies. Wi th r.
PPCFD alalvbewed f or aut omat (eAb dellda zfiazs,t e 0 0s9i ; muA bas
2010)Addi recpmbdgyess inmecphni opumatoshajmelctas e gen
al gorithms ( MOGA) -aaids tepr @oxti imait 2 @atni on s ( AAC
computati onal expense and allow for both sharg

(Abdel azi z, 2009; Abdelaziz et al ., 2010; Aut
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2015; Hi |l bert et al ., 2006 ; Ranut et.Thén, 20
concerning the manufacturing of these heat exc
have altbeedafhofacturing of these hea(tKleicrhan

et al ., 2018)

Bacel lareatedlcaal mulatnial ysi s and shape afnodr t opo

novel bare tubeBaltedtl ae x clhamgdrad 2043d0) exchang

additively manufactured and experimentally va
(Bacellar et al ., .BQLFdi g Hpangtbt sawor k202Zaj
structural analysis to this shape and topol og)

(FEA) g@O0ehows the framework offhehd raumeevamr Ka't
approxdamastisored opt( i mpsowownew(tAAIND)z,{ AOWOEIR®Zz | z €

al ., apdl1B6FEAmekaimpii@d nag et aand ,a IMEBA bs c ReOnbel )

Concept Heat Parameterize Geometry Apprommat:on Air AP | HTC,
Exchanger n,(_,“, Ref AP / HTC,

Max Stress, ...

WM
PPFSA
Optimized HX \ ( Optlmlzed HX ) Optimization - MOGA \

Current

Current Technology

« Technology

. .
Mmuhrmnhln h

*., Designs ° Best

Be;f ............. --,“.E)esigns HX Model &
Designs  "%®eeeee | | | Ttesese,, : A :
X VoRifie HX Volume ; Simulation
i —'—’ Air AP, Volume,
\ | I / > Mat'l, Heat Load,

~
Manufacturing \ Max Stress,... /

Constraints
T — 4 I

Fi g2 eShamgpepol ogy Opt i mi(zTaatnicoanb eHr aente waol r.k, 2

Optimizer New Design

Air AP \ /—\
O
m

Air AP
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Both optimizati on f Tasnncemloalakis. B d&d dulslea@oinfyo mhmt h
Rati oSimlli Bes ( NURBS) gteamep arya met erhiez eh etalte ex c ha
shape. Hence, many of the heat exchangers nam
NTHX.,abl@g i sastNeTHXeat exehpaeagiemeensttaeltdleyavi t Bx chang
di mensriecsmpse,ct iswdh oput mozed t he heatt excéapget
referenoadsexperi menitnalt hciosnAdti ot ci boopnesh thiezsa teidons we
by the Modeling and Opti mi z atainadn warks ccrotnidwns t (el

chapter i s only experimental

Tabllée NTHX ROveovypea

Core Experimental
. Dimensions P . References
Heat Exchanger Picture Testing
(LxWxD) - Comments
[mm Conditions

NURBS Tube Heat| [l ) RjaE()jrlator Bacellar et al., 2017; Z
Exchanger ’ 100x100x17 y Huang et al., 2020;
5 Evaporator

(NTHX1) Radermacher et al., 201
- Condenser

Expanded NURBS o

Tube Heat . Same optimization
213x180x17 - Radiator framework as

Exchanger Bacellar et al., 2017

(ENTHX1) "

Copper NURBS

Tube Heat 320x246x12.5| ~ DY andWet | . obel et al., 2022

Exchanger Evaporator

(CNTHX1)

Copper NURBS

Tube Heat - Dr Same optimization

Exchangeifull 564x580x29 Eva o)r/ator framework as

Size P Tancabel et al., 2022

(CNTHX-FS)

Polymer NURBS - o

Tube Heat _ Same optimization
208x107x43 - Radiator framework aslancabel

Exchanger et al. 2022

(PNTHX) "
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T h & vileo vheelat e xicihaabdl Geeerr

experiamemdiallli lon o f t he
thousands of

i hhceonst mpu otckeisgs Iséh o ws

experimentall Wditidstreeditu

S e

a

heat e egompngseedqd ot o rhe

sampl e

CAD

hake tsubagtaukdewr Binh armhestcrouas siratl

rendered

c

prototypeds cor e

Fi g2iCAAD Rendering of NTHX Cross Sect

Al of the heatTaehd hmnavreg eartse alnslsttagd di o r Dhses s e ct

foll owing sections wild/l present al IAtt heev emgat

meassteddyest ppesant ed ,i nt i gapsd rtfyeoa tneaancche hoefa t

exchawageredi cted using Coil Des ihgessetr Ee x cvwhhaincghe ri s
ut i IsNgTibngs ¢ Uveang etWi-nilde RrODHLYure drop predict
CFD si mgBatebhsar et al., .2017; Tancabel et al

54



2. 3NZHX1 Experi ment al Performance

The prosptywpened ANTHX10, wa sofifhaeb t i areett ead wasdidr
manuf actur i(nBa cdeelclhanri geutesal ., 2017; Z. Huang et
A LaPoewder BedPBAu)siporni n(tLer wparsi thutseedd . e XTchrea nf g enra |

seekigB2e NTHX1 is made of Geasdegapalditwsoblmla

a radi@Grnade 5 Titanium was chosen for reliabil
possi bl e, i .e. Tahlb®hwads | atbumhaeygs of NTHXOs
physical properties.

100 mm

Figh2Aeddi ti vely Manufactured Titanium
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Tabll7e NTHX1 Prototype
Parameter Units Value
Core Dimension§lxXWxD) [mm] 100x 100x 17
EnvelopeVolume (w/ headers) [cnY] 818.4
Core Volume (no headers) [cm?] 170.0
Frontal Area [m?] 0.01
Weight [kg] 0.952
Material - Grade 5 Titanium
Manufacturing Process - Additive Manufactuing, L-PBF
No. Fluid Passes - 1
No. Tubes - 314
No. Banks - 7
Tube Hydraulic Diameter (Aiide) | [mm] 2-3

(bl odwage¢ssesitzed nt@a as@pro

Before
fl ow distribution
kPa A defect was found

was due to i

epaoklyer mal

if there are any tube
found in

dry evaporator (R410A).
NTHXRladiBetsan ng
Prototype NTHX1 was

condensed

ncreased

isma qaikregy wd

p Fda sopu rwee r eF inge2aséua vesd .t h e

grams peaeamdsdadendair i
15 steadypestf arenetde svi $ h
and

test

asread wh wat erhrfoluogwsf r loen tt wipe ¢ o

56

mat eri al

NTHX1

nl et

taens ttiwog pbreegwiendenmap lye tteeds;t st hes e

n the

as col d

bl oc k agehse.r nMolr ei ndaegti anigl s

Ap pXh deixgpseC.i menasal ayr aesaedr,

experi ment allalby &thesatse d

testing Tchhendwdti ememsasnimat gytvet wée en

eacAi-diedsea d-sadsdwantga BaOc im

NTHX1

Summary

mani fol d

porosity

condens

vel oci.t yl nwatso tvalr,i etdh

mounted
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Fi g3 eNTHX1

Pat h

Mount-@ddnnebi er WRnddlo at Wat e d6i R Y«

Tabll8 NTHXRadi ator Experimental Testing

Parameter Units Value(s)

. Mass Flow Rate [a/s] 3071 70
WaterSide Inlet Temperature [°C] 60
Inlet Temperature [°C] 35

. Inlet Velocity [m/s] 321 7.0

Alr-Side Inlet RH [%)] <20
VFR [m®/s, CFM] 0.03260.070, 697 148

Air-Side Pressure Drop [Pa] 62 - 205

Measured WaterSide Pressure Droy [kPa] 2.21 4.6

Performance Nominal Capacity [W] 496- 855

Energy balance [%] -5.01 2.4

Figaédbdowsnetalsasr ed

vertshes

i ndi cat.i

ng

good
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a g rsei ednee ratin dbeeat cvaepeanc i tt hye
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Energy Balance [%)]

w ~ uv

Figaded eNTtHXRadi at or
Wat-@irderAiuSs de
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Figasadowsnetalsaerr e d
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heat
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de
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Experimental Airside Capacity [W]
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hTehaits eixst hdaeaneearrs &y adp

t choee fi fniliceitcerrdiaBiemereachdy 1 S
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900

850 @ Water MFR 30 g/s +
A Water MFR 50 g/s
800

@ Water MFR 70 g/fs + +
750

.| :
ol K

600 |
550 | +§
500 L +

450 | | | |
3 4 5 6 7
Inlet Air Velocity [m/s]

Experimental Nominal Capacity [Watt]

Fi g5 eNTHX1 Radi atorveNGcmiseal ACap&eli ogity

55
a5 ¢ 5t
5+ [p]
& ’ 245 |
Q. a .
° 175 | ® o
o ® 5 4t
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o
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FigaBe(Lef tAI-SNTEXPr egsesulsmis®tr ohi( Ri gehltgc iNETWH X 1
Wat-eirde Pr esesmuWaetseDr obass FIl ow Rat e

Fig@2Bbsehows the -smedesumesd daiatpeare As-siir e dexper i me

pressure drop uncebretawenaly2B.0P& al | points was
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UsiBgg2 NTIHX avegiage HMTC was calcul at ed. I nl et
used to estimate(BbowmaonretecWistoadrel R¢éOpanfed fr
530. Hence, it i s i n tshiedeleamigrea rHTrCe gMankeq easnt d nte
33 BaahSitephan, wheoe) Gz i s ,t e+ @iREW.Ai-miudnd er
average HTC, | an8Bi gafactors are shown 1in
. OAicE m"@dcg"(p p&'0g $70 T8I T G0N0 A TORP
v o O A cd olg PFo0g P10 £a33
280 0.07 0.031
e f-factor
< 260 ‘ 0.06 - ‘ ® @ j-factor - 0.028
Né ® 0.05 [ e L1 - 0.025
= 240 8 ' ® '
g @ . 004 | L0022 _
Ezzo ’ “om3 | & L 0019 —
Y 200 } .
= 0.02 r 0.016
3 ® g %
s 180 o 0.01 [ @ - 0.013
<>':160 1 L - 0 T T T T 0.01
3 4 5 6 7 500 700 900 1100 1300 1500
Inlet Air Velocity [m/s] Air-Side Re [-]
FigaTled NtTTHX1 AveSiagje viaT®muilset Air Vel oci-ty (Ri
Side f awmdrReBHemibe s
The-saide pdrreosps uarned heat transfer coefficients
basceodr r edati ngst he design ahRidgbPbowmszaheoonompa

bet ween the

simul atedndngdresperemdenoapl
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Simulation Capacity [Watt]
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Fig2a8 eNTLIRAdi at or TegsteirgEgp8r molkaftta)d He at
CapacRitgh$i)ddiPressure Drop

Tr an

For both aidroipdaeanplreaparcety, the simulated ani

of one another Showing excellent agreAment b

| ower cap(a<c7iOtOy W)beessmul ati on tendsantdo adv éi gihe

capacity»7D08v&®)sift underpredicts. The highest

50950 Ww. There is no clear tresndlewiprlescwuer/ um
highest desvdatpoessonraidrop oct@®n¥.at the | ow:
NTHXR-134a Condenser Testing

NTHX1 was tceosntdestio quatridveit etn3sRa. The air i nlet tem
andRilB&@andetgsmper aturTfeewasf42gerant pumped | o

condenser testing owase mboBg & bRRaes st of laocwh ireavtee t o

condensation from -coplkedleldstheediadl@ap br mi 6 sstuhe t

and at a high refrigerant mass flow rate comp
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achi.evéhad irrelf etisgtertmenNNTHX 1 -pas etgwoatvhatdy etdwe e n

ensphaspeor ewoi ge

0.106. 36, -andl ismdgi walkne thweeBKn t

wapresent atThdéeaion waasdash etdow-eB8Dt 40 s, and t he

mas s fl ow rate was varied bet ween 12, 17, an

meast@omed 30 miMTUHX1s wasc hmount ed in the wind tu

Figageexcept the directi esmnd.ofR1r3edfar iegnerea retd falto v

fl owed

out t he

Tabll®hoavscondensed

down

bott om

wi t h

|l ef t

port.

testing

conditions

tchoeo | feodr cl e qoufi dg rbauviil tdys.

uSpu bi n

summary

Tabll9% NTHX1 Ceooxnpdeernismeernt al Testing Summa
Parameter Units Value(s)
Mass Flow Rate [a/s] 11.8i 24.1
Condensing o .
R-134a Temperature ["Cl 4l.71 434
Inlet Quality [-] 0.117 0.35
SubCooling K] 1.171 3.1
Inlet Temperature [°C] 21.7
Air Inlet Velocity [m/s] 3.471 6.9
Inlet RH [%0] 4071 50
VFR [m¥s CFM] 0.03350.069 7171 146
Air-Side Pressure y
Measured Drop [Pa] 671 206
Performance Nominal Capacity [W] 47671 746
Energy balance [%0] -5.01 3.1

b an tthhnec em efRAsu% a&elrda ks S ep oi n

Fi g@sséhows the energy

capakigygddows t he -gnedhes uc emaaiitry Faga sfgmroaevss urhe

predvetmalas urseidd eaithlydmrmalll i ¢ perf or mance.
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Predicted Air-Side Pressure Drop [Pa]
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Fi g3t eNTHX1 CondensewveiTBsmpengm&nmal a(edft) H

Capacity -JiRdieghRr)e sAssur e Dr op
Thatsri de pdrreespsdurneo mi naelrpecagianct eg within 5% and
Showing excellent agreement bet welehne tshemudiamu l
consistently underpredicted the capacity. The
aitsri de pressure drop.-sThhe prgbsstr edaeviopt ocmr uir I
(~d0 Pa)

NTHXR-410A Evaporator Test.i

ng

NTHXWRA S testdedv amareat or c-4hd@RHd othesstwiddn i t i ons
by AHRI stafdddRd ,h6 2 2DMR&BJi0nl et air relative humi
20% to avoid any | atent |l oad and, at-pHaeast 1
refrigerant was present at the outlet of the

meas urrhaeck.e di fferent evaporation temperatures

data point was amd®&®#ACr edckafchir wi4ACan inlet air
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with inlet

g/ s. Al
wi nd

t hen

headabd®hoavscondensed

wa s t o

tunnel

fl owed

Tab20e NTHX1

temperatures.
air velocity
svteefaodry as tnmaitnei npuoniN foHX 12 Ow ansi nmuotuenst.e d

Si mi g8 B kARL Oals-ptlsincoevne ntner e d

upward

demonstrate

during

Evaporator

At

h e

testing

the capability
an evaporation

rangiomwg rfat @em b4t 3Betn

t

conditions

Experi ment al

Parameter Units Value(s)
Mass Flow Rate [a/s] 3.01 4.6
Evaporation o .
R410A Temperature [*Cl 107 16
Inlet Quality [-] 0.301 0.33
Superheat K] 1.21 7.4
Inlet Temperature [°C] 3071 34
Air Inlet Velocity [m/s] 3.71 64
Inlet RH [%0] <20
VFR [m¥s, CFM] 0.0361 0.063 761 134
Air-SidePressure y
Measured Drop [Pa] 681 190
Performance Nominal Capacity [W] 41171 704
Energy balance [%0] -4.71 1.4

The energy

wer e

are shaoawdkieki g4 erespectivel y.
and measur ed

i Fi gB8B e

wi t hi

bal ance -diedeveamd dwatcepasut gdf arr al

N 5 . FOi % 8a2nedT hies neehacswir eigni dap pciesp ua e C

capacity and
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Fi g3fe(LeftBv a\NpTadAXe®ti alre Pr e ¥asluirdd troonp( Ri ght ) NT
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The nominal capacity was predict-stddwei pheasNSE &
was predicted within BhDWwi off ekeemkeasur adr g a
simul ated and ehhpeearei mesntneol crlesaul ttg.end with ov
The simulation -9iveée ppeescusetdeopmi at the | ov
underpredicts at Hihgher gihrelsd t-sdadvai gptredosmscuirtra edsr.re

at the | oweGtPa)alues (60

NTHX1 Experimental Testing Summary

NTHX1 was experimentally t-2884ay, aanéd dayi ava

410A) . Energy baMasncwtH%arnTdlel ctoenptriemmgnsi ve t e
demonstrates the capability of additive manuf
perform well under a WdHXdatHy bk aHVAC asp [deirc xta

pressure drop wunder al |Fitgedsraen Bhigg GcBoer ¢ ipteicad m & e |
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2. 3EBTHX1 Experi ment al Performance

The prototype -NTeH-fnedENTEBXYEB)n,d ewda s3 dkeVe i nganddi dast aos
| ower capacity predecessor, NTHX1, 2haMTEBX capa
perfor maneas uwasl undevapardatadre,o nadnd i omnrsd e rbsuetr t
inlet air velocity reathadvoluuimegries§hog was
volumetric flow rate whessi ndetuowes$t umedstioabl
ma nlyeat exchangers wused f o nrledgi dd mtwigaeB .DZompmplyi
m/. gt was desired to measure this heat exchan
velocities. The sol utureenhwat ewrchddgervel ¥ hma
at thessdmevalumetrind §$ bwevr riamleenofaidor 0B&I1 oci t i
The heat exchanger W®W8§& mhnotgbtuheddusenog Iman
Sintavf{ i LtLLvi a.Thi G, nZ2W2 h)a ast teexrcnheadn gee I HX h e an
same bare tube shape and topology as NTHX1 b
di fference iIs the addition of diagonal suppor
bending ofFi gBBdatwisoms.compari son bankvegednd et he t

showS8DOirhient ed prototype.

? b) NURBS Tube Shape

17mm | 44 o Built in Support

Expanded
Original 1 kW

wuw 08l

wuw ook

17 mm

213 mm

Figd®e(Left) Di mearseNoTnHsX Bif CINO)HXen@reeS®egi on
of ENTHXI1
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Figade(Left )mnkeNdlTiHaXtle!l yPr aht ed b e ( Ay g h e diuNcTtH X 1

Tabdlhows a summary of ENTHX 0psr ocpheamrmtighicgfslefira st i c

s hoiwtss overal l di mensi ons.

Tab21ENTHX1 Prototype Summary

Parameter Units Value

Core Dimension$LxWxD) [mm] 213x180x 17
Envelope Volume (w/ headers) [cm?] 1631

Core Volume [cm?] 651.8
Frontal Area [m?] 0.038
Weight [ka] 1.84
Material - Grade 5 Titanium
Manufacturing Process - Additive Manufacturing, EPBF
No. Fluid Passes - 1

No. Tubes - 567

No. Banks - 7
TubeHydraulic Diameter (AkSide) | [mm] 2-3
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180mm

Fi g4teAddi tively MaBENUlfHaXclt ured Ti taniu

Before taengtfhgogwbegstri buwiaiso rt onToHueord neaatgyes)rimeat g st

takeeNTHXwi t h a FLI R ONE @®3 owa livdarsa &d do moairgehr & h e
core to check i f tINerél|lac&agmry EtNGH& alislo aoitargad .
ready for experimeacital omaldli vt oENTHEXX iwkRdgdh mpmroe s s

|l eaks found.

Cold Fluid Flow Out

Cold Fluid
Flow In

Fi g4a2 eENTHX1 Ther mal | mage Bl ockage
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ENTHXlhs experimentally testddvaun @dégrd Bsdngw at or
ENTHXYbunted in the.wiHod twanreel fdeo®awtsi omto t he
the tubes against gravity, and then the chil]l
Water Flow
Fi g3 eENTMoXulnt &id nTd nnTe 5Se ct i ®Rand if &etrsotri n g
Tab2262NTHXRladi at or Experimental Testing
Parameter Units Value(s)
. Mass Flow Rate [a/s] 4071 100
WaterSide Inlet Temperature [°C] 60
Inlet Temperature [°C] 35
. Inlet Velocity [m/s] 1.01 5.0
Air-Side Inlet RH %] <20
VFR [m3/s, CFM] 0.0400.196 841 415
Air-Side Pressure [Pa 22 77 212.8
Drop
Measured WaterSide Pressure kPal 0.917 3.06
Performance Drop
Nominal Capacity [W] 94071 2828
Energy balance [%0] -4.71 0.9
Twenty steady state points were2fime asliresdi; nleaf |
air veloci thy m/asr.i eAd feracrh lTair inlet velocity w
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4000 Toh/les.energy balance for all twerkFtiyy4geaei nts
indicating excellent agr eesmaret -ashialteweeiema pladiokiet ym
measuoapadvwceartisyulset ai r v eHiogolifAeysiidse sahsodwdne aipne e S S U I
drop I sFsbpobLeasitdy, the comparison between the

and between the preidietpepdesasdr elcidgpeadr @ai $ howl
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17mm Hence, at the samedenpbpetsaurevdlopi shothece

ENTHX188 da&ei pressure drop is FigadaiBfei cantly hig
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Fi g8 eCoimp@aBENdIHXL and -STHX1PAEsBsure Drop at
Vel oci ti es

ENTHX16 @i 8s hi gher ai r swhdeen pcroenspsaurreed diroo pNTHX1 at
vel oENTHXd hi ghele @pressure drop values are att
surface roughness and adcENTHXtoasf acder adu@lyme
esti mat-e d6-1t@HABbeThe original NTHX1 prototype i
ENTHMW1Ith an estimatet.sButhfRicrdPoadihanted doeFD a
pressure drop assumé0 Oaf srurBl NAcHXarkewmgvarye § g oarf a
t hat when desittgwneifnrg gceornapnatc th eaaitr exchanger s, on
the final surface roughnesdr aosft itchad | yrsiindteerde am

pressure drop
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Us @B ENTHX06s asedegelT& was cal cul at ed. I nl et
used to estimate(BbhwmanretkrcWtogdreI R¢®@panged fr

425. Hence, it is in tshael amiemarger edgriClegv.asn ke stt

33 BaaehStephan, wheoe) Gz i s thew GipREE.Z -9Alidid e r

average HTC, | an8Bi 49 actors are shown 1in
275 0.24 : 0.055
e f
] 0.22 . 1005
8 0.2 10.045
Foos -
0.18 0.04 %
) 5 rid
5200 En 16 0035E
g - - ¢ 3
< 0.14 ® 0.03 8
- 175
0.12 0.025
150 o 8
0.1 8 0.02
¢
125 : : : : : oogl—— @ Jgpis
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Inlet Air Velocity [m/s] Inlet Air velocity [m/s]

Fi ga9ledf NTHEAL-Si de Average Heat Tr a-8is@readtCoref f i

and CoFdbaoatr or |

Additionally, ther mal i mages were takeandeurin
flow and temperature distribution. Four therm
of 2atm/ad-seircheass f lo#vw,r &6t0e 80, and 100 g/ s. The
outl efThei denages show relatively wuniform temp
upwards through the bagiedd usbredse aflknodw cndbbl itdeigs tlroi
there is saoaméhdi shermadbnimage on the top | ef't

bottom causing a cold spot reading.
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Chilled Water Out

Water MFR =40 g/s Water MFR = 60 g/s

Temperature 60.0°C

Fi gb® eENTTHWXer mal | maging of Outlet Air Face

2. 3CHMTHX1 Experiment al Performance

Afinl-2slsWlCopper -taoredgdfgiéa@Adi tt Rat exchanger,
NURBS Tube Helad (EGNThHXIg)e,r was fabricated by He
using conventional manuf actur iTrhge matblesd swewiet I
using anmetxhodsanmd then assembled to the hea
additive manwsaditumnmgngauadiachhi s he@NT HXlc hvaangy er
designed and -togefi mi geidd A)pra@mappl|l i cati ons. Whe
t o a-of heertte-beanitroef ri ger ant hweaast  deexsci hgan@égele rt, o i H

reducteinovreViop @ me , 20 %aise diec tpirogms sd@de r eld ot i on
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internal volume with equal to or g(éamneabelapa
al ., FA@AaZ)ydows the completed heat exchanger.
t wi swwadustraightened when mountSepdaciermr st lag ewierv

di stributed throughout the core and were used

not i ntended thheatcttsaslTam@khdboewndadsummary of
characteristics and physical properties.
Front Side

Figbte®€l kW CNMdXafactured using Conventi ol

Tab23&€NTHX1 Prototype Summary

Parameter Units Value
Core Dimensions (LxXWxD) [mm] 329x 246x 12.5
Envelope Volume (w/ headers) [cm?] 1943.5
Core Envelope Volume [cm?] 1011.7
Frontal Area [m?] 0.081
Weight [kg] 2.17
Material - Copper
Manufacturing Process - Tube Extrusions + Solder Connectior
No. Fluid Passes - 1

No. Tubes - 515

No. Banks - 5

Tube Hydraulic Diameter (AiSide) [mm] 2-3
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Beforebegatpwal i mi warcwy mpd ettt € d ; these include
flow distribution (KNDKHMXvage psseahzabasobusafpr
of285%0Pand it successfully held this pressure
conducted while chilled i1isopropylo alhceochko If ofrl or
t ube blTohcekrangaels | magi ng showed an even distri b

filled CNTHX1; indicating there are no tube b

Flow Distribution

Fi gbh?2 eCNTHX1 Ther mal |l mage Bl ockage

CNTHX1 Dry Evaporator Testing

Heat exchanger prototype CNToHX1r i wadsl @A) r dtRy t «
evaporator conditions. TheStasdarcdnad®HBAOAG Twe:
202RB )t otal of 12 steady states points were obt
rate were varied, antiwalke kRHp10A0inslt @atnt § udBluiptey
K was obtained for-palalset eetfgitgerams uledd f£c t e

shows a condensed testing summary.
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Tab2de CNTHX1 Dry Evaporator Experi ment al
Parameter Units Value(s)
Mass Flow Rate [a/s] 5.0-9.5
Evaporation 0
R-410A Temperature [*C] 10.0
Inlet Quality [-] 0.19
Superheat K] 6.31 12.9
Inlet Temperature [°C] 26.7
Air Inlet Velocity [m/s] 1.01 25
Inlet RH [%0] <22
VFR [m*/s , CFM ] 0.0810.202, 17271 429
Air-Side Pressure y
Measured Drop [Pa] 6.4124.6
Performance Nominal Capacity [W] 8741 1675
Energy balance [%0] -5.171 -0.1
Fi ghddows CNTuHX1l nsethe wind tunnel and the f1l ¢
t he bott om-phheaasdee ra nads tthwveon f | ows wupwards agai ns
vapor collects in the top header and then
Superheated Vapor
< R~ A TAT K 7K
I |
. |
| |
| I
___________ »: :
| 1
| |
1
: 1
. |
! :
| I Two-Phase
Fi g3 eCNTHX1 Mounted in Wind Tunnel Test Se
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Figbdssdhows the energy balance foHh %lawd®Hb2 poin
indicating bgebdeagrekeemenapacity-simdas armddteba &ai
Fi gbbenBi gbtehow the measured neosmdealpresaparce:t
respeddtig@&laygstwh e measursddeepregerespicad v fvye,l yt he

comparison between the predicted and measur ed

atsri de pressureFdg®w®eare shown in
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Predicted vs. Measured Pressure Drop
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CNTHX1 R410A Wet Evaporator Testing

Heat exchanger prototype CNTFoHeXflr iwgwees aat sq Rd &
evaporatofmlab2b®mantaioms.a data summary for the w
of 11 steady states points were obtained. The
varied, and the inlet R410A inlet quad.Kdy of
was obtained for apHasteesrtesf rtiog eernasnutr ee xniot st woh e
capacity of CNTHX1 is calcudiade damd ttdhtealavEes ar
airsideTkhapagpéeyumentstal heetsaFmeg GaBse ws htchwnr eifmr i g
flowing from the bottom header up against gr a

added to catch and collect condensate during
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Tab2b5 CNTHX1 Wet Evaporator Experi ment al

Parameter Units Value(s)
Mass Flow Rate [a/s] 5.0-9.5
Evaporation Temperature [°C] 10.0
R-410A Inlet Quality [-] 0.19
Superheat K] 6.81 10.9
Inlet Temperature [°C] 26.7
Air Inlet Velocity [m/s] 1.01 2.5
Inlet RH [%0] 52.0
VFR [m¥s, CFM] 0.08%0.202 17271 429
Air-SidePressure Drop [Pa] 1671 62.6
Nominal Total Capacity [W] 1218- 2097
Measured Sensible Capacity [W] 8751650
Performance Latent Capacity [W] 300- 525
Sensible Heat Ratio [-] 0.701 0.74
Energy balance [%0] -2.51 4.7

Figeddows the energy balance for -2a%la48h; poi nt

indicating bebwe amrideadnbdA i de.

Fi gD eCNTWeXEY ap o Emar®8gy ance

Figasdows t he measurkidgbidne @d k £ agpp@awen ttyh e ntdot al

sensible and Fag@dbowempberemmedes uaredd RAT0A pr es
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