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Abstrakt

V procesnich a energetickych zarizenich na vyménu tepla md charakter proudéni pracov-
nich latek vyznamny vliv na spolehlivost. Pro korektni nédvrh kazdého takového zatizeni
je proto nutné provést analyzu distribuce toku a na jejim zdkladé zhodnotit pravdépodob-
nost vyskytu vy$8i miry zanéSeni, nerovnomérného tepelného a mechanického namdhéni
trubek ve svazku a podobné. BéZnou inZenyrskou praxi ovSem je predpoklddat rovno-
mérné rozdéleni tekutiny. Divodem pro zminéné zjednoduseni obvykle byva vysoka
vypocetni a Casovd ndro¢nost simulaci provadénych pomoci vypoctové dynamiky tekutin
(CFD) a nutnost pfi hleddni vhodné geometrie zatizeni vyhodnotit mnoho rtiznych vari-
ant. Pfinejmensim v rané fazi ndvrhového procesu by pfitom pro eliminaci zcela zfejmé
nevhodnych geometrii dostatecné dobte poslouzil i jiny nastroj, byt méné presny, za-
timco detailni analyzy by stacilo provést u nékolika malo slibnych konfiguraci vzeslych
z ptedbéZzného navrhu. Pomineme-li vSak rizné vyspé€lé in-house softwary vyvijené
komer¢nimi subjekty, nejsou patfi¢né nastroje obecné k dispozici.

V této préci jsou diskutovany dva zptisoby provadéni ptibliznych analyz procesnich
¢i energetickych zatizeni, konkrétné zjednodusené CFD modelovani a modelovani za-
loZené na analyze metodou konec¢nych prvki (FEA). U prvniho zminéného pfistupu jsou
uvedena zjednodu$eni vedouci k relativné rychlym vypoctiim pfijatelné presnosti. Déle
je popsdno dodatecné zefektivnéni vypocti vhodnou volbou maticovych resi¢i a metod
predpodminéni a jsou prezentovany vysledky ziskané pomoci sady vice nez 50 tisic testo-
vacich tloh. Tyto potvrzuji, Ze zjednoduSené CFD modely jsou pro zamyslenou aplikaci
vhodné. Nakonec jsou nastinény moZnosti ohledné pripadného budouciho vyzkumu,
ktery by mohl vést k dalsimu zptesnéni a zrychleni vypocti.

Motivaci pro vyzkum modelovani zaloZzeného na analyze metodou kone¢nych prvkil
je skutecnost, Ze u prostorove rozsahlych (ackoliv strukturou vcelku jednoduchych) za-
fizeni, jako jsou napfiklad kotle na odpadni teplo, by se i zjednodusené CFD modely
mohly ukdzat jako vypoctoveé prilis ndro¢né. Odpovidajici vyzkum je zatim v rané fazi
a zde prezentované vysledky jsou pouze predbézné, nicméné pokud se patficny ptistup
ukéZe jako perspektivni, je vyhledové cilem predikovat kromé charakteru proudéni
a prenosu tepla také vysledné mechanické namédhdani trubkovych svazkt zptisobené
nerovnomérnym tepelnym zatiZenim teplosménnych ploch.

Poslednim diskutovanym tématem je numerickd disipace v klasickych CFD mode-
lech, nebof tato se zde feSenou problematikou tizce souvisi a nezanedbatelnou mérou
ovliviiuje presnost ziskanych dat. StéZejnim bodem je popis implementace a posteriori
odhadu chyb na zdkladé (idaji bézné poskytovanych CFD fesici a vyvinutych uzivatelsky
definovanych funkci (UDF), které 1ze vyuZit v jednojadrovych i vicejaddrovych simulacich
v aplikaci ANSYS Fluent. Pfesnost takového zptisobu odhadu chyb je ov§em potieba pied
nasazenim v praxi jeSté ovéfrit, coZ bude provedeno na zdkladé dat ziskanych laserovou
Dopplerovskou anemometrii (LDA), kterd jsou dostupnd v literature.
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Abstract

Reliability of heat transfer equipment used in process and power industries is greatly
affected by the character of fluid flow therein. In order to design any such apparatus
properly, a flow distribution analysis is required, and the data thus obtained must then
be used to evaluate the likelihood of increased rate of fouling, excessive thermal and
mechanical loading of the tubes in the bundle, etc. In engineering practice, though,
it is common to assume that the fluid is distributed uniformly. The reasons for this
simplification usually are that computational fluid dynamics (CFD) simulations are
very demanding in terms of both computing power and time and that a lot of different
geometry options need to be evaluated while searching for a suitable design. However,
a different, less accurate but much faster tool would still be sufficient in the initial phase
of the equipment design process, while detailed analyses could be carried out for just
the few options yielded by the preliminary evaluation. Yet — if we disregard in-house
software packages of various maturities, which are developed by commercial compa-
nies — no such tools are generally available.

This thesis discusses two ways to approximately analyse process or power equip-
ment, namely simplified CFD modelling and modelling based on finite element analysis
(FEA). As for the former approach, the simplifications leading to relatively fast and suffi-
ciently accurate computations are presented. Additional efficiency improvements via
favourable selection of matrix solvers and preconditioning techniques are also described,
and the results obtained using a set of more than 50 thousand test cases are presented.
These confirm that simplified CFD models are suitable for the intended application.
Finally, avenues of possible future research, which could lead to further improvements
in accuracy and computational efficiency, are outlined.

The motivation for research of finite element analysis-based modelling is the fact that
simplified CFD models could still prove to be too demanding in case of spatially extensive
(although geometry-wise fairly simple) equipment such as waste heat recovery boilers.
The respective research is yet in its beginning and, therefore, the results presented herein
are only preliminary. Should this modelling approach turn out to be usable, it is planned
for it to include in addition to fluid flow and heat transfer also mechanical loading of tube
bundles resulting from non-uniform thermal loading of heat transfer surfaces.

The last matter discussed in this thesis is numerical dissipation in the classical CFD
models because it is closely related to the overarching topic and significantly influences
the accuracy of data obtained this way. The pivotal part is the description of the im-
plementation of a posteriori error estimation using values commonly provided by CFD
solvers and of the developed user-defined functions (UDF), which can be used in both
serial and parallel simulations in ANSYS Fluent. Accuracy of this method, however, must
first be verified before it is used in practice. This will be done using data obtained via
laser Doppler anemometry (LDA), which are available in the literature.
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fluid flow, CFD, FEA, numerical dissipation
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Lower-Upper Factorization

JIT Just-in-Time

LAPACK Linear Algebra PACKage
LDA  Laser Doppler Anemometry
LES Large Eddy Simulation
LIFO Last-In, First-Out

LU Lower-Upper

MKL Intel Math Kernel Library
MT]  Matrix Toolkits Java

NaN  Nota Number

PISO  Pressure Implicit with Splitting
of Operators

QMR Quasi-Minimal Residual
Method
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QUICK Quadratic Upstream
Interpolation for Convective
Kinetics

RAM Random-Access Memory
SAS Scale-Adaptive Simulation

SIMPLE Semi-Implicit Method for
Pressure-Linked Equations

SIMPLEC SIMPLE Consistent
SIMPLER SIMPLE Revised

Spyder Scientific Python Development
Environment

SSOR Symmetric Successive
Over-Relaxation

TUI Text User Interface

TVD  Total Variation Diminishing
UDF  User-Defined Function

UDM User-Defined Memory

UJMP Universal Java Matrix Package

(U)RANS (Unsteady) Reynolds-Averaged
Navier-Stokes equations

VTK Visualization Toolkit
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Kapitola 2 - ZjednoduSené CFD modelovani

i

Imax

sténa kontrolniho objemu

koeficient v diskretizované
transportni rovnici, kg g1t

konstantni ¢len v diskretizované
transportni rovnici pro skalarni
velicinu ¢, kg s [¢]

vektor definovany centroidy dvou
sousednich bunék vypocetni sité

difuzni vodivost, kg s

vnitini pramér trubky, m
vnéjsi pramér trubky, m
vektor definovany centroidem

buriky vypocetni sité€ a centroidem
nékteré jeji stény

konvektivni hmotnostni tok, kg s!

koeficient pro skdlovani mérného
tepelného toku

iterace CFD resice
iterace maticového resice

maximdlni povoleny pocet iteraci
maticového reSice

n

22

kinetickd energie turbulence, m* s~
koeficient ve vztahu pro virtudlni

dynamickou viskozitu

délka hrany ndhradniho
¢tvercového pratezu trubky

ve zjednoduSené vypocetni siti
sestavajici pouze z kvadrovych
bunék, m

stupent MR-polynom (,Minimal
Residual polynomials®)
v BiCGstab (/)

délka hrany ité burky ve sméru
od stény ke stfedu nahradniho
¢tvercového pruarezu trubky

ve zjednoduSené vypocetni siti
sestavajici pouze z kvadrovych
bunék, m

M2 Y

pocet bunék napfic priifezem
trubky ve zjednodu$ené vypocetni
siti sestavajici pouze z kvadrovych
bunék

rad zaplnéni neuplného rozkladu

TVzhledem k charakteru diskutovaného zptisobu modelovani odpovidaji véechny zde uvedené jed-
notky 3D uloze.
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Pe

r

normadlovy vektor stény bunky
vypocetni sité
tlak, Pa

Pécletovo cislo

skutec¢né (neskalované) reziduum
pro velic¢inu ¢, [¢]

Skalované reziduum

S (¢) zdrojovy ¢len v transportni rovnici

S

Imin

Ip

pro skalarni veli¢inu ¢, kg s [¢p]

mérnd stfedni hodnota zdrojového
¢lenu S (¢), kgm=3s71[¢h]

2 ¥ 2

konstantni ¢4st linearizovaného
zdrojového ¢lenu S (¢), kg s [¢p]

koeficient hodnoty veliiny ¢
v linearizovaném zdrojovém ¢lenu

S(¢), kgs™

cas, s

pramérny vypocetni ¢as potfebny
k dosaZeni zkonvergovaného
feSeni, s

vypocetni ¢as odpovidajici
kombinaci nepfedpodminénych
redicu, s

minimdlni vypocetni ¢as
pozorovany s urcitou kombinaci
vypocetni sité a numerickych
metod, s

vypocetni ¢as odpovidajici
kombinaci pfedpodminénych
fedicl, s

u = (u,v,w) vektor rychlosti proudéni,

ms!

kontrolni objem

vaha ve vdZené metodé nejmensich
ctvercti

At
AV
ox

m>

€a

€b

€d

€r

koeficient v trendu pro relaxacni
faktor wgr

koeficient v trendu pro relaxac¢ni
faktor wg

difuzni koeficient, kgm™ s7!
délka c¢asového kroku, s
objem kontrolniho objemu V, m?

velikost kontrolniho objemu
ve smeéru osy x, m

pomocnd hodnota ve vztahu
pro vypocet aktudlni hodnoty
relativni tolerance

absolutni tolerance

limit pouZzivany pro detekci rozpadu
reSice
divergencni tolerance

relativni tolerance

Omax Maximalni vnitfni thel v bunice

vypocetni sité, °

Omin minimalni vnitini thel v bunce

Q T

<

vypocetni sité, °
ristovy faktor

dynamicka viskozita, Pas, resp.
stfedni hodnota v histogramu
hmotnostnich priitokd, kg s™

virtudlni dynamicka viskozita, Pa s
hustota, kgm™

smérodatnd odchyka v histogramu
hmotnostnich priitokd, kg s™

obecna skalarni velic¢ina

relaxacni parametr v symetrické
nelplné relaxaci

vorticita, s



Indexy

0  hodnota z predchoziho ¢asového

kroku
E  vevychodnim uzlu
e navychodnisténé

F  pro dopfedny chod symetrické
neuplné relaxace

N vsevernim uzlu
n nasevernisténé

nb pro sousedni uzly

Seznam symbolt

v aktualnim uzlu

pro zpétny chod symetrické
neuplné relaxace

v jiznim uzlu
na jizni sténé
v zdpadnim uzlu
na zapadni sténé

pro veli¢inu ¢

Kapitola 3 — Modelovani zaloZené na principu FEA

A plocha pii¢ného priifezu kanalu, m?

I  iterace FEA feSice
K = (k;j) matice poddajnosti, ms

ri hmotnostni tok, kg s™

m vektor souctd hmotnostnich toku,

kgs™

mcep hmotnostni tok zjiStény detailnim

CFD modelem, kg s!

Meorr hmotnostni tok po korekénim
kroku, kg s

Mmax horni mez pro hodnotu

hmotnostniho toku pfi uziti metody

bisekce, kg s

Mmin dolni mez pro hodnotu

hmotnostniho toku pfi uZiti metody

bisekce, kg s

Mpre hmotnostni tok z predik¢niho

Ap

€R

kroku, kg s
tlak, Pa

vektor tlakt, Pa

Mz ¥

pomér ploch pfi¢nych prifezt
kanald ve sloZeném prvku

pomér rychlosti proudéni tekutiny
jednotlivymi kandly ve sloZeném
prvku

rychlost proudénti tekutiny kandlem,
-1
ms

rozdil mezi tlaky v koncovych
uzlech hrany vypocetni sité, Pa

relativni chyba vii¢i datim
z detailniho CFD modelu, %

hustota, kgm™
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Indexy

1 v Ité iteraci FEA feSice

i,...,n proity,...,ntyuzel

Kapitola 4 - Numericka disipace v CFD modelech

A sténa kontrolniho objemu

a pramérnd hodnota spoc¢tend
zesady{a;, ay,...,an}

ENm kineticka energie, kg m? s

eX" mérna kinetickd energie, m? s
F3¢ akusticky tok, kg m? s~

FNn tok kinetické energie, kg m? s73
FVis viskézni tok, kgm? s

N  rozsah sady hodnot, z nichz
je pocitdn pramér

n = (n, Ny, n3) normalovy vektor stény

p tlak, Pa
t  aktudlni vypoctovy cas, s

u = (uy, uy, us) vektor rychlosti
proudéni, m?s™

V' kontrolni objem

0V hranice kontrolniho objemu V/

Indexy

A nasténé A

D vsubdoméné D

WP préce tlakovych sil, kgm? s

+

y" bezrozmérnd sténova vzdalenost

AA plocha stény A, m?

AEX™ zména kinetické energie, kg m? s
At délka ¢asového kroku, s

AV objem kontrolniho objemu V, m?
6ij Kroneckerovo delta

€ hodnota disipa¢ni funkce, kg s2

reziduum diskretizované integralni
rovnice pro kinetickou energii,
kgm?s3

€"s visk6zni disipace, kgm? s~
u  efektivni dynamicka viskozita, Pa's

v  efektivni kinematicka viskozita,

m?s!

v  numericka kinematicka viskozita,
m?2s!

i,..., k ita,..., kta slozka vektoru

V' vkontrolnim objemu V'



Uvod

Matematické modely proudéni tekutin a pfenosu tepla jsou z pohledu navrhu proces-
nich ¢i energetickych zarizeni naprosto nepostradatelnymi néstroji. Typicky jsou pfitom
vyuzivany softwary implementujici modely standardizovanych aparétt (napiiklad HTRI
Xchanger Suite [1], Aspen Exchanger Design & Rating [2] a podobné). Je-li ovSem potieba
navrhnout zafizeni vice ¢i méné vzddlené standardnim geometriim, nemusi byt patficné
softwary pouzitelné bud viibec, nebo pouze v omezené mife, a to z diivodu nutnosti
aproximovat navrhovany aparat nejbliz§im standardizovanym typem. Toto zcela zifejmé
nemuze vést k prili§ pfesnym vysledkiim [A1]. V mnoha pfipadech tedy nezbyva nez vyu-
Zit univerzalni, avSak vypoctové velmi ndaro¢né modelovani pomoci vypoctové dynamiky
tekutin (,,Computational Fluid Dynamics“, CFD).

V zafizenich na vyménu tepla byva proud pracovni latky obvykle rozdélen do vel-
kého poctu paralelnich vétvi (napftiklad trubkového svazku), ¢imz se dosdhne zvySeni
teplosménné plochy a potazmo intenzity prostupu tepla. Kromeé vhodnosti standardnich
softwartl pro navrh aparéta rtiznych geometrickych provedeni je proto také potreba
uvazit skutecnost, Ze tyto softwary typicky predpoklddaji rovnhomérné rozdéleni pra-
covni latky do vSech jednotlivych paralelnich vétvi. Takovy pfedpoklad nemusi sice mit
vyznamny vliv na vysledny predikovany tepelny vykon, ale nezohlednéni skute¢ného
rozloZeni pratokd miize zdsadnim zplisobem ovlivnit spolehlivost zafizeni a jeho Zivot-
nost. Divod je ptitom prosty — vlastni rozdéleni proudu ovliviiuje nejen pripadny vyskyt
z6n s nizsi rychlosti proudéni, které jsou pak ndchylné k vy3si mife zanaSeni, ale také
rozloZeni teplot napfic¢ jednotlivymi vétvemi, coZ mtZe mit za nasledek vy$si mechanické
namahdni trubkového svazku, praskani trubek ¢i dokonce jejich vytrhavéni z trubkov-
nic. Zminény jev lze snadno demonstrovat na pfikladu jednotky pro zneskodnovani
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Mz 2

procesniho odplynu z obrazku 1.1. Ve zde instalovaném predehrivdku odplynu (viz také
obrézek 1.2) totiz vlivem zna¢né nerovnomeérné distribuce toku a nedostatecné funkce
odlucovace kapek dochézelo k silnému zanéaSeni vstupni trubkovnice (obrazek 1.3a)
a posléze vytrhavani okolnich — dosud nezanesenych — trubek (obrazek 1.3b), které byly
chlazeny proudicim odplynem a dilatovaly proto méné€. Detaily tykajici se tohoto piipadu
a odpovidajicich ndpravnych opatfeni lze nalézt v ¢clanku [A2].

Znalost rozloZeni proudu jiz ve fazi navrhu zafizeni je tedy klicova. Vyhradni pouzi-
vani detailnich CFD modelt ovS§em neni feSenim, a to s ohledem na jejich vypoctovou
naroc¢nost. V prvotni fazi ndvrhu zarizeni, pfi tvarové optimalizaci a podobné, kdy je
nutné u velkého poctu pripustnych geometrii zatizeni alespon priblizné vyhodnotit roz-
loZeni tekutiny v obsaZenych distribu¢nich systémech, ostatné€ ani neni vysokd presnost
v naprosté vétsiné piipadi vyZadovédna. Naopak bohaté dostacuji i o néco méné piesné,
avSak rychlé a konzistentnim zptisobem provedené analyzy, na jejichZ zdkladé lze vyradit
vétSinu nevhodnych variant a ptivodni obsdhlou sadu piipustnych provedeni tak omezit

zemni plyn spaliny (FG)
spalovaci i
vzduch procesni odplyn (PWG)
para para pdra
voda (LP) (Ip)  (SIP) PWG
Y
FG FG
spalovaci pec parni kotel prehrivak predehrivak komin

odplynu

PWG

Lj“ ‘ [ e [
stripovaci

odlucovac kapek V&F  peemeecedeimennen X
spalovna i

odpadni voda (WW) O kapanych i
1 odpadi
PWG \?WW A '

Obrazek 1.1. Schéma jednotky pro zneskodiiovani procesniho odplynu; za povSimnuti stoji
netradi¢ni uspofadani vymeénikt pro vyrobu nizkotlaké (LP) a piehiaté stfedotlaké (SIP)
pary

ohrivak
vody

[T




Flue Gas

Obrazek 1.2. Predehiivdk procesniho odplynu; odplyn (,,Process Waste Gas“, PWG) vstupuje

do vymeéniku v horni ¢asti a po prichodu U-trubkovym svazkem odchézi do spalovaci pece
(na fotografii iplné vlevo), spaliny (,,Flue Gas“) z pece prochdzi viménikem horizontalné

(a) bo¢ni ¢ast zanesené trubkovnice (b) jiZ zaslepené a nové vytrzené trubky

ve stfedni ¢dsti trubkovnice

Obrazek 1.3. Bo¢ni ¢ast zanesené vstupni trubkovnice (vlevo) a jiz zaslepené trubky, resp.

noveé vytrzené trubky ve stfedni ¢4sti trubkovnice, které byly identifikovany pfi ¢iSténi vymé-
niku (vpravo)
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na nékolik mélo moznosti. Detailni CFD modely pak jsou nasazeny az u téchto zbylych
geometrii, kde je jiz vysoka presnost namisté a zvySend vypoctova narocnost je tudiz
opodstatnitelna.

1.1 Predmét a cile prace

Vypoctové modelovani procesnich a energetickych zafizeni na vymeénu tepla lze rozdélit
do tfi rznych trovni, a to na:

(i) bilan¢ni vypocty,
(ii) tepelné-hydraulické vypocty a

(iii) pevnostnivypocty.

Pfi uvézeni diive uvedenych informaci je ihned zfejmé, Ze z pohledu korektniho nédvrhu
jsou bilan¢ni vypocty — na rozdil od tepelné-hydraulickych a pevnostnich analyz — pouze
podptrnym néstrojem. PredloZend habilita¢ni prace se pritom zamétuje vyhradné
na tepelné-hydraulickou troven, tedy na praktickou aplikaci matematického mode-
lovéni proudéni tekutin a prenosu tepla. Zaroven je kladen dtiraz na distribuci toku
a na skutecnost, Ze ne vzdy je moZzné pouZzit vypoctové a ¢asové narocné detailni 3D CFD
modely. V zasadé se tedy da rici, Ze zde popsany vyzkum vychazi z potieb projektant(i
a provozovateli zminénych typt aparatt, resp. nutnosti fesit u patficnych zarizeni rizné
provozni potiZe (zanaSeni teplosménnych ploch, nadmérné tepelné a mechanické nama-
héni trubkovych svazki v disledku nerovnomérné distribuce pracovnich latek ¢i tepla
apod.). Veskeré softwary vznikajici v rdmci vyzkumu pak také nejsou vyvijeny pouze pro
potieby ovéreni odpovidajicich matematickych modeld, ale jsou naopak ddle vyuzivany
i pti feSeni projekt smluvniho vyzkumu pochdzejicich od zadavatelti z prumyslové sféry,
ktefti se s provoznimi potiZemi obraceji na pracovisté autora.

Priméarnim cilem této préce je popsat dva hlavni zptisoby zjednoduseného mode-
lovani zminénych jevi, které 1ze vzhledem k pozadované rychlosti vypoctt a presnosti
vyslednych dat aplikovat vinZenyrské praxi. Znacna pozornost je proto vénovdana zajisténi
vysoké miry vypoctové efektivity a robustnosti modeli skrze vhodnou volbu numeric-
kych metod. S presnosti a kvalitativnim charakterem predikci pak souvisi druhé téma
diskutované v této habilita¢ni prdci, a sice numerickd disipace v detailnich CFD mode-
lech, které jsou vyuZzivany pro analyzy proudéni v geometriich zbylych po poc¢ate¢nim
yelimina¢nim “ kroku. U¢elem zde je nastinit budouci vyzkum specifické implementace
odhadu miry disipace vzniklé v dlisledku nutné diskretizace vypocetni domény a po-
uzitych rovnic. Tato pak miiZe po provedeni potfebného srovnéni s experimentalnimi
daty slouzit jako méfitko pfesnosti dat ziskdvanych pomoci CFD vypoctd, resp. k odhadu
reSeni nezdvislého na vypocetni siti.
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1.2 PouZité metody

Na zédkladé vysledki popsanych v autorové disertacni praci [A3] by se mohlo zdat, Ze
i zna¢né zjednodusené modelovani s vyuzitim kvazi-1D' vypocetnich siti a algebraickych
rovnic zahrnujicich tlakové korekce je vhodnym néstrojem pro priblizné analyzy prou-
déni a distribuce toku ve vyménicich tepla ¢i jinych béZnych procesnich a energetickych
zafizenich. Toto vSak plati pouze v piipadé, Ze patficny model byl pro urcitou tfidu apa-
ratli predem ,naladén®. Pokud jsou naopak modely vyuZzivajici tlakové korekce pouzity
bez predchoziho ,naladéni“, nedokézi obvykle poskytnout vii¢i prostému predpokladu
rovnomérného rozdéleni tekutiny v trubkovém svazku Zddnou podstatnou informaci [3].

Dal8im faktorem, ktery je nutné u zminénym modelt vzit do tvahy, je obtiZna re-
prezentace komplexnéjSich geometrii distribu¢nich systémi. Tlakova a rychlostni pole
totiZ nejsou zjistovana maticovymi vypocty, jak je bézné napiiklad u CFD, ale postupnym
feSenim znac¢né nelinedrnich algebraickych rovnic pro jednotlivé hrany vypocetni sité.
Jestlize bychom se tedy namisto vzdjemné propojenych jednorozmérnych podsiti roz-
hodli pouzit propojené jednorozmérné a dvourozmérné podsité (typicky 1D pro trubky
svazku a 2D pro trubkovnice), vyvstala by otdzka, jak v iteracnim vypoctu provadét ko-
rekce hodnot veli¢in. Clanek [A4] sice ukazuje, Ze nejde o nefesitelny problém, aviak
rozhodné také nejde o situaci, kdy by aplikace urcitého pfredem daného postupu vzdy
vedla k ziskdni zkonvergovaného feSeni. Toto je ovSem v prikrém rozporu s pozadavky
inZenyrské praxe, kde je cilem mit k dispozici robustni vypoctové nastroje.

Opomeneme-li tedy velmi jednoduché distribu¢ni systémy (trubkové svazky obsa-
hujici pouze jednu fadu trubek apod.), resp. systémy, pro které je k dispozici dostatek
dat nutnych k prvotnimu ,naladéni“ modelu, pozbyvéa z pohledu procesniho inZenyra
pouziti diskutovanych modelti smyslu. Postupy popsané v nasledujicich kapitolach se
proto zaméruji na jiné zplisoby provadéni simulaci, a to s vyuZzitim zjednoduSenych
3D modeli zaloZenych na vypoétové dynamice tekutin a kvazi-3D¥ modelti zaloZenych
na analyze metodou konec¢nych prvki (, Finite Element Analysis“, FEA).

V pripadé zjednoduSeného 3D CFD modelovéni je Gcelem ziskat univerzalni né-
stroj pro rychlé — av3ak stdle dostatecné presné — simulace v prvotnich fazich navrht
zafizeni ¢i implementace v optimaliza¢nich algoritmech. Modelovani zaloZené na me-
todé konecnych prvki pak k feSeni tloh pfistupuje diametrdlné odlisSnym zptisobem.
Oproti zjednodusenym CFD modelim je vypocet vyrazné méné narocny a potazmo také
vyrazné rychlejsi. Jeho nevyhodou ovSem je aplikovatelnost pouze na nékteré typy distri-
bucnich systémi — typicky jednodussi trubkové svazky napiiklad v kotlich na odpadni
teplo — a niZsi presnost vyslednych dat.

Udaje tykajici se rozloZeni proudu tekutiny v rdmci distribu¢niho systému obvykle
nejsou pro provozovatele zafizeni kritické a neni proto ani provddéno jejich méreni.

TKvazi-1D sit je sloZzena ze vzajemné propojenych jednorozmeérnych podsiti reprezentujicich jednot-
livé ¢asti modelovaného systému — napiiklad distribu¢ni kanély, trubky ve svazku a podobné.

Kvazi-3D modely pracuji se sitémi sloZenymi ze vzajemné propojenych podsiti réiznych — obecné
vys§ich — dimenzi.
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Vzniklé matematické modely tudiZ zatim byly vZdy ovéfovdany pomoci vysledki z detail-
nich CFD vypocti. Co se tyce testovacich vypoctl slouzicich k hodnoceni numerické
efektivity, kromé pouZzivani vhodnych knihoven pro linearni algebru bylo v pfipadé im-
plementace v jazyce Java [4] dbano také na to, aby vysledky nebyly zkresleny principem
fungovani odpovidajiciho béhového prostiedi (Just-in-Time kompilace, optimalizace
strojového kodu provadéné za béhu aplikace atd.).

1.3 Struktura dokumentu

Tato habilitacni prace popisuje tfi hlavni oblasti aktudlniho vyzkumu autora a vlastni text
je proto rozdélen do tii kapitol. Prvni oblasti — diskutovanou v kapitole 2 — jsou mozné
zpusoby zjednoduseni CFD modelti za ucelem jejich ndsledného pouZiti pro rychlé
analyzy proudéni v procesnich a energetickych zafizenich, resp. implementace takovych
modelli v optimaliza¢nich algoritmech. Kapitola 3 oproti tomu popisuje modelovani
proudéni a distribuce toku zaloZené na metodé konec¢nych prvki. Vysledky dosazené
v oblasti odhadu miry numerické disipace jsou pak shrnuty v kapitole 4. Tyto tfi kapitoly
jsou nakonec doplnény zavérecnym shrnutim (kapitola 5).



Zjednodusené
CFD modelovani

Standardni CFD modely vynikaji svou univerzédlnosti a relativni pfesnosti poskytova-
nych dat, ale jsou velmi ndro¢né z pohledu vypocetniho ¢asu a obecné vykonu vypo-
¢etniho hardwaru. Jejich pouziti je tedy v inZenyrské praxi omezeno spiSe na situace,
kdy je potreba provést detailni analyzy nékolika malo zafizeni Ci jejich ¢asti. Naopak
vyuziti takovych modelti napfiklad v prvotni fazi ndvrhu tepelného vymeéniku ke zjisténi,
kterd z moZznych geometrii trubkového prostoru nejlépe spliiuje pozadavky budouciho
provozovatele, by zcela zfejmé nebylo ¢asové ani ekonomicky pfijatelné. Jinak feceno,
vzhledem k naroc¢nosti standardnich CFD modeld je jejich hromadné nasazeni v oblasti
navrhu zafizeni na vymeénu tepla problematické, stejné jako jejich aplikace v optimali-
zacnich algoritmech jakéhokoliv druhu.

Pro potfeby pocatec¢ni rozvahy vSak neni nutné provadét detailni analyzy vSech moz-
nych konfiguraci. Stejné tak v této fazi neni nutné disponovat velmi presnymi daty o rych-
lostnich, tlakovych a teplotnich polich ¢i dalsich velicinach. Je v§ak otdzkou, jaké kon-
krétni upravy lze uvazovat, aby vysledny model stdle byl dostate¢né piesny a pfitom
poskytoval vysledky dostate¢né rychle. Hlavnim cilem vyzkumu popisovaného v této
kapitole tudiz bylo nalézt zjednoduseni’ vedouci k prakticky pouZitelnym CFD modeliim
ur¢enym k vySe zminénému tcelu. Toto zahrnovalo nejen navrZzeni vhodného zptisobu
tvorby vypocetni sité, ale i posouzeni vhodnosti riiznych numerickych metod pro reseni

TOdsud také pochézi nazev ,zjednodusené CFD modelovani*.
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soustav linearizovanych rovnic a souvisejicich metod prfedpodminéni, rozvahu diskreti-
zacnich schémat a podobné.

Veskera zde diskutovand zjednodu3eni byla testovdna pomoci vlastniho CFD kédu,
ve kterém byla zajiSténa kompletni kontrola nad celym modelem. Tato skute¢nost byla
podstatnd, nebot zarucovala, Ze nedojde k ovlivnéni vysledku testovacich vypocta riiz-
nymi uzivateli skrytymi faktory. Praktickd implementace patfi¢nych postupti vS§ak samo-
zfejmé je do urcité miry proveditelnd i v bézné dostupnych CFD softwarech, byt hodné
zélezi pravé na moznostech té které aplikace. Informace zminéné v této praci tedy mohou
byt velmi uZzite¢né i pro procesni inZenyry ¢i projektanty, od kterych Ize tézko ocekavat
vyvoj vlastniho CFD fesice, nebot pro dotyéné mohou predstavovat urcity navod, jak
s komer¢nimi CFD softwary ziskat pfi vyrazné tispore ¢asu pfiblizné modely poskytujici
data prijatelné kvality.

2.1 Hlavni vyhody a nevyhody

Primdrni vyhodou zjednodu$enych CFD modeld je jejich vypoctovd nendro¢nost a po-
tazmo kratké vypocetni Casy. Pfedstavme si napriklad relativné nekomplikovany trubkovy
prostor vzduchového chladice, tj. dva hlavni kandly (distributor a kolektor) spojené néko-
lika mélo fadami pfimych trubek. Patfi¢nd standardni CFD tloha mtZe zcela realisticky
vyzadovat vypocetni sit s jednotkami milioni bunék. Jeji vyhodnoceni pak mtize i pri
paralelnim béhu v Sestnécti ¢i vice vldknech na vykonném vypocetnim hardwaru trvat
jednotky az desitky hodin. Odpovidajici zjednoduSena CFD uloha pritom obvykle vystaci
se siti o jednotkach desitek tisic bunék a jeji vyhodnoceni v jednom vldkné i na béZném
kancelarském pocitaci béZzné zabere nejvyse jednotky az desitky minut. Druhou vyhodou
zminénych modeld pak je vyrazné snadnéjsi vytvareni vypocetnich siti, nebot jejich
struktura je jednodussi a celd operace je proto lépe automatizovatelna.

Hlavni nevyhodou zjednoduSenych CFD modelt naopak je sniZzena presnost vysled-
nych dat. Byt tedy lze takové modely pouzit pro srovnani jednotlivych geometrii zatizeni
v ramci konzistentné vyhodnocované sady, rozhodné neni vhodné je povazovat za pl-
nohodnotnou ndhradu standardnich CFD modelti. Mezi dalsi nevyhody pak patii vétsi
néchylnost k numerickym potiZim, coZ je ddno prevazné relativné hrubou vypocetni siti,
a déle také — vzhledem k charakteru téchto modeli - zpravidla i de facto nutnost znalosti
zéklad( programovéni uZivatelem.

2.2 Pozadavky kladené na pouzité vypoctové metody

Od numerickych metod a algoritmti pouzitych ve zjednodusenych 3D CFD modelech
ocekdvame splnéni dvou hlavnich pozadavkd, a sice co moZznd nejvyssi vypocetni efek-
tivitu a prijatelnou robustnost. Potfeba efektivnich metod je zfejma, nebot hlavnimi
cilovymi pouzitimi zminénych modelt jsou pfedbézné analyzy velkych sad moZnych
geometrii a tvarova optimalizace. Je tedy nutné vhodné zvolit nejen vlastni metody pou-



Vypocetni sit

zivané pro feSeni soustav linearizovanych rovnic, ale i nastaveni internich limit (pocet
iteraci, relativni tolerance atd.) patfi¢nych resicti a odpovidajici metody predpodminéni.
Ostatné, soustavy linearizovanych rovnic je vzdy cilem fesit pouze ,dostatecné presné“,
nikoliv co moZna nejpiesnéji. Rozhodné také neni nejmensi diivod snazit se v pribéhu
pocatecni faze itera¢niho procesu CFD reSice, kdy jsou jednotliva rychlostni pole a dalsi
zdjmové velic¢iny daleko od svych konec¢nych stavii, o ziskdni presného feSeni posta-
veného na nepfesnych vstupnich datech. Jiné interni limity numerickych fe$ict tedy
pouZzijeme na zacatku vypoctu a jiné pak v piipadé, Ze se jednotliva sledovand CFD
rezidua postupné bliZi nastavenym limitnim hodnotdm pro ukonceni vypoctu.

Co se tyCe robustnosti, tento poZadavek je primdrné motivovan skute¢nosti, Ze pouzita
zjednodusend kvadrova vypocetni sit (kterd bude podrobnéji popsdna dale v kapitole 2.3)
je prosté na pomeéry standardnich CFD modelt pfili§ hruba a nekvalitni. S takovou zna¢né
neidedlni siti Ize nevyhnuteln€ ocekavat potiZe s konvergenci, zvlasté pak v prabéhu
prvnich nékolika iteraci. Je proto nutné, aby pouzité numerické metody dokdzaly tuto f4zi
preklenout, aniz by doslo k divergenci nebo rozpadu numerického fesice. Castecné sice
lze situaci vytesit vySe zminénym vhodnym nastavenim internich limiti, nicméné se ne-
jednd o dokonaly a vzdy funkéni postup. Nékteré numerické metody tudiz v zdsadé nelze
viibec pouZit, zatimco jiné mohou byt stabilni (v numerickém smyslu, tedy z pohledu
generovani a $ifeni diskretizac¢nich a dalSich numerickych chyb) a i se zna¢né nepresnym
pocatecnim odhadem se vyrovnaji bez vétsich potiZi. Tato problematika je detailnéji
diskutovana v kapitolach 2.4, 2.5 a 2.7.

Kromeé toho je namisté se zamyslet, zda musi zjednoduSeny 3D CFD model nutné
implementovat néktery ze standardnich modeldi turbulence, nebo zda si mtizeme dovolit
vyuZzit néjaké vhodné zjednoduSeni. BéZné uzivané modely turbulence totiZ typicky
zahrnuji feSeni dvou ¢i vice dalSich soustav rovnic, coZ predstavuje nezanedbatelné
zvySeni vypoctové naroc¢nosti. Nadto je otdzkou, zda by byla implementace standardniho
modelu zddouci, nebot se dd ocekavat, ze do stavajiciho vypoctu se snizenou numerickou
stabilitou prinese dodatecné numerické obtiZze. Zminéné téma je rozebrano v kapitole 2.6.

V neposledni fadé je potfeba zohlednit zptisob, jakym jsou jednotlivé vyuZité nume-
rické metody a dalsi algoritmy implementovény. Jinymi slovy, musime zajistit nejen to,
aby byly odpovidajici maticové operace provadény vhodnym zptisobem, ale také efekti-
vitu procesu vypoctu jednotlivych koeficientti linearizovanych rovnic (resp. efektivitu
dalSich souvisejicich operaci). Snadno se totiZ muiZe stat, Ze vypocetni ¢as vyzadovany
samotnymi procesy feSeni matic reprezentujicich soustavy rovnic bude vyrazné kratsi
nez souhrnnd doba nutna pro dokonceni ostatnich operaci, tedy Ze situace bude obré-
cend vuci tomu, co by se dalo rozumné o¢ekavat. Tomuto tématu se podrobnéji vénuji
kapitoly 2.8 a 2.9.

2.3 Vypocéetni sit

Vypocetni sit nabizi hned nékolik cest ke zvyseni rychlosti vypoctu. V piipadé zjednodu-
Senych CFD modelti se intuitivné nabizi v prvé fadé pouziti hrubsi sité. Dodatecného
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sniZeni po¢tu bunék vsiti bez vyrazného sniZeni kvality dat pak 1ze dosahnout tvorbou sité
pomoci rustového faktoru. Kromé toho je také mozné sité sestavovat pouze z kvddrovych
bunék, ¢imz se zjednodusi a viznamné zrychli proces vypoctu koeficientti v jednotlivych
diskretizovanych rovnicich.

Vzhledem k relativni sloZitosti procesnich a energetickych zatizeni je vyhodnéjsi pra-
covat s nestrukturovanou siti. Prochézeni sité pfi generovéni potfebnych matic je potom
sice méné piimocaré (nestaci prosty cyklus pres dva ¢i tfi indexy v piipadé dvourozmér-
nych, resp. trojrozmérnych simulaci), avSak 1ze snadnéji definovat i tvarové komplikova-
néjsi vypocetni doménu. Nadto se také u slozitéjSich geometrii obecné snizi vysledna
pamétova naroc¢nost, jelikoz odpovidajici datové struktury nemusi zohlednovat ,hlucha“
mista, kde se vdoméné nic nenachdzi, ale pro kterd ve strukturované siti presto musi

existovat odpovidajici buriky.

2.3.1 SniZeni poctu bunék

Prvni a zcela logickou cestou ke zkraceni vypocetniho ¢asu je sniZeni poc¢tu bunék na mi-
nimadlni akceptovatelnou uroven. Tim se snizi velikosti jednotlivych feSenych soustav
linedrnich rovnic a potazmo dojde i ke snizeni pamétovych narokt. Zna¢nym limitujicim
faktorem zde je skutec¢nost, Ze procesni a energetickd zafizeni v praxi velmi ¢asto obsa-
huji trubkové svazky, coZ — jak bude zfejmé z kapitoly 2.3.3 — vyznamné ovliviiuje rozsah
moznych jemnosti vysledné vypocetni sit€, méa-li tato byt sestavena rozumné. V zdsadé
tedy je nutné vyvazit pfesnost modelu (danou jemnosti sité), vypocetni zdroje, které ma
procesni inZenyr k dispozici, a pozadavky tykajici se rychlosti vypoctu (typicky u tloh
optimalizujicich tvar urcité ¢4sti zatizeni).

2.3.2 VyuZiti ristového faktoru

Druhou cestou, vedouci nejen ke sniZeni vypoctové naroc¢nosti vysledného modelu,
ale i k ¢astecnému zlepSeni konvergence, je plynuld zména velikosti bunék v urc¢itych
podoblastech sité. Této strategie se ostatné ¢asto vyuziva i u siti ve standardnich CFD
modelech. Pomér velikosti libovolnych dvou sousednich bunék potom v pfedem daném
smeéru zustava konstantni a nazyva se rastovym faktorem (x, ,growth factor®).

Maji-li se rozméry bunék ménit napriklad ve sméru souradné osy x a bunky v prvni
radé vybrané podoblasti maji patficné hrany délky x;, pak odpovidajici hrany bunék
v druhé fadé takové podoblasti budou dlouhé x, = xx;, ve tfeti fadé x3 = kX, = k2x;
atd. Takto lze zajistit, aby v mistech s vét§imi gradienty veli¢in byly rozméry bunék v od-
povidajicich smérech mensi (lokdlné jemnéjsi sif) a naopak tam, kde jsou zmény méné
vyznamné, byla sit hrubsi. Cilem zminénych tprav je ziskdni sité rozumného rozsahu,
na které vSak zaroven 1ze dostatecné dobfe popsat modelované déje. Idedlné by pritom
meélo platit x < 1,2 [5].

Typickym prikladem pouZiti ristového faktoru jsou sité reprezentujici trubky ve svaz-
ku tepelného vymeéniku. V okoli asti trubek, kde dochazi k vyznamnym zméndm sméru
proudéni, jsou vyzadovany mensi burky, zatimco ddle od tusti, kde uz byva proudéni
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vradidlnim sméru zanedbatelné, Ize pouzit buriky mnohonédsobné vétsi délky. Analogicky
1ze pomoci riistového faktoru upravit strukturu sité nad trubkovnici ¢i obecné v okoli
stén. Ukézka sité se zménami velikosti bunék ve sméru proudéni je na obrazku 2.1.

2.3.3 Sit pouze z kvddrovych bunék

Treti cestou ke zkraceni vypocetniho ¢asu je sestaveni sit€ vyhradné z kvadrovych bunék.
Takové burky sice v naprosté vétsiné pripadi nedokdzi popsat ptivodni geometrii stejné
vérné jako sité sestavené z obecnych mnohostént (nejéastéji ctyrsténti, pyramidovych
bunék a trojbokych a ¢tyrbokych hranolti), avsak ptinasi jedno velmi vyznamné zjed-
noduseni v podobé snadnéjsiho vypoctu gradienti. Zatimco u obecnych mnohosténti
je pti vypoctech koeficientu diskretizovanych rovnic nutné gradienty ziskavat pfepoctem
z normalovych sténovych tokd, u kvddrovych bunék nic takového neni potieba.
Jedinym omezenim vypocetnich siti sloZenych pouze z kvadrovych bunék, pokud
to vkontextu zjednoduSenych CFD modeli viibec Ize omezenim nazvat, je nutnost zacho-
véavat ekvivalentni pritoc¢né prifezy a tepelné toky [As5]. V praxi to znamend, Ze napiiklad
pti modelovani trubkového svazku nelze trubky o vnitinim priimeéru d; na jejich pri-
fezech nahradit N x N buiikami o celkové plose d?, ale je nutné délku hrany nového

Mz ¥

¢tvercového pricného prifezu dopocitat pomoci

L= ‘/Ezdl. (2.1)

V piipadé nevyuziti rustového faktoru je délka hrany libovolné buriky déna trividlnim
vztahem L/N. Jinak (tj. pfi k > 1,0) Ize za pfedpokladu stfedové symetrického rozlo-
Zeni velikosti bunék po priifezu trubky odvodit vztah pro délku hran sténovych bunék
vradidlnim sméru,

LN/2] -1

Li=L|2 Z _— (1 + max {0, (—l)N}) kN2 (2.2)
i=0

Vstup

Vystup

Obrézek 2.1. Rez rovinou symetrie sité€ ostrého 90° kolena, ve kterém se velikosti bunék méni
podél sméru proudéni pomoci ristového faktoru « = 1,1

11
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z 2z

kde | -] znaci funkci ,dolni celéd ¢ast“ (,floor“). Délky hran bunék v dal$ich vrstvach
smérem ke stfedu trubky poté jsou

L,=x"1L,, n=23,... (2.3)

Priklad kvadrové sité se tfemi butikami napfic¢ priifezem trubky, kterd byla ziskdna pomoci
K > 1,0, je spolu s typickou CFED siti na obrazku 2.2. Co se tyce ekvivalentniho tepelného
toku, vzhledem k odlisné ploSe stény ndhradni geometrie trubky je nutné pomeérové
upravit okrajové podminky na teplosménnych plochdch, tj. napt. vyndsobit mérny tepelny
tok koeficientem

Fo=——7, (2.4)

kde d, znaci vnéjsi primeér ptavodni trubky a L celkovou délku hrany pfi¢ného priifezu
ndhradni geometrie z rovnice 2.1.

ZvysSe uvedeného je také patrné, Ze nepovolime-li déleni stén bunék (,face splitting),
podrizuje se struktura celé sité reprezentujici trubkovy prostor zatizeni pouze dvéma
parametriim, a sice po¢tu bunék napfi¢ prirezem jedné trubky, NV, a rlistovému faktoru
(¢i lokdlnim rastovym faktortim), x. Mista mezi trubkami a u okrajt trubkovnic jsou
pak pokryta burikami o velikostech co mozna nejblizsich tém z vnitfka trubek tak, aby
byl v piipadé vétsich mezer respektovan rastovy faktor, resp. aby byly buriky u stén
distribu¢nich kandlti a v mistech s ocekdvanymi vétSimi gradienty veli¢in dostatecné
malé. Jak takova sit miize vypadat, je znazornéno na obrazku 2.3.

trubkovnice trubka
trubkovnice trubka (Sedé buriky) (bilé buriky)
| | f
EEt—— “J .’»ﬁ/ /f\/\\ § W O s g o R :“J N R L
(a) ptivodni geometrie (b) typicka CFD sit (c) kvadrova sit

Obrazek 2.2. Pidorysny pohled na ptivodni geometrii okoli tsti trubky a odpovidajici typic-
kou CFD vypocetni sit a kvadrovou vypocetni sif; pfi tvorbé kvadrové sité byl vyuzit ristovy
faktor x > 1,0, tj. buniky nemaji jednotnou velikost (adaptovédno z [A5])
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Obrazek 2.3. Distribu¢ni systém vzduchového chladice s uspofddanim ,Z“ (vlevo) a jemu
odpovidajici zjednodusena vypodcetni sit slozend vyhradné z kvddrovych bunék (vpravo,
~25 tis. bun€k); cervené buriky v ptidorysném pohledu znaci mista, kde se nachéazi pricné
prifezy trubek. Pfi tvorbé sité byl vyuzit riistovy faktor x = 1,15 (adaptovano z [A6]).

Na tomto mist€ je ddle vhodné poznamenat, Ze pfi vyuZziti metod pracujicich s pre-
sazenou siti (napfiklad rizné verze metody SIMPLE - viz kapitola 2.4) je doporuc¢eno
volit N > 2.V pfipadé N = 1, tj. pokud je priifez kazdé trubky tvoren pouze jednou buri-
kou, by totiz pfenos hybnosti z hlavnich kanalti do trubek (resp. opa¢né) byl limitovany
a potazmo by doslo k vyraznéjsimu sniZeni presnosti vypoctu. Pracovat s hodnotami
parametru N > 5 vSak také neni idedlni, nebot pak vyrazné nartista pocet bunék, coz je
vrozporu s cili zjednoduSeného modelovéni.

2.3.4 Vlastnostizjednodusené sité

V predchozich odstavcich byly popsany zptisoby, jakymi pouziti zjednodusené sité zrych-
luje vypocet. Jedna ze standardnich metod akcelerace vypoctu, tedy opakované reSeni
CFD tlohy na sadé siti raznych jemnosti (,,multigrid solution method*), v§ak zminéna
nebyla. Divod je prosty — u uvazovanych zjednodusenych siti tento postup v zasad€ nelze
aplikovat, jelikoZ z nich neni jak vyrobit hrubsi verze.

Nevyhnutelnou vlastnosti zjednodusené sité je jeji nizsi kvalita, byt buriky samotné
byvaji z pohledu standardnich kritérii zminénych obvykle v uzZivatelskych priruckach

13
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k CFD softwartim (napf. v pfirucce aplikace ANSYS Fluent [6, kap. 23.2.4]) kvalitativnhé
prijatelné:

e Mira zkoseni bunék (,normalized equiangular skewness“) je rovna nule a buriky
jsou tudiz nejkvalitnéj$i mozné, nebot vSechny vnitini Gihly jsou pravé, stejné jako
vnitini Ghly idedlni buriky:

90 ' 90

» Mira ortogonality (,,orthogonal quality“) je také nejvy$si moznd, protoZe normalové
vektory, n, stén bunék, 4, jsou vZdy rovnobézné s vektory definovanymi centroidem
buriky a centroidy téchto stén, f, resp. centroidem buriky a centroidy odpovidajicich
sousednich bunék, c. Jinak feceno, normalizované skaldrni souciny téchto vektort
nabyvaji pro libovolnou sténu libovolné buriky hodnoty 1:

min{n—.f 2}—1 (2.6)
A [n]lf]" [nllc

* Pomér délek nejdelsi a nejkratsi hrany (,aspect ratio“), stejné jako hladkost zmén
velikosti bunék, jsou v oblastech, kde md vyznam tato kritéria uvazovat, pfi rozumné
zvoleném rastovém faktoru obvykle prijatelné. Jedinou vyjimku zde tvori pripad,
kdy je nutné vlozit do sité velmi tzky pas bunék (napft. v distribu¢nim kandlu,
na ktery je napojen trubkovy svazek s tésnym prostfidanym uspofddanim).

Velikost bunék vsak je z pohledu feSeni CFD tlohy naprosto zédsadni a pouziti zjedno-
duSené sité ma proto za néasledek horsi konvergenci. Typicky je tudiz potfeba CFD reSic
vice podrelaxovat — napfiklad ve vyvinutém softwaru [A5], ktery je podrobnéji popsan
v kapitole 2.10, jsou vychozi hodnoty relaxa¢nich faktort polovi¢ni oproti hodnotam,
které se béZné pouzivaji v komercnich CFD softwarech. Na zdkladé vysledkti publiko-
vanych v ¢lancich [A5-A7] vSak 1ze konstatovat, Ze pouZiti vypocetni sité sloZené pouze
z kvadrovych bunék neptedstavuje vazny problém.

Vzhledem k velmi omezenému poctu bunék je ziejmé, Ze testy nezavislosti vysledkt
na siti (,mesh independence studies“) zde pozbyvaji témérf veSkerého vyznamu. Nejen
Ze by pripadné vyraznéjsi zjemnéni sité nemuselo kviili uvazovaného tvaru bunék nutné
véstk adekvatnimu zvySeni presnosti, ale nadto by bylo kontraproduktivni z pohledu rych-
losti vypoctu. Primarnim cilem zjednodusenych CFD vypoctli ostatné neni maximalni
presnost, ale pfesnost ,,dostatecna“ (coz v riznych situacich mize znamenat rizné véci)
pfi co nejkratsich moZnych vypocetnich casech. Z vysledkt prezentovanych v ¢lanku [A5]
(resp. tabulce 2.1 a obrazku 2.4) vSak vyplyv4, Ze ur¢itého zpiesnéni dosdhnout lze, byt
to s sebou samozrejmé prindsi nezanedbatelny néartst vypocetniho casu.
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Tabulka 2.1. Celkové pocty bunék, pramérné vypocetni ¢asy potifebné ke zkonvergovani
ustdlenych tloh a primeérné velikosti relativni chyby vii¢i detailnim CFD vypoctiim pro
piipady z obrazku 2.4; zjednodu$ené CFD modely pouZivaly metodu SIMPLEC a diskreti-
zacni schéma ,power law*“ (viz kapitoly 2.4 a 2.5) a byly feSeny na jednom jadie CPU (data
pfevzata z [A5])

Priimérna velikost
N Pocetbunék Vypocetnicas relativni chyby
1 6 686 4,760 S 0,84 %
2 27920 64,59 S 0,33 %
3 72 000 299,3 s 0,28 %
1 20
Cislovéni trubek

(ptdorysny fez distributorem)
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®000000000000000000§

e a0

2,5 T T T T T T T T
g
! N=1 -—-=--
2’0 B \\\ N=2 ——o--
= N=3 —e—
1,5 B \\\
L0 4 h\ Prvni fada Druhd rada

(trubky 1-20)

Relativni chyba, %

(trubky 21-40)
0,5
0,0
0,5 | i
-1,0 .
_]_,5 I I I I I I I I
1 5 10 15 20 21 25 30 35 40
Cislo trubky

Obrazek 2.4. Vliv postupného zjemnovani vypocetni sité€ ve zjednoduseném 3D CFD mo-
delu (N < 3) na relativni chyby hmotnostnich pritokt jednotlivymi trubkami svazku
z obrazku 2.3 vii¢i datlim z detailnich CFD vypocti (adaptovano z [A5])

2.4 Druh CFD reSice a metoda vypoctu

Pfi sestavovani CFD modelt - bez ohledu na to, zda jde o ty standardni, nebo zjednodu-
Sené —je vZdy nutné podle typu feSeného problému v prvé radé rozmyslet, zda pouZijeme
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resi¢ monoliticky (,,coupled ), nebo segregovany (,segregated ‘). Tyto se lisi ve zptisobu,
jakym je pristupovano k feSeni jednotlivych rovnic.

S monolitickym feSicem je z diskretizovanych rovnic pro jednotlivé slozky rychlosti
a spojitost toku, pripadné i z rovnice energie ¢i dalSich rovnic, sestavena jedind matice,
pricemz ,fidici velicinou“ pak je tlak (,,pressure-based coupled solver “), resp. hustota
(,density-based coupled solver“). Toto s sebou zcela logicky pfinasi vétsi naroky na pamét
a vypocetni prostfedky obecné. Resi¢ nadto byvd méné stabilni [7]. Na druhou stranu
je ke konvergenci zpravila vyzadovano o néco méné ,velkych“ CFD iteraci.

Pouziti segregovaného fesice (at uz ,pressure-based“ nebo ,density-based“) naopak
vyZaduje rozdéleni celé tilohy na nékolik mensich vzajemné zavislych problémti, které
jsou opét feSeny itera¢nim zptisobem. Diisledkem tohoto rozdélent je sice o néco po-
malejsi konvergence (ve smyslu potfebného poctu iteraci), nebot jsme snizili rychlost
vzdjemného ovliviiovdni proménnych, ale vypocet je stabilnéjsi [8]. Proto je také segrego-
vany fe§i¢ vmnoha komerc¢nich CFD softwarech pro Sirokou $kdlu béZnych primyslovych
aplikaci stdle reSicem vychozim.

S timto souvisi také paralelizace vlastniho vypoctu a skutecnost, Ze narust efektivity
vypoctu pri uZiti paralelizace nikdy neni linedrni. JelikoZ jednim z primdarnich tcelt
zjednoduSenych CFD modeld je jejich implementace v optimaliza¢nich algoritmech, je
vyhodnéjsi spoustét patficné — relativné malé — tilohy vZdy pouze na jednom jadre CPU
s vyuZzitim méné narocného segregovaného fesice. Paralelizaci na dostupnéd jadra CPU
je potom vhodné provést az ,,0 troven vyse“, tedy v rdmci samotného optimaliza¢niho
procesu, kde jiz jsou pribéhy jednotlivych vypoctl vzajemné nezévislé. Hodnota ticelové
funkce — napftiklad vyslednd nerovhomérnost rozdéleni toku do jednotlivych kanélt
distribu¢niho systému - je totiZ ve zde diskutovaném piipadé€ vystupem z iteracniho
algoritmu, jehoZ chovani nelze pro potfeby optimalizace dost dobfe predvidat, a musi
tedy nutné jit o pfimy optimalizacni proces.

Druhym a neméné dulezitym rozhodnutim je volba metody vypoctu. Asi nejcas-
t€ji byva pouzita metoda SIMPLE (,,Semi-Implicit Method for Pressure-Linked Equati-
ons") [9], pfipadné jeji rizné modifikace poskytujici lepsi konvergenci — napf. SIMPLER
(,SIMPLE Revised “) [10] ¢i SIMPLEC (,,SIMPLE Consistent“) [11]. Tyto metody provadi
opakované vzdy jeden predik¢ni krok, ktery je ndsledovan jednim korekénim krokem.
Roz$ifenim zminéného pristupu o dodate¢ny (druhy) korekéni krok pak vznikla metoda
PISO (,Pressure Implicit with Splitting of Operators ) [12], ktera je sice vypoctové néroc-
néjsi, ale vlivem dvoji korekce dat by méla poskytovat vyssi rychlost konvergence nez
SIMPLER nebo SIMPLEC.

Metody vySe pracuji s pfesazenou vypocetni siti (viz obrazek 2.5), tedy se siti, kde
jsou skaldrni veli¢iny (tlak, hustota apod.) definovany v centroidech bun€k a vektorové
veli¢iny (napf. rychlosti proudéni) na sténdch bunék, nebot se tak zabrani nefyzikdlnimu
chovéani modelt (tzv. ,checkerboarding“ [10, kap. 6.2-1]). Existuji oviem i jejich rtizné
upravené verze ([13] apod.) ¢i verze pracujici s kolokovanou siti, které se méné (napf. [14])
nebo vice (napft. [15]) podobaji ptivodnim algoritmtim. Rozsdhlé srovnani zminénych
metod bylo publikovédno v ¢lanku [16]. Z néj vyplyv4, Ze pti malé mire zavislosti skaldrnich
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Obrézek 2.5. Dvourozmérnd presazend sit; znaceni uzl vypocetni sité odpovida klasické
konvenci, tj. ,P“ pro aktudlné feseny uzel a ,W*, ,E“, ,S“a ,N“ (resp. ,w*, ,e*, ,s“a ,n*)
pro zdpadni, vychodni, jiZni a severni uzel (sténu kontrolniho objemu). Vybrané kontrolni
objemy pro tlakovou korekci v bodé ,,P“ a rychlosti u,, a vs jsou pak vyznaceny pismeny p,
uav.

veli¢in na charakteru proudéni je lepsi implementovat metodu PISO. JestliZze naopak
maji skaldrni velic¢iny vyrazny vliv v rovnicich pro pfenos hybnosti, je vyhodnéjsi apliko-
vat metodu SIMPLER nebo SIMPLEC, nebot metoda PISO v takovém piipadé vyzaduje
u tranzientnich dloh pro konvergenci relativné kratky casovy krok. Dle studie [16] pfitom
obecné nelze fici, které ze tfi zminénych metod je celkové nejlep$i, coZ potvrzuji i mnohé
novéjsi zdroje (napt. monografie [17]).

Na zdkladé testt provedenych autorem této prace lze konstatovat, Ze na relativné
hrubé kvadrové vypocetni siti pouzité ve zjednodusenych CFD modelech md metoda
SIMPLEC z pohledu rychlosti konvergence o néco lepsi vlastnosti nezZ metoda SIMPLER.
Metoda SIMPLER je nadto u kvddrové sité dokonce méné robustni nez ptivodni metoda
SIMPLE, nebot jeji aplikace v mnoha ptipadech vedla k divergenci, byt metody SIMPLE
a SIMPLEC poskytly zkonvergované reSeni pri jinak stejném nastaveni bez nejmensich
potizi. Kromé toho plati, Ze v mnoha priimyslovych tlohdch je nevyhnutelné nutné pro-
vadét tranzientni simulace, coZ by se mohlo s metodou PISO ukézat jako problematické.
V softwaru diskutovaném déle v kapitole 2.10 byla proto implementovana jako vychozi
pravé metoda SIMPLEC.

Srovndni priibéhti skdlovanych rezidui ziskanych pomoci metod SIMPLE a SIMPLEC
na jinak identické tiloze s mfizkou obsahujici ~65 tis. bunék je na obrazku 2.6. Jak Ize vidét,
hladkost konvergence byla u obou metod zhruba srovnatelnd, avSak primérny ¢as nutny
k dosazeni zkonvergovaného reseni byl v tomto pripadé s metodou SIMPLEC o necelych
15 % kratsi. Stejné tak byl mensi i potfebny pocet iteraci CFD feSiCe (152 namisto 178).
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Tlak. korekce —— Rychlost: x -—--- Rychlost: y ------- Rychlost: z
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(a) SIMPLE, t,,, = 138,06 s (b) SIMPLEC, lag=119,17 s

Obrazek 2.6. Pribéhy skalovanych rezidui ziskané uzitim metod SIMPLE a SIMPLEC v ji-
nak identicky nastavené ustdlené tiloze pracujici s vypocetni siti o velikosti ~65 tis. bunék.
Uvedené priimérné vypocetni ¢asy, fayg, potiebné k dosazeni zkonvergovaného reseni byly
ziskdny pomoci testovaciho kédu pouzivaného ve studii [A6].

2.5 Diskretizace

Obecnou transportni rovnici pro skaldrni veli¢inu ¢ (teplotu, koncentraci apod.) 1ze
zapsat ve tvaru

d(po)

37 +div (pug) —div(I'grad ¢) = S(¢) , (2.7)
~—— ~——
tranzientni  konvektivni difuzni zdrojovy
élen Clen Clen ¢len

kde p znaci hustotu proudici tekutiny, ¢ ¢as, u = (u, v, w) vektor rychlosti proudéni a I' di-
fuzni koeficient. Pro potfeby feseni této rovnice na jednotlivych kontrolnich objemech je
v8ak nutné ji prevést do diskretizované podoby;,

appp = > anb b + C, (2.8)
nb

kde ap je koeficient pro aktudlné reSeny uzel ,P“ vypocetni sité (viz obrazek 2.5), ¢p
hodnota veli¢iny ¢ v tomto uzlu, a,p, a ¢np koeficienty a hodnoty veli¢iny ¢ pro uzly sou-
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sedici s uzlem ,P“ a C konstanta zahrnujici konstantni ¢ast diskretizovaného zdrojového
¢lenu, pripadné i dalsi konstantni pfiristky pochdzejici z diskretizaci jinych ¢lent.

Pouzity zpusob diskretizace pfitom zdsadnim zptisobem ovliviiuje stabilitu vypoctu
a konvergenci. Co se tim rozumi? Odhlédneme-li od chyb ve vstupnich datech pro stano-
veni pocatecnich a okrajovych podminek, jsou nepresnosti do vypoctu vndSeny dvéma
zpusoby, a sice diskretiza¢nimi a zaokrouhlovacimi chybami. Diskretiza¢ni chyby vznikaji
napt. v dtsledku uziti aproximace Taylorovym polynomem s velmi malym poc¢tem ¢lent.
Zaokrouhlovaci chyby jsou naopak zapricinény faktem, Ze pocitace pracuji s reprezentaci
¢isel s pohyblivou desetinnou ¢arkou pomoci mantisy omezené bitové délky. Je také po-
tfeba si uvédomit, Ze béhem reSeni se jednotlivé chyby kombinuji, pficemz nejde o prosty
soucet. MiiZe se tedy snadno stat, zZe kuptikladu v diisledku nartistu zakrouhlovaci chyby
vyrazné vzroste i diskretiza¢ni chyba. Stabilitou vypoctu (resp. pouzité numerické me-
tody) potom rozumime, Ze numerické chyby, které pfi feSeni diskretizovanych rovnic
vznikaji, nenartstaji, zatimco konvergence oznacuje v kontextu diskretiza¢nich schémat
situaci, kdy se numerické reSeni pri zjemnovéni vypocetni sité postupné blizi feSeni
analytickému.

Vzhledem k pouziti relativné hrubé kvadrové sité budou mit vysledné diskrektizacni
chyby nezanedbatelny vliv na vlastni priibéh vypoctu. Toto je zcela zifejmé nutné zohled-
nit pri volbé diskretizacnich schémat a nékterych dal§ich parametrt CFD modelu.

2.5.1 Obecné poZadavky na diskretiza¢ni schémata

Prvnim krokem pfi diskretizaci rovnice 2.7 je jeji prfevod do integralniho tvaru a integrace
pies kontrolni objem. Ne kazdé diskretizac¢ni schéma je vSak vhodné pro kazdy clen
takto ziskané nové rovnice. Napriklad centrdlni diferencovéni vede za urcitych podminek
k fyzikdlné zcela nerealistickym feSenim (detailni zdivodnéni je mozné nalézt v témér
libovolné knize vénujici se problematice metody kone¢nych objem{, resp. vypoctového
modelovani proudéni tekutin — viz napftiklad [17, s. 137-141]). Na diskretiza¢ni schémata
proto klademe nasledujici tfi zdkladni pozadavky:

* konzervativnost (,conservativeness“) — schéma musi zachovavat hodnoty sténo-
vych tokti mezi sousednimi kontrolnimi objemy (tj. to, co skrze sdilenou sténu
»odtece“ z kontrolniho objemu V; do kontrolniho objemu V5, musi byt stejné jako
to, co do V; ,pritece“ z V});

* ohranicenost (,boundedness“) — schéma musi zajistovat, Ze vysledné feseni bude
tyzikédlné pfijatelné (tj. Ze nikdy nepiekroci hranice, které jsou pfedem dany mode-
lovanym fyzikdlnim jevem a okrajovymi podminkami);

* transportivita (,transportiveness“) — schéma musi zohlednovat ,smérovy“ cha-
rakter konvektivniho pfenosu (tj. skutecnost, Ze pti vyraznéjsi konvekci zavisi ¢
mnohem vice na hodnot€ proti proudu nez po proudu, zatimco pfti zanedbatelné
konvekci se ¢ §ifi do vS§ech smért priblizné stejné).
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2.5.2 Konvektivni a difuzni ¢len

UvaZujme pro jednoduchost ¢4st diskretizované jednorozmérné vypocetni domény z ob-
razku 2.7. Lze ukézat, Ze u vySe zminéného centrdlniho diferencovani,

_ dwoxwp + PpOxww _ ¢pOxer + Prdxpe
= . e =
6JCWP 5xPE

Pw

)

(2.9)

Fw5xwp +1Ip 5wa I'p 5er + FE(Sxpe
Iy = , Te= ’
5xPE

O xwp

tedy u intuitivniho zptisobu diskretizace, kdy jsou sténové hodnoty veli¢in ovlivnény
vSemi okolnimi uzlovymi hodnotami stejné, aniz by byl zohlednén smér proudéni, je za-
jiSténa konzervativnost, avSak ohranic¢enost je splnéna jen podminec¢né a transportivita
viibec. Ackoliv se tedy toto schéma vyznacuje presnosti druhého radu [18, kap. 6.1] a lze
ho s vihodou pouzit u difuznich ¢lent, k diskretizaci konvektivnich ¢lenti — nadto pak
ve zjednoduSenych CFD modelech tepelnych vyméniki a dal$ich procesnich a energe-
tickych zarizeni, kde je konvekce zpravidla nezanebatelna — se vzhledem ke zminénym
vlastnostem nehodi.

Kromé centralni diference byla tedy pro konvektivni ¢len navrzena i jind diskretiza¢ni
schémata, kterd vice ¢i méné tspésné fesi jeho nedostatky. Jednim z nich je schéma
»upwind “, které hodnoty veliciny ¢ v okolnich uzlech sité aproximuje po ¢astech kon-
stantni funkci zohlednujici smér proudéni. Takové diskretizacni schéma je tudizZ méné

Gradient:
(dp—dw)/Sxwp Gradient:
. (pe—¢p)/SxpE
S Ow

e - ¢w ¢ ¢E

e 0 A S
Uy —E) T —E) Ue
° Eo=e—coomos e ] °
w P e E
o) XWw | 0 XwP 1) XPe | 1) XeE
< > > >« >

Sxwp _ OXPpE =

Obrazek 2.7. Cast diskretizované jednorozmérné vypocetni domény se zvyraznénym kon-
trolnim objemem; znaceni uzlt vypocetni sité odpovidé klasické konvenci, tj. ,W* (resp.
»W*) pro zdpadni uzel (sténu kontrolniho objemu), ,P“ pro aktudlné feSeny uzel a ,E“ (resp.
»e“) pro vychodni uzel (sténu kontrolniho objemu)
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presné, nicméné je splnén pozadavek na transportivitu. Pfi pouziti znaceni z obrézku 2.8
pak pro kladny smér proudéni (u, ue > 0) Ize psat

bw = dw, Pe = ¢p, (2.10)

zatimco v opa¢ném piipade€ (uy, ue < 0) plati

Ow = ¢p, Pe = ¢E. (2.11)

Podobné jako drive 1ze snadno ukézat, Ze schéma ,,upwind “ spliiuje vSechny tfi vy3e
zminéné podminky a jeho aplikaci v uvazovanych zjednodusenych 3D CFD modelech
nic nebrani. Co se tyCe presnosti, schéma vychdzi ze zpétné diference a vyznacuje se
tudiz pfesnosti prvniho fadu. Nizsi piesnost v§ak nemusi nutné byt na zavadu, nebot
s mén¢é kvalitnimi vypocetnimi sitémi je pouZiti presn€jsich schémat a metod mnohdy
provazeno numerickymi obtiZemi (jak bude diskutovano déle v textu).

Kombinaci centrdlniho diferencovani a schématu ,upwind“ je hybridni schéma [19].
Je-li intenzita konvekce nizkd, presnéji pti Pécletové Cisle

F ou

Pe = B = m € (—2, 2), (2.12)
kde F znaci konvektivni hmotnostni tok (,,convective mass flux“), D difuzni vodivost
(,diffusion conductance“) a 6x odpovidajici rozmér kontrolniho objemu, je pouzito cen-
tralni diferencovéni. Pfi vyraznéjsi konvekci, kdy by aplikace centralniho diferencovani
byla problematickd, se pak vyuzije schéma ,,upwind“. Toto se pfitom v pocitaCovém
kédu samoziejmeé neimplementuje podminénym piikazem, ale vhodnym pfepisem od-
povidajicich vyrazi pomoci funkce ,max {-}“".

TPodminénym piikaztim by se ostatné mél programéator co mozna nejvice vyhybat, nebot zvysuji
komplexitu kédu, coz pak je ¢astou pric¢inou vyskytu chyb [20]. PfestoZe tedy funkce ,max {-}“ byva
interné implementovana pravé podminénym piikazem (byt nékdy schovanym v ternarnim operdtoru ?:),
zminénym prepisem se zvysi efektivita kddu a podminka se presune do ¢asti kddu, kterd neni ovlivnitelna
programdtorem a lze ji a priori povazovat za korektni.
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Obrazek 2.8. Aproximace sténovych hodnot veli¢iny ¢ pomoci schématu ,,upwind “
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JelikoZ centrdlni diferencovani i schéma ,,upwind“ jsou konzervativni, je zcela zfejmé
konzervativni i schéma hybridni. Ze stejného diivodu — a s ohledem na uziti centralni
diference ¢i schématu ,upwind“ podle aktudlni situace u toho kterého kontrolniho
objemu - jsou zajistény také ohranic¢enost a transportivita. MiZeme tudiZ konstatovat,
Ze i hybridni schéma, které by mélo oproti schématu ,,upwind “ pfinést ¢astecné zvysSeni
presnosti, Ize u zjednodusenych 3D CFD modeld uvazovat jako jeden z moZnych zptisobti
diskretizace.

Poslednim diskretizacnim schématem prvniho fadu, které zde bude zminéno, je
schéma ,power law“ [10, kap. 5.2-6]. Toto schéma pfi vyssi intenzité konvekce (|Pe| > 10)
zanedbdva vliv difuze a mélo by proto vést k jesté presnéjsim vysledklim nez hybridni
schéma. Podobné jako u hybridniho schématu neni pocitacova implementace provedena
podminénym piikazem, ale pomoci funkce ,max {-} “ a polynomu zavislého na Pécletové
Cisle. Co se ty¢e podminek z kapitoly 2.5.1, tyto jsou zde kompletné splnény.

Pokud tedy nebudeme uvazovat centralni diferencovéani, je otdzkou, které z vyse uve-
denych schémat - ,upwind“, hybridniho a ,power law“ — je pro potfeby diskretizace
konvektivniho ¢lenu (a ptfipadné i difuzniho ¢lenu, pokud pro néj nepouZijeme centralni
diferenci) ve zjednoduSenych 3D CFD modelech nejlepsi. Ddle bychom také méli zvazit,
zda by se nedosahlo znatelného zlepSeni situace implementaci schématu vyssiho radu,
napftiklad stabilizovaného schématu QUICK (,Stabilized Quadratic Upstream Interpo-
lation for Convective Kinetics“) [21], nékterého schématu z rodiny TVD (, Total Variation
Diminishing®) [22] apod.

Za timto ti¢elem bylo otestovdno préaveé stabilizované schéma QUICK, jehoZ imple-
Ukazalo se vSak, Ze aplikace zminéného schématu vede ke zcela neakceptovatelnému
ndrustu vypocetniho ¢asu, resp. v kombinaci s relativné hrubou kvddrovou vypocetni
siti nékdy dokonce k divergenci. Typické rozloZeni potfebnych poctii iteraci CFD feSice
a vypocetnich casti ziskané pomoci jedné z testovych tloh je uvedeno v tabulce 2.2. Od-
povidajici priibéhy skalovanych rezidui jsou pak zndzornény na obrazku 2.9. Byt by se

Tabulka 2.2. Primérné vypocetni ¢asy nutné k ziskani zkonvergovaného reseni typické usta-
lené dlohy pfi diskretizaci konvektivniho ¢lenu pomoci riiznych schémat. Ostatni nastaveni
zjednoduseného modelu (v€etné vypocetni sité o velikosti ~7 tis. bunék) bylo vZdy stejné.
Vysledky byly ziskany pomoci testovaciho kddu ze studie [A6], pficemZ primeérna relativni
chyba znaci prlimérnou velikost procentudlnich chyb predikovanych priitoki v jednotlivych
kanélech distribu¢niho systému vii¢i hodnotdam ziskanym detailnim 3D CFD vypoctem.

Diskretiza¢ni schéma Pocetiteraci  Vypocetni ¢as Pramérna rel. chyba

»upwind 49 1,672's 1,43 %
hybridni 55 1,984 s 1,54 %
»power law* 53 1,915 1,49 %

stabilizované QUICK 285 8,208 s 1,12 %
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Obrazek 2.9. Pribéhy skédlovanych rezidui ziskané pfi diskretizaci konvektivniho ¢lenu
pomoci schémat z tabulky 2.2. Ostatni nastaveni zjednoduSeného modelu (v€etné vypocetni
sité o velikosti ~7 tis. bunék) bylo vZdy stejné.

tedy problém s divergenci moznad vytesil implementaci jiného schématu vyssiho fadu
(nebot o schématu QUICK je zndmo, Ze zptsobuje nefyzikdlni oscilace feSeni a mtize tak
zpusobit znacné potiZe [23]), zcela jisté by se vyraznéji nesniZila vypoctovd nédro¢nost.
Uvéazime-li zamyslené pouziti diskutovanych modelti a skute¢nost, Ze od nich ani ne-
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ocCekdvame pfilis§ presnd data, vychdzi jako nejvhodnéjsi schéma ,,upwind “, ptfipadné
»power law“.

2.5.3 Zdrojovy ¢len

Standardné je zdrojovy ¢len na pravé strané rovnice 2.7 zintegrované pres kontrolni objem
V diskretizovdn pomoci

/ S(¢) dV = SAV =S¢ + Sppp, (2.13)
|4

kde S zna¢i mérnou stiedni hodnotu S (¢) v kontrolnim objemu V, AV jeho objem, S
konstantni ¢ast linearizovaného tvaru a S, odpovidajici koeficient hodnoty veliciny ¢
v bodé ,P“ vypocetni sité (¢pp). Pokud bychom se tedy vratili k obecné diskretizované
transportni rovnici 2.8 a prfedpoklddali, Ze konstanta C obsahuje pouze prirtistek pocha-

zejici ze zdrojového clenu (tj. Ze C = S), ziskali bychom

appp = Z AnbPnb + Sc,  kde ap = Z nb — Sp. (2.14)
nb nb

Vzhledem k jednoduchosti této diskretizace a faktu, Ze se béZné pouziva i v detailnich
CFD modelech, neni nejmensi diivod diskretizovat zdrojovy ¢len ve zjednodusenych
modelech jinak.

2.5.4 Tranzientni ¢len

Volba diskretizacniho schématu pro tranzientni ¢len je z velké ¢4sti ovlivnéna kvalitou
vypocetni sité. Napriklad o standardnim explicitnim (dopfedném) Eulerové schématu
je zndma jeho nachylnost k nestabilité, pfiCemz maximalni pripustné délka casového
kroku je zavisld na druhé mocniné prostorového kroku (tj. toho kterého rozmeéru bunky
vypocetni sité) [17, kap. 8.2.1]. Je tedy ihned zfejmé, Ze implementace takového schématu
v kombinaci s ne pfili§ kvalitni kvddrovou vypocetni siti miZe snadno sniZit robustnost
vysledného modelu. Podobné pak je schéma Cranka a Nicolsonové [24], tedy aritmeticky
primér explicitni a implicitni diskretizace. Toto schéma se sice vyznacuje stabilitou, avsak
maximdlni délka ¢asového kroku je opét znacné omezena vypocetni siti (byt do mensi
miry nez u explicitniho schématu).

Zminény problém se vS§ak netykd implicitniho (zp€tného) Eulerova schématu, které
je stabilni. Lze totiZ volit i vyrazné delsi casovy krok, nez jaky by odpovidal limitni hodnoté
pro explicitni schéma. Volbu je oviem nutné provést s rozmyslem, nebot patficnd hodnota
musi zohledniovat skutecny stav neustdleného proudéni, tedy ¢asové méiitko, ve kterém
v proudéni probihaji zmény. I s vyrazné del$im ¢asovym krokem nicméné obvykle 1ze
ziskat feSeni, byt to mtiZe byt na tikor pfesnosti dat.

Komer¢ni CFD softwary typicky nabizi osvédcend implicitni diskretizacni schémata
prvniho ¢i druhého radu, pripadné schéma Cranka a Nicolsonové. Implicitni schéma
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prvniho fddu pfitom byva vychozi—a vbéznych tlohdch tykajicich se tepelnych vymeénik
apod. zcela dostacujici — moZznosti. Podobné jako u zdrojového ¢lenu tedy ani zde neni
dtivod implementovat cokoliv jiného neZ implicitni schéma prvniho fddu. Tranzientni
¢len z rovnice 2.7 potom po integraci prejde do tvaru

t _
/ / d(pop) dvds = (pP)l: (p¢)|t—AIAV’ (2.15)
t-atJv Ot At

kde At znaci délku ¢asového kroku. Toto se pfi uziti standardni konvence (veli¢iny z pred-
choziho ¢asového kroku s hornim indexem ,,0“, veli¢iny z aktudlniho ¢asového kroku
bez specidlniho oznaceni) projevi v rovnici 2.14 po nékolika tpravach zohlednujicich
rovnici spojitosti toku [10, s. 96-99] dodatecnym ¢clenem ap$y:

app = Z A P + aApdp + Se. (2.16)
nb

Koeficient ap zde musi byt oproti diivejsi verzi rovnice 2.14 také upraven,

ap= ) an+a) - Sy, (2.17)
nb

pficemz hodnota ag je pocitdna pomoci vztahu

o oAV
ap = pPE' (2.18)

Na zavér jeSté poznamenejme, Ze existuji také rliznd adaptivni schémata, kterd se
snazi vhodné kombinovat vyssi presnost dopredné diskretizace se stabilitou zpétné
diskretizace. Jako priklad lze uvést schéma popsané v ¢lanku [25], kde je mira implicit-
nosti fizena na zakladé vlastnosti bunék sité, nebo akcelerované schéma od de Souzy
a kol. [26]. Obecné vsak plati, Ze takovéd schémata vyzaduji kvalitni vypocetni sit a jejich
implementace ve zjednodusenych 3D CFD modelech by tudiZ byla problematicka.

2.6 Modelovani turbulence

Jednorovnicovy Spalartiv-Allmarastiv model [27] ani jeho libovolnd modifikace (viz de-
tailni popis této rodiny modelti napt. na webu NASA Langley Research Center [28]) nejsou
prili§ vhodné v pfipadé hrubych miiZek a simulaci proudéni v doménéch komplexnich
tvar(, kde je obtizné definovat délkové méritko. PInohodnotnd simulace turbulence
by tedy vyzadovala implementaci nékterého z bézné uzivanych modela (k—€, k—w apod.)
a znamenala by nutnost fesit pfinejmensim dvé dalsi soustavy rovnic, coz by potazmo
vedlo ke znatelnému zpomaleni vypoctt. V prvotni verzi simula¢niho softwaru z kapi-
toly 2.10 proto bylo pfistoupeno pouze ke Skalovani viskozity pomoci empirického vztahu

popsaného v ¢lanku [A5]. Tento byl odvozen na zdkladé dat z detailnich CFD vypoctt jak
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systém pro distribuci do prostiedi s konstantnim tlakem [29], tak kompletnich distri-
bucnich systémi s riiznymi uspordddnimi toku (,,U“, ,Z“ a , T*) a trubkového svazku
(rizné pocty fad a trubek v faddch, rizné usporadani trubek) [30]. Model tedy pracuje
s ,virtudlni“ viskozitou fi = k, u, kde koeficient k, je zavisly na lokdlnim Reynoldsové
Cisle, jemnosti sit€ a ¢astecné také geometrii distribu¢niho systému.

Jak bylo ukdzano na obrdzku 2.4 v kapitole 2.3.4, tento postup vede k dostatecné
presnym vysledkim (z pohledu pfiblizného modelovéni v optimaliza¢nich algoritmech
¢i jinych aplikacich odpovidajiciho charakteru). Vztah pro koeficient k;, by u vyrazné
odli$nych zafizeni musel zfejmé byt upraven, nicméné toto muze byt predmétem dalSiho
zkoumani, ukéze-li se, Ze je potfeba se tim zabyvat napfiklad v souvislosti s feSenim
projekt smluvniho vyzkumu pro zadavatele z aplikacni sféry. Co se tyce vypoctové na-
roc¢nosti, v kapitole 2.7 bude ukdzano, Ze pri uvedeném zptsobu modelovéani turbulence
1ze s vhodnymi maticovymi fe$ici a metodani pfedpodminéni ziskdvat zkonvergovana
reSeni ustdlenych uloh ve velmi kratkych ¢asech — bézné za jednotky az desitky vtefin
v zavislosti na poc¢tu bunék ve vypocetni siti.

Vyse zminény zplisob zahrnuti turbulence pfitom nijak neovlivni schopnost dopoci-
tavat a vizualizovat vorticitu,

w=rotu=Vxurv,w)=\———, — - —, — - —|, (2.19)

jejiz velikost je velmi dobrym ukazatelem lokdlni nachylnosti k zandSeni. Priklad aplikace
tohoto postupu pfi predikci zandSeni trubkového prostoru tepelného vyméniku v jed-
notce pro termické zneSkodnovéani procesnich odplynt a pfi nésledné analyze moZznych
napravnych opatreni Ize najit v clanku [A2].

Y& A b4 z

2.7 Maticové resice a metody predpodminéni

Navzdory tomu, Ze se zjednodusené CFD modely velmi podobaji modeliim standardnim,
u nich neni mozné k feSeni soustav rovnic pristupovat identicky. UZiti kvddrové — a po-
tazmo relativné hrubé — vypocetni sité ma totiZ nezanedbatelny negativni vliv na nu-
merické chovdni a mnohem castéji zde dochézi k potiZim s konvergenci. Numerické
metody pro feSeni soustav diskretizovanych rovnic, stejné jako pripadné metody pred-
podminéni’, tudiz musi byt voleny s ohledem na specifika zde uvazovanych CED modelti
a nelze se prili§ spoléhat na dostupnou literaturu (napiiklad monografii tykajici se nu-
merickych fe$icu [31], souhrnny prehled metod pfedpodminéni [32] ¢i obecné srovnani
vybranych metod pfedpodminéni [33]). Autorem této prace byly proto vypracovany dveé
rozsdhlé numerické studie [A6, A7] porovndvajici rychlost vypoctu a konvergenci pfi
pouziti riznych maticovych fe$ict spolu s riznymi metodami pfredpodminéni.

TPfedpodminénim (,preconditioning®) se rozumi, Ze namisto ptivodniho linedrniho systému Ax = b
je fesen systém M~'Ax = M~!b (piip. AM~!(Mx) = b) s matici M vhodné zvolenou tak, aby se novy
systém — zjednodus$ené feceno — vyznacoval lepsi feSitelnosti.
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Veskeré testovaci vypocty byly ve zminénych studiich provadény pomoci softwaru
popsaného déle v kapitole 2.10, do kterého byly prfidany potfebné funkcionality, napt.:

* préce s pfedem definovanymi sadami testovych tloh namisto spousténi uloh jed-
notlivé,

¢ automatické opakované provadéni vypoctil k ziskdni dostatecného poctu pozoro-
vanych hodnot,

* statistické zpracovéni vyslednych datovych soubort atd.

Odpovidajici software byl napsan v jazyce Java, ktery obsahuje Just-in-Time (JIT) kompi-
lator provéadéjici optimalizace strojového kddu dle potreby i za béhu aplikace. Bylo tedy
nutné zajistit, aby ¢innost kompildtoru neovliviiovala métrené hodnoty. Toho bylo dosa-
hovéano zarazenim dostate¢né rozsahlé ,zahtivaci“ faze, béhem které probéhly veskeré
dodate¢né kompilace a optimalizace kédu, pred kazdou ,, méftici“ fazi (detaily tykajici
se uvedeného procesu lze najit ve studii [A7]). VSechny testovaci vypocty pak byly vzdy
opakovany az 8okrat (dle velikosti vypocetni sité), z cehoZz az 30 opakovani predstavovalo
zminénou ,zahftivaci“ fazi. Ze sad hodnot ziskanych béhem , méricich“ fazi nakonec
byly dopocteny stfedni hodnoty a smérodatné odchylky. Celkem bylo ve studiich [A6, A7]
otestovano 51 828 riiznych kombinaci vypocetnich siti a numerickych metod.

Vhodnost béZné pouZzivanych maticovych fesicu k aplikaci ve zjednodu3enych CFD
modelech byla zkouména primarné ve studii [A7]. Kromé nepfedpodminénych fesicti
zde byly uvazovany i verze vyuZzivajici obvyklé metody predpodminéni. Studie [A6] se pak
zamétovala vyhradné na pouzitelnost symetrické netplné relaxace (,Symmetric Succes-
sive Over-Relaxation“, SSOR) [34] v jiném neZ Gaussové-Seidelové tvaru, tj. s relaxacnimi
parametry wg, wgr # 1,0.

V souladu s kapitolou 2.6 byla turbulence ve vSech tlohdch modelovdna umélym
Skalovanim viskozity, nikoliv explicitné pomoci nékterého ze standardnich modelti. D1i-
vodem je skutecnost, Ze dle dosud provedenych testi neni timto zjednodusenim nijak
z4sadné ovlivnéna presnost dat (ve smyslu ptibliZného modelovéni), avSak vysledné vypo-
Cetni Casy jsou vyrazné kratsi. Jsou ovSem pldnovény dodatecné testy, které by mély tento
predbézny zavér pomoci $irsi sady rtiznych testovacich distribu¢nich systémt potvrdit,
resp. vyvratit (v takovém pfipadé by pak nezbylo neZ implementovat do existujiciho 3D
CFD softwaru z kapitoly 2.10 i néktery z plnohodnotnych modelt turbulence).

2.7.1 Simulace proudéni bez prenosu energie

Obrézek 2.10 uvadi deset nejlepSich kombinaci maticovych fesi¢i a metod pfedpodmi-
néni pro pripad, kdy simulace zahrnovaly pouze proudéni, nikoliv v§ak pfenos energie.
Prezentované vypocetni casy odpovidaji dosaZeni zkonvergovaného reSeni ustalené tlohy
na reprezentativni vypocetni siti s ~25 tis. butikami. Pfedpodminéni typu ,Jacobi“ [35],
které bylo pouzito u kombinace €. 10 ze zminéného obrazku, odpovida sestrojeni patficné
matice pouze z diagondly matice feSeného linedarniho systému.
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Vyp. Cas: server

Kombinace:

Vyp. ¢as: laptop

Prim. zrychleni - e -

01 - p: CG:ILU, m: BiCGstab(3):ILU
02 — p: CG:SSOR, m: BiCGstab(3):SSOR

06 — p: CG:SSOR, m: BiCGstab(2):SSOR
07 - p: CG:IILU, m: BiCGstab(1):ILU

03 - p: CG:ILU, m: BiCGstab(2):ILU
04 - p: CG:—, m: BiCGstab(3):SSOR
05 - p: CG:—, m: BiCGstab(3):ILU

08 — p: CG:ILU, m: BiCGstab(1):—
09 — p: BiCGstab(1):—, m: BiCGstab(6):—
10 - p: CG:Jacobi, m: BiCGstab(1):Jacobi

Obrazek 2.10. Vypocetni casy odpovidajici deseti nejlepsim kombinacim maticovych fe-
$icti a metod predpodminéni pro simulace zahrnujici pouze proudéni na vypocetni siti
s ~25 tis. burikami; ,p“ znaci tlakovou korekci a ,m*“ rovnice pro jednotlivé slozky rych-
losti. Vypocty byly provadény na dvou strojich s vyrazné odliSnymi vykony (server: Intel
Xeon E5 2698 vy, 128 GB RAM,; laptop: Intel Core i5-6300U, 16 GB RAM) za ticelem zji$téni,
zda druh CPU vyznamné ovliviiuje vypocty provadéné pouze na jednom jadie. Primeérné
zrychleni bylo pocitdno pomoci vztahu 5 /tp — 1, kde tp znaci vypocetni ¢as pfi uziti dané

vewxo

avSak nepfedpodminénym (adaptovano z [A7]).

Z grafu vyplyv4, Ze u relativné hrubych kvadrovych siti dokaZe nejvétsi rychlost vypo-
¢tu poskytnout metoda sdruzenych gradientt (,,Conjugate Gradient Method“, CG) [36]
prfedpodminénd pomoci netiplného LU rozkladu se zaplnénim odpovidajicim ptivodni
matici’ (,Incomplete Lower-Upper Factorization with Zero-Level Fill-In“, ILU(0); pro
jednoduchost dédle oznacovano pouze jako ILU) [39] v pfipadé feSeni tlakové korekce
a stejné predpodminénd stabilizovana metoda bi-sdruzenych gradientt (,,Bi-Conjugate
Gradient Method Stabilized with Minimization of Residuals over /-Dimensional Subspa-

TNeﬁplné rozklady se zaplnénim fadu n > 0, tj. ILU(n) [37], ILUT (n) [31, kap. 10.4] a IC(n) [38], nebyly
zatim testovany, nicméné mohou piedstavovat dalsi zptisob, jak zlepsit numerické chovani modelu.
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ces“, BiCGstab(/)) [40] s | = 3 pri feSeni sloZek rychlosti proudéni. Druhou nejrychleji
konvergujici kombinaci pak tvori stejné maticové feSice pfredpodminéné pomoci SSOR
v Gaussoveé-Seidelové tvaru (tedy s obéma relaxa¢nimi faktory rovnymi jedné; jinak rela-
xované verze SSOR byly uvazovéany az ve studii [A6]). Z obrazku je déle patrné, Ze aplikaci
pfedpodminéni 1ze dosdhnout az 4,5ndsobného zrychleni vypoctu. Vysledky ziskané
pro hrubsi sit obsahujici fadové méné bunék pak byly podobné, pficemz nejvyssi mira
zrychleni dosahovala hodnoty priblizné 4,0.

Co se tyce napriklad hojné vyuzivané zobecnéné metody minimdlnich rezidui (,Gen-
eralized Minimal Residual Method“, GMRES) [41], netplného LU rozkladu s toleranci
a zaplnénim odpovidajicim ptivodni matici (,,Dual-Threshold Incomplete LU Factori-
zation with Zero-Level Fill-In“, ILUT(0); ddle oznacovéno pouze jako ILUT) [42] ¢i netpl-
ného Choleského rozkladu se zaplnénim odpovidajicim ptivodni matici (,Incomplete
Cholesky Factorization with Zero-Level Fill-In“, IC(0); dale jen IC) [43], tyto se ukdzaly
byt nepfipustné pomalymi, resp. mnohdy dokonce vyrazné ndchylnéjsimi k divergenci.
Z ostatnich numerickych metod zminénych ve studii [A7] mé& smysl zde uvést snad jen
metodu sdruzenych gradient aplikovanou na systém normélnich rovnic s minimali-
zaci normy rezidua (,,Conjugate Gradient Method on the Normal Residuals“, CGNR) [31,
kap. 8.3.1], kterd sice mtiZe byt pouZita k feSeni rovnic pro slozky rychlosti proudéni,
avSak —jak je vidét z obrazku 2.11 — obecné taktéZ vede k relativné pomalé konvergenci.

Ackoliv se z obrdzku 2.10 mize zdét, Ze rozdily mezi pouzitymi procesory jsou pod-
statné, neni tomu tak. Primérny relativni rozdil mezi vypocetnimi ¢asy pozorovanymi
na serveru a na laptopu byl totiZ ptiblizné 0,1 %. Lze tedy konstatovat, Ze z pohledu
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Obrazek 2.11. Vypocetni ¢asy ziskané pomoci dvou kombinaci identicky pfedpodminénych

numerickych fesicli pro simulace zahrnujici pouze proudéni na vypocetni siti odpovidajici
obrazku 2.10; ,p“ znaci tlakovou korekci a ,,m“ rovnice pro jednotlivé slozky rychlosti
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jednojadrovych vypoctu (jejichZ volba bude zdivodnéna déle v kapitole 2.9) neni mezi
modernimi procesory vyznamny rozdil, byt by tyto byly uréeny pro hardwarové diamet-
rdlné odlisné aplikace.

S ohledem na vysledky studie [A7] prezentované vySe byly v ndsledné studii [A6]
uvazovany pouze vybrané metody feSeni soustav linedrnich rovnic a predpodminéni.
V pripadé tlakové korekce byla vZdy pouzita metoda sdruZenych gradientti, zatimco
rovnice pro jednotlivé slozky rychlosti proudéni byly vZdy feSeny pomoci stabilizované
metody bi-sdruzenych gradient(i s parametrem / < 3. Na tomto misté je také vhodné
podotknout, Ze oproti studii [A7] se zde pracovalo s jinymi testovacimi vypocetnimi
sitémi a nadto byl kéd testovaci javové aplikace mezi jednotlivymi studiemi vylepSen. Vy-
pocetni ¢asy uvddéné pro jednotlivé studie tedy nelze pfimo srovndvat. Toto v§ak nevadji,
nebot veskeré nové uvazované vypocetni sité byly kromé symetrické netiplné relaxace
testovany i za pouziti netiplného LU rozkladu. Bylo tudiZ moZzné zjistit, zda — a pfipadné
do jaké miry - je aplikace symetrické netplné relaxace s riznymi hodnotami relaxacnich
parametri wg, wg vyhodnéjsi.

Béhem testovacich vypoctt byly postupné uzivany riizné hodnoty relaxa¢nich para-
metrii wg, wg = 0,1,0,2, ..., 1,8,1,9. Ctvercova okoli slibnych kombinaci (wg, wg) poté
byla déle vyhodnocovéana s krokem 0,02, tj. uzZitim hodnot w — 0,04, w — 0,02, w, w + 0,02
a w + 0,04. Ukazatelem vhodnosti té které kombinace numerickych metod byl opét
vypocetni ¢as nutny k dosaZeni zkonvergovaného reSeni ustdlené ulohy.

Podle dfivéjsich testii se kombinace metody sdruZenych gradientti a symetrické ne-
uplné relaxace zdala vhodna i pro feseni tlakové korekce. Nejprve tedy byly provedeny
testovaci vypocty, pti nichz byla tlakové korekce feSena pravé timto zptisobem, zatimco
u rovnic pro jednotlivé slozky rychlosti proudéni byly feSi¢e pfedpodminény pomoci
neuplného LU rozkladu. Ukdzalo se vsak, Ze tento postup je pti hodnotach wg, wg # 1,0
zcela nevyhovujici (zvlasté pak u rozsdhlejsich siti), nebot vétsina vypoctt bud skoncila di-
vergenci, nebo trvala nepfipustné dlouhou dobu. Zminéné chovéni je zndzornéno pro tfi
rizné velké vypocetni sité na obrazku 2.12 (detailni specifikaci parametrti téchto siti,
nastaveni CFD tloh a iterac¢nich a dal$ich limitt 1ze nalézt ve studii [A6]). Je tedy ziejmé,
Ze v pripadé tlakové korekce md smysl pouZit diskutovanou kombinaci numerického
reSice a predpodminéni snad jen v Gaussové-Seideloveé tvaru.

V néslednych testovacich vypoctech zahrnujicich symetrickou netiplnou relaxaci
s wr, wg # 1,0 proto bylo pfi feSeni tlakové korekce uzivdno vyhradné predpodminéni
pomoci neuplného LU rozkladu. Co se tycCe rovnic pro jednotlivé slozky rychlosti prou-
déni, bylo zjisténo, Ze s rostouci hodnotou parametru [/ klesaji nejen vypocetni ¢asy,
ale i stabilita vypoctu. Jinak fec¢eno, volbou vy3si hodnoty parametru / ve stabilizované
metodé bi-sdruzenych gradientti sice dosdhneme rychlejsiho vypoctu, ale za cenu vyssi
pravdépodobnosti divergence atp. — viz obrazek 2.13. Z tohoto obrazku je také zifejmé,
Ze pri | = 3 se nejlepsi kombinace relaxacnich parametrti nachdazely v okoli (1,0; 1,0)
a hodnoty wr ¢ [0,5; 1,5] byly veskrze nevhodné. Presto se vS§ak zminénd metoda v kom-
binaci s pfedpodminénim pomoci symetrické neuplné relaxace osvédcila bez ohledu
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Obrazek 2.12. Primérné vypocetni ¢asy pro rtizné kombinace relaxa¢nich parametri wr a
wg ziskané pomoci tii rizné velkych vypocetnich siti; tlakova korekce byla feSena pomoci
CG:SSOR a slozky rychlosti proudéni pomoci BiCGstab(3):ILU. Diagondlni kiizky znaci
kombinace relaxa¢nich parametrd, se kterymi nebyl proces feseni tispésny (v dlisledku
divergence, piip. vzacnéji vlivem prekroceni ¢asového ¢i iteracniho limitu). Stupnice byly
upraveny za Ucelem snazsi identifikace nejlepsich kombinaci (wg, wg). Déle je nutné po-
dotknout, Ze vzhledem k potfebnym rozsahtim stupnic jsou jejich dolni meze rovny nule,
i kdyZ jsou vykreslovand data vZdy vyrazné nenulova (adaptovéno z [A6]).

na velikost sité a lze fici, Ze pfi rozumné volbé relaxacnich parametrti wg, wr by nemélo
dochézet k vyraznym numerickym potizim.

Diikladnéjsim prozkoumanim c¢tvercovych okoli slibnych kombinaci (wg, wr) byl
ziskdn napt. graf uvedeny na obrédzku 2.14. Pro pozdéjsi snadnou volbu relaxa¢nich
parametr( v softwaru z kapitoly 2.10 byly pomoci vdZené metody nejmensich ¢tvercti
zjistény prabéhy zavislosti wg = awg + . Potfebné vahy byly pfitom pocitadny vztahem
Wi = (tmin/ti)*, kde tmin znaci minimalni vypocetni ¢as pozorovany s urcitou kombinaci
vypocetni sité a numerickych metod a #; vypocetni as zjiStény u patficné (ité) kombinace
relaxacnich parametrii (wg, wg). Tim doslo k adekvatnimu potlaceni vlivu kombinaci
relaxacnich parametri, s nimiz byly vypocetni ¢asy ddle od ¢asu minimalniho.
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Obrazek 2.13. Primérné vypocetni ¢asy pro sit obsahujici ~6 tis. bunék a riizné kombinace
numerickych resicli a metod prfedpodminéni. Tlakova korekce byla vzdy feSena pomoci
CG:ILU, rovnice pro jednotlivé slozky rychlosti proudéni pak pomoci BiCGstab(/):SSOR

Moy

sl =1, 2, resp. 3. Diagondlni kiizky znaci kombinace relaxa¢nich parametrd, se kterymi
nebyl proces fe$eni ispésny. Stupnice byly upraveny za ti¢elem snazsi identifikace nejlepsich
kombinaci (wg, wr) (adaptovdno z [A6]).

Z vysledkt ziskanych pomoci vSech testovanych vypocetnich siti byl nakonec identic-
kym zptisobem nalezen celkovy trend

wr = 0,861 wr + 0,056. (2.20)

Vzhledem ke skutec¢nosti, Ze nejrychleji konvergujici vypocty pracovaly s wg =~ 0,9, by pfi
uvazeni rovnice 2.20 mél i zpétny chod symetrické netplné relaxace vyuzivat relaxacni
parametr mensi nez 1,0 (tedy Ze je u obou chodli vhodné takto zlepSovat konvergenci
na ukor rychlosti vypoctu). Obecné také lze fici, Ze u simulaci nezahrnujicich prfenos
energie byla konvergence s nejlepsi kombinaci (wr, wg) v priméru o ~13 % pomalejsi
nez pri pfedpodminéni netiplnym LU rozkladem.
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Obrazek 2.14. Primérné vypocetni ¢asy pro sit odpovidajici obrdzku 2.13 a okoli slibnych
kombinaci relaxa¢nich parametri (wg, wg). Tlakova korekce byla vzdy feSena pomoci
CG:ILU, rovnice pro jednotlivé slozky rychlosti proudéni pak pomoci BiCGstab(3):SSOR.
Stupnice v¢. jejich hrani¢nich hodnot byly vyrazné upraveny za ticelem snazsi identifikace
nejlepsich kombinaci relaxac¢nich parametrti (adaptovéno z [A6]).

2.7.2 Simulace proudéni v€etné prenosu energie

V piipadé simulaci zahrnujicich i pfenos energie byly vysledky z pohledu numerickych
metod pouzitych pro reSeni tlakové korekce a sloZek rychlosti proudéni podobné. U re-
§ice pouZzitého pro energii oviem lze vidét zna¢né rozdilné kombinace metod (viz ob-
razek 2.15). Je zfejmé, Ze vSech deset nejlepSich kombinaci pouzivalo pro reSeni tlakové
korekce metodu sdruzenych gradientt pfredpodminénou pomocinetplného LU rozkladu.
Pro sloZky rychlosti byla vZdy nejlepsi stabilizovand metoda bi-sdruZenych gradient
sl = 2, resp. | = 3; opét predpodminénda vyhradné pomoci netiplného LU rozkladu.
Co se tyCe rovnice energie, kromé stabilizované metody bi-sdruzenych gradientti s rtiz-
nymi hodnotami parametru [/ 1ze vidét i metodu sdruzenych gradientli aplikovanou
na systém normalnich rovnic s minimalizaci normy rezidua. NejkratSich vypocetnich
¢asu vSak zde bylo dosaZeno uzitim stabilizované metody bi-sdruZzenych gradienttis [ = 2
predpodminéné pomoci symetrické netplné relaxace v Gaussové-Seideloveé tvaru, prip.
netplného LU rozkladu. Odpovidajici zrychleni vypoctu pak bylo pfiblizné 9,5ndsobné,
resp. u tfeti nejlepsi kombinace dokonce 16,8ndsobné.

U hrubsi sité obsahujici fddové méné bunék byly nejvhodnéjsi kombinace z pohledu
feSeni tlakové korekce a sloZek rychlosti proudéni v podstaté identické, ovSem pro feSeni
rovnice energie byla pouzita stejné pfedpodminén4 stabilizovand metoda bi-sdruZenych
gradientti vyhradné s [ = 2, resp. [ = 1. Pozorované zrychleni vypoctu ptitom bylo
3,6-6,9ndsobné.

Nésledné byla opét testovdna vhodnost symetrické netiplna relaxace, avSak zatim
pouze v pripadé reSeni rovnice energie (ostatni reSice vyuzivaly podobné jako diive
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Vyp. €as: laptop

01 - p: CG:ILU, m: BiCGstab(2):ILU, e:
02 - p: CG:ILU, m: BiCGstab(2):ILU, e:
03 - p: CG:ILU, m: BiCGstab(3):ILU, e:
04 - p: CG:ILU, m: BiCGstab(3):ILU, e:
05 - p: CG:ILU, m: BiCGstab(3):ILU, e:
06 — p: CG:ILU, m: BiCGstab(3):ILU, e:
07 - p: CG:ILU, m: BiCGstab(3):ILU, e:

Prim. zrychleni - e -

BiCGstab(2):SSOR
BiCGstab(2):ILU
BiCGstab(1):SSOR
BiCGstab(1):Jacobi
BiCGstab(2):—
BiCGstab(3):—
BiCGstab(6):—

08 — p: CG:ILU, m: BiCGstab(3):ILU, e: BiCGstab(7):—

09 - p: CG:ILU, m: BiCGstab(3):ILU, e: BiCGstab(8):—

10 — p: CG:ILU, m: BiCGstab(3):ILU, e: CGNR:Jacobi
Obrazek 2.15. Vypocetni ¢asy odpovidajici deseti nejlepsim kombinacim maticovych resici
ametod pfedpodminéni pro simulace zahrnujici proudéni i pfenos energie na vypocetni siti
s ~25 tis. burtkami; ,,p“ znaci tlakovou korekci, ,m* rovnice pro jednotlivé slozky rychlosti
a ,e“ energii. Stejné jako v pripadé proudéni bez pfenosu energie byly vypocty provadény
na dvou strojich s vyrazné odlisSnymi vykony. Priimérné zrychleni bylo pocitdno identicky
s obrazkem 2.10 (adaptovéno z [A7]).

pfedpodminéni netiplnym LU rozkladem; pro detaily tykajici se nastaveni CFD tloh
atd. je Ctendr opét odkdzan na studii [A6]). Bylo zjisténo, Ze nejlepsi je reSit rovnice
pro jednotlivé slozky rychlosti proudéni i rovnici energie pomoci stabilizované metody
bi-sdruzenych gradientt, a to s I = 3 v pfipadé slozek rychlosti a [ = 1 u energie (viz
obrézek 2.16). Tato kombinace byla — nejspis vlivem vyssi stability BiCGstab(1) — relativné
robustni. Druhou nejlepsi moZznosti pak bylo feSit oba typy rovnic pomoci stejné metody,
avSak vzdy s parametrem [ = 2. Uvedeny postup se nicméné vyznacoval vyrazné vétsim
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Obrazek 2.16. Primérné vypocetni ¢asy pro rizné kombinace relaxa¢nich parametrti wrp
a wg ziskané pomoci tii rtizné velkych vypocetnich siti; tlakova korekce byla feSena po-
moci CG:ILU, slozky rychlosti proudéni pomoci BiCGstab(3):ILU a rovnice energie pomoci
BiCGstab(1):SSOR. Diagonadlni kiizky znac¢i kombinace relaxac¢nich parametrd, se kterymi
nebyl proces feseni tispésny (v diisledku divergence, pfip. vzacnéji vlivem prekro¢eni ¢aso-
vého ¢i itera¢niho limitu). Stupnice byly upraveny za ticelem snazsi identifikace nejlepsich
kombinaci (wg, wg) (adaptovano z [A6]).

vyskytem numerickych potizi a vedl k primérné o ~38 % delSim vypocetnim castim.
Pouzitelné hodnoty relaxa¢nich parametrti byly navic pouze v relativné malém okoli
(1, 1), jak je zfejmé z obrazku 2.17. Déle lze ¥ici, Ze pri¢inou netspésnych feseni byla
v mens$i mire divergence a naopak mnohem castéji pomald konvergence.

Stejné jako v pfipadé simulace pouhého proudéni byla i zde detailn€ vyhodnocena
okoli slibnych kombinaci relaxa¢nich parametrii (wg, wr) a ndsledné byly zjistény trendy
pro jednotlivé sité a celkovy trend. Pro nejlepsi kombinaci numerickych metod (p: CG,
m: BiCGstab(3), e: BiCGstab(1)) byl tento

wgr = 0,866wg + 0,042. (2.21)
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Obrazek 2.17. Primérné vypocetni casy pro riizné kombinace relaxa¢nich parametrti wgp
a wg ziskané pomoci tii rizné velkych vypocetnich siti; tlakova korekce byla feSena po-
moci CG:ILU, slozky rychlosti proudéni pomoci BiCGstab(2):ILU a rovnice energie pomoci
BiCGstab(2):SSOR. Diagondlni kiizky znaci kombinace relaxa¢nich parametri, se kterymi
nebyl proces feSeni Gspésny (v diisledku prekroceni ¢asového limitu, prip. vzacnéji vli-
vem divergence c¢i piekroceni itera¢niho limitu). Stupnice byly upraveny za t¢elem snazsi
identifikace nejlepsich kombinaci (wg, wgr) (adaptovano z [A6]).

U druhé nejlepsi kombinace (p: CG, m + e: BiCGstab(2)) pak byl nalezen trend
wgr = 0,972wg + 0,005. (2.22)

Jelikoz nejkratsi vypocetni ¢asy byly ziskdny s wg = 1,2 (u nejlepsi kombinace), resp.
wr =~ 1,1, Ize fici, Ze s ohledem na trendy z rovnic 2.21 a 2.22 by i zpétny chod symetrické
netplné relaxace mél v obou piipadech pracovat s wg > 1,0 (tedy Ze mtiiZeme oba chody
mirné akcelerovat, aniz by to mélo negativni vliv na konvergenci).

Co se tyce vypocetnich ¢asti odpovidajicich rovnici energie pfedpodminéné symetric-
kou neuplnou relaxaci v porovndani s pfedpodminénim pomoci netiplného LU rozkladu,
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tyto byly pfi uvaZzovéani nejlepsi nalezené kombinace relaxa¢nich parametrti wg, wg v pri-
meéru o ~31 % delsi.

Posledni sada test(l zahrnovala piipady, kdy byla symetrickd netiplné relaxace po-
uzita pri feSeni jak rovnic slozek rychlosti proudéni, tak energie (tlakova korekce viak
byla z dfive uvedeného dtivodu stéle feSena pomoci metody sdruZenych gradient pred-
podminéné pomoci netplného LU rozkladu). Vzhledem k nutnosti volit ¢tyfi relaxa¢ni
parametry namisto dvou ovSem byla testovdana pouze omezend doména odpovidajici
wg, wg € [0,7; 1,3], kde se dal ocekavat vyskyt nejlepsich kombinaci relaxa¢nich para-
metri. Tim doslo k vyraznému sniZeni poc¢tu vyhodnocovanych piipadi - z jednotek
miliont na desetitisice —, pficemz stéle byla ziskdna relativné vypovidajici data.

Pripadné neziskani feSeni bylo zptisobeno spise pomalou konvergenci nez divergenci
a frekvence takovych numerickych potiZi byla opét vyrazné vyssi pti pouziti kombinace
numerickych metod zahrnujici stabilizovanou metodu bi-sdruZenych gradientt s pa-
rametrem [ = 2. Vizualizace vysledk je zde obtizZnéjsi, nebot by idealné byly potreba
Ctyfrozmérné grafy. Jednou z moZnosti, jak toto omezeni obejit, je vykresleni vypocetnich
¢astli pro jednu z dvojic relaxacnich parametrt s tim, Ze druhé dvojice je pfedem pevné
zvolena. Priklady patfi¢nych grafii jsou zndzornény na obrazku 2.18.

Pri uvazeni faktu, Ze dvojice relaxa¢nich parametrii jsou relativné nezavislé, bylo
moZné odpovidajici trendy hledat oddélené. Pro nejlepsi kombinaci numerickych metod
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Obrézek 2.18. Dvourozmérné grafy primeérnych vypocetnich ¢asti pro sit s ~6 tis. butikami
a rizné kombinace relaxac¢nich parametrti, kde byla pevné zvolena (a) nejlepsi kombi-
nace parametrti nalezena pfi feseni rovnice energie, (wr,e, wre) = (1,2; 0,7), resp. (b) nej-
lepsi kombinace parametr(i nalezenda pri feSeni jednotlivych sloZek rychlosti proudéni,
(a)F,m, wR,m) =(1,3; 1,1). Tlakova korekce byla feSena pomoci CG:ILU, slozky rychlosti prou-
déni pomoci BiCGstab(3):SSOR a rovnice energie pomoci BiCGstab(1):SSOR. Stupnice byly
upraveny za Ucelem snazsi identifikace nejlepsich kombinaci (wf, wgr) (adaptovano z [A6]).

37
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(p: CG, m: BiCGstab(3), e: BiCGstab(1)) byly nalezeny zavislosti

wgrm = 0,936wgm + 0,013 a

2.2
wre = 0,9490F 0 + 0,011, (2:23)

kde dolniindexy ,m* a ,e“ znaci slozky rychlosti proudéni, resp. energii. U druhé nejlepsi
kombinace (p: CG, m + e BiCGstab(2)) pak $lo o

wrm = 0,965wg m + 0,011 a

2.2
wre = 0,990 ¢ + 0,010. (2.24)

Z rovnic vySe vylyv4, Ze u sloZek rychlosti proudéni je moZzné oba chody symetrické
netplné relaxace mirné akcelerovat (wgm € [1,1; 1,3], orm < wgm), a to bez ohledu
na diskutované numerické metody. V pfipadé rovnice energie pak 1ze oba chody ak-
celerovat pouze pfi uziti BiCGstab(1) (wre < 1,2, wre < wre), zatimco s BiCGstab(2)
by dopfedny chod mél byt provddén bez akcelerace a mirné akcelerovat lze az zpétny
chod (wg,e = 1,0, Wpe > Wpe).

Vypocetni ¢asy dosaZené pri pfedpodminéni obou zminénych typt rovnic pomoci
symetrické neuplné relaxace byly v porovndni s predpodminénim vyhradné pomoci
netplného LU rozkladu priimérné pfinejmensim o ~35 % delsi. Nadto je vzhledem k zis-
kanym datiim nutné vzit v potaz skutecnost, Ze druha nejlepsi kombinace numerickych
metod zahrnujici BiCGstab(2) se sama o sobé u feSenych uloh oproti té prvni vyznacovala

vyrazné delSimi vypocetnimi ¢asy, a to az o ~67 %.

2.7.3 Doporucené pouziti symetrické netiplné relaxace

Na zdkladé experimentti provedenych v rdmci studie [A6] Ize konstatovat, Ze ve zjednodu-
Senych CFD modelech je moZné pouZzit symetrickou netiplnou relaxaci vcelku tispésné
pfi feSeni rovnic jednotlivych sloZek rychlosti proudéni i energie. Podminkami v3ak jsou
aplikace spolu se stabilizovanou metodou bi-sdruZenych gradienti s [ < 3 a vhodna
volba relaxa¢nich parametri, pricemz plati, Ze uzitim wg, wg # 1,0 1ze dosdhnout vy-
raznéjsiho zkraceni vypocetniho ¢asu nez prostou relaxaci v Gaussové-Seidelové tvaru
(tedy s wg = wg = 1,0). Naopak v ptipadé reSeni tlakové korekce, kde bylo nejlepsich
vysledkt dosazeno pomoci klasické metody sdruzenych gradientti, se pouziti zminéného
pfedpodminéni ukézalo pti wg = wgr = 1,0 jako méné vhodné, resp. s wg, wr # 1,0 jako
zcela nevhodné.

Velkou vyhodou symetrické netplné relaxace je skute¢nost, Ze matici, kterd je po-
uzivana béhem vlastniho pfredpodminéného iteracniho vypoctu, lze ziskat bez ohledu
na vlastnosti ptivodni matice reprezentujici feSeny linedrni systém. V porovnani s efektiv-
nim nedplnym LU rozkladem, kde toto rozhodné neplati, vSak vede symetrickd netiplna
relaxace k primérnému nartistu vypocetnich ¢ast alespor o ~23 %. Jako snadno auto-
matizovatelny kompromis tedy lze doporucit implementaci obou metod s tim, Ze jako
vychozi bude pouzit netuplny LU rozklad, zatimco ,zélozni feSeni“ v podobé symetrické
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neuplné relaxace za¢ne numericky feSit pouzivat az v pfipadé vyskytu divergence ¢ijinych
numerickych potizi.

2.7.4 Hladkost konvergence

UvéZzime-li popsané pouziti riiznych metod pfedpodminéni, nabizi se otdzka, jaky bude
toto mit vliv na konvergenci. S ohledem na data obdrZena béhem testovacich vypoctl
se obecné da rici, Ze pokud urcitd kombinace pfedpodminénych numerickych metod
poskytla zkonvergované feSeni, odpovidajici vypocetni ¢as byl kratsi nez v pripad€ stejné
kombinace bez pfedpodminéni, nicméné priibéhy jednotlivych Skdlovanych rezidui ne-
byly nutné hladsi. Stejné tak plati, Ze u pfedpodminénych metod dochdazelo k castéjSimu
vyskytu numerickych potiZi v podobé divergence.

Nejprve se podrobnéji podivejme na kombinaci metody sdruzenych gradientti (pro
tlakovou korekci) a stabilizované metody bi-sdruzenych gradienttis I < 3 (pro jednotlivé
slozky rychlosti proudéni). Bez pouZiti pfedpodminéni jsou v takovém pripadé€ prabéhy
Skédlovanych rezidui u jednotlivych sloZek rychlosti zpravidla hladké, pricemz hladkost
prabéhu skalovaného rezidua u tlakové korekce roste s hodnotou parametru ! (viz ob-
razky 2.19a a 2.19b). Na rychlost konvergence (ve smyslu potfebného poctu ,velkych*
iteraci CFD reSice) vSak toto v zdsadé nemd vliv. Na obrdzcich 2.19c a 2.19d pak je vidét,
Ze pti pouziti neuplného LU rozkladu je konvergence margindlné hladsi nez pri pouZiti
symetrické neuplné relaxace a — jak bude zfejmé z obrdzku 2.23a na stran€ 45 — vyrazné
hladsi nez u pfredpodminéni typu Jacobi.

V pripadé, Ze zjednoduSeny CFD model zahrnuje i pfenos energie (taktéZ reSeny
pomoci stabilizované metody bi-sdruzenych gradientt), je situace podobnd. Priibéhy
Skdlovanych rezidui u jednotlivych sloZek rychlosti jsou vesmés opét hladké, zatimco hlad-
kost prubéhu 8kdlovaného rezidua rovnice energie roste s rostoucim [ (viz obrazky 2.2oa
a 2.20b). Ani zde pfitom volba hodnoty [ pfili§ neovlivni pocet ,velkych“ iteraci CFD
reSi¢e nutnych k dosaZeni zkonvergovaného reSeni. Obrazky 2.2oc az 2.20f naopak ukazuji,
Ze pokud aplikujeme pfedpodminéni pomoci netiplného LU rozkladu, resp. symetrické
neulplné relaxace, m4 jiz volba parametru / nezanedbatelny vliv i na potfebny pocet
iteraci. Déle je také zfejmé, Ze v simulacich s pfenosem energie poskytuje marginalné
hladsi konvergenci symetricka netiplné relaxace, byt za cenu mozného vétsiho pocétu
iteraci CFD reSice.

Pro srovnani uvedme grafy skalovanych rezidui ziskané pomoci jinych — nepfedpod-
minénych — metod, které se k pouziti ve zjednoduSenych CFD vypoctech pfili§ nehodj,
ackoliv se obecné mohou vyznacovat hladsi konvergenci. Konkrétné jde o zobecnénou
metodu minimdlnich rezidui, metodu sdruzenych gradientti aplikovanou na systém
normaélnich rovnic s minimalizaci normy rezidua a metodu kvazi-minimélnich rezidui
(,Quasi-Minimal Residual Method“, QMR) [44]. Priibéhy ziskané pomoci zobecnéné
metody minimdlnich rezidui (obrazek 2.21a) jsou dle ocekavani hladké, nicméné prii-
meérny vypocetni cas, ktery byl potteba k ziskdni zkonvergovaného feSeni ustdlené ulohy
(176,97 s) je vysoce nad hodnotami pozorovanymi u diive testovanych kombinaci nu-
merickych metod zahrnujicich metodu sdruzenych gradientti pro feSeni tlakové ko-
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Obrazek 2.19. Pribéhy skdlovanych rezidui ziskané uzitim riznych kombinaci numerickych
metod a zpusobu pfedpodminéni na vypocetni siti s ~6 tis. butikami; ,p“ znaci tlakovou
korekci a ,m*“ rovnice pro jednotlivé sloZky rychlosti. Vypocty byly provadény pomoci
testovaciho k6du pouZzivaného ve studii [A6].

rekce a stabilizovanou metodu bi-sdruzenych gradient pro jednotlivé slozky rychlosti
proudéni (od 2,56 s vy$e). Metoda sdruzenych gradientti aplikovand na systém normal-
nich rovnic s minimalizaci normy rezidua (obrazek 2.21b) je vzhledem k potfebnému
vypocetnimu ¢asu na prvni pohled zcela nepfijatelnd. U metody kvazi-minimadlnich
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Obrazek 2.20. Pribéhy skdlovanych rezidui ziskané uZitim rtiznych kombinaci numerickych
metod a zplisobti pfedpodminéni na vypocetni siti odpovidajici obrazku 2.19; ,p“ znaci
tlakovou korekci, ,m“ rovnice pro jednotlivé slozky rychlosti a ,e“ energii. Vypocty byly
provddény pomoci testovaciho k6du pouzivaného ve studii [A6].

11



ZJEDNODUSENE CFD MODELOVANT{

Tlak. korekce —— Rychlost: x -——-- Rychlost: y -------
Rychlost: A— Energie R
10' . . . . . 10! . ; .
A (WEm, wrm) = (1,3; 1,1) \ (WEm, wr,m) = (1,0; 0,9)
(wF,e; wR,e) = (1,2; 0;7) L s ((UF,e’ wR,e) = (0,9; 1;2)
~~~~~ {1 € 10" | -
=
=)
‘N
g
1 w 107} 1
=1
g
2 105
. ,& 10 L .
.\ 2
1077 L L ! L L 1077 L ! L
0 15 30 45 60 75 90 0 30 60 90 120
Iterace Iterace
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e: BiCGstab(2):SSOR

Obrazek 2.20 (pokracovani). Priibéhy skalovanych rezidui ziskané uzitim raznych kom-
binaci numerickych metod a zptisobli pfedpodminéni na vypocetni siti odpovidajici ob-
razku 2.19; ,p“ znaci tlakovou korekci, ,m*“ rovnice pro jednotlivé slozky rychlosti a ,e*“
energii. Vypocty byly provadény pomoci testovaciho kédu pouzivaného ve studii [A6].

rezidui (obrazek 2.21c) pak byl vypocetni Cas relativné blizky hodnotdm pozorovanym
s CG/BiCGstab (/). Priibéhy skédlovanych rezidui sice nejsou zcela hladké, nicméné vcelku
stabilné klesaji a i u vétSich vypocetnich siti tedy nejspis§ nebude potieba vyrazné sniZeni
relaxa¢niho faktoru v metodé SIMPLEC (resp. relaxa¢nich faktorti v metodé SIMPLE).
Mohlo by se tedy zdét, Ze zminénd metoda bude dobfe pouZitelnd. Pokud se vSak podi-
vame na prabéhy skdlovanych rezidui ziskané s rtizné predpodminénymi verzemi této
metody (viz obrazek 2.22), je zfejmé, Ze tomu tak neni. Nepfedpodminénd verze QMR
se totiZ i se stavajici relativné malou vypocetni siti chovala zdaleka nejlépe a nelze tedy
prili§ ocekavat, Ze u vétSich vypocetnich siti tomu bude jinak. Kromé toho je zde nutné
podotknout, Ze pfi aplikaci netiplného LU rozkladu a netiplného Choleského rozkladu
byl vypocet velmi nachylny k divergenci a k ziskdni zkonvergovaného reSeni bylo nutné
vyrazné snizit relaxacni faktor pouzity v metodé SIMPLEC (na dvé tfetiny aZ polovinu
béZzné hodnoty).

Obrazek 2.23 pak uvadi prabéhy skdlovanych rezidui pro osvédc¢enou kombinaci
metody sdruZenych gradientti a stabilizované metody bi-sdruzenych gradientti s/ = 3,
které byly predpodminény pomoci metody ,Jacobi®, resp. netiplného Choleského roz-
kladu. Z prbéht je vidét, Ze v porovndni s diive diskutovanym netplnym LU rozkladem
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Obrazek 2.21. Priibéhy Skédlovanych rezidui ziskané pfi feSeni tlakové korekce i rovnic pro
jednotlivé slozky rychlosti pomoci nepfedpodminénych metod GMRES, CGNR a QMR;
favg znaci primeérny vypocetni ¢as nutny k ziskdni zkonvergovaného reSeni ustalené ulohy.
Veskeré vypocty byly provadény se stejnym nastavenim CFD ulohy jako u obrazku 2.19.

¢i symetrickou netplnou relaxaci se zde pouzité zptsoby pfedpodminéni vyznacuji horsi
konvergenci. Pro orienta¢ni porovnéni s vySe uvedenymi vysledky jsou opét zminény pru-
mérné vypocetni ¢asy nutné k ziskani zkonvergovaného reseni tstélené ulohy. I vtomto
pfipadé bylo pfi pouziti netiplného Choleského rozkladu nutné snizit relaxacni faktor
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Obrazek 2.22. Priibéhy skédlovanych rezidui ziskané pii feSeni tlakové korekce i rovnic pro
jednotlivé slozky rychlosti pomoci QMR, pri¢emz fesice byly pfedpodminény riznymi
(avSak pro vSechny typy rovnic vZdy stejnymi) zptisoby; fayg znaci priimérny vypocetni
¢as nutny k ziskani zkonvergovaného feseni ustdlené dlohy. Odhlédneme-li od pfipadného
sniZeni relaxa¢niho faktoru v metodé SIMPLEC, byly veskeré vypocty provadény se stejnym
nastavenim CFD ulohy jako u obrazku 2.19.
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Obrazek 2.23. Priibéhy skédlovanych rezidui ziskané pfi feseni tlakové korekce pomoci CG
a rovnic pro jednotlivé slozky rychlosti pomoci BiCGstab(3), pfi¢em?Z fe§ice byly pfedpodmi-
nény riznymi (avSak pro vSechny typy rovnic vzdy stejnymi) zptisoby; favg znaci priimérny
vypocetni ¢as nutny k ziskdni zkonvergovaného feSeni ustdlené tlohy. Odhlédneme-li od pfi-
padného sniZeni relaxacniho faktoru v metodé SIMPLEC, byly veSkeré vypocty provadény
se stejnym nastavenim CFD ulohy jako u obrazku 2.19.

pouzity v metodé SIMPLEC zhruba na polovinu bézné hodnoty, jelikoZz jinak vypocty
ihned kon¢ily divergenci. Tyto skute¢nosti jednozna¢né potvrzuji sniZenou vhodnost,
resp. iplnou nevhodnost zminénych zptisobti pfedpodmimnéni.

Co se tyc¢e predpodminéni pomoci netplného LU rozkladu s toleranci, tato metoda
vedla i na relativné malé testovaci vypocetni siti k témér okamzité divergenci bez ohledu
na pifipadné zmény relaxacniho faktoru v metodé SIMPLEC. Odtud plyne, Ze netiplny
LU rozklad s toleranci je pro potieby zjednodusenych CFD vypocth zcela nevhodny,
nebot u vétsich siti lze zpravidla o¢ekavat vyrazné vétsi numerické potize.

2.8 Poradi proménnych

Vhodnym zptisobem indexovani proménnych (,,ordering“) 1ze dosdhnout pifthodnéjsiho
rozloZeni prvki v feSenych maticich. Toto pak ma vliv nejen na chovani numerického
feSice (viz napfiklad studie [45] tykajici se metody sdruzenych gradientti nebo [46] disku-
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tujici zobecnénou metodu minimélnich rezidui), ale také na volbu pfedpodminéni [38]
a piipadnou paralelni implementaci’ CFD fesice [48].

Opomeneme-li paralelizaci, kterou, jak bude vysvétleno v kapitole 2.9, nem4 u zjed-
noduSenych CFD modelu pfili§ smysl uvazovat, je v komercénich CFD softwarech ¢asto
vyuzivano napt. indexovéni podle Cuthillové a McKeeho [49], resp. jeho obrdcena [50]
¢i blokové [51] varianta. Alternativni zptisoby indexovéani vSak zatim v aplikaci popisované
déle (kap. 2.10) nebyly z ¢asovych diivodli implementovany a vysledky veSkerych prove-
denych testovacich vypoctt tudiZ odpovidaji prirozenému poradi proménnych. JelikoZ
ale muaze byt vhodné indexovani cestou ke zvySeni robustnosti modelu, zvlasté pak pfti
predpodminéni pomoci nékterého z netiplnych rozkladt [31, s. 322—323], je planovano
pridat patficné funkcionality do jiZ existujiciho automatického generatoru vypocetni sité.
Nésledné pak bude zkoumaéno, ktery konkrétni zptisob indexovani by byl v kombinaci
se zjednoduSenou kvadrovou vypocetni siti nejvhodné;jsi.

2.9 Aspekty pocitacové implementace

Zjednodusené CFD modely se od téch standardnich do urcité miry lisi a pfi jejich pocita-
¢ové implementaci je proto nutné zvazit primarné tyto faktory:

e provadéni vypoctli na jednom, resp. vice jddrech CPU,

e inteligentni inicializace feSeni,

e inteligentni fizeni limitt v maticovych reSicich,

* zpusob prace s daty v paméti a

* pouziti specializovanych knihoven pro linearni algebru.

V nésledujicim textu bude kazdy z faktorti vySe rozebran podrobnéji.

2.9.1 Jednojadrovy vs. vicejadrovy vypocet

Provadéni potfebnych maticovych vypoctli na vice jddrech procesoru je v pripadé stan-
dardnich CFD modelt zcela béZné a téZko si predstavime komer¢ni CFD software, ktery
by toto nedélal. U zjednodusenych CFD modelt je v§ak zcela namisté se zamyslet, zda
takovy pfistup nebude spiSe kontraproduktivni.

K tomu, aby vicejadrovy vypocet mohl fungovat, je zpravidla potfeba nejen rozsirit
stavajici vypocetni sit o nové buriky, které posléze realizuji propojeni jednotlivych vypo-
¢etnich domén, ale hlavné na tirovni opera¢niho systému vytvofit nové procesy* a zajistit

TU paralelni implementace je nutné zvazit celou §kalu souvisejich faktorti — napiiklad to, zda jsou
data modelu ve sdileném adresnim prostoru nebo v distribuovaném adresnim prostoru (a jaky zptisob
komunikace mezi vypocetnimi uzly je v takovém pripadé€ pouZit)[47] a podobné.

*Jeden proces (tzv. ,master*) vzdy cely paralelni vypocet fidi, zbylé procesy (,slave“) jsou vykonné.
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co mozna nejefektivnéjsi komunikaci mezi nimi. Toto je vSak spojeno s nezanedbatel-
nym zdrZenim v disledku latence a propustnosti pouZzitého komunika¢niho rozhrani
(,Message Passing Interface“, MPI) a vlastni komunikacni vrstvy (napt. sdileny adresni
prostor v RAM, sitovy standard InfiniBand [52] atp.) a skuteénosti, Ze iteracni vypocet
musi z podstaty véci probihat do urcité miry synchronné. Nartst vypocetniho vykonu
s poc¢tem vyuzitych jader CPU proto neni ani zdaleka linearni.

P1i vypoctu pouze na jednom jadie CPU naopak neni potfeba jakkoliv roz§ifovat vy-
pocetni sit, vytvaret a spravovat dodatecné procesy, predavat data ¢i cekat na dokonceni
dil¢ich vypocti na jinych jadrech CPU. Vezmeme-li v Givahu relativné malé pocty bunék
ve zjednoduSenych vypocetnich sitich, 1ze v kombinaci s dnes béZné dostupnymi kapaci-
tami velmi rychlych Level 1-3 vyrovndvacich paméti v modernich procesorech mnohdy
celou zjednodusSenou CFD tlohu spocitat na jednom jadre rychleji. NeZ abychom tedy
dosahli méné vyznamného zrychleni vypoctu paralelizaci maticovych operaci, je pfi
vyhodnocovdani vétsi sady tloh, optimalizaci apod. (tedy v situacich, pro které jsou zjed-
nodusené CFD tulohy ur¢eny) mnohem vyhodnéjsi paralelizovat provadéni kompletnich
CFD vypoctt v ramci sady ¢i nélezité prizptisobeného optimaliza¢niho procesu.

2.9.2 Inteligentni inicializace reSeni

Ve standardnich CFD modelech se typicky pouZzivé jeden z nésledujicich zptisobti nasta-
veni pocate¢nich hodnot proménnych:

* inicializace dle okrajovych podminek,
* hybridni inicializace, prip.
e inicializace nulami.

Za¢néme posledni moznosti, kterd je sice nejjednodussi, nicméné obvykle také nej-
méné vhodna. Inicializaci nulami se totiZ rozumi, Ze hodnoty dotéenych veli¢in (rychlosti
proudéni u, v a w, tlakovych korekci atd.) jsou na zac¢atku vypoctu ve vSech burikdach
sité prosté nulové. Takovy postup vSak u zjednodusenych modeltt mnohdy povede bez
vyraznéjsi relaxace k divergenci.

Pri inicializaci dle okrajovych podminek se naopak v celé doméné nastavi hodnoty
velic¢in dle parametrti na vstupu a vystupu. V obvyklych tlohdch proudéni tekutin v pro-
cesnich a energetickych zafizenich to znamen4, Ze tlak je nastaven podle vystupni z6ny
(ptip. zon; ,pressure outlet®), zatimco rychlosti proudéni jsou odhadnuty pomoci infor-
maci ze vstupni zony (pfip. z6n; ,velocity inlet“ u nestlacitelného proudéni, resp. ,mass
flow inlet“ v pfipadé stlacitelného proudéni).

Posledni moznost, tedy hybridni inicializace, je v podstaté inicializaci dvoji, nebot
CFD resi¢ nejprve provede obvyklou inicializaci (napf. dle okrajovych podminek), kterou
pak na zna¢né zhrubené siti ndsleduji jednotky aZ desitky iteraci standardniho vypoctu.
Vysledky jsou posléze extrapolovany zpét na ptivodni sit, ¢imz lze oproti zbylym dvéma
postuplim ziskat vyrazné lepsi pocatec¢ni odhad.
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wews 2~ 2

Zjednodusené CFD modely jsou nachylnéjsi k vyskytu numerickych potiZzi, ale na-
vzdory tomu by mély byt co moZna nejvice autonomni. Z popisu vySe proto vyplyva,
Ze uziti inicializace nulami je nevhodné, zatimco hybridni inicializace je vzhledem k jiz
relativné hrubé vypocetni siti de facto identickd se samotnym zjednoduSenym CFD vy-
poctem. To v§ak neznamen4, Ze jedinou zbylou moZnosti je inicializace dle okrajovych
podminek. Zatimco standardni CFD modely jsou koncipovény jako co moZnd nejo-
becnéjsi simulacni nastroje, u zjednodusenych CFD modelt 1ze naopak predpokladat,
Ze o modelovanych zatizenich ¢i distribu¢nich systémech v nich mdme k dispozici nemalo
informaci. Vkonec¢ném diisledku tudiz Ize vcelku snadno a s minimem programétorského
asili inicializovat feSeni inteligentnéji.

Jako priklad si predstavme distribucni systém vzduchového chladice z obrazku 2.24.
Hrdla pro ptivod a odvod chlazené vody jsou k distributoru a kolektoru pfipojena zespod.
Pokud bychom tedy pouzili inicializaci dle okrajovych podminek, byl by poc¢ate¢ni odhad
tlaku sice prijatelny, avSak slozky rychlosti proudéni by byly takika v celé vypocetni
doméné nespravné. V obrazku totiz vidime, Ze pro vstupni a vystupni hrdlaplatiz = v = 0
aw # 0, zatimco v distributoru a kolektoru jsou vSechny tfi slozky rychlosti proudéni

vzduch

t t ¢ttt 1
|

Y =

voda f 4 4 ¢ t
A vzduch

(a) vzduchovy chladi¢

1 voda
Lk 1
yT_>
£ i

(b) pohled zespodu na trubkovy svazek s prostfidanym uspofddédnim trubek

Obrazek 2.24. Vzduchovy chladic se svazkem s prostfidanym uspordddnim trubek a hrdly
pripojenymi ke spodnim plochdm distributoru a kolektoru
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obecné nenulové a v trubkovém svazku je u # 0, v ~ 0 aw ~ 0. Mnohem lepsi by proto
bylo udélat tfeba nésledujict:

v trubkdch svazku dopocist priimérnou rychlost proudéni ve sméru osy x a tuto
zde pouzit jako pocéatec¢ni odhad u spolusv = w = 0;

¢ v hlavnich kandlech dopocist primérnou rychlost proudéni celym priifezem ve
smeéru osy x a tuto pouzit jako pocatecni odhad u, analogicky dopocist primérnou
rychlost proudéni ve sméru osy z a jeji kladnou hodnotu pouZit v distributoru
azapornou hodnotu v kolektoru jako odhad w, zatimco odhad zbylé sloZky rychlosti
proudéni, v, by zde ztstal nulovy.

z 4

S takovou ,inteligentni“ inicializaci, kterd neodpovida striktné€ okrajovym podminkdm,
byt je z jejich hodnot ¢astecné odvozena, by bylo dosazeno lepsi konvergence a feSeni
ulohy by tak potazmo bylo ziskdno drive. Podobné by pak $lo postupovat i u jinych
geometrii ¢i usporadéni distribu¢nich systém a zafizeni. Jedinou potencidlni nevyhodou
zde je nutnost trividlnim zpisobem zasdhnout do zdrojového k6édu simulacni aplikace,
nicméné implementace zjednodusenych CFD modelti se bez takovych zasahti obvykle
stejné neobejde.

2.9.3 Inteligentni fizeni internich limit& v maticovych fesicich

Interni maticové reSiCe typicky pracuji se ¢tyfmi internimi limity. Konkrétné jde o maxi-
malni povoleny pocet iteraci, imax, a relativni, €;, absolutni, €,, a divergencni, €4, toleranci
pro Skdlované reziduum, r. Pomoci rezidua r; ziskaného v prvni iteraci pak v kazdé dalsi
iteraci i < imax kontrolujeme, zda bylo dosaZeno konvergence, tj. zda plati

r; <max{re€,€,} azaroven
(2.25)

ri < Té€q.
BéZné je pritom numerickym feSiCem vraceno feSeni — v kontrastu s vyjimkou ¢i jinym
zpusobem indikace chyby — pouze pfi splnéni obou uvedenych podminek. Kromé toho
je vhodné pomoci rezidua kontrolovat, zda neni aktuélni feSeni degenerovano natolik, Ze
se z né€j stalo ,necislo“ (,Not a Number*, NaN). Vzhledem k definici NaN to lze provést
néasledovné:

if (r!l=r) {
// r == NaN

b

Tento zptisob kontroly je navic v mnoha jazycich (napt. ve standardnim C ¢i C++) je-
dinym moZnym. Nékteré moderni jazyky (kuptikladu Java ¢i C/C++ od revize ISO/IEC
9899:1999 [53]) sice maji pro zminény ucel k dispozici specidlni metody, oviem tyto jsou
interné implementovany identickym postupem.
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Obvyklou praxi je nastavit interni limity maticovych fesi¢t na zac¢atku CFD vypoctu
a déle je neménit. Itera¢ni limit byva i, = 10 000, zatimco hodnoty ostatnich limitd je
potfeba nastavit s ohledem na feSenou tilohu a pouzity datovy typ proménnych. V dnedni
dobé jiz pti béZnych vypoctech nebyva nutné uchylovat se za icelem tispory paméti
k uziti datového typu float (v nékterych jazycich oznacovan jako single). Pouzivé se tedy

prevazné datovy typ double poskytujici vyssi pfesnost, u kterého se hodnoty internich
limit obvykle pohybuji kolem

€ =107°,
€, =107, (2.26)
€q = 10°.

Nic ndm vsSak nebrani hodnoty limiti v maticovych fesicich meénit podle toho, jak se po-
stupné snizuji rezidua CFD feSice. Ackoliv jsou tedy ve vyvinutém softwaru popsaném
dale v kapitole 2.10 pouZivany konstantni absolutni a divergen¢ni tolerance, itera¢ni limit
a relativni tolerance jsou aktualizovdny pred kazdym jednotlivym maticovym vypoctem.

Itera¢ni limit je ménén pouze v zdvislosti na aktudlni ,velké“ iteraci CFD feSice, I.
Na zacatku CFD vypoctu, kdy jsou jednotliva skalarni pole daleko od kone¢ného reseni
a vyssi pocet iteraci maticového resice muiZze proto byt spiSe kontraproduktivni (nema
smysl resit prili§ pfesné zadani s nepfesnymi vstupy), je tento limit niZsi. Jeho hodnota
potom v prabéhu prvnich 20 ,velkych“ iteraci postupné roste aZ na zminénych 10 ooo:

imax = min {5001, 10 000} . (2.27)

Analogicky je postupné snizovdna hodnota relativni tolerance, kterd zavisi na uzivate-
lem zadané relativni toleranci pro tu kterou velicinu ¢, €; 4, a hodnoté odpovidajiciho
neskalovaného rezidua pfed zapocetim procesu feSeni linedrniho systému, Ry:

5¢(11-1), 1<10
€ =14 3¢/(I -10), I e [11;25] kde € =min{e. 4, Ry} (2.28)
é/5, I>25

Tim je zajiSténo, aby nedochézelo k nadmérné prfesnému feSeni soustav linedrnich rovnic,
coz kromé zjevného prodlouZeni vypocetniho ¢asu muiZe vést i k numerickym potiZim.
Déle je vhodné upravit kdd maticového reSice tak, aby pfi prekroceni interniho itera¢niho
limitu nevracel chybu, jak byvé obvyklé, ale aktudlni vektor feSeni. Je totiZ vyrazné lepsi
pokracovat v CFD fesic¢i s mezivysledkem, byt niz$i kvality, nez aby cely proces feseni
havaroval.

U nékterych maticovych resict — typicky téch, které jsou odvozeny z metody bi-sdruze-
nych gradientti — miZe nastat tzv. rozpad (,solver breakdown“) [54], tedy situace, kdy by
provedeni dodatec¢nych iteraci vedlo pouze k dalsi degeneraci feSeni. Jsou sice k dispozici
metody, které se snazi rozpadiim predchézet (napr. metoda kvazi-minimadlnich rezidui
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¢i razné oSetfené verze metody bi-sdruZenych gradientt [55]), nicméné ani u nich nelze
vyskyt rozpadu zcela vyloucit. V takovém piipad€ je doporuc¢eno zminéné Ctyfi interni
limity rozsirit o limit paty, €}, nutny k detekci patri¢né situace. Vybrané interni hodnoty
jsou pak v pribéhu maticového vypoctu porovnavany namisto s ,exaktni“ nulou prave
s €p. Jsou-li mensi, znaci to hrozici rozpad feSice a je tedy lepsi itera¢ni proces zastavit.
V softwaru z kapitoly 2.10 se za timto ti¢elem pouziva limit e, = 1073 a itera¢ni proces
matricového resice je v pripadé jeho dosaZeni opét ukoncen vracenim aktudlniho reSeni
namisto chyby.

2.9.4 Pracesdatyvpaméti

Zpusob prace s daty v paméti neni u zjednodusenych CFD modeld vlivem vyrazné men-
$ich vypocetnich siti natolik kriticky, nicméné€ se stéle vyplati nepfistupovat k této pro-
blematice bez rozmyslu. Nenfi totiZ ani tak podstatné, kolik kterd datova struktura zabere
v RAM mista, jako to, co bude rychlejsi z pohledu pfistupu.

Jednoznacné zde plati, Ze vSechny skaldarni proménné a dalsi pomocné objekty by
meély byt pokud moZzno uloZeny ve statickych polich (statickych ve smyslu ,fixni velikosti“,
nikoliv ve smyslu klicového slova static). V javové syntaxi by tedy takova proménnd byla
deklarovdna néasledovné:

double[] arr = new double[size];

Potfebujeme-li z néjakého diivodu pouzit datovou strukturu s pfedem nezndmym
poctem prvki, v mnoha modernich jazycich se pfimo nabizi uziti kolekci. Typickymi
aplikacemi jsou algoritmus vytvarejici vlastni vypocetni sit nebo prace se specidlnimi
z6nami (stény ¢i buriky ve vstupni a vystupni oblasti apod.), kde je nutné co nejrychleji
mezi sebou prevadét pomocné ¢i lokdlni z6nové indexy a globélni indexy objekti. Mu-
sime ale mit na paméti, Ze vkaZdém programovacim jazyce existuje mnoho rtiznych typt
kolekci ne vS§echny z nich podporuji vSechny béZné operace (ptfidani prvku, odebrani
prvku, vraceni prvku dle indexu, hledani indexu dle prvku atd.).

Kolekce kromé toho mohou pracovat odlisSnymi zptisoby. Pokud bychom se opét
meéli drzet Javy, jinak funguji rizné implementace seznamu (List), fronty (Queue), mapy
(Map) ¢i mnoziny (Set). Nékteré kolekce nadto nemusi poskytovat tzv. ,thread-safe“
implementaci, coZ miZe byt potencidlni pfi¢inou potiZiiv pfipadé, Ze bychom simula¢ni
aplikaci cilili na vypocet na jednom jadie CPU (nelze zaménovat s béhem v jednom
vldkné!). VZdy je proto potfeba nejprve zvézit, jaké konkrétni operace a vlastnosti budou
u té které kolekce vyZadovany (prip. idedlné také v jakém zastoupeni) a aZ podle toho
zvolit vhodny typ kolekce.

V implementacich zjednodusSenych CFD modelt pravdépodobné vétsina pripadt
vyzadujicich uziti kolekce — na rozdil od statickych poli - zahrnuje jednorazové (byt tfeba
postupné) naplnéni dané ,referencni“ kolekce prvky a jeji pozdéjsi prosté prochézeni
iteratorem, vraceni prvki dle indexd, ¢i zjistovani, zda ten ktery prvek je v kolekci obsazen.
Na zdkladé riznych benchmark javovych kolekci (napf. testu [56], ktery je sice starsi,
ale dle zkousek provedenych autorem této prace stédle platnym i v novéjSich verzich

51



52

ZJEDNODUSENE CFD MODELOVANT{

béhového prostiedi Javy) se k danému tielu nejlépe hodi ArrayList. Tento se u zminénych
operaci vyznacuje komplexitou O (1) u pfidani prvku na konec kolekce (add()), vrdcenim
prvku dle indexu (get()) a iterovani skrze kolekci (next()), resp. O(n) v pripadé zjisténi,
zda je urcity prvek v kolekci obsaZen (contains()).

Pokud bychom pottebovali frontu, at uz FIFO (, first-in, first-out“) nebo LIFO (,last-in,
first-out“), nebo ndm pro patficny tcel stacila namisto seznamu fronta, je nejvhodnéjsi
pouZit ArrayDeque. Na takové kolekci nelze ze zjevnych diivodli provadét né€které ope-
race bézné dostupné u seznamu (napf. vraceni prvku dle indexu) a samotna datova
struktura vyZaduje oproti ArrayListu vice mista v RAM vlivem jiné politiky zmén velikosti
pfi pridavani a odebirani prvkd. Toto je vSak vykoupeno vyssi celkovou rychlosti pfi-
stupt v pfipadé, Ze je nutné pridavat prvky nejen na konec kolekce, ale i na jeji zacatek
(ArrayList: O(n), ArrayDeque: O(1)).

Ve dfive zminénych specidlnich piipadech, kdy musime prevadét mezi pomocnymi
¢ilokdlnimi zénovymi indexy a globdlnimi indexy objekt(, pak je v Javé nejvhodnéj$im
typem kolekce HashMap. Jde o datovou strukturu uchovavajici pary (kli¢, hodnota), ktera
se vyznacuje komplexitou vyhledani prvku (get()) O(1). Velkou vyhodou zde je skutec-
nost, Ze indexy objektll ve vypocetni siti jsou standardné unikatni cela ¢isla a mohou
proto primo slouzit jako klice nejen pro identifikaci jednotlivych prvki v mapé, ale také
v hashovaci tabulce, kterou HashMap interné vyuziva.

Zaméime se nyni na data, kterd musi byt z dtivodu provadénych operaci (tj. typové
kompatibility s volanymi metodami) uloZena jako matice ¢i vektory. Je zfejmé, Ze vektory
se slozkami rychlosti proudéni, tlaky atd. mé smysl deklarovat jako husté. Pokud bychom
pro maticové vypocty pouZzivali naptiklad knihovnu Parallel Colt [57] (kterou vyuZiva
software z kapitoly 2.10) a datovy typ double, mohla by deklarace patficného vektoru
vypadat takto':

DoubleMatrix1D vec = new DenseDoubleMatrix1D(size);

Naopak dvourozmérné matice reprezentujici soustavy linearizovanych rovnic je Za-
douci deklarovat jako fidké, nebot v nich je mnoho prvkd striktné nulovych a usetii se tak
nezanedbatelné mnoZstvi pameéti. Syntaxe je zde analogickd, napiiklad

DoubleMatrix2D mat = new SparseRCDoubleMatrix2D(rows, cols);

2. 2 N2 wevs

Existuje mnoho formata ukladéani fidkych dat (viz napft. [58, s. 57-60]), z nichZ nejb€Zné;jsi
jsou rtizné slovnikové ¢i seznamové zptisoby a komprimace po fddcich nebo po sloupcich.
Komprimované formdty pritom uklddaji nenulové prvky matice do jednorozmeérného
statického pole a jejich poloha v matici pak je ur¢ena dvéma jednorozmérnymi inde-
xovymi poli. V dfive zminéné knihovné Parallel Colt uvedenym formatiim odpovidaji
datové typy SparseDoubleMatrix2D, resp. SparseCCDoubleMatrix2D (komprimace po sloup-
cich) a SparseRCDoubleMatrix2D (komprimace po rfadcich). Ddle knihovna nabizi i typy

TVzhledem k pozdé&jsimu volani metody solve() pro feseni soustavy rovnic, kterd je univerzalni a ne-
rozliSuje mezi hustymi a fidkymi maticemi a vektory, a faktu, Ze DoubleMatrix1D je abstraktni tfidou,
je nutné deklaraci uvést timto ,typové smiSenym“ zptisobem.
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SparseCCMDoubleMatrix2D a SparseRCMDoubleMatrix2D, které jsou také komprimované,
ale ukladaji jednotlivé sloupce ¢i fadky jako ridké vektory (SparseDoubleMatrix1D).

Za Gcelem zjisténi, ktery z uvedenych zptisobii je pro potreby zjednoduseného CFD
modelovani pii pouziti knihovny Parallel Colt nejvyhodné;jsi’, byl proveden jednoduchy
benchmark. Z redlného vypoctu byla prevzata matice systému linearizovanych rovnic
o hodnosti ~14 000 spolu s vektorem pravé strany a bylo zkouméno, nakolik se zptisob
uloZeni matice projevi ve spotieb€ RAM a jak dlouho bude za jinak identickych podminek
trvat jedno vyreSeni patficného systému. Vysledky jsou shrnuty v tabulce 2.3 a vyplyva
z nich, Ze pro ukladéni matic je nejlepsi pouzivat datovy typ SparseRCDoubleMatrix2D,
a to jak z pohledu spotreby paméti, tak i z pohledu vypocetniho ¢asu. Na tomto misté
je vhodné upozornit na vyrazné delsi vypocetni ¢asy zmétené pti pouziti datovych typt
SparseCCMDoubleMatrix2D a SparseRCMDoubleMatrix2D (tedy na skute¢nost, Ze u odpo-
vidajicich hodnot v tabulce opravdu nechybi desetinné ¢arky).

S problematikou vy3e souvisi také zptisob volani metod pro uklddédni hodnot do matic
a vektort na specifickou pozici, resp. jejich ¢teni, k cemuz typicky dochézi pfi vyplro-
vani koeficientt jednotlivych linearizovanych rovnic. Toto je béZné provadéno cyklem,
iterovanim skrze kolekci indexti a podobné, ¢ili mdme doptedu jistotu, Ze indexy fadku
a sloupce neprekroci rozsah matice ¢i vektoru. V takovém pripadé nemd smysl pouzivat
vychozi metody, které vzdy kontroluji pfijatelnost indext, nebot by $lo o zcela zbytecnou
operaci prodluzujici vypocet. Jsou-li tedy v pouzité knihovné pro linedrni algebru k dis-
pozici méné ,bezpecné“, avs§ak rychlejsi metody pro ukladani hodnot na a jejich ¢teni
ze zadanych pozic, je nanejvys vhodné je pouZivat. V kontextu knihovny Parallel Colt pak
jde o ndhradu metod get() a set() metodami getQuick() a setQuick().

2.9.5 Specializované knihovny pro linearni algebru

Volba vhodné knihovny s rutinami pro provddéni maticovych operaci zavisi primarné

vvvvvv

TV jinych knihovnach s jinymi implementacemi patfi¢nych algoritmt miize samoziejmé byt situace
odlisna.

Tabulka 2.3. Vliv datového typu matice soustavy o hodnosti ~14 000 na priimérnou spotiebu
RAM a primeérny ¢as nutny k jednomu vyteSeni testovaciho linedrniho systému pomoci
BiCGstab(2)

Datovy typ Spotieba RAM  Prlimérny vypocetni ¢as
SparseDoubleMatrix2D 2570 kB 10,83 ms
SparseCCDoubleMatrix2D 1267 kB 2,666 ms
SparseRCDoubleMatrix2D 1199 kB 2,609 ms
SparseCCMDoubleMatrix2D 3006 kB 3783 ms

SparseRCMDoubleMatrix2D 3871 kB 5702 ms

53



54

ZJEDNODUSENE CFD MODELOVANT{

rychlost vypoctu. Mnohé dostupné knihovny pfitom nejsou ni¢im jinym nez wrappery
poskytujicimi API" pro pfistup k funcionalitdm jinych (nizkotiroviiovych) knihoven pro li-
nedrni algebru napsanych napt. ve Fortranu - obvykle Basic Linear Algebra Subprograms
(BLAS) [59] ¢i Linear Algebra PACKage (LAPACK) [60] (resp. jejich rizné implementace),
Intel Math Kernel Library (MKL) [61], AMD Optimizing CPU Libraries (AOCL) [62] apod.
Tyto nizkourovriové knihovny mohou byt poskytovany pod nékterou z open-source li-
cenci (GPL, BSD, ...), nebo muze jit o proprietarni kddy s riznymi distribu¢nimi modely.
Déle je vhodné vzit v potaz, Ze knihovny distribuované vyrobci hardwaru jsou optimalizo-
vany pfimo pro jejich ¢ipy a mohou tak byt v né€kterych situacich vhodnéjsi nez knihovny
nezavislé na architekture a platformé.

V pripadé Javy, kterd je mezi vyvojati softwaru velmi obliben4, je k dispozici rela-
tivné Sirokd skéla wrappert ¢i knihoven obsahujicich implementace numerickych rutin
piimo v tomto jazyce — jiZ zminény Parallel Colt, 0j! Algorithms [63], Efficient Java Ma-
trix Library (EJML) [64], Matrix Toolkits Java (MTJ) [65], Universal Java Matrix Package
(UJMP) [66] a dalsi. Jednotlivé baliky se 1isi v prvé fadé dostupnymi funkcionalitami,
coz je souhrnné popsano napiiklad v Arndtové prehledu javovych knihoven pro ope-
race s hustymi a rfidkymi maticemi [67]. Druhym a neméné dtilezitym rozdilem pak je
vypocetni efektivita jednotlivych operaci v z4vislosti na hodnosti matice. Obecné zde
plati, Ze pfi prdci s maticemi vétSich hodnosti by mély pokud moZno byt preferovany
knihovny volajici numerické rutiny v nativnim kédu (tj. zkompilované a optimalizované
pro pouzity hardware).

Z mnoha dostupnych testli porovnévajicich rizné javové knihovny pro linedrni al-
gebru lze uvést napriklad Abelestiv obsahly benchmark [68], ve kterém nejsou vysledky
uvedeny agregované, ale naopak jsou rozdéleny podle typu provadéné operace. UZivatel
si pak tudiZ mtize knihovnu vybrat na miru podle toho, které konkrétni operace bude
jeho aplikace vyuzivat (tj. na efektivitu ostatnich operaci, byt by tfeba byla nizsi, nemusi
brét velky zfetel) a zda je ochoten volat nativni kéd (a potaZzmo se smifit s tim, Ze pro
fungovani jeho aplikace bude dost mozna nutné nainstalovat dodate¢ny software treti
strany).

2.10 Vyvinuty 3D CFD software

V Javé vyvinuty 3D CFD software Dense Tube Bundle Flow Modeller (DTBFMM¥) [A8]
byl poprvé predstaven v publikaci [A5]. Od té doby do n€j byla implementovdna mnoha

vvvvvv

byla popsana v ¢lancich [A7] (volba maticovych fe§icti a metod predpodminéni obecné)
a [A6] (vyhody a doporuceni ohledné predpodminéni pomoci symetrické netiplné rela-

T Application Programming Interface®, rozhrani pro programovani aplikaci

*posledni ,M*“ ve zkratce ma historicky ptivod v ,Matrix version*. Dfivéjsi verze aplikace totiz
pouzivaly algebraické modely proudéni (nikoliv zjednodusené CFD) a vypocetni sit byla prochdzena
postupné po jednotlivych prvcich. Je zfejmé, Ze tento pfistup byl neefektivni a vmnoha pfipadech s sebou
nesl nezanedbatelné obtiZe pti provadéni korekci hodnot velicin.
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xace). Kromé toho ale bylo v softwaru oproti prvotni verzi provedeno také velké mnoZstvi
dal$ich dprav - byly pfidany optimaliza¢nich funkcionality, doslo k riznym drobnym

upravam uzivatelského rozhrani, byly zefektivnény nékteré ¢asti vykonného kédu apod.

Snimek hlavniho okna aktudlni verze aplikace je na obrazku 2.25.
Vypocetni sit je pro zadanou geometrii distribu¢niho systému (rozmeéry distributoru
a kolektoru, uspofddédni a rozméry trubkového svazku atd.) vytvarena piimo softwarem,

0] DTBFMM - O X
File Optimisation Help o
—-Geometry Residuals & mass flow rates Contours
" Headers
- Tube bundle Scaled residuals Tube mass flow rates
——T— T T T T T T T T T T
i Flow system 1e+01 | ] 0020 [ ]
o (6] o
Boundary conditions ¢ feson | | i ]
[—]Model setup E -
i~ URFs & residuals = =
| 9 1le01f B =
- Limits % = 0016 - 4
- Equations I 4
LN £ lem} 12
— Results T 2
I Q 1e03} 10 2
i Statistics w 0012 !
*Contour plots o]
1e-04 1 2
N S S S S SO S S 0,010 L |
0 20 40 60 80 100
Solver .
Iteration 0.008 - 4
(®) steady () transient H . H H . .
— continuity —— x-momentum 0 20 40 60 80 100
Tteration limit — —_—
. y-momentum Z-momentum Tteration
Per computation [-] 10,0005
R B Generating mesh... ~
Transient computation setup
Dene.
Time steps [—] 1,000 & 0
Time step length [s] 0.02500| | ====== Mesh statistics ======
i ~ = 24720 cells
Forced steady iters. [-] 10~ 63800 interior faces
Save monitor data to file: . 100 inlet cells/faces
100 outlet cells/faces
Initialising scolution wvariables...
Reset solver
Done.
Reset solver
iter continuity  x-momentum  y-momentum = z-momentum = remiter
Run 1 1.0000e+00 1.0000e+00 1.0000e+00 1.0000e+00 9999
2 1.7157e-01  £.6987=-01  1.8830e+00  1.25428+00 5598
3 1.55%86e-01 4.1257e-01 1.4212e+00 1.2336e+00 9397
4  1.0090e-01  3.236%-01 5.610%e-01  3.5098e+00 5996
5 1.0593e-01 2.7686e-01  4.7077e-01  7.7844e-01 9995
6 5.3624e-02 1.8001e-01 3.60%96e-01 4.6694e-01 9994
7 3.1764e-02 1.3471e-01 2.8004e-01 3.2648e-01 9993
8 2.8806e-02 1.0036e-01 2.5405e-01 2.43e4e-01 93892
9  2.16%6e-02  8.8912e-02  2.2915e-01  2.0238e-01 9991
10 1.7405e-02  B8.0591e-02  2.1315e-01  1.7316e-01 9990
iter continuity x-momentum y-momentum = z-momentum = remiter
11 1.6313e-02 7.2915e-02 2.047%e-01 1.4822e-01 9989 v

Obrazek 2.25. UZivatelské rozhrani vyvinuté javové aplikace DTBFMM; 1... hlavni menu,
2... strom vlastnosti CFD modelu, 3 ... panel vlastnosti dostupnych pro vybranou polozku
ve stromu, 4 ... zdlozka s informacemi o priibéhu vypoctuy, 5 ... zdlozka obsahujici interak-
tivni vrstevnicové grafy riznych velicin, 6 ... graf Skdlovanych rezidui, 7 ... graf pratoki jed-
notlivymi trubkami distribu¢niho systému (legenda je nyni z prostorovych davodua skryta),
8... textové pole s informacemi o priibéhu vypoctu, stavovymi informacemi atd.; zobra-
zené Uudaje tykajici se vypoctu odpovidaji distribu¢nimu systému z obrézku 2.3 na strané 13
a celkovému hmotnostnimu priitoku vody ve vysi 0,5 kg s~
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a to v zavislosti na poZadované jemnosti sité a rtistovém faktoru. Vlastni vypocet je v§ak
s ohledem na jeho charakter samoziejmé na siti nezavisly. Pokud by tedy byla sit dodédna
v potfebném formdtu jinak (resp. byl adekvatné rozsifen automaticky generator sité),
nijak by to neovlivnilo zptisob pouZiti aplikace. Podporovany jsou ustdlené i tranzientni
vypocty, prikterych Ize Casové zavisla data tykajici se pratokiti uklddat na disk pro ptipadné
pozdéjsi zpracovani. Pro zaruceni efektivity maticovych vypocti jsou veskeré takové
operace v aplikaci provddény pomoci knihovny Parallel Colt.

Co se tyce okrajovych podminek, k dispozici jsou obé kombinace vstupti a vystupti
standardné pouZivané pro modelovani proudéni v procesnich a energetickych zatizenich.
Vstupni zény tedy mohou byt bud s pfedem danym celkovym hmotnostnim priitokem
(,mass flow inlet“), nebo se zadanou rychlosti proudéni (,velocity inlet“), zatimco vy-
stupy jsou vzdy se zadanym tlakem (,pressure outlet“). Na sténdch trubek ve svazku lze
nastavit nenulovy tepelny tok za i¢elem simulace ohtevu ¢i chlazeni tekutiny. V tuto chvili
obsahuje databéze tekutin v aplikaci pouze vodu a vzduch, nicméné z programatorského
hlediska by nebylo nijak obtizné ptidat dle potfeby i dalsi tekutiny.

Implementovany CFD feSic je segregovany, pficemz fidici proménnou je tlak. K dispo-
zici jsou metody SIMPLE a SIMPLEC. Diskretizacni schéma pouZité pro rovnice tlakové
korekce je vzdy prvniho rddu. U rovnic pro jednotlivé slozky rychlosti a u rovnice energie
muZe uZzivatel volit mezi schématem ,,upwind“ prvniho fadu, centralni diferenci (kterd
je sice vyuZzitelnd jen omezené, ale jeji pridani predstavovalo pouhé jednotky fadka kédu
navic), hybridnim schématem, schématem ,power law* a stabilizovanym schématem
QUICK druhého radu. Tranzientni formulace je implicitni, prvniho fadu. V souladu
s kapitolou 2.6 zatim neni turbulence modelovana Zddnym ze standardnich zptsobt
(napft. k—e€), ale pouze zjednodusené skalovdnim molekuldrni viskozity pomoci empiricky
zjiSténého vztahu v zavislosti na Reynoldsové cisle a dalSich parametrech.

Priabéh kazdého vypoctu je doprovazen standardnim vypisem informaci o aktual-
nim stavu $§kdlovanych rezidui, resp. dle potteby i dal§ich informaci. Kromé toho jsou
vypocty vzdy zakonceny (je-li k dispozici alespon néjaké feseni, byt tfeba zatim nezkon-
vergované) analyzou stavu distribuce tekutiny. Pro kazdy kanadl distribu¢niho systému je
vypsdna patfi¢nd hodnota priitoku a pro cely systém je vypoctena relativni smérodatna
odchylka od rovhomérného rozdéleni dle rovnice zminéné napitiklad v autorové diser-
tacni préci [A3]. Nakonec je v textovém poli zobrazen histogram pritokt s vyznacenou
stfedni hodnotou a smérodatnou odchylkou, jehoZ ukdzka je na obrazku 2.26.

Pro potfeby zpracovavani vysledki vypocti jsou k dispozici funkcionality pro casové
priamérovani pratokd jednotlivymi trubkami (nebot tyto téméf vzdy kolisaji) a vizua-
lizaci dat. Primérovat Ize bud od uzivatelem zadaného vypocetniho ¢asu, nebo muize
software vhodny poc¢atec¢ni ¢as odhadnout automaticky na zdklad€ zadané maximalni
piipustné procentudlni odchylky od stfedni hodnoty'. Vizualizace dat je mozn4 skrze in-

TNalezeny ¢as pak je nejmensi takovy, pii kterém lezi veskeré nasledujici priibéhy priitoki ve viech
trubkéch distribu¢niho systému vZdy v pasech ur¢enych aktudlnimi stfednimi hodnotami a zadanou
maximélni pfipustnou procentudlni odchylkou.
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Histogram of tube mass flow rates
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Obrazek 2.26. Histogram prtitokt s vyznacenou stfedni hodnotou, u, a smérodatnou od-
chylkou, ¢; data odpovidaji distribu¢nimu systému z obrazku 2.3 na strané 13 a celkovému
hmotnostnimu priitoku vody ve vysi 0,5 kg s™

teraktivni vrstevnicové grafy, a to ve tfech hlavnich rovindch (y-z, x-z a x-y). Zobrazovat
1ze nésledujici veliciny:

slozky rychlosti proudéni ve smérech os x, y a z,
velikost rychlosti,

velikost vorticity,

staticky tlak,

teplotu,

hustotu,

dynamickou viskozitu,

virtudlni dynamickou viskozitu (tj. ,uméle“ Skdlovanou molekularni viskozitu pou-
zivanou pro pfiblizné modelovani turbulence),

mérnou tepelnou kapacitu pfi konstantnim tlaku a

tepelnou vodivost.

Rozsahy barevnych stupnic lze zadat ru¢né, ptip. mohou byt softwarem nastaveny auto-
maticky dle aktualné vykreslovanych dat. Kromé toho lze uzivatelsky ménit druh pozadi
grafu (bilé, svétly prechod, tmavy prechod) a typ vrstevnicového grafu, tedy zda maji
byt pouZity spojité barevné stupnice, nebo diskrétni stupnice obsahujici pouze velmi
omezeny pocet barev. Ukdzkovy interaktivni graf je na obrazku 2.27.
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Residuals & mass flow rates Contours

Contours of velocity magnitude [m/s]

1.419e+00
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Obrazek 2.27. Interaktivni vrstevnicovy graf velikosti rychlosti; na ovlidacim panelu ve spod-
ni ¢4sti grafu je zvolena vizualizace dat v roviné y—z z vrstvy bunék leZici pfiblizné ve tfetiné
tloustky celé domény ve sméru kolmém na tuto rovinu; data odpovidaji distribu¢nimu
systému z obréazku 2.3 na strané 13 a celkovému hmotnostnimu priitoku vody ve vysi 3,0 kg s

Dalsi vestavénou funcionalitou je ndstroj pro optimalizaci rozmért distributoru a ko-
lektoru. Pro zadané piipustné rozsahy hlavnich rozmérti je optimdlni geometrie nalezena
pomoci ustdlenych vypoctl a akcelerované Hookeovy-Jeevesovy metody [A9] (v pripadé,
Ze optimalizacni doména je vicerozmérnd), resp. metody zlatého fezu [69] (u jedno-
rozmérné domény). Ucelova funkce miize minimalizovat bud relativni smérodatnou
odchylku od rovnomérného rozdéleni, nebo celkovou tlakovou ztrétu v systému. Zdznam
o priibéhu optimaliza¢niho procesu muze byt uklddan na disk. Na konci procesu pak



Srovnéni CFD softwaru s komer¢nimi aplikacemi: uZivatelsky pohled

je zobrazeno shrnuti vyhodnocenych geometrii sefazenych od nejlepsi po nejhorsi podle
zvoleného optimaliza¢niho kritéria.

Z pohledu presnosti predikce rozd€leni toku je popsany software pfijatelny. V prove-
denych testech se relativni chyba vii¢i dattim ziskanym detailnimi CFD vypoc¢ty pomoci
komer¢niho softwaru ANSYS Fluent pohybovala u nejhrubsich moznych siti (tj. takovych,
kde pri¢ny prifez kazdé trubky obsahoval vzdy pouze jedinou buriku) do 5 %. S rostouci
jemnosti vypocetni sité€ se pak predikce postupné zpresnovala, jak bylo ukdzdno na ob-
rédzku 2.4 na strané 15. Prozatimni nevyhodou vsak je skutecnost, Ze predikované tlakové
ztraty jsou vici hodnotdm ziskanym z detailnich CFD modeli typicky o cca 40-80 % vySsi.
I zde sice plati, Ze s rostouci jemnosti vypocetni sité se chyba sniZuje, oviem vyrazné

pomaleji nez v pfipadé predikce rozdéleni toku.

2.11 Srovnani CFD softwaru s komer¢nimi aplikacemi: uZiva-
telsky pohled

UvaZujme nyni pro srovnani situaci, kdy je potfeba analyzovat ur€ity distribu¢ni systém;
kuprikladu ten z obrdzku 2.28. Jeho analyza pomoci vyvinutého 3D CFD softwaru a né-
které — libovolné — komercni CFD aplikace (napt. ANSYS Fluent) by zcela ziejmé byla
odli$né naro¢nd a poskytla by vysledky odliSné presnosti. Zbézné srovnani obou pristupti
je uvedeno v tabulce 2.4. Z ni je patrné, Ze navzdory niZ8i pfesnosti dat a prozatimnim
omezenim vyvinutého softwaru déva jeho uziti pro ptedbézné analyzy smysl, nebot s mi-
nimdalnim Gsilim ze strany uzivatele ziskdme rychle v§e potfebné pro tepelné-hydraulické

od | ]

| =[]

Obrazek 2.28. Uvazovany distribu¢ni systém; rozméry distributoru a kolektoru jsou
40 % 40 X 320 mm (S X V X D), trubky maji vnitfni primeér 10 mm a délku 2 000 mm
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Tabulka 2.4. Srovnani vyvinutého softwaru a bézné uzivanych komer¢nich aplikaci

Kategorie Vyvinuty software Komer¢ni aplikace

Priprava kompletni nastaveni modelu bylo piiprava geometrie, tvorba sité

modelu provedeno béhem jedné minuty, a nastaveni modelu vyZadovaly
nebot stacilo zadat pouze nejnutnéj§i znacné znalosti a bylo potieba
udaje (charakteristické rozmeéry specifikovat mnohem vétsi mnoZstvi
distribu¢niho systému, pozadovanou parametr(; celkovéd doba pfipravy
jemnost sité a okrajové podminky) modelu byla v fddu hodin

Vlastni feSeni ustdlené tilohy bylo ziskdno paralelni feSeni ustdlené tlohy

vypocet za 97 vtefin (sit; ~28 tis. bunék) na 8 jadrech CPU trvalo zhruba

dvé hodiny (sit: ~1,3 mil. bunék)

Analyza dat  analyza idajti probéhla na konci analyzu dat o distribuci bylo nutné

odistribuci  vypoctu automaticky a vysledky byly provést manudlné pomoci tdajt

toku zobrazeny uzivateli z monitorovacich ploch

Vyhody intuitivnost softwaru, rychlost flexibilita, leps$i kontrola nad
nastaveni modelu, kratké vypocetni  vlastnim vypoétem (nebot uzivatel
Casy, pfitomnost néstroje pro musi vSe detailné nastavit sdm),
tvarovou optimalizaci hlavnich dostupnost Siroké skély metod
kanala afesicl

Nevyhody nizsi presnost’; nelze aplikovat vyrazné vétsi vypoctova ndrocnost

na geometrie nekompatibilni

s kvadrovou siti, resp. takové,
pro které dosud nebyl vytvoren
automaticky generdtor sité

a potazmo delsi vypocetni Casy,
nutnost kvalifikované obsluhy

posouzeni patficného systému. Velkou vyhodou zminéného softwaru také je automati-
zovatelnost vypoctll a vestavény ndstroj pro tvarovou optimalizaci hlavnich kandla.

2.12 Budouci zaméreni vyzkumu

V souvislosti s presnosti dat ziskanych pomoci zjednodusenych CFD modeld, kterd z pod-
staty véci nemtiZe byt stejné jako u modell detailnich, se nabizi otdzka, do jaké miry
je ,naviné“ hrubd kvddrova miiZka, resp. modelovani turbulence zjednodusené skélo-
vanim molekularni viskozity. Je sice pravdou, Ze urcity podil na nepfesnosti mtiZe mit
uziti diskretizac¢nich schémat prvniho fadu, nicméneé jejich vliv nejspi§ nebude nato-
lik vyrazny. Aplikace stabilizovaného diskretiza¢niho schématu QUICK druhého radu
totiz v provedenych testech bud nepfinesla oproti schémattim ,,upwind“ ¢i ,power law*
(kterd jsou prvniho fddu) pozorovatelné zlepSeni a naopak méla za nésledek vyrazné delsi
vypocetni ¢asy, nebo dokonce byla v mnoha pripadech zdrojem numerickych potizi.

TV piipadé diskutovaného modelu byla relativni chyba hmotnostnich priitokli trubkami oproti
detailnimu vypoctu v komerc¢ni aplikaci max. ~1,7 %.
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V budoucnu se proto vyzkum v oblasti zjednoduseného CFD modelovédni bude zamé-
fovat hlavné na zhodnoceni, zda mé smysl implementovat néktery standardni model
turbulence. Toto by samoziejmé vedlo ke znatelnému zpomaleni vypoctti, avsak mohlo
by se to ukdzat jako vhodny prostredek ke zprfesnéni vypoctli. Zjednoduseny 3D CFD
model véetné turbulence (formou k-¢€) byl jiZ vytvoren v rdmci diplomové préce [70]
a nyni tedy zbyva provést vhodné srovnavaci vypocty. Na zdkladé takto ziskanych dat
a odpovidajicich vypocetnich ¢asti pak bude mozné posoudit, nakolik je implementace
standardniho modelu turbulence vhodné, resp. zda ho do softwaru z predeslé kapitoly
pridat napriklad jen jako uZzivatelsky aktivovatelnou funkcionalitu.

Dalsi oblasti, kde je prostor ke zlepSeni— konkrétné ke zkraceni vypocetnich ¢asti a ¢as-
tecné i ke sniZzeni miry vyskytu numerickych potiZi - je zptisob indexovéni proménnych.
Namisto aktudlné pouZzivaného prirozeného poradi by bylo vhodné implementovat i dalsi
typy indexovéni, coZ oviem bude vyZadovat nejen upravy existujiciho automatického
generdtoru vypocetni sité, ale také provedeni testovacich vypoctli nezanedbatelného
rozsahu. Dopfedu totiZ nelze fici, ktery ze zplisobt indexovani povede u zjednodusenych
kvadrovych vypocetnich siti k nejlepsim vysledkiim.

Vneposlednifadé je potfeba zminit zjednoduSené 3D CFD modelovani pomoci béZné
dostupnych CFD softwarti. UZivatel tak sice nemd tiplnou kontrolu nad celym vypoctem
(nebot ne vSechny aspekty modelu pak Ize uzivatelsky ménit ¢i fidit), ale na druhou stranu
také neni vyvoj zminénych modelt natolik ¢asové a programdtorsky naro¢ny. Idedlnim
kandidatem z fad dostupnych CFD softwart je zde OpenFOAM [71], ktery je distribuo-
van jako open source. Modely — v€etné vypocetnich siti — se v ném kompletné definuji
pomoci sad textovych konfigura¢nich soubort a vypocty (pfipadné optimalizac¢ni dlohy
nevyjimaje) by tedy bylo mozné snadno zautomatizovat napiiklad naprogramovanim
parametrického generatoru takovych souborti. Z programatorského hlediska by pritom
$lo o vyrazné jednodussi tlohu neZ psani celého CFD kdédu od zdkladu. V tomto ohledu
uZ proto jsou provadény urcité kroky v rdmci aktudlné vypsanych bakalarskych a diplo-
movych praci.
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Modelovani zaloZzené
na principu FEA

Z ptedchozi kapitoly je zfejmé, Ze ackoliv je zjednodusené 3D CFD modelovani znacné
univerzalni, mtze byt u vétsich zafizeni vyzadujicich rozsdhlejsi vypocetni sité i pres
takovd zafizeni sama o sobé nejsou piili§ komplexni — napiiklad jde-li o velké distribu¢ni
systémy v kotlich na odpadni teplo, které se obvykle skladaji pouze z mensiho poctu fad
trubek — mohly by dostate¢né dobte poslouZit i vyrazné jednodussi modely. Z tohoto
dtivodu byl zapocat vyvoj a testovdni modelu proudéni zaloZeného na analyze metodou
konec¢nych prvka (,Finite Element Analysis“, FEA).

V pripadé zminéného zptisobu modelovéni se lze inspirovat kupfikladu u metod
pro navrh siti pro distribuci vody, které vzhledem k rozsdhlosti tloh vyzaduji pravé
maticovou implementaci. Na rozdil od aplikaci v procesnim ¢i energetickém primyslu
v8ak zde zpravidla byvé cilem najit takovou strukturu potrubniho systému, kterd by pouze
na zakladé kapacit jednotlivych hran zajistila splnéni lokdlnich poZadavk( na doddvana
mnozstvi, pfipadné se zjistuji mista iniku vody, simuluje se Sifeni znecistujicich latek
a podobné. Jen vzacnéji (tfeba v praci [72]) se 1ze setkat s modely, které alespor ¢astecné
zohlednuji tlakové ztraty a dalsi zmény tlaku souvisejici s proudénim, resp. vliv téchto
faktorti na vysledné rozdéleni toku.

Cilem aktuélné provadéného vyzkumu je rozsifit uvedenou strategii na vybrana pro-
cesni a energetickd zarizeni obsahujici strukturou relativné nekomplikované trubkové
svazky (jiz zminéné kotle na odpadni teplo apod.) a ziskat tak néstroj, kterému by z po-
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hledu nutného vypocetniho ¢asu mohlo zjednodusené 3D CFD modelovéani konkurovat
jen s obtiZzemi. Od modelu se vyhledové ocekavé schopnost predikovat nejen charakter
proudéni pracovnich latek, ale hlavné prenos tepla a odpovidajici mechanické nama-
héni svazku vlivem nerovnomérné distribuce tekutiny v kombinaci s nerovhomérnym
teplotnim polem v mezitrubkovém prostoru. V kontextu kapitoly 1.1 by tedy mélo jit
o komplexni feSeni poskytujici veSkeré zdkladni informace o analyzovaném zarizeni,
které jsou podstatné z pohledu tepelné-hydraulického névrhu a pfedchézeni provoznim

s~ 2

potizim.

3.1 Hlavni vyhody a nevyhody

Implementace algebraickych modelt vyuzivajicich kvazi-1D vypocetni sité (napiiklad
toho z ¢lanku [A10], ktery je urcen pro simulace proudéni v jednodussich trubkovych
svazcich, ¢i modelu popsaného v publikaci [A11], ktery 1ze pouZzit k analyzdm radidl-
nich katalyzatorti) s sebou nepfindsi Zadné vétsi numerické komplikace. Jakmile v§ak
je nutné resit distribu¢ni systém, ktery pomoci kvazi-1D sité dostatecné dobie popsat
nelze, a musime tedy pracovat s vypocetni siti vy$si dimenze (typicky s kvazi-3D siti
z obrazku 3.1, kde jsou hlavni distribu¢ni kanély reprezentovdny dvourozmeérnou siti
a jednotlivé paralelni vétve jednorozmeérnymi sitémi), vyvstane otdzka, jak v iteraénim
vypoctu provadét korekce veli¢in. U algebraickych modeli je totiz sit prochdzena prvek
po prvku a odpovidajici nelinedrni rovnice jsou na téchto prvcich feSeny postupné, ni-
koliv jako vzdjemné provazana soustava linearizovanych rovnic. V ¢lanku [A4] bylo sice
ukdzéano, Ze nalezeni vhodného zptisobu provddéni korekci neni nemozné, ale zaroven
rozhodné nejde o pfimocarou operaci. Nadto plati, Ze zptisob, ktery u jedné geometrie
vede ke zkonvergovanému feseni, nemusi viibec byt vhodny u geometrie jiné.
Maticovy zptisob vypoctu analogicky tomu z ¢ldnku [72] (respektive z velké ¢4sti ma-
ticovy zptsob, jak bude popsano déle v textu) uvedené omezeni eliminuje. Pokud tedy
najdeme jeden - libovolny — funk¢ni zptisob provadéni korekci, 1ze ocekavat, zZe tento
bude pouzitelny i pfi modelovéani jakéhokolivjiného distribu¢niho systému. Nutno ov§em
poznamenat, Ze nalezeni vhodného korekéniho algoritmu neni zcela trividlni, a to hlavné
u prvkil vypocetni sité, které reprezentuji komplexnéjsi struktury. Za nevyhodu diskuto-
vaného piistupu muze také byt povazZovano obtizné korektni zahrnuti vlivu turbulence.
Toto by ndm vSak nemuselo pfili§ vadit, nebot bychom zde mohli - stejné jako u zjedno-
duSenych 3D CFD modelt popsanych v kapitole 2 — turbulenci modelovat jen priblizné

prostym Skdlovanim viskozity.
3.2 Matematicky model
Odpovidajici matematicky model byl detailné popsan v ¢lanku [A13]. VyuZiva se v ném

analogie Hookeova zdkona, ktery je béZné aplikovan v pruZznostné-pevnostnich mode-
lech zaloZenych na metodé konec¢nych prvki. Zde se vSak opirdme o skute¢nost, Ze pri
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Obrézek 3.1. Cést typické kvazi-3D vypocetni sité distributoru a pfipojeného svazku trubek;
plné body predstavuji béZné uzly sit€, prazdné body virtudlni uzly uvaZzované pouze interné
ve specidlnich typech prvki sité (adaptovano z [A12])

znalosti tlakového gradientu lze hmotnostni tok ur¢itym kandlem (hranou vypocetni
sité) zjednodus$ené ziskat pomoci soucinu ,poddajnosti“ tohoto kandlu a patficného
rozdilu v tlacich mezi koncovymi body. Pro libovolnou orientovanou hranu vypocetni
sité, jeZ spojuje uzly i a j, tedy musi platit

Iilij = Kijpij» (3.1

kde matice poddajnosti, vektor tlakt v uzlech a vektor souctti hmotnostnich tokt obecné
nabyvaji tvarti

ki kij pi=| P ] a e m;
ki kg )" 7\ by T\ )

Zéroven je nutné, aby alesporni jeden z uzll vypocetni sité€ byl uzlem vstupnim a alespori
jeden z uzll byl uzlem vystupnim, ¢ili aby alespori v téchto dvou uzlech byly soucty

Kij =
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hmotnostnich toki nenulové. V jinych neZ vstupnich a vystupnich uzlech pak zcela
zfejmeé musi platit m; = 0.

Na zacatku iteracniho vypoctu jsou z okrajovych podminek ziskany poc¢atecni odhady
hmotnostnich tokt, tlakt v uzlech a poddajnosti prvki vypocetni sité (tyto lze ziskat
na zakladé hydraulického odporu toho kterého kanéluy, tj. pomoci Darcyho-Weisbachovy
rovnice [73, s. 340]). Pak je proveden predikéni krok, ve kterém je pomoci matice sesta-
vené podle rovnice 3.1 pro veskeré prvky ziskan novy odhad tlakového pole. Je potifeba
zduraznit, Ze toto pole zatim nijak nezohlednuje nelinearity. V ndsledném korekénim
kroku se proto ze ziskanych tlakovych rozdilt pro jednotlivé prvky dopoctou nové od-
hady hmotnostnich tok, avsak jiz se zohlednénim vlivu nelinearit. Korek¢ni krok pfi-
tom neni provddén maticové, ale na kazdém jednotlivém prvku sité zvlast, nebot jde
o nezdvisly iteracni vypocet. Nakonec je v piipadé vicero vstupnich ¢i vystupnich uzla
aktualizovéan vektor pravé strany a jsou upraveny odhady poddajnosti. Clankem [72]
je doporucovéno skédlovat poddajnosti prvki pomérem odpovidajicich hmotnostnich
tokii po korekénim kroku, ricorr, a pfed nim, rapye, tj. v ndsledujici iteraci (1 + 1) pracovat
sk =k (mm / mpre). Testovanim ovSem bylo zjisténo, Ze toto mé za nésledek horsi
konvergenci a vypocet je pak nutné vyrazné relaxovat. Mnohem vyhodnéjsi tedy je pocitat
nové hodnoty poddjanosti pomoci

ki =kiy|——, (3.2)

coz sice zptisobi ¢astecny narust vypocetniho ¢asu, ale znacné se zlepsi konvergence.
Nadto pak ani neni nutné do vypoé&tu zapracovavat jakoukoliv relaxaci’.

3.2.1 Zptsob zahrnuti nelinearit

Kromeé tlakové ztraty tfenim jsou nelinearity do modelu vnésSeny také mistnimi odpory,
zavislosti fyzikdlnich vlastnosti tekutiny na teploté a tlaku ¢i v dtisledku déleni a slu¢ovani
proudi. U tfeci ztraty je pfitom situace relativné jednoduchd. Treci soucinitel vystupujici
v Darcyho-Weisbachové rovnici totiz nemusime viibec pocitat iteracnim reSenim impli-
citni Colebrookovy-Whiteovy rovnice [74], ale mtizeme ho snadno odhadnout libovolnou
vhodnou - napfiklad Churchillovou [75] — aproximaci. Jak ukazuje obrazek 3.2, pro zndmy
odhad tlakového rozdilu Ap mezi krajnimi uzly prvku z predikéniho kroku najdeme v ko-
rekénim kroku napftiklad pomoci Taylorova rozvoje prvniho fadu (tj. te€ny) a metody
bisekce s mezemi miyin = 0 @ Mimax korigovany odhad, 71y, 0dpovidajici nelinedrnimu
feSeni. I kdyby vSak bylo nutné zahrnout vice druhti nelinearit, patficné nelinedrni feSeni
by stale bylo monoténni a bylo by tudiz mozné pouzit identicky postup. Typické historie
konvergence hmotnostniho priitoku hranou je zndzornéna na obrazku 3.3.

Ponékud sloZitéjsi je situace v mistech, kde se proud tekutiny déli do vétSiho poctu
mensich proudti, nebo kde se naopak vice mensich proudi slucuje do jednoho vétsiho

TPouziti druhé odmocniny v rovnici 3.2 totiZ je samo o sobé jistou formou relaxace.
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Obrazek 3.2. Odhad mezi pro metodu bisekce pouzitou v korekénim kroku pro hranu, u niz
je tlakovy rozdil mezi koncovymi uzly roven Ap (adaptovano z [A13])

Predikce (11pre)
Po korekci (f1¢orr)

Hmotnostni tok hranou, kg/s
—

—>
Tlakovy rozdil mezi koncovymi uzly, Pa

Obrazek 3.3. Typicka historie konvergence hmotnostniho prttoku hranou ziskana pfi ska-
lovéni poddajnosti pomoci rovnice 3.2; I znaci ,velké* iterace reSice (adaptovdno z [A13])
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(tedy naptiklad v blizkém okoli trubkovnic). Aktuélni verze modelu v takovém piipadé
uziva ve vypocetni siti specidlni prvek sloZeny ze tfi nebo vice hran, vnémz dvé hrany
reprezentuji hlavni kandl a zbyl4 hrana (resp. zbylé hrany) pripojené vétve. V korekénim
kroku se pak predpokladad, ze odtékajici Ci pritékajici tekutina je mezi vSemi témito
vétvemi rozdélena pomérné podle tlakovych rozdili mezi spole¢nym uzlem a koncovymi
uzly vétvi. Vzhledem ke zplisobu implementace modelu jsou hrany predstavujici hlavni
kandl orientovany smérem do spole¢ného uzlu a hrany predstavujici vétve smérem ven
z tohoto uzlu. Tlakové ztraty tfenim v jednotlivych hranéch jsou pocitany tplné stejné
jako u béznych hran, zatimco zména tlaku vlivem mistniho odporu (vtok do, resp. vytok
z vétve) je ziskdna s vyuZzitim koeficientt z literatury [76]. Zména statického tlaku, ke které
dochdézi v disledku déleni ¢i slu¢ovani proudd, je odhadnuta na zadkladé empirickych
vztahi z ¢lanku [77].

Uvazujme nyni prvek z obrézku 3.4, ktery je sloZeny z hran ij, kj a jl. Za pfedpokladu
identickych ploch pii¢nych priifez( hran reprezentujicich hlavni kandl (A;; = Ay;) pak
pro pomeér ploch R4 = Aj;/A;j = Aji/ Axj arychlosti proudéni v hrandch, vy, vg; a vy, plati

lvj1]

" max {|vg], [vgil}

0‘i (3.3)
A 3-3

Rychlosti proudéni jsou pfitom vzhledem k platnosti zdkona zachovani hmoty vzdjemné
zavislé, cili findlni hodnotu R, zjistime opét metodou bisekce, jejiZ poc¢atecni meze zvo-
lime stejné jako v rovnici vySe. Pro prvotni odhad R, = 1/R, a aktudlni hodnotu vy
zjisténou naptiklad pomoci rovnice pro mistni ztratu a tlakii p; a p; znamych z predike-
niho kroku jsme tudiZ schopni uzitim rovnice 3.3 najit také odhady zbylych rychlosti.

[
% 04 ] —— hranajj
5 SN hrana kj
§ 0,2 1 j [— hranajl
=
w 00
2 + hlavni kandl
2 02 | [&——0o—0k
g B A R s g o|J ki
‘g 0,4 ‘\‘ ,/+‘~ = 1 jl| vétev
= ¥ i s
g _076 [ . . . . . . ] l
= 0 2 4 6 8 10 12

Iterace, —

Obrazek 3.4. Typicka historie konvergence rychlosti proudéni hranami ve sloZeném prvku
s koncovymi uzly i, j a k ziskana v korek¢énim kroku; v tomto pripadé dochazi ke slucovani
proudti, pficemz tok hlavnim kandlem je ve sméru od uzlu i k uzlu k (adaptovano z [A13])
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Nyni pomoci nelinedrnich zévislosti, které musi byt splnény, zkontrolujeme, zda jsou
vysledné tlaky v hrani¢nich uzlech dostatecné blizké predikovanym tlakiim p;, p; a py.
Neni-li tomu tak, adekvatné se zméni meze pro metodu bisekce a cely proces se opakuje.
Typickd historie konvergence rychlosti proudéni hranami sloZzeného prvku ziskané timto
postupem je taktéZ ukdzdna na obrazku 3.4.

Otazkou vsak je, nakolik by vySe popsany pristup byl pouzitelny napftiklad v situaci,
kdy je k hlavnimu kanélu pfipojeno vétsi mnoZstvi fad trubek. Stavajici predpoklad po-
meérného rozdéleni tekutiny do vSech fad v kaZzdém misté podél hlavniho kanélu totiz
vlibec nemusi byt realisticky [3] a —jak bude ukdzéno déle v kapitole 3.2.3 — nemusi vést
k dostate¢né presnym vysledkiim. Vyzkumné aktivity jsou nyni proto zaméfeny na rozsi-
feni modelu o dva nové prvky zndzornéné na obrazku 3.5. Prvni z nich je sloZzeny z péti
hran (,dvojity“ T-kus, obrédzek 3.5a) a bude slouZit k modelovani §irSich hlavnich kanalt
s vy$§im poctem rad pfipojenych vétvi. Druhy prvek potom je sloZeny ze tii hran (Y-kus,
obrézek 3.5b) a je zamyslen k modelovani rozdéleni jednoho kanédlu do dvou separédtnich
vétvi, nebot toto také byva ve svazcich mnohdy potieba, jak je zfejmé z obrazku 3.6.

3.2.2 Okrajové podminky

Podobné jako u CFD modelt je i pfi modelovéani zaloZeném na principu FEA potieba
specifikovat referenc¢ni tlak a mnoZstvi tekutiny proudici systémem. Neni zde pfitom
podstatné, jestli tlak nastavime u vystupnich uzli a hmotnostni toky u uzli vstupnich,
nebo hodnoty pfifadime obracenym zptisobem ¢i dokonce smisené. V kazdém krajnim
uzlu v8ak Ize zadat pouze jednu z téchto dvou velicin.

Popisovany model zatim pracuje s vypocetni siti sestdvajici ze vzajemné propojenych
jednorozmérnych podsiti. Kanély reprezentované kontrolnimi objemy pro jednotlivé
hrany jsou proto uzaviené (tj. celé jejich plasté jsou tvoreny ,fyzickymi“ sténami) a musi
pro né byt specifikovany drsnosti povrchu. Pricny prifrez kazdého kandlu je uzivatel-
sky definovatelny. Po ptidani prvku z obrazku 3.5a, ktery umoZzni pracovat i s béznymi
dvourozmérnymi podsitémi, pak bude situace podobna; jediny rozdil bude spocivat

(a) ,dvojity“ T-kus (b) Y-kus

Obrazek 3.5. Nové typy prvka vypocetni sité, pro néz jsou v radmci aktudlniho vyzkumu
vytvafeny odpovidajici algoritmy korekéniho kroku
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membranova
sténa

podpory
svazku

Nz oz

Obrazek 3.6. Trubkovy svazek prehiivaku pary s detailnim pohledem na zptisob rozdvojo-
vani trubek (prevzato z [78])

2 Xz

v tom, Ze kontrolni objemy v dvourozmérné ¢asti sité budou striktné ¢tyrbokymi hranoly
a z jejich obvodovych stén budou prinejmensim dvé sténami ,fyzickymi®.
Co se tyCe vymény tepla, tuto model v soucasné dobé nezahrnuje, nicméné patficné

rozsifeni o ohrev ¢i chlazeni tekutiny v trubkovém svazku by nemélo byt prilis kompliko-
vané. V uvedeném ohledu uz dokonce bylo provedeno nékolik zédkladnich krokdi.

3.2.3 Predbézné srovnani s detailnimi CFD modely

Za ucelem predbézného odhadu presnosti vyvijeného modelu byly provedeny simulace
proudéni v nékolika rtiznych distribu¢nich systémech podobnych tém ze vzduchovych
chladicd, pro které byla k dispozici data z detailnich CFD simulaci. Jejich parametry jsou
uvedeny v tabulce 3.1.

Proudéni distribu¢nimi systémy bylo uvazovano jako adiabatické. Pracovni latkou
byla voda o teploté 300 K, jejiZ fyzikalni vlastnosti byly ziskdvdny pomoci knihovny
IAPWST [80]. JelikoZz model v predikénim kroku predpokldda laminarni proudéni, dalo
se oCekavat, Ze pro niz§i hodnoty Reynoldsova cCisla bude pfesnost predpovédi rozdé-

TVyvinuty software oviem podporuje kromé IAPWS také praci s knihovnou CoolProp [79], jejiz databaze
pokryvé celkem 122 béZné pouZivanych procesnich médii. Nutnost simulovat proudéni jiné latky nez
vody by tudiz v naprosté vétsiné piipadii znamenala zménu pouze nékolika malo radkd kédu.



Matematicky model

Tabulka 3.1. Geometrické parametry testovanych distribu¢nich systémii; uvazovdna byla
uspofadani toku ,U“i ,Z, vnitfni priméry trubek ve svazcich byly vZdy rovny 10 mm, jejich
délky pak 2 m

Oznaceni Hlavnikandly (SxVx D) Svazek

A 40 X 40 X 320 mm 2 fady po 20 trubkéch, 90°
B 40 X 40 X 280 mm 3 fady po 10 trubkach, 60°
C 55 X 55 X 320 mm 3 fady po 20 trubkéch, 90°
D 55 X 55 X 280 mm 5 fad po 10 trubkach, 60°
E 65 X 70 X 235 mm 5tad po 10 trubkdch, 45°
F 70 X 70 X 320 mm 4 fady po 20 trubkéch, 90°

leni toku do jednotlivych trubek svazku pfijatelnd. Toto také bylo provedenymi testy
potvrzeno — napftiklad pro distribu¢ni systém D z tabulky 3.1 s usporfddanim toku ,,U*“
(viz také obrazek 3.7) jsou pratoky jednotlivymi trubkami zji§téné stavajicim modelem
a detailni CFD simulaci porovnany na obrdzku 3.8. V nésledujicich testech proto byly
voleny spiSe vyssi celkové hmotnostni pritoky, aby se ovérilo, nakolik je model — aktuédlné
bez jakéhokoliv zahrnuti vlivu turbulence — pouZitelny i v pfipadé vyrazné turbulentniho
proudéni, které je v procesnich zatizenich obvykle preferovano z dtivodu naslednych
vys$$ich hodnot soucinitele prestupu tepla.

Obrazek 3.9 ukazuje relativni chyby pratokl trubkami distribu¢nich systémt A-F
z tabulky 3.1 vii¢i dattim z detailnich CFD vypoctu v pripadé silné turbulentniho prou-
déni. Celkové hmotnostni priitoky, uvedené v legendé obrazku, zde totiZ byly voleny tak,
aby primérnd Reynoldsova ¢isla v trubkéch byla prinejmensim ~24 00o. Ackoliv je vidét,

Obrazek 3.7. Schéma distribu¢niho systému D z tabulky 3.1 s uspofadédnim toku ,,U“
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Obrazek 3.8. Srovndni hmotnostnich priitoki jednotlivymi trubkami distribu¢niho systému
z obrazku 3.7, které byly zjistény zjednodusenym modelem a detailni CFD simulaci pfri
pramérné hodnoté Reynoldsova ¢isla v trubkdch Re; ~ 1500. Maximadlni velikost relativni
chyby vii¢i datim z CFD simulace, kterd byla zjistovana pro kazdou jednotlivou trubku
vztahem eg = 100 (r2/micpp — 1), je ptiblizné 1,2 %.

vy

Ze i pti vyrazné turbulenci a vy$§im poctu fad trubek jsou velikosti relativnich chyb pod
4 %,z obrazku 3.10 je zfejmé, Ze predikci by stéle §lo podstatné zlepsit. Opomeneme-li tedy
docasny a znac¢né nerealisticky predpoklad jednorozmérnosti hlavnich kanald, pak jed-
nou z moznych tpray, kterd by jisté pfinesla nezanedbatelné zpresnéni modelu, je pravé
zahrnuti vlivu turbulence — napfiklad jiz zminénym Skalovanim viskozity, které bylo
s uspéchem pouzito u zjednoduseného 3D CFD modelovéni.

3.3 Vyvinuty software
Simula¢ni software nutny k testovani modelu vyuZziva funkcionality baliku NumPy [81]

pro numerické vypocty v jazyce Python a je stdle v rané fazi vyvoje. Zatim proto neni
dostupné ani zadné grafické uzivatelské rozhrani. Vizualizace dat je vSak i pres absenci



Vyvinuty software

Relativni chyba, %

Cislo trubky

A (6,4kg/s) —e— B (9,6kg/s) --o-- C(19,2kg/s) =
D (16,0 kg/s) o E (16,0kg/s) --+- F (25,6 kg/s) --o--

Obrazek 3.9. Relativni chyby predikovanych hmotnostnich pritoki jednotlivymi trubkami
distribu¢nich systém z tabulky 3.1 s usporadanim toku , U“ vii¢i dattim ziskanym detail-
nimi CFD simulacemi. Celkové hmotnostni priitoky pracovni latky jednotlivymi systémy
jsou uvedeny v legendé a odpovidaji primérnym hodnotdm Reynoldsova ¢isla v trubkdch
Re; ~ 24 000 u systému A, resp. Re; ~ 48 000 u ostatnich systému. Cislovani trubek je analo-
gické obrédzku 3.8 (adaptovano z [A13]).

takového rozhrani snadna. Jakékoliv dvourozmeérné grafy lze totiZ jednoduse zobrazit
(a ptipadné také exportovat do souboru pro dalsi pouZiti) pfimo ve vyvojovém prostiedi
The Scientific Python Development Environment (Spyder) [82]. Vizualizaci hodnot va-
zanych na 3D strukturu modelu je pak mozné provést relativné pfimocarym exportem
dat skrze knihovnu The Visualization Toolkit (VTK) [83] a jejich ndslednym nactenim
do aplikace Kitware ParaView [84]. Jak navic mtZeme ukdzat kuptikladu na horkovodnim
kotli na odpadni teplo schematicky zndzornéném na obréazku 3.11, ktery je souc¢ésti exis-
tujiciho zatizeni pro kombinovanou vyrobu tepla a elektrické energie, zminénd aplikace
umoznuje zobrazovani dat zaroven z vicero zdrojt. Snadno tedy lze ziskat tfeba obra-
zek 3.12 s hodnotami tykajicimi se nejen modelovanych trubkovych svazki, ale souc¢asné
také s daty odpovidajicimi mezitrubkovému prostoru, kterd byla spoctena pomoci jiného
softwaru.

Vypoctové casy pozorované pii vyhodnocovéni testovacich tiloh se i pti stdvajici imple-
mentaci modelu pohybovaly nejvyse v fadu desitek vtetfin. Z pohledu budouciho pouZziti

v optimalizac¢nich algoritmech je ale samozrejmé Zddouci tyto ¢asy co mozZna nejvice
zkratit. Pokouset se o to paralelizaci vlastniho maticového vypoctu (predikéniho kroku)
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Obrazek 3.10. Srovnani hmotnostnich pritokid jednotlivymi trubkami distribuéniho sys-
tému z obrazku 3.7, které byly zjistény zjednodusenym modelem a detailni CFD simulaci pfi
pramérné hodnoté Reynoldsova Cisla v trubkdch Re; ~ 48 000; ¢islovani trubek odpovida
obrazku 3.8

ovSem nedav4 prili§ smysl, protoZe hodnosti matic reprezentujicich systémy linedrnich
rovnic jsou pti uvazovaném zpusobu zjednoduseni vypocetni sit€é malé. Naopak u ko-
rek¢niho kroku, ktery je feSen nezavisle pro kazdy jednotlivy prvek sité, uz paralelizace
smysl dava a nic ji nebréni. Pravdépodobné nejlepsi strategii je zde asynchronni dav-
kové zpracovani, tedy feSeni korek¢nich tiloh pomoci skupiny asynchronné pracujicich
vykonnych procest, z nichz kazdy béZi na jiném jadfe procesoru. V existujici implemen-
taci v jazyce Python k tomu byla vyuzita vestavénd knihovna multiprocessing (nutno vsak
podotknout, Ze toto vylep$eni bylo do kddu zapracovdno az po vyddani ¢lanku [A13]). Vhod-
nou alternativou by nicméné mohla byt také knihovna ray [85], kterd dle testti zminénych
v ¢lanku [86] poskytuje ve srovndni s knihovnou multiprocessing dodatecné 5-25nédsobné
zkraceni vypocetnich ¢asu (v zavislosti na charakteru paralelizované tlohy).

ReZie v podobé procesorového ¢asu nutného pro konstrukcei, provoz a destrukci’
vykonnych procesti a komunikaci s fidicim procesem rozhodné neni zanedbatelnd. Vzdy
je proto lepsi na zdkladé dostupného poctu jader odhadnout vhodny maximdlni pocet
korek¢nich dloh odesilanych vykonnym procestim v jedné ddvce namisto ponechéani
zpusobu rozloZeni paralelné béZicich tloh na pouzité paralelizacni knihovné (aktualné
vyuzity piistup). Takovy odhad pfitom lze vyprodukovat vcelku snadno. Jakmile by pak

TV piipadé, Ze neni pouzit programovaci jazyk s automatickou spravou paméti ( ,garbage collection“).
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Obrazek 3.11. Schéma horkovodniho kotle na odpadni teplo s vyznac¢enou polohou mode-
lovanych trubkovych svazk(; kolektor horniho svazku je spojen s distributorem dolniho
svazku pomoci externiho potrubi, které je zakresleno ¢arkovanou ¢arou

pri vypoctu néktery vykonny proces dokoncil zpracovavéani aktudlni davky korekénich
uloh, pozdadal by ridici proces o ddvku novou, resp. by doslo k jeho ukonceni a pripadné

2 ~ 2

destrukci, pokud by jiZ nebyly dostupné Zadné tlohy ke zpracovani.

Dalsim vylepSenim stdvajiciho pocitacového kddu, které vsak jesté z casovych dii-
vodi implementovano nebylo, je pouZiti stromové reprezentace vypocetni sit€ namisto
standardni kolekce objektt. Pokud bychom docela rozumné a realisticky poZadovali, aby
jakdkoliv souvisla ¢ast sité byla funkcéné (ve smyslu rozhrani v objektové orientovaném
kédu) identickd, méla by uvedend modifikace dvé zasadni vyhody. Prvni vyhoda by spo-
¢ivala v moZnosti rekurzivniho prochdzeni sité pri feSeni korek¢nich tloh. Toto by zcela
zfejmé mélo vliv na rychlost dohleddvani sousednich elementti a jejich vlastnosti, resp.
také na pripadnou paralelizaci vypoctu. Druhym a potencidlné vyznamné;jsim diisledkem
stromové reprezentace by pak byla skute¢nost, Ze by fesic pracoval s jakoukoliv souvislou
¢asti sité — bez ohledu na jeji velikost ¢i strukturu — Giplné stejné jako s jedinym prvkem.
Vyvinutou aplikaci by tudiZ §lo propojit s jinymi vypocetnimi ndstroji a zahrnout tak
i komplikovanéjsi ¢4sti geometrie, jejichZ modelovéani stdvajicim kédem by nemuselo byt
dostatecné presné ¢i proveditelné. K tomu by stacilo vytvorit prvek implementujici stejné
kodové rozhrani, pouze s tim rozdilem, Ze vlastni propojeni odpovidajicich koncovych
uzlli by nyni bylo realizovdno externi vypocetni aplikaci (ANSYS Fluent atp.).
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Obrazek 3.12. Vizualizace proudnic ve spalinovodu horkovodniho kotle na odpadni teplo
ziskanych 2D vypoctem v aplikaci ANSYS Fluent spolu s teplotami média v trubkovém
svazku, které byly zjiS§tény prvotni (a dosud znac¢né zjednodusenou) verzi teplotniho modelu.
Data odpovidajici trubkovému svazku byla exportovana pomoci knihovny VTK, zatimco
data tykajici se rychlostniho pole byla ve vizualiza¢ni aplikaci Kitware ParaView nactena
pfimo z nativnich datovych souborii ANSYS Fluent.

3.4 Budoucizaméreni vyzkumu

Jak bylo poznamenéno v prfedeslém textu, vyvoj modelu zaloZeného na metodé konec-
nych prvkd je stédle v rané fazi. Dosud tudiZ neni zcela zfejmé, nakolik bude takovy model
pouZzitelny v praxi. Ndsledny vyzkum v této oblasti bude proto zaméren priméarné na roz-
$ifeni modelu o nové prvky vypocetni sité z obrazku 3.5 a na dokonceni jiz zapocaté
Upravy itera¢niho fesiCe tak, aby zohledroval i pfenos tepla. Kromé toho budou testovany
moznosti pfibliZzného a zaroven vypoctové ,levného“ zahrnuti vlivu turbulence. Na za-
kladé vysledkli obdrZenych se zjednodusenymi 3D CFD modely z kapitoly 2 1ze ocekévat,
Ze by mohlo opét dostacovat Skdlovani viskozity pomoci vhodného empirického vztahu,
nicméné bez fadného otestovdni neni mozné v tomto ohledu ¢init Zddné konkrétné;jsi
Z4very.

Ukéze-li se patficny zptlisob zjednoduseného modelovani opravdu po tpravach a tes-
tech zminénych vySe jako vhodny, bude pozornost zamérena na rozsifeni modelu o me-
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chanické namé&hdéni svazku. Dalsi kroky se pak budou tykat vlastni pocitacové imple-
mentace. Nejprve bude provedena zména zptisobu reprezentace vypocetni sité do stro-
mového tvaru a souvisejici zvySeni efektivity paralelizace korek¢niho kroku. Poté bude
pfiddna moznost propojeni s jinymi vypocetnimi kédy - at uz formou API, nebo vytvofe-
nim rutin schopnych (i) exportovat data do a importovat data ze soubort ve vhodnych
datovych formatech a (ii) spoustét odpovidajici externi vypocetni aplikace. Nakonec
bude zkoumadn vliv pfipadnych mikrooptimalizaci k6du za ti¢elem dodate¢ného zkra-
ceni vypocetnich ¢asti.






Numericka disipace
v CFD modelech

Pri modelovani proudéni tekutin se vlivem obrovské vypoctové ndroc¢nosti pfimé nu-
merické simulace (,,Direct Numerical Simulation“, DNS) [87] prakticky vyuZivaji pte-
vazneé simulace velkych virti (,,Large Eddy Simulation“, LES) [88], rlizné adaptivni me-
tody — napt. ,Detached Eddy Simulation“ (DES) [89] nebo ,Scale-Adaptive Simulation
(SAS) [90] —, resp. modelovdni pomoci ¢asové pramérovanych Navierovych-Stokesovych
rovnic (,,(Unsteady) Reynolds-Averaged Navier-Stokes equations, (UYRANS). U posled-
niho zminéného pfistupu, ktery je pfesny nejméné, jsou hlavnim zdrojem chyb pouzité
modely turbulence [91]. (U)RANS modely ale ptesto v inZenyrské praxi zcela prevazuji,
nebot jejich naroky na vypocetni hardware jsou relativné malé.

Numerickd disipace ve zminénych modelech ma ptivod v diskretizaci pouZitych
rovnic a nezanedbatelnou mérou ovliviiuje presnost vyslednych dat. Chyba takto vnesena
do vypoctu je pritom zpravidla vyznamnd bez ohledu na to, jak vysokého radu - tj. jaké
formalni pfesnosti — jsou pouZzité numerické metody. Odhad miry numerické disipace
je ovSem zcela logicky nejvice potfeba u komercné pouzivanych CFD modelt pracujicich
s metodami nizkych radt. Je také nasnadé, Ze vyzkum novych diskretiza¢nich schémat
minimalizujicich numerickou disipaci je v oblasti CFD vypo¢tl jednim z aktudlnich
témat [92].

Hlavnim projevem numerické disipace je tzv. numerickd viskozita (,,numerical vis-
cosity“), kterd je disledkem faktu, Ze se uvnitt kontrolnich objemt uvazuji konstantni
hodnoty velicin, tedy Ze feSeni ziskané CFD modelem je po ¢astech konstantni. Vy-
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znamny vliv zde ale md i to, zda je vypocetni sit ,zarovndna“ s vlastnim proudénim.
Patfi¢nou situaci Ize snadno ilustrovat naptiklad nésledujicim experimentem: uvazujme
dvourozmérnou doménu popsanou pravouhlou siti (40 X 40 bunék), ve které dochdazi k la-
mindrnimu proudéni ve sméru rovnobézném s diagondlou (z pohledu ,zarovnani* sité
jde o nejhor$i mozny piipad). UvaZzujme ddle, Ze na vstupu je v okrajové podmince v misté
diagondly nespojitost v urcité skalarni proménné — naprtiklad teploté. Pokud bychom
nyni (byt ponékud nefyzikdlné) polozili odpovidajici difuzni koeficient rovny nule, mélo
by i feSeni tilohy obsahovat zminénou nespojitost, jak ukazuje obrazek 4.1a. Ve skutec-
nosti v§ak ziskdme reSeni podobné tomu z obrazku 4.1b, kde je na prvni pohled patrné,
Ze nespojitost byla nahrazena hladkym prechodem, ktery se ve sméru proudéni postupné
roz§ituje. I kdybychom v okoli rozhrani pouzili jemnéjsi sit, problém by nezmizel; pouze
by byl prechodovy pds diky mensim burnkdam uzsi.

Vyzkum metod pro odhad chyb vzniklych v dtsledku diskretizace rozhodné neni
ni¢im novym, jak naznacuje ¢lanek Marchiho a da Silvy [93] jiZ z roku 2002. Casto (viz
tfeba publikace [94]) je jako modelovy pripad zkoumén Taylortiv-Greentv vir, pro ktery
existuje exaktni analytické feSeni, pfipadné jiné viry, u nichz jsou k dispozici potfebné
udaje (jako priklad 1ze uvést studii [95]). Snadno ale miZeme nalézt mnoho dal$ich studii
zamérujicich se na numerickou disipaci v LES [96] a implicitnich LES (ILES) [97] mode-
lech, ILES vyuzivajicich adaptivni filtrovani [98], riizné zjednodusenych formédch DNS [99]
nebo dokonce u zcela obecnych parcidlnich diferencidlnich rovnic [100]. Kromé toho
se ¢tenaf muze setkat i s ¢lanky zabyvajicimi se pfibuznymi tématy; kupiikladu odhadem
zaokrouhlovacich chyb [101], aplikaci Richardsonovy extrapolace pro odhad feSeni neza-
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Obrazek 4.1. Vliv numerické viskozity na feSeni tlohy, v niZ byl pouZit nulovy difuzni koefi-
cient



vislého na vypocetni siti [102], metodami urceni nutného prostorového rozliSeni siti v LES
modelech [103], explicitnim filtrovdnim v téchto modelech pro predikci skalarnich veli¢in
bez ovlivnéni siti a fddem diskretizacniho schématu [104], konstrukci sité zohlednujici
skute¢ny charakter proudéni za ticelem sniZeni vysledné chyby [105] a podobné.

Znac¢nou nevyhodou mnoha zptisobtt odhadu miry numerické disipace nicméné je,
Ze vyzaduji pristup do vlastniho CFD feSice, coZ zcela zfejmé vyznamné omezuje jejich
praktickou aplikaci. Naproti tomu metoda popsand ve vySe zminéném ¢clanku Schrannera
a kol. [94] (resp. v publikaci [106], ktera poskytuje nékteré dodatecné informace ohledné
implementace patficného postupu) povazuje CFD feSic za ,Cernou skiinku“, odkud
pouze piebird vybrané interné pocitané tidaje. Vyhodnocovani miry numerické disipace
je pak provadéno az na zdkladé téchto iidaji pomoci dvou hlavnich ukazatel(i — rezidua
diskretizované integralni rovnice pro kinetickou energii, €", a numerické kinematické
viskozity, v". Postup odvozeni uZzitych vztahti mize ¢tenaf snadno najit v citovanych
¢lancich ([94, 106]) a nema proto smysl uvadét ho v této praci.

Motivaci pro implementaci zde popisované metody pfitom je primarné snaha odhad-
nout chybu v datech z CFD vypoctt, pfipadné — coZz by bylo jesté lepsi — se pokusit najit
zévislost mezi indikatory miry numerické disipace (nebo i nékterych k tomu potiebnych
pomocnych tdajli) a presnym feSenim. V publikaci [94] jsou sice vysledky obdrzené
diskutovanym postupem v pfipadé Taylorova-Greenova viru porovndny s pfesnymi idaji
ziskanymi uZitim spektralnich metod, pfesto by vSak bylo vhodné provést srovnéni také
s daty pro v procesni praxi béZnéjsi situace — napfiklad vitivé proudéni v trubkach [107].

Reziduum diskretizované integrdlni rovnice pro kinetickou energii je pro urcity kont-
rolni objem V — buriku vypocetni sité — pocitdno vztahem
kin
AE}
At

) - R - FC+ S + WP - el (4.1)

Prvni ¢len na pravé strané rovnice 4.1, ktery predstavuje ¢asovou zmeénu kinetické ener-
gie, je zde zjistovan tfibodovou diferen¢ni formuli druhého fadu (detaily Ize dohledat
v ¢lanku [106]). Odpovidajici hodnoty kinetické energie jsou pak v jednotlivych po sobé
jdoucich ¢asovych krocich pocitdny pomoci

E‘ljin = [pekm]v AV, (4.2)

v ¢emZ z4pis [-]; znamend ,v kontrolnim objemu V “, p zna¢i hustotu pracovni latky,
e"" mérnou kinetickou energii danou vztahem

3
. 1
kin _ ~ 2
e = > E uy, (4.3)

u; itou slozku vektoru rychlosti proudéni u = (1, u,, uz) a AV objem daného kontrol-
niho objemu (burnky vypocetni sit€). Celkovy tok kinetické energie (,kinetic energy flux“)
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~z 2

skrze stény A tvorici hranici 0V kontrolniho objemu V' Ize vyjadfit ve tvaru

3
Fl‘ﬁin = Z [Z n; (peki“ui)] AA, (4.4)

i=1 A

kde zapis [-] , analogicky znamend ,na sténé A, n; je itd slozka normalového vektoru
n = (n, ny, n3) stény A a AA plocha této stény. Pfitomnost sloZek normdlového vektoru
zde nepfedstavuje zadny problém, nebot CFD fe$ice musi vyhodnocovat sténové toky
a informace o velikostech a orientacich stén proto byvaji béZné k dispozici. Naptiklad
v softwaru ANSYS Fluent je definovan tzv. vektor plochy stény (,face area vector*, makro
F_AREA), ktery smérem a orientaci odpovidd normélovému vektoru dané stény a velikosti
potom vlastni ploSe stény. Podobné se pocitaji i celkovy akusticky tok (,,acoustic flux“),

3
Fy = Z [Z n; (pu;)
i1

AedV

AA, (4.5)
A

kde p znaci tlak, a celkovy viskézni tok (,viscous flux“),

Fvis:Z i”i aui+%_5..§i% u;| AA (4.6)
v - 'z K axj 0x; l]3k:1 00Xk ! , .

A

kde u predstavuje efektivni dynamickou viskozitu a §;; Kroneckerovo delta. Prace tlako-
vych sil (,,pressure work“) je vyjadrena vztahem

3
Z i (4.7)
ox, .
=1
Poslednim ¢lenem v rovnici 4.1 pak je visk6zni disipace (,viscous dissipation®),
e’ = [vly ev, (4.8)
ve které v znaci efektivni kinematickou viskozitu a €y disipa¢ni funkci,
3 3 2 3
ou; Ou; 0u; 2 0u; ouy
€y = + — 0ji— — AV. .
v p ; ]Zl ((axj) 0xj 0x; i3 3 ax] Z 0xy (4.9)
== v

Druhy ukazatel — numericka kinematickd viskozita — je podilem hodnoty rezidua
diskretizované integralni rovnice pro kinetickou energii (z rovnice 4.1) a hodnoty disipa¢ni
funkce (z rovnice 4.9):

vy = —. (4.10)



Struktura kédu UDF

Samozrejmé zde nejde o skutecnou hodnotu kinematické viskozity, ale o miru numerické
difuze, tj. opét chybu vnesenou do vypoctu v dlisledku uziti nékterych druhti diskretizac-
nich schémat.

Celkové hodnoty veli€in vySe za ur¢itou subdoménu D se pak zjisti prostym souctem
hodnot ze vSech odpovidajicich kontrolnich objemt V:

n _ n
€p = €y, Tesp.
VeD
N N (4.11)
VD = VV.
VeD

Vypocet obou ukazatelti miry numerické disipace popsanych vyse, tedy rezidua dis-
kretizované integralni rovnice pro kinetickou energii a numerické kinematické viskozity,
byl implementovan v jazyce C formou uZzivatelsky definovanych funkci (,,User-Defined
Functions“, UDF). Tyto lze snadno pouZit pti vypoctech v aplikaci ANSYS Fluent, k Ce-
muz neni potfeba Zddné znalost programovani — bohaté dostacuje uZzivatelska znalost
zminéné aplikace.

4.1 Struktura kédu UDF

Kéd nutny k ziskdni odhadu miry numerické disipace je napsan tak, aby mohl byt pouzit
v jednojadrovych i vicejddrovych vypoctech, a skldda se z nékolika oddélenych funkci.
Prvni funkce je spousténa automaticky pri nacteni zkompilované knihovny a slouZzi
k rezervovani potfebného poctu uZivatelskych proménnych a inicializaci vybranych
internich datovych struktur, které nezavisi na vypocetni siti a jsou proto deklarovany
jako proménné nativnich datovych typti jazyka C. Druha funkce je vykonnd a provadi
vlastni vypocet tidaji, na zédkladé kterych lze posuzovat miru numerické disipace, resp.
nékteré dalsi souvisejici operace. Kromé toho pak kéd obsahuje také funkce pro

* uzivatelskou aktivaci ¢i deaktivaci vybranych funkcionalit,

e vypis aktudlnich vyznam jednotlivych indexti uzivatelskych proménnych (jelikoz,
jak bude vysvétleno ddle, se nékteré indexy musi v zajmu efektivity kédu v pribéhu
vypoctu meénit),

¢ nové zapoceti procesu hodnoceni miry numerické disipace (tj. zahozeni veSkerych
aktuélnich dil¢ich ¢i souhrnnych hodnot a tidajii uloZenych v pomocnych datovych
strukturdch) a

* vypisinformaci o jednotkach vsech pocitanych hodnot (nebotjejich uvadéni ve stan-
dardnich vypisech by vedlo k vyraznému sniZeni prehlednosti).

Veskeré tyto funkce jsou podrobnéji popsany v nésledujicich kapitolach.
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4.1.1  Funkce on_loading

Funkce on_loading je —jak jeji ndzev napovidd — spusténa automaticky pfi nacteni zkompi-
lované knihovny. Jejim priméarnim ticelem je rezervovani potfebného poctu uZzivatelskych
proménnych (,,User-Defined Memory*“, UDM), které budou nésledné vyuzivany pfi vy-
hodnocovani numerické disipace. Nutno vSak podotknout, Ze tato operace, tedy zavolani
funkce Reserve_User_Memory_Vars(num), nékdy pti automatickém provedeni selze, na coz
upozornuje i oficidlni prirucka aplikace ANSYS Fluent [108, kap. 3.2.12.7]. VZdy je proto
koédem kontrolovano, zda bylo rezervovani proménnych tispésné, a piipadné je vkonzole
aplikace zobrazeno varovani spolu s informaci, kolik proménnych musi uzivatel pred
pokracovanim manudlné rezervovat, napt.:

> BEWARE: (1) YOU NEED TO HAVE RESERVED 28 UDM(s) BEFORE
< USING libudf.
(2) UDM OFFSET IS FIXED AT 0!

Ukladéni vétsiny proménnych je potreba provadét v relaci k sou¢asnému, minulému
a nékdy i pfedminulému ¢asovému kroku. JelikoZ by ale uzivani fixnich indexti promén-
nych vyzadovalo na konci kazdého ¢asového kroku kopirovani obrovskych mnozstvi
dat, je namisto toho u kazdé dot¢ené proménné pracovano se ,zdkladnim*“ indexem
a variabilnimi (prbézné ,rotovanymi*) indexovymi posuny odpovidajicimi témto tfem
¢asovym kroktim. Funkce on_loading tedy obsahuje inicializaci zdkladnich index, pfi-
¢emz vychozi indexové posuny jsou nastaveny rovnou pfi deklaraci patfi¢nych tfi sta-
tickych proménnych typu int. Kromé toho jsou inicializovany také indexy proménnych
pro uklddani primért hodnot poc¢itanych v kazdém ¢asovém kroku, nicméné tyto jiz
nejsou vazany na konkrétni ¢asovy krok a neni u nich tudiz nutné je déle korigovat.

Nakonec jsou do konzoly vypsdny informace ohledné aktualniho nastaveni prumeé-
rovani hodnot, detailniho vypisu do konzoly a z4pisu rezidui diskretizované integralni
rovnice pro kinetickou energii a numerickych kinematickych viskozit ze viech jednotli-
vych bunék na disk. Tato nastaveni jsou uzivatelsky ménitelnd funkcemi toggle_averaging,
toggle_detailed_printout a toggle_celldata_output, jak je podrobnéji posano v kapitolach

4.1.3 aZ 4.1.5.

4.1.2 Funkce numerical_dissipation

2 X2z

Funkce numerical_dissipation tvoii stéZejni ¢ast kodu UDE nebot provadi vlastni vypocet
dil¢ich a souhrnnych hodnot tykajicich se odhadu miry numerické disipace. Ziskana data
jsou touto funkci také uklddana do uZzivatelskych proménnych pro potieby vizualizace
¢i dal3iho zpracovani, souhrnné statistiky za celou doménu jsou zapisovany na disk a jsou
dopocitavany priimérné hodnoty (je-li to uzivatelem pozadovano).

Hlavni ¢ast kodu, tj. zjistovani vSech dilé¢ich hodnot pro jednotlivé buriky sité, je pro-
vadéna pouze na vypocetnich uzlech (,serial node*, resp. ,non-host nodes*“ v piipadé
paralelniho vypoctu). Pokud jiz jsou k dispozici tidaje z alespon tfi po sobé jdoucich
casovych krokii, dopocitavaji se pro jednotlivé buriky i reziduum diskretizované integralni
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rovnice pro kinetickou energii a numericka kinematickd viskozita. Jinak je do dot¢enych
proménnych uloZena hodnota NaN. Ndsledné jsou ziskany praméry vSech , burikovych“
hodnot, je-li toto poZadovadno uZivatelem. Vlastni primérovéni je pfitom provadéno
inkrementdlné, coZ nevyzaduje jinak zcela zbyte¢né uchovavani kompletni historie vSech
pocitanych tdaji. To znamend, Ze namisto vypoctu aritmetického primeéru ze sady
hodnot {a,, ay, .. ., ax } pomoci obvyklého vztahu

E_lia. (4.12)
N_Nizll 4.

je v prvnim c¢asovém kroku po aktivaci primeérovani pouzit trividlni vztah a, = aj,
zatimco v kazdém dal$im casovém kroku je primeér pocitdn pomoci
_ _(N-Day.+an _ ay — an-1

an N =an-1+ — N (4.13)

V kédu je pak implementovan upraveny vyraz na konci rovnice 4.13 vyS$e, nebot se tak

2~ 2

v porovndni s prvnim uvedenym - intuitivnim — zdpisem snizi zaokrouhlovaci chyba.

Posledni operaci provddénou na vypocetnich uzlech je prfedani veskerych dat nutnych
ke zjisténi souhrnnych hodnot za celou doménu na hlavni uzel pro findlni zpracovani
a zapis na disk.

Naopak na hlavnim uzlu (,serial node “, resp. ,hostnode*) je nejprve proveden pfijem
dat z vypocetnich uzl. Pomocinich je pak dopocteno souhrnné reziduum diskretizované
integrdlni rovnice pro kinetickou energii za celou doménu a odpovidajici souhrnna
hodnota numerické kinematické viskozity. Tyto dvé statistiky v€etné veSkerych dalSich

souhrnnych hodnot za celou doménu jsou pro stavajici casovy krok zapsany na disk.

V zavislosti na uZzivatelském nastaveni jsou pfipadné do jiného souboru ulozena také
rezidua z jednotlivych bunék (resp. jejich primeéry, je-1i aktivni primérovani). Nakonec
jsou do konzoly aplikace ANSYS Fluent vypsdny zminéné dvé nejdtlezitéjsi statistiky
za predchozi’ Easovy krok (pfipadné i ostatni souhrnné tidaje — opét dle aktualniho
nastaveni), coZ muze vypadat kuptikladu takto:

> OVERALL DISSIPATION VALUES FOR THE PREVIOUS TIME STEP (flow
< time: 0.42 s):
EPSn 4.95007e-01
NUn 2.80716e-03

TVzhledem k vypoctu ¢asové zmény kinetické energie v rovnici 4.1 pomoci tifbodové diferenéni
formule je hodnota €™ dostupnd nejvyse pro pfedchozi ¢asovy krok. Hodnotu v" jsme tudiZ schopni
spocitat také nejvyse pro predchozi Gasovy krok. Zbylé hodnoty (FX™ apod.) sice zndme i pro stavajici
¢asovy krok, nicméné v zdjmu konzistence vypisovanych tdajt jsou i tyto uvddény pro krok predchozi.
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4.1.3 Funkce toggle_averaging

Hodnoty, at uz dil¢i pro tu kterou buriku sité nebo souhrnné za celou doménu, pocitané
pro konkrétni ¢asovy krok nemusi byt vzhledem k moznym fluktuacim pfilis§ vypovidajici.
V takovém piipadé je lepsi sledovat jejich priiméry. Tyto ovSem ve vychozim nastaveni
pocitdny nejsou a je proto nutné jejich vypocet aktivovat pomoci na vyzadani spustitelné
(,on demand“) funkce toggle_averaging.

Uvedena funkce je spousténa pouze na hlavnim uzlu, nebot pravé tam dochazi k pii-
padnému vypoctu priumért. Aktivace ¢i deaktivace (v zavislosti na stavu pred zavolanim
funkce) patfi¢né funkcionality je indikovana vypisem do konzoly, ktery miize vypadat
napftiklad takto:

> Computing of average values has been enabled.

Po aktivaci primeérovani jsou do konzoly béhem vypoctu vypisovany kromé rezidua
diskretizované integralni rovnice pro kinetickou energii a numerické kinematické visko-
zity (jsou-li jiz k dispozici) také jejich priimérné hodnoty, a to v ndsledujicim formatu:

> OVERALL DISSIPATION VALUES FOR THE PREVIOUS TIME STEP (flow
— time: 0.42 s):

EPSn = 4.95007e-01 (Avg(EPSn)

NUn 2.80716e-03 (Avg(NUn)

4.89059e-01)
2.83756e-03)

Veskeré ,burikové“ pramérné hodnoty jsou pro pfipadnou analyzu ¢i vizualizaci pfi-
stupné skrze rezervované uzivatelské proménné. Zjisténi indexu proménné, ktera ob-
sahuje pozadovanou priimérnou hodnotu, 1ze provést na vyzadani spustitelnou funkci
list_udm_indices popsanou v kapitole 4.1.6.

4.1.4 Funkce toggle_detailed_printout

Standardné jsou v kazdém casovém kroku do konzoly vypsdny pouze dvé souhrnné
hodnoty (jsou-li jiZ k dispozici), a sice reziduum diskretizované integralni rovnice pro
kinetickou energii a numericka kinematicka viskozita. Tyto, jak bylo poznamendno vySse,
odpovidaji pfedchozimu ¢asovému kroku ¢ — Az. Kromé nich ale mohou byt pro uZiva-
tele nékdy zajimavé i dalsi spoctené hodnoty pro tentyz casovy krok, jejichZ vypis vSak
je ve vychozim nastaveni zakdzan.

Aktivaci vypisu dodate¢nych hodnot lze provést na vyzadéani spustitelnou funkci
toggle_detailed_printout. Tato je opét spousténa pouze na hlavnim uzluy, jelikoZ z néj
je provadén vypis do konzoly. Aktivace ¢i deaktivace (v zavislosti na stavu pred zavoldnim
funkce) pak je potvrzena podobné jako u funkce toggle_averaging, napf.:

> Detailed printout has been enabled.
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Je-li tedy vypisovani dodatecnych hodnot povoleno, ziskd uZzivatel na konci casové-
ho kroku namisto obvyklé stru¢né informace vyrazné podrobnéjsi zpravu, ktera uvadi
i vSechny ostatni veli¢iny vystupujici v rovnicich 4.1 a 4.10:

> OVERALL DISSIPATION VALUES FOR THE PREVIOUS TIME STEP (flow
— time: 0.42 s):
EPSn = 4.95007e-01

NUn = 2.80716e-03
> Overall intermediate dissipation values:

Ekin = 2.32786e-03
dEkin/dt = 4.87339e-03
Fkin = -8.15009e-01
Fac = 3.16270e-01
Fvis = 4.29578e-04
Wp = 2.21763e-03
epsvis = 1.50579e-03
eps = 1.76337e+02

Slovem ,overall“ se zde rozumi, Ze jde o soucty patti¢nych hodnot ze vSech bunék v celé
vypocetni doméné (v kontrastu s hodnotami pro jednotlivé buriky, které jsou pfistupné
skrze rezervované uzivatelské proménné).

Pro dplnost jesté dodejme, Ze uvddéni jednotek hodnot ve vypisech vyse by zcela
ziejmé snizovalo jejich prehlednost. Lze si je proto nechat zobrazit na vyzadani spustitel-
nou funkci list_units, jak je popsdno v kapitole 4.1.7.

4.1.5 Funkce toggle_celldata_output

Funkce numerical_dissipation mtZe pro potieby pfipadného dalsiho zpracovani vkazdém
¢asovém kroku uklddat na disk rezidua diskretizované integralni rovnice pro kinetickou
energii a numerické kinematické viskozity (pfip. jejich prumérné hodnoty, je-li aktivo-
vano primeérovani) ze viech bunék vdoméné. Vypocetni sit¢ CFD modeld ovsem bézné
byvaji znacné rozsahlé a casty zapis vétsSich objemi dat by tudiz mohl vést k vyraznému
zpomaleni vypoctu. Zminénd funkcionalita je proto ve vychozim stavu deaktivovéna,
nicméné ji lze aktivovat (resp. dle potteby zase deaktivovat) pomoci na vyzadéani spusti-
telné funkce toggle_celldata_output. Stejné jako ostatni podobné funkce je i tato spousténa
pouze na hlavnim uzlu. Povoleni ¢i zakdzani zapisu na disk (v zavislosti na stavu pred
zavolanim funkce) je pak jako obvykle potvrzeno vypisem do konzoly, napt.:

> Writing of cell data to disk has been disabled.

4.1.6 Funkce list_udm_indices

Indexy vSech uZivatelskych proménnych, u kterych je to mozné, ztistavaji v pribéhu
vypoctu neménné. Cést dil¢ich hodnot oviem musi byt k dispozici ze dvou ¢i tif po sobé
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jdoucich ¢asovych krokt a v zajmu zachovani vypocetni efektivity je proto vhodné na-
misto kopirovédni dat mezi jednotlivymi uZivatelskymi proménnymi pouze prubézné
yrotovat“ odpovidajici indexy.

Pokud by tedy uZivatel chtél analyzovat ¢i vizualizovat nékterou veli¢inu, musi védét,
ktery index uZzivatelské proménné u ni aktudlné odpovida kterému ¢asovému kroku.
K tomu slouZi na vyzadani spustitelnd funkce list_udm_indices, kterd z hlavniho uzlu
do konzoly aplikace ANSYS Fluent vypiSe vSechny pouZivané proménné vcetné jejich

vyznam a specifikace, ke kterému ¢asovému kroku se vazi. Vypis pak mtize vypadat
napriiklad takto:

> UDM INDICES (BEWARE: MOST OF THESE CHANGE WITH EACH
< TIME STEP!):

User-Defined Memory @ ... EPSn @ t-dt
User-Defined Memory 1 ... NUn @ t-dt
User-Defined Memory 2 ... dEkin/dt @ t-dt
User-Defined Memory 5 ... Ekin @ t-2dt
User-Defined Memory 3 ... Ekin @ t-dt
User-Defined Memory 4 ... Ekin @ t
User-Defined Memory 7 ... Fkin @ t-dt
User-Defined Memory 6 ... Fkin @ t
User-Defined Memory 9 ... Fac @ t-dt
User-Defined Memory 8 ... Fac @ t
User-Defined Memory 11 ... Fvis @ t-dt
User-Defined Memory 10 ... Fvis @ t
User-Defined Memory 13 ... Wp @ t-dt
User-Defined Memory 12 ... Wp @ t
User-Defined Memory 15 ... epsvis @ t-dt
User-Defined Memory 14 ... epsvis @ t
User-Defined Memory 17 ... eps @ t-dt
User-Defined Memory 16 ... eps @ t
User-Defined Memory 18 ... Avg(EPSn) @ t-dt
User-Defined Memory 19 ... Avg(NUn) @ t-dt
User-Defined Memory 20 ... Avg(dEkin/dt) @ t-dt
User-Defined Memory 21 ... Avg(Ekin) @ t-dt
User-Defined Memory 22 ... Avg(Fkin) @ t-dt
User-Defined Memory 23 ... Avg(Fac) @ t-dt
User-Defined Memory 24 ... Avg(Fvis) @ t-dt
User-Defined Memory 25 ... Avg(Wp) @ t-dt
User-Defined Memory 26 ... Avg(epsvis) @ t-dt
User-Defined Memory 27 ... Avg(eps) @ t-dt

Z vypisu je patrné, Ze reziduum diskretizované integralni rovnice pro kinetickou
energii (zde oznaceno EPSn) a numerickd kinematickd viskozita (NUn), odpovidajici
predchozimu ¢asovému kroku (t—dt), jsou vzdy ulozeny v prvni a druhé uzivatelské
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proménné s indexy oa1'. Stejné tak se neméni ani indexy ¢asové zmény kinetické energie
(dEkin/dt) ¢i dosavadnich primért vsech pocitanych hodnot (Avg(-)), které jsou ukladany
pouze pro jediny ¢asovy krok.

4.1.7 Funkce list_units

Ucelem na vyzadani spustitelné funkce list_units je vypsat jednotky viech pocitanych
velic¢in, pficemzZ vlastni vypis je provadén pouze z hlavniho uzlu. Vystup funkce do konzoly
tedy vypada nasledovné:

> UNITS:

EPSn ... kg m*2 s*-3
NUn ... m*2 s*-1

Ekin ... kg m*2 s*-2
dEkin/dt ... kg m*2 s*-3
Fkin ... kg m*2 s*-3
Fac ... kg m*2 s*-3
Fvis ... kg m*2 s*-3
Wp ... kg m*2 s*-3
epsvis ... kg m*2 s*-3
eps ... kg s*-2

4.1.8 Funkce reset_data

V urcitych situacich mtiZe byt potieba zahodit veskeré dosud spoctené dil¢i hodnoty,
jejich priméry a podobné. Toto lze provést na vyzadani spustitelnou funkci reset_data,
ktera na vypocetnich uzlech nastavi hodnoty vSech

* internich souct odpovidajicich celé vypocetni doméné, které jsou uloZeny v polich
typu real (tzn. float nebo double podle toho, s jakou presnosti pravé ANSYS Fluent
pracuje), na nulu,

¢ souhrnnych praméra typu real odpovidajicich celé vypocetni doméné na NaN a
* rezervovanych uzivatelskych proménnych v kazdé burice vypocetni sité na NaN.

Dtivodem pro nastavovani vybranych proménnych na NaN namisto nuly je skute¢nost,
Ze hodnoty NaN jsou pfi vizualizaci ignorovany. Timto zptisobem je pak de facto indi-
kovéno, Ze patficné hodnoty nejsou dosud k dispozici. Pokud se totiZ uzivatel pokusi
nékterou takovou proménnou vizualizovat, ziskd prazdny graf, nikoliv graf nulovych
hodnot, ktery by mohl byt mylné povazovan za indikdtor nizké miry numerické disipace.

TPiesnéji v proménnych s indexy udm_offset + 0 a udm_offset + 1, kde zékladni indexovy posun
udm_offset je zjistén z ndvratové hodnoty funkce provadéjici rezervovani uzivatelskych proménnych:

udm_offset = Reserve_User_Memory_Vars(num);
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Provedeni vySe popsané operace je nakonec kazdym vypocetnim uzlem potvrzeno
vypisem do konzoly. Pri paralelnim vypoctu napftiklad na ¢tyfech jaddrech procesoru
by tudiz vypis vypadal takto:

> [Node @] Intermediate data have been re-set.
> [Node 1] Intermediate data have been re-set.
> [Node 2] Intermediate data have been re-set.
> [Node 3] Intermediate data have been re-set.

4.2 Pouziti UDF

Nejjednodussim zptisobem, jak u CFD modelu v aplikaci ANSYS Fluent nacist a akti-
vovat funkcionality z vy$e popsaného kédu, je ucinit tak pomoci zurnalu®. Tento miiZze
obsahovat napriklad néasledujici prikazy:

/define/user-defined/compiled-functions/compile libudf yes y
< numdis.c

—

/define/user-defined/compiled-functions/load libudf
/define/user-defined/function-hooks/execute-at-end
<~ numerical_dissipation::libudf

—

Za pozornost zde stoji prazdné fadky*, které jsou vyznaceny symbolem ,,_“. Jelikoz kéd
UDF mitize byt rozdélen do vicero souborti a mtize také vyzadovat vlastni hlavickové
soubory, pté se funkce [...]/compile postupné na jejich jednotlivd jména. Zadani kazdého
z nich je pak potvrzeno kldvesou Enter, pficemzZ tiplnost seznamu soubort se zdrojovym
kédem, resp. hlavickovych soubort, je indikovdna zaddnim prazdného vstupu. Uplné prv-
nim fddkem Zurnélu tedy aplikaci ANSYS Fluent poskytneme veskeré informace ohledné
nédzvu vysledné knihovny a zdrojovych souborti, nacez dal§im rddkem zdanlivé bez pii-
kazli potvrdime, Ze kromé dfive uvedeného souboru numdis.c neni uzivatelsky zdrojovy
kéd v Zzddném jiném souboru. Nésledujici fadek, opét zdanlivé bez ptikazii, potvrzuje,
Ze nezadavame zadny vlastni hlavickovy soubor a Ize tedy zacit s kompilaci k6du. Pak
uZ je pouze nactena nové zkompilovana knihovna libudf a je aktivovdno automatické
spousténi v ni obsazené funkce numerical_dissipation na konci kazdého ¢asového kroku.
I zde v3ak je moZné zadat vice neZ jednu funkci a je proto potfeba potvrdit kompletnost
seznamu funkci zaddnim prazdného vstupu (tedy prazdnym fadkem na konci Zurndlu).

fZurnal (»,journal“) je soubor obsahujici prikazy textového rozhrani (, Text User Interface, TUI)
aplikace ANSYS Fluent a zpravidla mé pfiponu jou. Nejde tedy o nic jiného neZ o analogii shellovych
skriptli (.sh) zndmych z unixovych operaénich systémt nebo dévkovych soubort (.bat) z operac¢nich
systémt DOS ¢i Microsoft Windows.

*Diisledné vzato jde o fadky obsahujici pouze bilé znaky.
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Funkce on_loading, kterd je automaticky spusténa pri nacteni knihovny, provadi rezer-
vovéni uzivatelskych proménnych. Jak ov§em bylo uvedeno v kapitole 4.1.1, ispé3nost této
operace nelze pri voldni z kodu UDF garantovat. Pokud se tedy po otevieni Zurnalu vyse
objevi v konzoli patfi¢né varovani ohledné nutnosti rezervovat uzivatelské proménné
rucné, Ize toto provést piitkazem

/define/user-defined/user-defined-memory 28

Cislo ,,28“ zde zna¢i potfebny pocet proménnych k rezervovani, ktery je vzdy specifikovan
v odpovidajicim varovani v konzoli aplikace ANSYS Fluent.

Alternativné Ize kompilaci UDE jeji nacteni, pfipadné rezervovani uZzivatelskych pro-
meénnych a aktivaci automatického spousténi funkce numerical_dissipation na konci kaz-
dého ¢asového kroku provést v grafickém uzivatelském rozhrani. Veskera potifebna dialo-
gova okna jsou dostupnd skrze prvky v oddilu User Defined na zdloZce User-Defined pdsu
karet (viz obrazek 4.2), konkrétné:

e Functions — Compiled...: kompilace zdrojového kédu a nacteni vytvorené knihovny
(prip. Functions — Manage... pro samotné nacteni dfive zkompilované knihovny;
tla¢itko 1 na obrazku 4.2),

* Memory...: rezervovani uzivatelskych proménnych (2) a

¢ Function Hooks...: aktivace automatického spousténi funkce numerical_dissipation
na konci ¢asového kroku (3).

K funkcim spustitelnym na vyzadddani pak 1ze pfistupovat skrze tlacitko Execute on De-
mand... (tlac¢itko 4 na obrdzku 4.2), resp. pres textové rozhrani. Pokud bychom takto chtéli
zavolat napiiklad funkci toggle_averaging z aktudlné nactené knihovny libudf, provedli
bychom to prikazem

/define/user-defined/execute-on-demand toggle_averaging::libudf

Po nacteni knihovny a aktivovani automatického volani funkce numerical_dissipation
na konci kazdého ¢asového kroku 1ze standardnim zptisobem spustit iteracni vypocet. In-
formace tykajici se pribézné pocitanych hodnot se budou objevovat v konzoli a zdroven

File Domain Physics User-Defined ﬂ

Field Functions User Defined g
¥/ Custom... o e =, Memory...
f f Function Hooks... .
El# Units... ) ¢ Scalars...
Functions-
[ Parameters... .+ Execute on Demand... Ew Read Table...

Obrazek 4.2. Cast pasu karet aplikace ANSYS Fluent s prvky pro spravu uZivatelsky defino-
vanych funkci
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budou ukladény na disk pro potfeby piipadného dalsiho zpracovéni. Zapisovdno pfitom
bude do souboru numdis-data.txt a — pfi aktivnim uklddéni dat z jednotlivych bunék
vypocetni sité — také do souboru numdis-celldata.txt.

Soubor numdis-data.txt obsahuje pro kazdy ¢asovy krok patfi¢ny vypocetni ¢as, délku
casového kroku, veSkeré souhrnné hodnoty vystupujici v rovnicich 4.1 a 4.10 a primérné
souhrnné hodnoty rezidua diskretizované integralni rovnice pro kinetickou energii a nu-
merické kinematické viskozity. JestliZze dosud nékterd hodnota nebyla spoc¢tena — na-
priklad proto, Ze jeSté neni dostupna historie tidajli ze tfi po sobé jdoucich ¢asovych
krokti —, je do souboru namisto ni uvedeno nan (tj. textova reprezentace NaN v jazyce C).
Déle je vhodné poznamenat, Ze pokud jiZ soubor numdis-data.txt na disku existuje, neni
prepsén, ale na jeho konec je pfiddna hlavicka nového zdznamu a za ni jsou postupné
zapisovédna data z jednotlivych ¢asovych krok.

Naopak soubor numdis-celldata.txt, je-1i jeho uklddani vyzddéno uzivatelem, je v kaz-
dém casovém kroku prepsdn novymi hodnotami rezidui diskretizované integralni rovnice
pro kinetickou energii a numerické kinematické viskozity pro kazdou jednotlivou buriku
(resp. jejich primérnymi hodnotami, je-li aktivovano priimérovani).

4.3 Vizualizace dat

Za ucelem ukéazky vizualizace pocitanych hodnot byl sestaven CFD model jednoduchého
distribu¢niho systému z obrazku 4.3, jehoZ geometrické parametry jsou uvedeny v ta-
bulce 4.1. Tabulka 4.2 pak obsahuje vlastni nastaveni CFD modelu. JelikoZ mezni vrstva
byla modelovdna pomoci sténovych funkci (konkrétné pomoci Non-Equilibrium Wall
Functions [109, kap. 4.17.4]), 1ze odpovidajici histogram hodnot y* sténovych bunék nalézt

-> distributor

Obrazek 4.3. Distribu¢ni systém analyzovany za tcelem ukézky vizualizace dat



Vizualizace dat

Tabulka 4.1. Geometrické parametry distribu¢niho systému z obrazku 4.3

Parametr Hodnota
Uspotéadani toku WA
Trubkovnice sitka 65 mm, délka 235 mm

Vstupni/vystupni oblast

délka 70 mm

Vyska hlavnich kanalt 70 mm
Trubkovy svazek 5 fad po 10 trubkéch, prostiidané usporadéni (15°),
podélné roztec 22,06 mm, piicnd roztec 11,03 mm
Trubky vnitini primér 10 mm, délka 2 000 mm
Tabulka 4.2. Nastaveni CFD modelu

Parametr Hodnota

Resic pressure-based

Metoda vypoctu SIMPLE

Aktivni rovnice

proudéni, turbulence, energie

Proudéni neustdlené, implicitni formulace 2. fadu,
casovy krok 0,0125 s
Model turbulence Realizable k—e, Non-Equilibrium Wall Functions
Diskretizace 2. fadu (tlak), ,upwind“ 2. fadu (vSe ostatni)
Stény adiabatické, absolutni drsnost 0,15 mm
Vstup mass flow inlet; voda, 300 K, 16 kg st
Vystup pressure outlet; 101 325 Pa
Vypocetni sit ~2,32 mil. hexaedralnich bunék,

histogram y* — viz obréazek 4.4

na obrazku 4.4. Z néj je zfejmé, Ze podminka platnosti pouzitych funkci byla splnéna,
nebot drtiva vétsSina hodnot y* leZi v poZadovaném rozsahu [30, 300].

Jak bylo naznaceno v kapitole 4.1.6, veskeré pocitané ,burikové“ hodnoty jsou ukla-
dény do uzivatelskych proménnych, pomoci kterych je 1ze snadno vizualizovat. Tyto
proménné jsou zapisovany i do nativnich datovych soubort aplikace ANSYS Fluent
moci ANSYS CFD-Post [110], dfive zminéného open-source softwaru Kitware ParaView
apodobné).

Obrazek 4.5 ukazuje hodnoty rezidua diskretizované integralni rovnice pro kinetickou
energii v rovinnych fezech nad trubkovnicemi hlavnich kandlt distribu¢niho systému
z tabulky 4.1. Pro maximélni zvyraznéni rozloZeni hodnot rezidua na jednotlivych fezech
je kazdy z nich opatien vlastni stupnici. Z obrazku je zfejmé, Ze idedlni hodnoty €™ = 0
nabyva reziduum jen v nékterych mistech; jinde je naopak kladné ¢i zaporné. Nejvyraz-
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Obrazek 4.4. Histogram hodnot y* sténovych bunék v CFD modelu z tabulky 4.2

néjsi odchylky od nuly jsou pfitom znatelné v mistech mezi priméty jednotlivych trubek,
kde byla evidentné kvalita sité nizsi. Co se tyCe absolutnich velikosti hodnot rezidua,
je nutné zde pamatovat na skutecnost, Ze proudéni v distribu¢nim systému bylo silné
turbulentni s primérnou hodnotou Reynoldsova ¢isla v trubkach pfiblizné 40 0oo. Dale
také 1ze v distributoru — zvlasté pak ve vyse poloZenych fezech — spatfit ,rozmazand“
mista, kterd souvisi se znacnou recirkulaci tekutiny v okoli uzavieného konce kanélu (viz
proudnice na obrazku 4.6).

RozloZeni hodnot numerické kinematické viskozity, v, tedy miry numerické difuze
v dasledku skutecnosti, Ze buriky nejsou ,zarovnany“ s lokdlnim smérem proudéni,
je zndzornéno na obrazku 4.7. I zde byla stupnice vygenerovana pro kazdy fez zvlast
(v tomto pfipadé jsou dokonce rozdily mezi rozsahy hodnot u jednotlivych fez vyrazné
vétsi nez u obrdzku 4.5). Lze si vS§imnout, Ze nejvétsi mira numerické difuze je v distribu-
toru pobliz vstupni plochy, zatimco v kolektoru uz jsou hodnoty v podstatné nizsi bez
ohledu na vzdélenost rovinného fezu od trubkovnice.

Kromé vyse zminénych dvou nejdtlezitéjsich hodnot ale samoziejmé lze identickym
zptisobem vykreslovat i grafy dil¢ich ¢i primérnych* hodnot (byly-li na uZivatelovu
7adost pocitany). Jako piiklad zmitime visk6zni disipaci, €', jejiz rozloZeni v rovinnych
fezech nad trubkovnicemi jsou na obrdzku 4.8. V distributoru je zde - stejné jako na ob-
razku 4.5 — patrné oblast u uzavieného konce s vyraznou recirkulaci tekutiny. Hodnoty
viskézni disipace v rovinnych fezech skrze jednotlivé fady trubek ve svazku jsou potom
ukdzany na obrédzku 4.9. Oblast recirkulace tekutiny u uzavieného konce distributoru

TIndexy uzivatelskych proménnych: 2-17 (resp. udm_offset + 2 azZ udm_offset + 17; viz kap. 4.1.6)
*Indexy uzivatelskych proménnych: 18-27 (resp. udm_offset +18 az udm_offset + 27; viz kap. 4.1.6)



Distributor
10 mm 20 mm 30 mm 40 mm 50 mm 60 mm

6.468e+00 6.999e+00 7.446e+00 8.426e+00 8.989e+00
5.515e+00 5.977e+00 6.373e+00 7.294e+00 7.835e+00
4.561e+00 4.954e+00 5.300e+00 6.163e+00 6.681e+00
3.608e+00 3.932e+00 4.227e+00 5.032e+00 5.526e+00
2.655e+00 2.909e+00 3.153e+00 3.901e+00 4.372e+00
1.701e+00 1.887e+00 2.080e+00 2.770e+00 3.218e+00
7.480e-01 8.641e-01 1.007e+00 1.639e+00 2.063e+00
-2.054e-01 -1.585e-01 -6.615e-02 5.077e-01 9.089%-01
-1.159e+00 -1.181e+00 -1.139e+00 -6.234e-01 -2.455e-01
-2.112e+00 -2.204e+00 -2.213e+00 -1.755e+00 -1.400e+00
-3.065e+00 -3.226e+00 -3.286e+00 -2.886e+00 -2.554e+00
-4.019e+00 -4.249e+00 -4.359e+00 -4.017e+00 -3.709e+00
-4.972e+00 -5.271e+00 -5.432e+00 -5.148e+00 -4.863e+00
-5.925e+00 -6.294e+00 -6.505e+00 -6.279e+00 -6.017e+00
-6.879e+00 -7.316e+00 -7.578e+00 -7.410e+00 -7.172e+00
-7.832e+00 -8.339e+00 -8.652e+00 -8.641e+00 -8.326e+00

Kolektor
10 mm 20 mm 30 mm 40 mm 50 mm 60 mm

5.921e+00 5.191e+00 5.292e+00 5.971e+00 6.987e+00 8.120e+00
5.219e+00 4.521e+00 4.599e+00 5.200e+00 6.099e+00 7.105e+00
4.517e+00 3.850e+00 3.906e+00 4.429e+00 5.212e+00 6.091e+00
3.815e+00 3.179e+00 3.213e+00 3.659e+00 4.325e+00 5.077e+00
3.113e+00 2.508e+00 2.520e+00 2.888e+00 3.437e+00 4.063e+00
2.411e+00 1.838e+00 1.827e+00 2.117e+00 2.550e+00 3.048e+00
1.708e+00 1.167e+00 1.134e+00 1.346e+00 1.663e+00 2.034e+00
1.006e+00 4.962e-01 4.414e-01 5.755e-01 7.753e-01 1.020e+00
3.043e-01 -1.746e-01 -2.515e-01 -1.953e-01 -1.121e-01 5.462e-03

-3.978e-01 -8.453e-01 -9.445e-01 -9.661e-01 -9.994e-01 -1.009e+00
-1.100e+00 -1.516e+00 -1.637e+00 -1.737e+00 -1.887e+00 -2.023e+00
-1.802e+00 -2.187e+00 -2.330e+00 -2.508e+00 -2.774e+00 -3.037e+00
-2.504e+00 -2.858e+00 -3.023e+00 -3.278e+00 -3.661e+00 -4.052e+00
-3.206e+00 -3.528e+00 -3.716e+00 -4.049e+00 -4.549e+00 -5.066e+00
-3.908e+00 -4.19%e+00 -4.409e+00 -4.820e+00 -5.436e+00 -6.080e+00
-4.610e+00 -4.870e+00 -5.102e+00 -5.591e+00 -6.324e+00 -7.094e+00

Obrizek 4.5. Reziduum diskretizované integralni rovnice pro kinetickou energii (¢", kg m? s7) na rovinnych fezech nad trubkovni-
cemi hlavnich kanali distribu¢niho systému z obrazku 4.3. Vstup do distributoru je vzdy v horni ¢asti grafu, vystup z kolektoru pak

2 Xz

v dolni ¢asti. Cisla nad jednotlivymi vrstevnicovymi grafy znaci kolmou vzdalenost patfi¢ného fezu od trubkovnice.

7.916e+00
6.801e+00
5.686e+00
4.571e+00
3.456e+00
2.341e+00
1.226e+00
1.111e-01
-1.004e+00
-2.119e+00
-3.234e+00
-4.349e+00
-5.464e+00
-6.579e+00
-7.694e+00
-8.809e+00
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7.918e+00
7.390e+00
6.862e+00

6.334e+00
5.806e+00
5.279e+00
4.751e+00
4.223e+00
3.695e+00
3.167e+00
2.639e+00
2.111e+00
1.584e+00
1.056e+00
5.279e-01

5.203e-05

Obrizek 4.6. Proudnice v distributoru obarvené pomoci velikosti rychlosti (m s™); v okoli
uzavieného konce kandlu je zfetelné patrna oblast se zna¢nou recirkulaci tekutiny

je zde vzhledem k nutnému vétSimu rozsahu $kdly zfejmd méné, ale naopak jsou dobre
viditelné oblasti s vy$§imi hodnotami €” v kolektoru.

4.4 Budoucizaméreni vyzkumu

Vyvinuty kéd je plné funk¢ni a nyni tudiZ zbyvé provést srovndni pomoci néj obdrzenych
udaji s experimentdlnimi daty pro alespon nékteré v procesni praxi bézné se vyskytujici
typy proudéni. K tomu bude nutné sestavit naptiklad detailni CFD model odpovida-
jici fyzikdlnimu experimentu diskutovanému v ¢lanku [107], ve kterém byly u vifivého
proudéni v trubce méfeny vybrané veliciny pomoci laserové Dopplerovské anemometrie
(,Laser Doppler Anemometry“, LDA).

Je ziejmé, Ze pro ziskdni kvalitnich dat o velicindch méfenych v tomto experimentu
bude s ohledem na poZadovanou presnost nutné muset byt pouZzit vhodny model tur-
bulence - nejspise néktery z LES modeld, ptip. SAS. Analogicky tomu bude muset byt
prizplisobena také jemnost vypocetni sité. Lze tedy realisticky ocekdvat, Ze patficny vice-
jadrovy vypocet pobéZi na clusteru fddové tydny. Pfitom v§ak bude moZné extrahovat
udaje o zdjmovych velicindch véetné miry numerické disipace, kterd by teoreticky méla
byt imérna rozdilu mezi fyzikdlnim a numerickym experimentem. Toto pak umozni
hodnoceni pouzitelnosti zde popisovaného piistupu.



Distributor

10 mm

4.609e+04
4.245e+04
3.881e+04
3.517e+04
3.152e+04
2.788e+04
2.424e+04
2.060e+04
1.696e+04
1.332e+04
9.676e+03
6.034e+03
2.393e+03
-1.248e+03
-4.890e+03
-8.531e+03

1.056e+05
9.720e+04
8.881e+04
8.042e+04
7.203e+04
6.364e+04
5.526e+04
4.687e+04
3.848e+04
3.009e+04
2.170e+04
1.331e+04
4.922e+03
-3.467e+03
-1.186e+04
-2.025e+04

Kolektor

10 mm

3.416e+01
2.897e+01
2.37Te+01
1.858e+01
1.339e+01
8.192e+00
2.998e+00
-2.196e+00
-7.390e+00
-1.258e+01
-1.778e+01
-2.297e+01
-2.817e+01
-3.336e+01
-3.855e+01
-4.375e+01

2.062e+02
1.856e+02
1.649e+02
1.442e+02
1.236e+02
1.029e+02
8.226e+01
6.159e+01
4.093e+01
2.026e+01
-4.023e-01
-2.107e+01
-4.173e+01
-6.240e+01
-8.306e+01
-1.037e+02

Obrazek 4.7. Numericka kinematickd viskozita (v, m?s™) na rovinnych fezech z obrazku 4.5

20 mm

20 mm

30 mm

1.043e+05
9.68%+04
8.942e+04
8.196e+04
7.450e+04
6.704e+04
5.958e+04
5.212e+04
4.466e+04
3.720e+04
2.973e+04
2.227e+04
1.481e+04
7.350e+03
-1.109e+02
-7.572e+03

30 mm

2.232e+03
2.050e+03
1.868e+03
1.686e+03
1.505e+03
1.323e+03
1.141e+03
9.590e+02
7.771e+02
5.952e+02
4.134e+02
2.315e+02
4.967e+01
-1.322e+02
-3.140e+02
-4.959e+02

40 mm

9.924e+04
9.219e+04
8.514e+04
7.808e+04
7.103e+04
6.397e+04
5.692e+04
4.987e+04
4.281e+04
3.576e+04
2.870e+04
2.165e+04
1.460e+04
7.542e+03
4.883e+02
-6.566e+03

40 mm

1.749e+03
1.569e+03
1.389e+03
1.209e+03
1.029e+03
8.485e+02
6.684e+02
4.884e+02
3.083e+02
1.283e+02
-5.181e+01
-2.319e+02
-4.119e+02
-5.820e+02
-7.720e+02
-9.521e+02

50 mm

1.076e+05
9.990e+04
9.217e+04
8.444e+04
7.671e+04
6.898e+04
6.125e+04
5.352e+04
4.57%+04
3.806e+04
3.033e+04
2.260e+04
1.487e+04
7.137e+03
-5.933e+02
-8.323e+03

50 mm

4.665e+02
3.532e+02
2.400e+02
1.267e+02
1.344e+01
-9.983e+01
-2.131e+02
-3.264e+02
-4.396e+02
-5.629e+02
-6.661e+02
-7.794e+02
-8.927e+02
-1.006e+03
-1.119e+03
-1.232e+03

60 mm

2.123e+05
1.975e+05
1.828e+05
1.681e+05
1.533e+05
1.386e+05
1.238e+05
1.091e+05
9.436e+04
7.962e+04
6.488e+04
5.014e+04
3.540e+04
2.066e+04
5.921e+03
-8.819e+03

60 mm

7.529e+02
6.385e+02
5.240e+02
4.096e+02
2.952e+02
1.808e+02
6.639%9e+01
-4.803e+01
-1.624e+02
-2.769e+02
-3.913e+02
-5.057e+02
-6.201e+02
-7.345e+02
-8.489e+02
-9.633e+02
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Distributor

10 mm

5.899e-04
5.506e-04
5.113e-04
4.719e-04
4.326e-04
3.933e-04
3.539e-04
3.146e-04
2.753e-04
2.360e-04
1.966e-04
1.573e-04
1.180e-04
7.865e-05
3.933e-05
0.000e+00

3.755e-04
3.505e-04
3.254e-04
3.004e-04
2.754e-04
2.503e-04
2.253e-04
2.003e-04
1.752e-04
1.502e-04
1.252e-04
1.001e-04
7.510e-05
5.006e-05
2.503e-05
0.000e+00

Kolektor

10 mm

7.598e-03
7.081e-03
6.585e-03
6.078e-03
5.572e-03
5.065e-03
4.559e-03
4.052e-03
3.546e-03
3.039e-03
2.533e-03
2.026e-03
1.620e-03
1.013e-03
5.065e-04
0.000e+00

2.629e-03
2.453e-03
2.278e-03
2.103e-03
1.928e-03
1.752e-03
1.577e-03
1.402e-03
1.227e-03
1.051e-03
8.762e-04
7.009e-04
5.257e-04
3.505e-04
1.752e-04
0.000e+00

20 mm

20 mm

30 mm

4.144e-04
3.868e-04
3.592e-04
3.315e-04
3.039%-04
2.763e-04
2.487e-04
2.210e-04
1.934e-04
1.658e-04
1.381e-04
1.105e-04
8.288e-05
5.526e-05
2.763e-05
0.000e+00

30 mm

1.383e-03
1.291e-03
1.198e-03
1.106e-03
1.014e-03
9.219%e-04
8.297e-04
7.375e-04
6.453e-04
5.531e-04
4.609e-04
3.687e-04
2.766e-04
1.844e-04
9.219e-05
0.000e+00

40 mm

5.035e-04
4,699e-04
4.363e-04
4.028e-04
3.692e-04
3.356e-04
3.021e-04
2.685e-04
2.350e-04
2.014e-04
1.678e-04
1.343e-04
1.007e-04
6.713e-05
3.356e-05
0.000e+00

40 mm

7.415e-04
6.921e-04
6.427e-04
5.932e-04
5.438e-04
4.944e-04
4.449e-04
3.955e-04
3.461e-04
2.966e-04
2.472e-04
1.977e-04
1.483e-04
9.887e-05
4.944e-05
0.000e+00

50 mm

5.509e-04
5.142e-04
4.775e-04
4.408e-04
4.040e-04
3.673e-04
3.306e-04
2.938e-04
2.571e-04
2.204e-04
1.836e-04
1.469e-04
1.102e-04
7.346e-05
3.673e-05
0.000e+00

50 mm

9.476e-04
8.844e-04
8.212e-04
7.581e-04
6.949e-04
6.317e-04
5.686e-04
5.054e-04
4.422e-04
3.790e-04
3.159e-04
2.527e-04
1.895e-04
1.263e-04
6.317e-05
0.000e+00

Obrizek 4.8. Viskozni disipace (€', kg m? s7) na rovinnych fezech z obrazku 4.5

60 mm

5.215e-04
4.868e-04
4.520e-04
4.172e-04
3.825e-04
3.477e-04
3.129e-04
2.781e-04
2.434e-04
2.086e-04
1.738e-04
1.391e-04
1.043e-04
6.954e-05
3.477e-05
0.000e+00

60 mm

1.093e-03
1.020e-03
9.468e-04
8.740e-04
8.012e-04
7.283e-04
6.555e-04
5.827e-04
5.098e-04
4.370e-04
3.642e-04
2.913e-04
2.185e-04
1.457e-04
7.283e-05
0.000e+00
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3.424e-03
3.196e-03
2.967e-03
2.739e-03
2.51e-03
2.283e-03
2.054e-03
1.826e-03
1.588e-03
1.370e-03
1.141e-03
9.131e-04
6.848e-04
4.565e-04
2.283e-04
0.000e+00

Obrizek 4.9. Visk6zni disipace (€''%, kg m? s~%) na rovinnych fezech skrze jednotlivé fady trubek v distribuénim systému z obréazku 4.3.
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0.000e+00 0.000e+00
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Zaveér

PredloZend habilita¢ni préce se zabyva problematikou vypoctového modelovéani prou-
déni tekutin v procesnich a energetickych zafizenich, a to jak z pohledu dvou specifickych
zjednodus$enych zptisobti tvorby patficnych modeld, tak z pohledu implementace od-
hadu miry numerické disipace v klasickych CFD simulacich. Nejprve byla pozornost
vénovana zjednodusenému CFD modelovéni, které je vhodné zejména pro pouziti v pr-
votni fazi ndvrhu zafizeni ¢i k implementaci v optimaliza¢nich algoritmech. Uplatnéni
by v§ak snadno mohlo nalézt i pfi feSeni provoznich potiZi (,troubleshooting“), pifipadné
v oblasti virtudlniho navrhovani (,virtual prototyping“). V praci byla popsédna hlavni
zjednoduseni zajistujici vysledky pfijatelné piesnosti a predstaveny doposud ziskané
vysledky. Zaroven byly nastinény sméry, kterymi by se mohl ubirat dalsi vyzkum potenci-
alné vedouci k dodate¢nému zpresnéni modelt, zkraceni vypocetnich casti €i zvySeni
uzivatelské piivétivosti vyslednych simulac¢nich ndstrojt a sniZeni nérokti kladenych
na uZzivatele ve véci znalosti programovani. JiZ nyni v3ak zjednoduSené CFD modely
dokézi vracet zkonvergovand feSeni ustdlenych uloh v fddu jednotek vtefin aZ minut a lze
tedy fici, Ze odpovidajici zptisob modelovdni mtiZe byt i pfes nizsi presnost dat vhod-
nym ndstrojem pro pfiblizné analyzy proudéni v procesnich c¢i energetickych aparatech
menSich az stfednich velikosti. Jejich pouziti pfitom miize vést k nezanedbatelnému
zkrdceni ndvrhového procesu zafizeni a ke sniZeni pravdépodobnosti pozd€jsiho vyskytu
vybranych provoznich potiZi. V zdsadé jedinym pozadavkem, ktery musi byt pro praktické
nasazeni patfi¢nych modelt splnén, je dostate¢na kompatibilita geometrie distribuc-
niho systému v zafizeni s vypocetni siti sloZenou pouze z kvddrovych bunék. Co se tyce
vyvinutého CFD softwaru, jeho aktudlné nejvétsim omezenim je existence automatic-
kého generdtoru vypocetnich sité pouze pro urcité typy distribu¢nich systémii, ovsem
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doplnéni patfi¢nych algoritmi i pro jina potfebna geometrickd provedeni by nemélo
predstavovat vyraznéjsi prekazku.

Déle bylo v praci predstaveno modelovéni zaloZené na metodé konec¢nych prvka,
jehoZ zamys$lenymi aplikacemi jsou pfiblizné analyzy a feSeni provoznich potiZi u roz-
sdhlych, avSak strukturou relativné jednoduchych trubkovych svazkt naptiklad v kotlich
na odpadni teplo. Primarnim cilem zde je nejen simulace proudéni tekutin, ale hlavné
simulace pfenosu tepla a odhad vysledného mechanického namdhéani takového svazku,
ke kterému dochdzi v diisledku nerovnomérné distribuce tekutiny a nerovnomérného
tepelného zatiZeni teplosménnych ploch. Potfebny matematicky aparat je stale v rané
fazi vyvoje a zatim zahrnuje pouze proudéni, nicméné jiz byla zapocata i implemen-
tace prenosu tepla. Informace ohledné pouzitelnosti modelu jsou dosud jen omezené,
ovSem na zdkladé dat ziskanych pomoci stévajici verze vyvijeného simula¢niho softwaru
se tento zplisob modelovani zda byt perspektivni. Stejné jako u zjednoduseného CFD
modelovéni byla také zde naznacena mozna budouci vylepSeni matematického aparatu
a vhodné smeéry dalsiho vyzkumu. Kromé toho byla vzhledem ke stadiu vyvoje modelu
zdlraznéna i nutnost provést jeho fddnou validaci. Pokud se patfi¢ny zptisob prova-
déni ptibliZznych analyz opravdu osvédci, bude i v piipadé vyse zminénych typt zafizeni
mozné s minimem uZivatelského usili do urcité miry pfedchazet nékterym provoznim
potizim (praskéni trubek apod.), resp. zvysit spolehlivost téchto zafizeni a prodlouZit
jejich Zivotnost.

Nakonec byla diskutovdana implementace metody a posteriori odhadu chyb v klasic-
kych CFD modelech. Popisovany algoritmus povazuje CFD feSic¢ za ,,Cernou skfiniku“
a miru numerické disipace odhaduje pouze na zdklad€é idaji, které jsou fesicem bézné
poskytovany napiiklad pro potreby vizualizace dat. Kompletni zdrojovy kéd je k dispozici
ve formé sady uzivatelsky definovanych funkci vyuzitelnych pfi jednojadrovych i vice-
jadrovych simulacich v aplikaci ANSYS Fluent. Nyni zbyva ovéfit, nakolik takto ziskané
vysledky odpovidaji realité, resp. nalézt zavislost mezi jednotlivymi spoc¢tenymi hodno-
tami a pfesnym feSenim. Toto je planovano provést pomoci dat z literatury a detailnich
CFD simulaci pracujicich s vhodnymi modely turbulence. Je pfitom nutné poukdazat
na skutec¢nost, Ze v soucasné praxi jsou CFD modely pouZivané pti navrzich ¢i analyzach
procesnich a energetickych zatizeni (typicky URANS) zcela béZné povazovany za presné,
byt jejich pfesnost mnohdy znacné utrpi pravé v disledku nedostatecné kvalitni vypo-
Cetni sité, nevhodnych diskretiza¢nich schémat atd. Pokud se tedy potvrdi pouzitelnost
zminéného pristupu, bude vyvinuté sada uZzivatelsky definovanych funkci velmi cennym
ndstrojem pro hodnoceni kvality tranzientnich CFD modelti a presnosti takto ziskava-
nych dat, resp. pro odhad reSeni nezdvislého na vypocetni siti.
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Abstract: The ability to model fluid flow and heat transfer in process equipment (e.g., shell-and-tube
heat exchangers) is often critical. What is more, many different geometric variants may need to be
evaluated during the design process. Although this can be done using detailed computational fluid
dynamics (CFD) models, the time needed to evaluate a single variant can easily reach tens of hours
on powerful computing hardware. Simplified CFD models providing solutions in much shorter time
frames may, therefore, be employed instead. Still, even these models can prove to be too slow or not
robust enough when used in optimization algorithms. Effort is thus devoted to further improving
their performance by applying the symmetric successive overrelaxation (SSOR) preconditioning
technique in which, in contrast to, e.g., incomplete lower—upper factorization (ILU), the respective
preconditioning matrix can always be constructed. Because the efficacy of SSOR is influenced by
the selection of forward and backward relaxation factors, whose direct calculation is prohibitively
expensive, their combinations are experimentally investigated using several representative meshes.
Performance is then compared in terms of the single-core computational time needed to reach
a converged steady-state solution, and recommendations are made regarding relaxation factor
combinations generally suitable for the discussed purpose. It is shown that SSOR can be used as
a suitable fallback preconditioner for the fast-performing, but numerically sensitive, incomplete
lower—upper factorization.

Keywords: computational fluid dynamics; symmetric successive overrelaxation; preconditioning;
performance

1. Introduction

In engineering practice, it is often the case that process equipment is designed according to various
rules of thumb. No optimization is generally done and, at best, a single computational fluid dynamics
(CFD) simulation is carried out to verify that the design meets the key requirements of the future
operator of the apparatus. This means that suboptimal designs or solutions, potentially leading to
operating problems, are not uncommon.

One of the ways to remedy the situation is to use simplified CFD models. In spite of them not
being as accurate as the standard CFD models, it has been shown [1] that they can provide useful
quantitative information. What is more, these models feature significantly shorter computational
times and their application in optimization algorithms is therefore much less cumbersome. To obtain
solutions even faster, however, the numerical methods used to solve the underlying linear systems of
equations can also be preconditioned. This means that instead of solving the original linear system

Ax=D, 1)
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where A is the coefficient matrix, x the solution vector, and b the right-hand side vector, one considers
the system
M~ 'Ax =M'b. )

here, M denotes the preconditioning matrix such that M~ A has a smaller condition number than A
and, therefore, linear system (2) features better convergence. It should also be noted that M~ A often
is not formed explicitly but, instead, Mu = v is solved for various auxiliary vectors u and v within the
numerical solution method itself.

There are many different preconditioning techniques (i.e., ways to choose M) available, and the
selection of the best one for a particular purpose depends mainly on the type of equation that is being
solved and the employed ordering of the variables. However, the most commonly used techniques
are likely various flavors of incomplete lower—upper factorization (ILU) [2] (these were numerically
investigated by Chapman et al. [3]) and symmetric successive overrelaxation (SSOR) [4]. Although
SSOR was originally intended for symmetric matrices, it was shown [5] to also work when the matrices
are not symmetric. Assuming the splitting A =D + L + U, where D is the diagonal of A and L and U its
strictly lower and upper triangular parts, respectively, the SSOR preconditioning technique is applied
within the numerical solution method as two SOR sweeps using different values of w. The iteration
process for auxiliary vectors u, v (depend on the actual solution method used) can then be written as

u®*12) = (D + wpL) ' [(1 = wp)D — wpUlu® + wp(D + wpL) v (forward sweep)
uk*+D = (D + wrU)![(1 — wr)D — wrL]Ju®** 12 + @wr(D + wrU) v, (backward sweep)

€)

where wp and wg denote the corresponding forward and backward relaxation factors. In other words,
direct application of the inverse of the preconditioning matrix, M~!, is replaced by preconditioned
fixed point iteration.

The advantages of SSOR are evidenced by the existence of a multitude of papers discussing
improved versions of this technique or its extensions to various specific applications. Bai [6] studied
SSOR-like preconditioners for non-Hermitian positive definite linear systems, for which the respective
matrix was either Hermitian-dominant or skew—Hermitian-dominant. The paper also discussed
the results of numerical implementations, showing that Krylov subspace iteration methods, when
accelerated using SSOR-like preconditioners, are efficient solvers for classes of non-Hermitian positive
definite linear systems. A “shifted” version of SSOR for non-Hermitian positive definite linear systems
with a dominant Hermitian part was proposed by Tan [7]. Zhang [8], on the other hand, introduced an
SSOR-like preconditioner for saddle point problems with a dominant skew-Hermitian part. A class of
hybrid preconditioning methods for accelerated solution of saddle point problems was discussed by
Wang [9], while Chen et al. [10] proposed a version of SSOR suitable for preconditioning of large dense
complex linear systems arising from three-dimensional electromagnetic scattering. Wu and Li [11]
introduced a modified SSOR technique for the solution of Helmholtz equations.

Preconditioning can also be done block-wise. This was discussed, e.g., by Zhang and Cheng [12]
in terms of large sparse saddle point problems, and by Huang and Lu [13], who focused on SSOR block
preconditioners applied in image restoration. Because, in fact, preconditioning means obtaining an
easily invertible approximation of the original matrix, one can also use SSOR for just this purpose as
shown, for example, by Meng et al. [14] in the context of fast recovery of density 3D data from gravity
data. Similarly, a massively-parallel GPU implementation of the conjugate gradient method, which
uses the approximate inverse matrix derived from SSOR as the preconditioning matrix, was proposed
by Helfenstein and Koko [15].

Performance comparisons of SSOR and other, simpler preconditioning techniques were presented,
e.g., by Meyer [16], who focused on genomic evaluation and by Sanjuan et al. [17], who used SSOR to
accelerate parallel wind field calculations. In the latter paper, the authors also evaluated a new, reordered
sparse matrix storage format and showed that this format can markedly shorten computational time.
This confirms the earlier findings of Duff and Meurant [18], who investigated the effect of ordering
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on the convergence of the conjugate gradient method preconditioned, among others, using SSOR,
or DeLong and Ortega [19], who focused on parallel implementations of SOR in terms of natural and
multicolor orderings. Chen et al. [20], on the other hand, proposed a novel reordering technique for
SSOR approximate inverse preconditioner, used together with a GPU-accelerated conjugate gradient
solver, which should maximize the coalescing of global memory accesses.

Many SSOR-like, a priori preconditioned numerical solution methods using different splittings
of the coefficient matrix have also been proposed for various types of problems. A three-parameter
extension of the SSOR method intended for singular saddle point problems, which commonly arise,
e.g., in fluid dynamics, was proposed by Li and Zhang [21]. A differently accelerated generalized
three-parameter method for both singular and non-singular problems was introduced by Pan [22].
Similarly, a three-parameter unsymmetric SOR method for such saddle point problems was proposed,
for example, by Liang and Zhang [23], who also discussed the choice of optimal values of the parameters.
Many different SSOR-like methods are available for augmented systems, as well. Wang and Huang [24]
introduced a four-parameter method, Louka and Missirlis [25] introduced a five-parameter extrapolated
form of SSOR, and Najafi and Edalatpanah [26] introduced an improved version of the modified
SSOR method for large sparse augmented systems, proposed earlier by Darvishi and Hessari [27].
Another improved SSOR method intended for the solution of augmented systems was proposed by
Salkuyeh et al. [28]. In the case of complex systems, one can use, for instance, the accelerated method
by Huang et al. [29], that is, an accelerated version of the method by Edalatpour et al. [30], in which the
solution vector is split into two subvectors and different relaxation factors are used when solving for
each of them. Likewise, one can employ the preconditioned variant of the generalized SSOR method
by Hezari et al. [31] or the method by Salkuyeh et al. [32], which solves a real system obtained from the
original, complex one. Block linear systems can be solved, e.g., using the block-preconditioned SSOR
method by Pu and Wang [33].

The majority of the papers mentioned above discuss convergence (or at least semi-convergence)
of the proposed methods, and many also include some information on the optimal selection of the
relaxation factors. Kushida [34] focused on the estimation of convergence of the original SSOR
preconditioner via a condition number, while general discussion related to SSOR-like methods for
non-Hermitian positive definite linear systems was published in [35]. Augmented systems were
addressed, for example, by Wang and Huang [36]. Similarly, there are papers focusing on convergence
and optimal selection of the relaxation factors in the case of methods for block 2 X 2 linear systems [37],
saddle point problems [38], parallel SSOR implementations [39], the Poisson equation [40], etc. In all
these cases, however, convergence was investigated via spectral analysis, which is often prohibitively
expensive [41]. The present paper, focusing on fast estimation of suitable SSOR relaxation factors in
engineering practice, therefore, investigates the convergence experimentally using several different
simplified 3D CFD flow models. The suitability of specific combinations of relaxation factors is
assessed on the basis of mean computational times needed to reach converged steady-state solutions.
The best-performing combinations of relaxation factors are then given together with the obtained
relaxation factor trends.

2. Materials and Methods

Three different flow systems, with both the “U” and the “Z” flow arrangements (“U”: outlet on the
same side of the flow system as the inlet, “Z”: outlet on the opposite side), were used to generate test
cases. Moreover, in two of these three flow systems, the mesh fineness was also varied (coarser and finer
mesh). This yielded ten flow system configurations in total, with simplified, cuboid cell-only meshes
of different sizes ranging from ~6000 cells to ~41,000 cells (see Table 1). The meshes were generated
automatically by the employed benchmarking software (see further) using the key parameters listed
in Table 1. Due to the cuboid nature of the meshes, cell sizes were, in all computational domains,
governed primarily by how many cell faces comprised a tube cross section (coarser mesh: 1 face only,
finer mesh: 2 X 2 faces) and by the utilized cell growth factor. Sample meshes are shown in Figure 1.
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Table 1. Flow system parameters: W, L, and H denote width, length, and height, respectively, p; row

pitch, and p; tube pitch.
Parameter Flow System 1 Flow System 2 Flow System 3
Headers (W x L x H) 40 x 320 X 40 mm 60 % 340 x 60 mm 100 x 340 x 100 mm
Inlet/outlet region (L) 60 mm 60 mm 60 mm

Tube bundle

Tubes

Flow arrangement

2 inline rows, 20
tubes/row, pr = pt =
15.6 mm
210 mm X 500 mm
“U” or“Z"
coarser: ~6000 cells,

3 staggered rows (45°),
10 tubes/row,
pr = 15.6 mm, p; = 2p;
210 mm X 500 mm
“U” or “Z”
coarser: ~8000 cells,
finer: ~41,000 cells

5 staggered rows (45°),
10 tubes/row,
pr = 15.6 mm, p; = 2p;
210 mm X 500 mm
“U” or“Z2”

coarser: ~16,000 cells

Mesh .
finer: ~25,000 cells
inlet
region distribution header
e s

collection header

outlet
region

(a) “Z’-arranged flow system 1: layout

(c) flow system 2: top view of the finer header mesh

(b) “Z2"-arranged flow system 1: finer mesh (~25,000 cells)

Figure 1. Sample simplified (cuboid cell-only) meshes generated automatically by the benchmarking

software using the growth factor of 1.15; clockwise from top left: (a) layout of the “Z”-arranged flow

system 1 from Table 1; (b) the corresponding finer mesh (~25,000 cells, groups of red cells in the top

view denote locations of tube cross-sections); (c) top view of the finer mesh of the distribution header

from flow system 2 (inlet region being on the left); other parts of this mesh, as well as the remaining

meshes, were generated analogously.

As for boundary conditions, 0.5 kg/s of water at 300 K was fed into the inlet while pressure at the
outlet was set to 101,325 Pa. All walls were adiabatic except for tube walls, where a specific heat flux
of 15 kW/m? was set when the energy equation was enabled. Steady state simulations were carried
out using the same CFD setup as in [42], that is, the SIMPLEC pressure-velocity coupling [43] was
employed together with the Power Law discretization scheme [44]. Standard scaled residual limits, i.e.,
1073 for continuity and momentum and 107° for energy, were used. Only the natural ordering of the

variables was considered in this study.
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The SSOR preconditioning technique was paired with two widely used numerical solution
methods, which were shown by an earlier study [42] to perform very well in simplified 3D CFD models.
The conjugate gradient (CG) numerical solution method [45] was employed in the pressure correction
equation. The momentum and energy equations, on the other hand, were solved using the bi-conjugate
gradient stabilized numerical method with the minimization of residuals over L-dimensional subspaces
(BiCGstab(L)) [46], with L =1, 2, or 3. Performance of the ILU preconditioner (which is efficient,
but the construction of the respective preconditioning matrix may not always be possible) was taken as
the baseline.

The SSOR-preconditioned numerical solution methods were tested with various tuples of w,
wr =0.1,0.2,...,1.8,1.9insuccessive steps, depending on the obtained results. Promising combinations
of wp and wg were then taken as pivots, and their square neighborhoods were tested further—that is,
all combinations of wg, wr with the respective values being w - 0.04, w — 0.02, w, @ + 0.02, and w + 0.04
were evaluated except for the original pivot point (wp, wgr). In order to be able to compare SSOR to the
baseline (ILU), all the ten meshes were also evaluated using the ILU-preconditioned combinations of
solution methods. In total, 50,620 CFD model setups were tested.

The same benchmarking simplified 3D CFD Java software application was used as in [42], and,
therefore, the reader is kindly referred to this paper for details (please note that the software is not
publicly available). The benchmarking procedure itself was almost the same, as well, with the only
difference being that the numbers of warm-up and test runs were smaller for the larger meshes
(see Table 2). Such a measure was necessary to keep the times required to complete the respective
benchmarks within reasonable bounds. This did not introduce any problems, because with larger cell
counts all Java initializations and compilations had been finished within much less warm-up runs,
and, therefore, it was not needed to carry out many of them before the timing phase. Mean test-run
computational time was then taken as the final performance metric. Unlike in [42], however, only one
machine (Intel Xeon E5 2698 v4 CPU, 128 GB RAM) was used instead of two largely disparate ones.
The reason for this simplification was that, as shown in the respective paper, single-core computational
times proved to be virtually identical, irrespective of whether the machine was a high-performance
server or a regular laptop with an ultra-low voltage CPU. Please see the paragraph titled Supplementary
Materials on how to obtain the data set containing all the mean computational times together with
other relevant information.

Table 2. Numbers of warm-up and test runs and test case limits.

Mesh Size (Cells) Warm-Up Runs Test Runs Iteration Limit C(}r.rlputa.t lo.n al
ime Limit
~6000 30 50 1000 1800 s
~8000 30 50 1000 1800 s
~16,000 20 40 1500 2700 s
~25,000 10 30 2000 3600 s
~41,000 10 30 2000 3600 s

Because this study targeted fast computation, two kinds of limits were set in the solution process
as detailed in Table 2. The first one concerned the number of CFD solver iterations, while the second
one applied to the actual computational time. Any combination of numerical solution methods and
preconditioning techniques which exceeded at least one of these two limits was marked as failing to
reach a solution. Additionally, since robustness is one of the factors that must be considered when
evaluating the suitability of numerical solution methods, no user interventions (e.g., changes to the
internal residual limits of the numerical methods, CFD relaxation factors, etc.) were allowed during a
solution process.
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3. Results

This section is split into four parts. The first part presents the results pertaining to flow-only
simulations. The second part discusses flow and energy transport simulations, in which only the energy
equation was solved using SSOR-preconditioned numerical methods. The third part, on the other
hand, summarizes data obtained via benchmarks, where SSOR was used for both the momentum and
the energy equations. The last part then compares the SSOR-related data with results corresponding to
the cases where solely the ILU preconditioning technique was used.

3.1. Flow-Only Simulations with SSOR-Preconditioned Momentum Equations

As mentioned above, the pressure correction equation was always solved using CG. This solution
method was first coupled with SSOR, while the momentum equations were solved using
BiCGstab(3):ILU. Within the several initial benchmarks, however, it became clear that CG:SSOR
is wholly unsuitable. No matter the actual relaxation factors wr and wg, the majority of test cases either
failed (mostly due to divergence) or resulted in very long computational times. Those setups which
did not fail featured wp = wr and, what is more, their amount decreased with an increasing mesh size,
as shown in Figure 2. This was most probably a consequence of the fact that SSOR is sensitive to the
ordering of variables. Only the ILU preconditioning technique was, therefore, used for the pressure
correction equation, from then on.

2.0 200 2.0 350 2.0 3000
|| 1S = s || 300 > 2500 ¥
15 150 g 15 250 E 15 2000 £
—_ 125 = z =
“’10 1[)0g “’10 ZDOg ‘I’10 1500g
r o ot o r - =]
3 75§ 3 : oot B 1000 &
05 50 B 05 |S50mm SIS 1008 o5 2
KEXXRXKKRK KKK 25 g o FEpsoeeedetooieele 50 % 500 g
Nicieoloteieieoloteiely O "t ieieligelchiiolohlcfelistold O fofefelugoiopeieiogoiofeisiotole 8]
0.0 0 0.0 /— a 0 0.0 x 0
00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
wr (=) Wr (=) wr (=)
{a) mesh with ~6,000 cells (b) mesh with ~8,000 cells (c) mesh with ~25,000 cells

Figure 2. Mean computational times for three different meshes and various combinations of wg and
wR, the pressure correction equation was solved using CG:SSOR and the momentum equations using
BiCGstab(3):ILU; diagonal crosses indicate failing combinations of wg and wg. Please note that the
colorbars have been adjusted so that the best (i.e., the most relevant) combinations of wg, wg are easily
identifiable. Further, due to the necessary colorbar ranges, the respective lower limits have been set to
zero even though the data start at higher values.

The shortest mean computational times obtained with BiCGstab(2) and BiCGstab(1) instead of
BiCGstab(3) were, on average, ~80% and ~260% longer, respectively. Conversely, stability of the
solution process was greater with these two methods, and fewer combinations of wr and wg resulted
in failures (again, mostly because of divergence; see Figure 3). It is also evident from the figure that the
best-performing combinations were around wp = wr = 1.0, while with wp below 0.5 or above 1.5 the
computational times were much longer, or solution failures occurred. As for the CFD setup involving
BiCGstab(3) in particular, mean computational times started at 2.56 s for the smallest mesh and 117.33 s
when the largest mesh was used.

The solution behavior mentioned above was also observed for the larger meshes. Only BiCGstab(3):SSOR
was, therefore, used to solve the momentum equations in the following flow-only benchmarks because
of its superior performance. To generate these, the combinations of wr and wg obtained for the ten flow
systems were sorted by mean computational time and the respective ordered sets were then used to
find the most common combinations yielding the most favorable computational times. In other words,
the best tuples (wr, wr) were taken as pivot points whose square neighborhoods were evaluated further.
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(a) CG:ILU & BiCGstab(3):SSOR {b) CG:ILU & BiCGstab(2):SSOR (c) CG:ILU & BiCGstab(1):SSOR

Figure 3. Mean computational times for the smallest mesh and the cases when the pressure
correction equation was solved using CG:ILU and the momentum equations using BiCGstab(3):SSOR,
BiCGstab(2):SSOR, and BiCGstab(1):SSOR; diagonal crosses indicate failing combinations of wg and wg.
Please note that the colorbars have been adjusted so that the best (i.e., the most relevant) combinations
of wg, wg are easily identifiable.

Example plots resulting from such evaluations are shown in Figure 4. Both pertain to the
same mesh—the smallest one in this particular case. The plot on the left (Figure 4a) shows mean
computational times for all the pivots and their respective neighborhoods. The plot on the right
(Figure 4b) displays a cropped area corresponding to wg, wr € [0.5, 1.5], where the best-performing
combinations of relaxation factors are located. The dotted lines in both these plots represent the
trend obtained using the standard weighted least squares method. Because the goal was to minimize
computational time, the weights for individual combinations (wp, wr) were calculated as w; = (tmin/h)*,
where tpi, denotes the minimum computational time observed with a specific mesh and t; denotes
the mean computational time corresponding to the respective (i-th) combination of relaxation factors
evaluated using this mesh. The fourth power of the computational time ratio instead of just the ratio
itself was used to adequately limit the influence of combinations that yielded solutions in longer time
frames. Weights for combinations leading to solution failures were set to zero.

2.0 34 15 — 3.05
d 33 & ‘ R 0
15 3.2 g 1.3 . _Er 2.95 g
_ 31 = = . “a = Trend (standard weighted
‘ 20 © 1.1 . 285 5
~10 Voe - 8 c least squares):
) 28 2 Soo| i 2mgd 275 &
28 £ ' BB~ ot s wr = 0.823wrF + 0.071
05 27 & 07 el - M2es B
g 26 § . §
0.0 4 25 05 L~ — 2.55
00 05 10 15 20 05 07 09 11 13 15
wr (=) wF (=)
(a) full ranges of wr, WR (b} detail of the neighbourhood of (1, 1)

Figure 4. Mean computational times for the neighborhoods of pivot points corresponding to the
smallest mesh; the pressure correction equation was solved using CG:ILU and the momentum equations
using BiCGstab(3):SSOR; please note that, for the sake of clarity, the time ranges have been severely
limited in both plots. Again, the colorbars have been adjusted so that the best (i.e., the most relevant)
combinations of wg, wg are easily identifiable.

Trends for all the mesh sizes as well as the overall relaxation factor trends are listed in Table 3
and shown in Figure 5. Although the R? values are relatively low, this is caused by the fact that the
data featured many less-relevant points scattered over the (0, 2) x (0, 2) relaxation factor domain,
which were assigned small, but still non-zero weights. In any case, the standard errors for the trend
coefficients are quite reasonable, and it is obvious that all the trends are very similar. Considering the
actual values of the coefficients a and b and the fact that the best combinations of relaxation factors
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featured wr = 0.9, it follows that, when solving the momentum equations in flow-only scenarios, both
SSOR sweeps should be slightly underrelaxed to gain the shortest computational time.

Table 3. Relaxation factor trends, wg = awg + b, for individual mesh sizes and the overall relaxation
factor trend for the solution of momentum equations using BiCGstab(3):SSOR; R? denotes the coefficient
of determination and SE(a) and SE(b) the standard error values for the coefficients a, b.

Mesh Size (Cells) a b R? SE(a) SE(b)
~6000 0.823 0.071 0.479 0.014 0.009
~8000 0.843 0.094 0.457 0.015 0.007

~16,000 0.888 0.011 0.795 0.013 0.003
~25,000 0.798 0.051 0.593 0.019 0.007
~41,000 0.898 0.028 0.754 0.015 0.007
Overall trend 0.861 0.056 0.584 0.007 0.003
2.0 T T T Mesh size:
~6,000 cells
15t ~8,000 cells — —
~16,000 cells
. ~25,000 cells
<L ~41,000 cells
e 10F Overall
3
05
00 ! ! !
0.0 0.5 1.0 1.5 2.0

wF (-)

Figure 5. Relaxation factor trends for the solution of momentum equations using BiCGstab(3):SSOR;
the overall trend was obtained using the merged data set and identical weights.

3.2. Flow & Energy Transport Simulations with SSOR-Preconditioned Energy Equation

Based on the solution behavior observed in the flow-only scenarios, only CG:ILU was used to solve
the pressure correction equation in the flow and energy transport simulations. Momentum equations
were also preconditioned only with ILU, while SSOR was used just for the energy equation. Various
combinations of BiCGstab(L) for the momentum and energy equations were tested first, and the two
most suitable combinations were then evaluated in detail using square neighborhoods of promising
relaxation factor tuples (i.e., the pivot points).

The best results overall were obtained using BiCGstab(3) and BiCGstab(1) for the momentum
equations and the energy equation, respectively (see Figure 6). This setup was relatively robust, most
probably because of the better stability and smoothness of convergence resulting from the use of
BiCGstab(1). Figure 7 shows the second-best combination, featuring only BiCGstab(2). On average,
this setup was ~38% slower, and more combinations of wr and wg resulted in solution failures. It can
also be seen that all the suitable relaxation factor tuples were in a relatively small neighborhood of
(1, 1). Furthermore, with the SSOR-preconditioned energy equation, a significantly larger percentage of
failures than before was due to slow convergence (that is, the respective iteration limits were exceeded).

The data sets mentioned above were then combined with data sets obtained by evaluating square
neighborhoods of the promising tuples of wg and wg to get the corresponding relaxation factor trends.
Again, the standard weighted least squares method was used with the weights being calculated in
the same manner as before. Because the best setup and the second-best one (featured in Figures 6
and 7) were, at least in some cases, on par, the trends were calculated for both of them (see Table 4
and Figure 8). It is of note here that all benchmarks involving the largest mesh and BiCGstab(1) had
failed. This suggests that the respective solution method simply is too slow when combined with SSOR.
In any case, the best results were obtained with wp around 1.2 or 1.1 when BiCGstab(1) or BiCGstab(2)
were used, respectively. This means that, given the calculated relaxation factor trends, wr should also
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be a little above 1.0 (i.e., it is best to slightly overrelax both SSOR sweeps when solving the energy
equation).
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Figure 6. Mean computational times for three different meshes and various combinations of wg and
wgr, CG:ILU was used to solve the pressure correction equation, BiCGstab(3):ILU was used for the
momentum equations, and BiCGstab(1):SSOR was used for the energy equation; diagonal crosses
indicate failing combinations of wr and wg. Please note that the colorbars have been adjusted so that
the best (i.e., the most relevant) combinations of wg, wr are easily identifiable.
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Figure 7. Mean computational times corresponding to the meshes from Figure 6 and the cases when
the momentum equations were solved using BiCGstab(2):ILU, and the energy equation was solved
using BiCGstab(2):SSOR; diagonal crosses indicate failing combinations of wg and wg. Please note that
the colorbars have been adjusted so that the best (i.e., the most relevant) combinations of wg, wg are
easily identifiable.

Table 4. Relaxation factor trends, wg = awg + b, for individual mesh sizes and the overall relaxation
factor trends for the two discussed setups using either BiCGstab(1):SSOR or BiCGstab(2):SSOR to solve
the energy equation; R2 denotes the coefficient of determination, SE(z) and SE(b) denote the standard
error values for the coefficients 4, b, and “n/a” denotes the fact that all the respective benchmarks had
failed, and thus the trend could not be obtained.

BiCGstab(1) BiCGstab(2)
Mesh Size (Cells)

a b R?>  SE(@) SE(b) a b R?> SE(a) SE()

~6000 0.867 0.047 0555 0.027 0.009 0960 0.007 0.929 0.008 0.004
~8000 0.762 0120 0564 0.023 0.013 0971 0.0056 0.936 0.007 0.003
~16,000 0.717 0.069 0512 0.037 0.011 0995 0.003 0.944 0.006 0.002
~25,000 0.905 0.012 0.888 0.009 0.002 0964 0.012 0.922 0.013 0.006
~41,000 n/a n/a n/a n/a n/a 0.994 0.001 0940 0.013 0.001

Overall trend 0.866 0.042 0.676 0.009 0.003 0.972 0.005 0.939 0.004 0.001
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Figure 8. Relaxation factor trends for the two discussed setups using either BiCGstab(1):SSOR or
BiCGstab(2):SSOR to solve the energy equation; the overall trends were obtained using the merged
data sets and identical weights.

3.3. Flow & Energy Transport Simulations with SSOR-Preconditioned Momentum and Energy Equations

The last set of SSOR benchmarks involved both the momentum and the energy equations being
preconditioned using this technique. However, because of a significantly larger relaxation factor
domain (four factors had to be chosen instead of two), only wp, wg = 0.7, 0.8, ... , 1.3 were evaluated,
i.e., only the subdomain where the best-performing relaxation factor quadruples were expected to lie.
Additionally, only the “Z”-arranged flow system meshes, and the two setups identified in Section 3.2
as the most promising ones, were considered. Such a reduction led to a decrease in the number of
combinations to be evaluated from more than 2.6 million (10 meshes x 2 setups x 130,321 factor
quadruples) to ~24 thousand (5 meshes X 2 setups X 2,401 factor quadruples). This still provided
enough information to get a general sense of how solution processes would likely behave.

The respective benchmarks generally resulted in computational times and solution failure
percentages comparable to those reached when just the energy equation was preconditioned using
SSOR. As before, the failures mostly occurred due to slow convergence or—less often—because of
divergence. Only with rare combinations of SSOR relaxation factors were the solution processes so
slow that the respective time limit was exceeded.

The best-performing combinations of relaxation factors are listed in Table 5. It can be seen that with
almost all meshes, the setup involving only BiCGstab(2) resulted in markedly longer computational
times. Additionally, it should be noted that there were other combinations of factors providing similar
numerical performance, but all of them were clustered around the values mentioned in the table.

Table 5. Combinations of relaxation factors resulting in the shortest mean computational times when
both the momentum and the energy equations were preconditioned using SSOR; setup “B3/B1” denotes
the case when BiCGstab(3) was used to solve the momentum equations and BiCGstab(1) the energy
equation, while setup “B2/B2” corresponds to only BiCGstab(2) being used for both these equation types.

Momentum Ener
Mesh Size (Cells)  Setup &y Com Mean
wF wR wWF wR putational Time
~6000 B3/B1 1.3 1.1 1.2 0.7 6.87 s
B2/B2 1.0 0.9 0.9 1.2 8.34s
~8000 B3/B1 1.0 1.0 0.8 1.0 14.46 s
B2/B2 1.3 13 1.0 1.1 22.58 s
~16,000 B3/B1 1.3 1.3 1.0 0.7 81.65s
B2/B2 0.8 0.7 1.0 1.3 57.96 s
~25,000 B3/B1 1.1 0.7 1.2 1.2 99.16 s
B2/B2 1.3 1.3 1.0 1.2 134.85s
~41,000 B3/B1 1.1 0.8 12 0.8 325.18 s

B2/B2 1.0 0.8 1.0 1.1 54241s
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Visualizing the obtained data in one plot per data set is not possible because that would require
four-dimensional plots. One could, however, fix the momentum relaxation factor tuple to, e.g.,
the values from the best-performing quadruple mentioned in Table 5, and then plot the corresponding
two-dimensional energy relaxation factor map (or vice versa). Examples of such plots are shown in
Figures 9 and 10.

ia 29.2 is —19.4
’ 260 £ ' 176 <
(0] @
228 E 158 E
o 196 T T 140
: 164 2 2 122 S
o9 *'8 500 ‘8
132 2 104 3
100 § 86 5
07 8 07 u 3
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07 09 11 13 07 09 11 13
WEm (=) Wre (-)
(@) (W, WRe) = (1.2, 0.7) (b) (Wrm Wrm) = (1.3, 1.1)

Figure 9. Two-dimensional plots of mean computational times obtained for the smallest “Z”-arranged
mesh with (a) the energy relaxation factor tuple fixed to (wg, wr) = (1.2, 0.7) and (b) the momentum
relaxation factor tuple fixed to (wg, wgr) = (1.3, 1.1); BiCGstab(3):SSOR was used to solve the momentum
equations and BiCGstab(1):SSOR the energy equation. Please note that the colorbars have been adjusted
so that the best (i.e., the most relevant) combinations of wp, wg are easily identifiable.

18.5 - 377
1.3 @ X o
168 3 % 335 —
—~ 11 151 £ x| | 223 £
L T 251 ©
£ 1134 § ¢ 20.9 s
308 17 2 X 2
B 2 16.7 2
100 § 125 &
0.7 s} ‘ 3]
8.3 X g3
07 08 11 13 07 09 11 13
wrm (=) Wre (-)
(@) (Wre. WRe) = (0.9, 1.2) (b) (Wrm, Wrm) = (1.0, 0.9)

Figure 10. Two-dimensional plots of mean computational times obtained for the smallest “Z”-arranged
mesh with (a) the energy relaxation factor tuple fixed to (wg, wr) = (0.9, 1.2) and (b) the momentum
relaxation factor tuple fixed to (wg, wr) = (1.0, 0.9); BiCGstab(2):SSOR was used to solve both the
momentum equations and the energy equation; diagonal crosses indicate failing combinations of wr
and wgr. Please note that the colorbars have been adjusted so that the best (i.e., the most relevant)
combinations of wg, wg are easily identifiable.

Because, here, one must choose two relatively independent relaxation factor tuples, it is best
to generate two trends for each combination of numerical solution methods. This can be done by
“flattening” the four-dimensional data to two dimensions (while still considering all the data points).
In other words, if one sought, e.g., the momentum relaxation factor trend, one would disregard the
energy-related part of the relaxation factor quadruple and thus have multiple data points with different
weights (calculated just as before) for each momentum relaxation factor tuple. The respective trends
would then, again, be calculated via the standard weighted least squares method (see Tables 6 and 7
and Figures 11 and 12). From the results, it follows that for the momentum equations, the SSOR
forward sweeps should generally be carried out with wg between ca. 1.1 and 1.3, while the backward
sweeps should use wr < wg. As for the energy equation and BiCGstab(1), the forward sweep should,
again, be slightly overrelaxed (wr up to ca. 1.2) and wr < wg, while with BiCGstab(2) wp should be
around 1.0 (i.e., without any forward sweep relaxation) and wr > wr.
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Table 6. Relaxation factor trends, wg = awg + b, for individual mesh sizes and the overall relaxation

factor trends for the setup where BiCGstab(3):SSOR was used to solve the momentum equations and
BiCGstab(1):SSOR the energy equation; R2 denotes the coefficient of determination and SE(z) and SE(b)
the standard error values for the coefficients a, b.

Momentum Energy
Mesh Size (Cells)

a b R>  SE(a) SE(b) a b R*>  SE(a) SE(b)
~6000 0.684 0.141 0.636 0.011 0.006 0798 0.097 0576 0.014  0.007
~8000 0876 0.062 0.610 0.014 0.007 0.774 0.101 0.585 0.013  0.006

~16,000 0957 0.000 0995 0.001 0.000 0985 0.000 0.937 0.005 0.000
~25,000 1.034 0.000 0957 0.004 0001 0960 0.002 0.922 0.006 0.001
~41,000 0931 0.001 0914 0.006 0.001 0.892 0.001 0.905 0.006 0.001
Overall trend 0936 0.013 0.893 0.003 0.001 0949 0.011 0.884 0.003  0.001

Table 7. Relaxation factor trends, wg = awg + b, for individual mesh sizes and the overall relaxation
factor trends for the setup where BiCGstab(2):SSOR was used to solve both the momentum equations
and the energy equation; R2 denotes the coefficient of determination and SE(a) and SE(b) the standard

error values for the coefficients a, b.

Momentum Energy
Mesh Size (Cells)
a b R*> SE(@) SE(b) a b R? SE(@ SE(Ob)
~6000 0.864 0.054 0.786 0.009 0.005 0963 0.031 0.856 0.008 0.004
~8,000 0957 0.026 0.811 0.009 0.005 0946 0.030 0.871 0.007 0.004
~16,000 1.007 0.007 0.845 0.009 0.004 0980 0.016 0904 0.007 0.003
~25,000 0.965 0.000 0962 0.004 0.000 1.155 0.000 0.974 0.004 0.000
~41,000 0.993 0.002 0930 0.006 0.001 1.007 0.001 0961 0.004 0.001
Overall trend 0.965 0.011 0.882 0.003 0.001 0990 0.010 0.923 0.003 0.001
2.0 . . — 2.0 . . : Mesh size:
Sk
L ’ L 7 | ~8, cells — —
" S ' 771 ~16.000 cells
T S T 7 ~25,000 cells —-—-
< , -~ 7 ~41,000 cells
€10t / 210 r /7 1 Overall ——
o P g
3 ,/,
0.5+ 05}
74
00 L L L OO L L L
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
WFm (=) Wre (=)
(a) momentum (b) energy

Figure 11. Relaxation factor trends for (a) momentum and (b) energy obtained with BiCGstab(3):SSOR
and BiCGstab(1):SSOR as the solution methods for the momentum equations and the energy equation,
respectively; the overall trends were obtained using the merged data sets and identical weights.

3.4. Comparison to ILU-Only Simulations

In order to be able to assess the potential benefit of using SSOR, the meshes listed in Table 1 were
also evaluated via the two combinations of numerical solution methods from Table 5, but only with
the ILU preconditioning technique being employed. The results, summarized in Table 8 and visually
compared in Figure 13, suggest that utilizing SSOR leads to at least a ~23% increase (on average) in
computational time.
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Figure 12. Relaxation factor trends for (a) momentum and (b) energy obtained with BiCGstab(2):SSOR
as the solution method for both the momentum equations and the energy equation; the overall trends
were obtained using the merged data sets and identical weights.

Table 8. Comparison of the mean computational times (s) obtained when solely the ILU preconditioning
technique was used, and the overall best-case mean computational times reached with the momentum

equations and/or the energy equation being preconditioned with SSOR.

ILU SSOR
Mesh Size (Cells)
Momentum  Momentum & Energy = Momentum Energy Momentum & Energy
~6000 3.09 7.61 2.56 8.28 6.87
~8000 4.02 9.60 4.59 14.95 14.46
~16,000 12.93 30.92 15.60 42.13 57.96
~25,000 28.10 71.86 41.45 93.52 99.16
~41,000 119.33 294.51 117.33 368.33 325.18
103 ILU: momentum —o—
ILU: momentum & energy --o - -
= SSOR: momentum —e—
° SSOR: energy --w--
2
£ 102 - SSOR: momentum & energy -
§
2
T
2 101 L
£
Q
o
100 I I I
0 10 20 30 40 50

Mesh size (thous. cells)

Figure 13. Comparison of the mean computational times obtained when solely the ILU preconditioning
technique was used, and the overall best-case mean computational times reached with the momentum

equations and/or the energy equation being preconditioned with SSOR.

4. Discussion

The aim of this study was to establish whether, in the case of simplified CFD models, the SSOR
preconditioning technique can be a viable replacement for ILU. From the obtained data, it follows that
SSOR should not be used in conjunction with CG to solve the pressure correction equation. When
applied to the momentum and/or energy equations, computational times tend to be significantly
longer even when the relaxation factors are chosen favorably (for the cases evaluated in this study,
the increase was at least ~23% on average). However, because the SSOR preconditioning matrix can
always be constructed, the respective techniques could be used in conjunction with ILU as a fallback
option. From an engineering point of view, this would mean that ILU would be employed by default,
and only in case of numerical issues would the CFD solver try to reach a converged solution using
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SSOR. Such an approach would capitalize on the efficiency of ILU while maintaining reasonable
numerical robustness due to the possibility of falling back to a technique with guaranteed existence
of the preconditioning matrix. The resulting models would, ultimately, be much more suitable for
implementation in optimization algorithms or for other use cases where large batches of simulations
must be carried out without user intervention.

The best-performing combinations of numerical solution methods and SSOR forward and
backward relaxation factors differ according to whether energy transport is included in the model
or not. In the flow-only scenario, the momentum equations should preferably be solved using
BiCGstab(3), with wp = 0.9 and wp slightly less than wp, that is, both SSOR sweeps should be a little
underrelaxed. Computational times obtained using other variants of BiCGstab(L) proved to be at least
80% longer. If also the energy transport is included and only the energy equation is preconditioned
using SSOR, it is best to solve the momentum equations using BiCGstab(3) and the energy equation
using BiCGstab(1). Here, both SSOR sweeps should be slightly overrelaxed, with wg = 1.2 and wr
~ 1.1. Similar performance can in some cases be obtained by employing BiCGstab(2) for both types
of equations with the energy SSOR sweeps being overrelaxed using wg ~ wr = 1.1; however, a much
greater solution failure probability can then be expected. If SSOR is utilized for both the momentum
and the energy equations, then it is, again, preferable to use the combination of BiCGstab(3) and
BiCGstab(1). The respective forward sweeps should be a little overrelaxed (wp between ca. 1.1 and 1.3
for the momentum, and up to ca. 1.2 for the energy), while the backward sweeps should feature wg
slightly lower than wg. The best-case computational times obtained with BiCGstab(2) proved to be up
to ~67% longer and, therefore, the use of this numerical solution method is discouraged in this scenario.

Supplementary Materials: The mean computational times together with other relevant information are available
online at http://www.mdpi.com/1996-1073/12/12/2438/s1.
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In engineering practice, it is common that heat transfer equipment containing tube bundles are designed under
the assumption of uniform flow distribution. Such a flawed approach may easily lead to various operating
problems (increased local fouling rates, mechanical failures, etc.) and significantly shortened service life.
Accordingly, knowing the flow pattern in the bundle is crucial to proper design of the respective apparatuses.
Although computational fluid dynamics (CFD) models yield very accurate data, due to their inherent
computational cost they are not really suitable for evaluation of large sets of possible flow system geometries.
Algebraic or otherwise greatly simplified models, on the other hand, are acceptable in terms of computational
performance, but generally suffer from low accuracy and limited applicability to more complex meshes. This
paper therefore proposes a computationally efficient flow distribution model whose principle is analogous to
nonlinear finite element analysis (FEA). Unlike in many other simplified models, no special correction algorithms
or user modifications are needed here because the underlying system of equations is solved in the matrix form
and the corrector step is mesh-independent. Additionally, results provided by the model are compared to the
data obtained using detailed CFD analyses of several different flow systems. Although the accuracy of the model
does not match that of CFD, it can still be used at the beginning of a design process to discard the obviously
unsuitable options, which would otherwise have to be evaluated via lengthy CFD simulations.

1. Introduction

Knowledge of the final fluid flow distribution among individual channels of a parallel flow system is crucial in
many engineering fields. Although this information is useful primarily in the design stage, it can also provide
answers in case of troubleshooting. Flow distribution data are used to assess performance and reliability of heat
exchangers (in terms of fouling propensity or the resulting thermal and mechanical loading of the tube bundle),
product quality (e.g. when a hydrocarbon fuel is cracked in a heated parallel flow system), etc. The most
common approach to this problem nowadays is numerical investigation via standard CFD models. A multitude
of such studies are therefore available ranging from those focusing on various header (Jiang et al., 2018a) or
parallel flow channel (Jiang et al., 2018b) shapes, shell-and-tube (Labbadlia et al., 2017) or compact (Zhou et
at., 2017) heat exchangers, microchannel (Wei et al., 2016) or fuel cell (Zhao et al., 2017) applications, solar
thermal collectors (Wei et al., 2017), separation equipment (Chang et al., 2019), and other areas all the way to
e.g. datacentre cooling (Yue et al., 2019). The results obtained this way are very accurate, but there is a
significant cost in terms of computational complexity. Other factors that must be considered are the creation of
the necessary mesh of sufficient quality and often a rather non-trivial setup of the CFD model itself. In other
words, these models are suitable if a few apparatuses are to be analysed, but not in cases when a large batch
of different geometries must be evaluated (e.g. when shape optimisation is to be carried out).

Modelling approaches based on CFD, or somewhat simplified CFD, can also be encountered. These are often
employed to simulate less complex flow systems or when certain phenomena are less important from the
modelling point of view and can thus be neglected. Here the range of studies is also very wide and includes e.qg.
inter-plate flow in plate heat exchangers (Yoon and Jeong, 2017), bifurcating distribution channels (Cao et al.,
2018), or even ways to improve the numerical performance of the models themselves (Turek, 2018). The
respective simulations, however, are still quite time-consuming with the necessary mesh creation being a
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relatively complex task as well. Such models are not really suitable in spite of their being partially simplified in
comparison to the standard CFD ones.

The simplest flow models, on the other hand, usually employ a wire mesh instead of a fully-3D mesh and are
often analytical in nature, thus also very fast. Their accuracy may suffer due to the many simplifications that are
implemented, yet they are used in many engineering areas because of their efficiency and ease of automation.
The most common applications include heating, ventilation, and air conditioning (HVAC) (Ye, 2017) and flow
distribution systems with generally very limited numbers of rows of parallel channels (Hao et al., 2016). One can
encounter even models for non-standard conditions such as supercritical flow (Liu et al., 2018). The inherent
property of the models in question is that nonlinearities are included directly, which prohibits usage of matrix
solvers and hence makes efficient evaluation of larger meshes very problematic.

The best research area to draw parallels from therefore seems to be water distribution networks, which, due to
the sizes of such networks, necessitates matrix implementation. Here, however, the models are focused in a
largely different direction. They consider simple network flow (with the network structure often being the sought
result) and try to meet the specified local water demands (or aim to localise leakages, model the spreading of
contaminants, etc.). In other words, these commonly work with just the network edge capacities instead of being
concerned with the hydraulics-related phenomena. In rare cases though (see e.g. Dudar and Dudar, 2017), the
fluid distribution network problem is approached from the perspective of finite element analysis (FEA) and such
models then attempt to properly include also the pressure losses etc. The aim of the present study is to extend
this modelling strategy to process and power equipment (e.g. heat exchangers) where the built-in flow systems
are often much too complex for the simple flow models to be used.

2. Mathematical model

The model is based on Hooke’s law applied to fluid flow in a channel, that is, mass flow rate is linearly dependent
on the product of “compliance” of the respective channel (it being a function of hydraulic resistance) and
pressure drop therein. Just as in case of many other simplified models, the effect of turbulence is not included.
The basic equation governing the flow of a fluid with constant physical properties through a channel then is

1 = kip 1)

in which m denotes mass flow rate, k compliance, and Ap pressure drop. The actual value of k for a given
channel can be estimated from Eq(1) using the Darcy-Weisbach equation for Ap (White, 1998),

Ap = 0.5fld;  pv? 2

where f denotes the Darcy friction factor, | length of the channel, dn its hydraulic diameter, p density of the fluid,
and v its mean flow velocity. Channel cross-sectional area and other characteristics, which are necessary to
estimate f, are calculated from the corresponding mesh properties.

2.1 Structure and mathematical representation of the quasi-3D mesh

The mesh consists of nodes which are interconnected either by straight, directed edges representing virtual flow
channels, or T-shaped elements (“T-joints”, a special set of at least three straight edges — see further) in which
the flow is divided or combined. Straight edges, as well as the straight portions of a T-shaped element, are
assumed to have constant cross-sections and are uniquely identifiable by the respective boundary nodes. For
an arbitrary mesh, the following additional assumptions are made:

e The pressure gradient over the edge is given by the difference in total pressures in its boundary nodes.

e Physical properties of the fluid are constant within one iteration and are obtained using the mean edge

pressure and the corresponding enthalpy (or temperature).
The general set of equations that must hold for an arbitrary edge can then be written as
) . ki kij i ) m;
Kijpij = ml-]-, with Kij = I:kj k]:l’ pij = [pj], and mij = [m]] (3)
in which K;; denotes the compliance matrix of the directed edge connecting the nodes i and j, p;; the respective
vector holding pressures in the boundary nodes, and m;; the vector of mass flow rates in these nodes. It can
be shown that the compliance matrix generally attains the following form:
kij =k 2pjAidR

Kij = [_kij kij ], where k,:j = —Cij#ijlij (4)
In the equation above, Aj is the cross-sectional area of the respective edge, Cj the constant from the formula
for calculation of laminar friction factor, and pij the dynamic viscosity of the fluid. Should an external acceleration
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field be in effect (e.g. due to gravity), also the hydrostatic pressure head must be included via
Phij = pij(aij . ll-j), in which a;; and 1;; denote the external acceleration vector and the vector representing the
directed edge, respectively. This yields a new set of equations replacing Eq(3),

k:: —k:: P .. m:
[_lljij ki;]] [pl p}z,)h'”] = [mj] or K;jp;; = my; +my; (5)
where my, ;; is the mass flow rate correction vector accounting for the effect of the external acceleration field.
In case of a set of interconnected edges, there must be at least one source node and at least one (different)
sink node. In other words, while in the majority of nodes the sums of mass flow rates must be zero, in the
sources and sinks these attain non-zero values. The solution is then computed iteratively. At the beginning
of this process, the complete set of equations is constructed from Eq(5) for all the edges in the set with the
elements in the compliance matrix and the right-hand side (RHS) vector being obtained from the boundary
conditions and the initial estimate. In the next step (i.e., the predictor step), the set of equations is solved, yielding
a new estimate of the pressure vector. This vector corresponds to the system of equations not including any
nonlinearities, which are considered in the subsequent corrector step (see Sections 2.2 and 2.3). Lastly, the
elements in the compliance matrix and the RHS vector are updated, and a new predictor step is carried out.
Dudar and Dudar (2017) suggest that the next-iteration (I + 1) value of kj should be calculated using
kijie = ki,-,,(mi j1corr/ j,,llm), where m;;, .orr denotes the corrected mass flow rate including the effect of
nonlinearities (i.e., from the corrector step) and m;; i, the linear estimate from the predictor step. This results
in relatively poor convergence behaviour and requires additional relaxation. In the present study, the elements
of the compliance matrix are therefore updated using the square root of the mass flow ratio as indicated in
Figure 1. Although this approach results in longer computational times, convergence is much smoother, and no
additional relaxation is needed.

Next-iteration value of kj:

mij,l,corr

Kk =K.
ij,i+1 ij.d
I v M 1iin

Edge mass flow rate
E—

|=1 - Linear estimate
—— Nonlinear solution

—_—
Edge pressure difference

Figure 1: Typical convergence history of the mass flow rate through an edge connecting nodes i and j with the
next-iteration (I + 1) value of kj being obtained using the square root of the ratio of the current corrected
(nonlinear) and estimated (linear) flow rates

2.2 Including typical nonlinearities

Nonlinearities are introduced into the model for example by frictional pressure drop, minor losses, or the
dependence of fluid properties on pressure (because pressure is unknown during the solution process). The
most basic scenario, which will be discussed first, is flow through a straight edge where pressure changes only
due to friction. This is for an arbitrary edge given by the Darcy-Weisbach equation in which the Darcy friction
factor can be estimated e.g. using the Churchill approximation (Churchill, 1977). The resulting nonlinear
dependence of mass flow rate on edge pressure difference is shown as the thick solid line in Figure 2. Because
the pressure difference estimates are known from the predictor step and the fact that the respective dependence
is monotonous, in the corrector step one can use e.g. the bisection method to quickly get the corresponding
nonlinear solution, m;; c.rr. Z€ro mass flow rate can then be taken as one of the bounds for the bisection method
while the other bound can be easily estimated using the first-order Taylor approximation (i.e., the tangent) at
Apjj = 0. Should other common nonlinearities be included as well, the nonlinear solution curve would be different,
but still monotonous. The same procedure to obtain 7 .o would therefore be applicable.
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Figure 2: Estimation of bounds for the bisection method used in the corrector step for an edge connecting nodes
i and j, for which the corresponding pressure difference is Apij

2.3 T-joints

Nonlinearities are also introduced in T-joints where the fluid is split into or merged from multiple separate
streams. Each T-joint comprises three or more T-connected mesh edges. Two edges represent the main
channel (distributor or collector) and the remaining edges the attached branches. For modelling purposes, the
main channel edges are directed towards the branch (i.e., edge flow velocity is positive if the fluid flows towards
the virtual shared node) while the branch edges are directed out of the T-joint. Frictional pressure drop is dealt
with just as in case of the regular (straight) edges. Minor losses are included via minor loss coefficients taken
from relevant literature. The static pressure changed due to the flow being split or merged is obtained in the
manner suggested by Bailey (1975).

Having a T-joint consisting of edges ij, kj, and jl, where the edges ij and kj form the main channel and the edge
jl represents the branch (see the schematic in Figure 3), one can calculate the cross-sectional area ratio
Ra = Al / Aij = Ail / Ay (it is assumed that Aj = Ayj). Then it can be shown that the velocity ratio

Ry = logl / max{log] o]} € 10,2/R,) ©

where vij, vk, and vj are the flow velocities in the main channel edges and the branch edge, respectively. The
interval mentioned in Eq(6) also is the one to which the bisection method is applied to get the final value of Ry
and thus the final edge velocities. Because the corresponding boundary node pressures (pi, pk, and pi) are
known from the predictor step, one can take as the initial estimate of v; for instance the value obtained from the
minor loss equation with the pressure drop calculated from pk and pi. Eq(6) then yields for the current estimate
of Ry from the bisection method the velocities vij and vy (these are interdependent because of the law of
conservation of mass). Now all the velocity estimates are known and are used to check whether the main
channel pressure difference, including the static pressure regain, is close enough to the one given by the known
node pressures, pi and pk. If not, the range of the bisection method is halved accordingly, and the entire process
is repeated. Example convergence history for the corrector step is shown in Figure 3.

w 04+ —— edge jj
€ —+—edge ki
z I +-- edge jI
o
2 00¢t
g “ main channel
2 02 1
2 B R e e s T S S 5
© 041 N\ Ay
(o) RS
Ay [

-0.6 L 1 /

0 2 4 6 8 10 12
Iteration, —

Figure 3: Typical convergence history for the corrector step carried out for a T-joint with boundary nodes i, k,
and [; in this example, the flows are merged in the main channel while the respective flow direction is i — k
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2.4 Boundary conditions

In each inlet and outlet node, either the mass flow rate or the pressure must be prescribed. Every mesh edge is
assumed to be a closed channel with walls featuring a specified absolute roughness, which is then utilised for
the estimation of Darcy friction factors. As of now, the system is assumed to be adiabatic. However, future
enhancement of the model by adding heat transfer capability to the straight mesh elements is planned so that
e.g. heat transfer through tube walls can be simulated.

3. Model validation

The model has been implemented using the NumPy scientific computing package (Oliphant, 2006). Several
different flow systems similar to cross-flow tube bundles common e.g. in air coolers were evaluated (see Table
1). Both the U and Z flow arrangements were considered. The systems were adiabatic with cuboid headers and
water at 300 K being used as the process medium. The obtained flow distributions within the bundles (i.e.,
individual tube mass flow rates) were then compared with data yielded by detailed CFD simulations. Relative
tube mass flow rate errors calculated as 100(m/mcpp — 1) were always below 4 %. An example plot of these
errors for a subset of the flow systems and a plot of the actual mass flow rates for one of them are shown in
Figure 4. In terms of performance, all test runs finished in at most tens of seconds.

Table 1: Evaluated flow systems; all tubes were with inner diameters of 10 mm and lengths of 2,000 mm

Flow system  Headers (W x H x L) Mass flow rate Tube bundle

A 40 x 40 x 320 mm 6.4 kgls 2 rows with 20 tubes each, 90°
B 40 x 40 x 280 mm 9.6 kg/s 3 rows with 10 tubes each, 60°
C 55 x 55 x 320 mm 19.2 kg/s 3 rows with 20 tubes each, 90°
D 55 x 55 x 280 mm 16.0 kg/s 5 rows with 10 tubes each, 60°
E 65 x 70 x 235 mm 16.0 kg/s 5 rows with 10 tubes each, 45°
F 70 x 70 x 320 mm 25.6 kgls 4 rows with 20 tubes each, 90°
0.35
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. ES)
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Figure 4: Tube mass flow rate relative errors with respect to the data from detailed CFD simulations of the
U-arranged flow systems from Table 1 (a) and the comparison of mass flow rates through individual tubes of
the U-arranged flow system D from Table 1

4. Conclusions

The model discussed in this paper represents a robust way to estimate flow distribution in a system consisting
of a large set of parallel flow channels. The downsides of the present model are its being steady-state and
adiabatic; however, implementation of the respective enhancements is planned for the near future.

The preliminary tests carried out using the developed computer code yielded flow distribution data with relative
errors — compared to the results from detailed CFD simulations — of less than 4 %. The mass flow rate trends
per individual tube rows in the bundles were not identical to those obtained using CFD, but the differences were
still acceptable given the intended purpose of the model. As for its numerical performance, the time needed to
evaluate a single flow system configuration never exceeded 30 s, whereas the corresponding detailed CFD
simulations required units of hours to finish when run in parallel on 16 or more CPU cores.
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In spite of the present model not being as accurate as CFD, its ultimate benefit lies in the fact that it can be
easily automated. Process engineers can therefore use it to effortlessly estimate flow distribution in many
different geometries, and then use CFD to evaluate in detail only the promising ones. In other words, the
developed computer code can be considered a “pre-screening sieve” with which process engineers can save
themselves significant amounts of time and effort.
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Single-core computational efficiency of several iterative methods for numerical solution of nonsymmetric linear
systems originating from simplified fluid flow models is evaluated together with different preconditioning
techniques in terms of solution behaviour and the overall rate of convergence. A previously developed
simplified 3D CFD model, which involves the solution of linear systems of orders usually from units to tens of
thousands, is used to generate test cases. The respective Java software application employs the Parallel Colt
linear algebra library. This is to ensure that the corresponding sparse matrix computations needed in different
solution and preconditioning methods are carried out in as efficient a manner as possible to minimize
the influence of the computer implementation itself. Measures (warm-up phase etc.) are taken to eliminate the
effects of JVM-specific behaviour such as JIT compilation.

1. Introduction

Improving performance is crucial when it comes to computational methods used to evaluate objective
functions in direct optimization algorithms. Because the simplified 3D CFD model proposed by Turek et al.
(2016) is intended for just this purpose, i.e., fast evaluation of many possible flow system geometries in the
early stage the apparatus design process, finding ways to further shorten computational time and improve
convergence should be considered. This paper aims to do this by applying preconditioning techniques to the
numerical methods used to obtain solutions of the underlying systems of linearized equations.

Even though the simplified 3D CFD model has a lot in common with the classical CFD models implemented
in various simulation tools, it utilises a largely simplified and rather coarse mesh while turbulence is also
modelled in a simplified manner. Consequently, the numerical behaviour of the model is more erratic and
significantly more prone to divergence. The respective preconditioning techniques must therefore be selected
carefully with respect to the specifics of the model. This, however, is not possible by just relying on literature
discussing the classical CFD approach such as the monographs by Saad (2003) or Bruaset (1995) focusing
on iterative methods or preconditioning techniques, respectively. Similarly, numerical performance-oriented
investigations (e.g. Norris, 2000) or various papers presenting the respective preconditioning performance
comparisons (e.g. Ma, 2000) are of limited use here because they were carried out with the classical CFD
models. In other words, the only way to properly choose preconditioning techniques for the numerical solution
methods involved in the simplified CFD model is to perform the respective benchmarks.

Additionally, only single-core performance is considered in this paper. The reason for such a limitation is that,
given the simplified meshes containing relatively small amounts of cells, the computational overhead resulting
from splitting a task over multiple cores would be significant. It is therefore much more economical in terms
of CPU time to limit each computation to a single core and run these computations asynchronously on multiple
cores within a suitable optimisation algorithm.

2. Benchmarking procedure

The paper by Turek et al. (2016), which discussed in detail the simplified 3D CFD model, also presented
a Java software where this model had been implemented. Because originally the software did not include any

Please cite this article as: Turek V., 2018, On improving computational efficiency of simplified fluid flow models , Chemical Engineering
Transactions, 70, 1447-1452 DOI:10.3303/CET1870242
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preconditioning or benchmarking capabilities, these had been added. In keeping with (Goetz, 2005), however,
the following measures were taken so that the results were not affected by Java-specific behaviour:

e 30 warm-up runs (i.e., full computations from initialization to converged state including all the related
diagnostic printouts, data saving, etc.) were always carried out. This was to make sure that all Java
initializations and compilations have been finished before the timing phase.

e The code was run with “XX:+PrintCompilation” and “verbose:gc” JVM options to check whether enough
warm-up runs were carried out (see the item above). Similarly, “Xbatch” was used to serialize the compiler
with the application.

e Even though the benchmarks were run with no other applications being opened at the same time, 50 test
runs were carried out to eliminate the effect of various tasks which the OS performs in the background.
Means and standard deviations were then calculated from the obtained data (no outliers were
encountered in any of the tests).

For consistency and efficiency’s sake, all the involved numerical routines and sparse matrix computations
utilised the Parallel Colt linear algebra library (Wendykier and Nagy, 2010). Moreover, the benchmarks were
run on two disparate machines to find if this made any difference in terms of single core computational
efficiency. These were as follows: (a) server: Intel Xeon E5-2698 v4 with 128 GB RAM, (b) laptop: Intel Core
i5-6300U with 16 GB RAM.

2.1 Evaluated solution and preconditioning methods

The following commonly used iterative methods for numerical solution of linear systems were tested:
conjugate gradient (CG) (Hestenes and Stiefel, 1952), conjugate gradient on the normal residuals (CGNR)
(Saad, 2003), and bi-conjugate gradient stabilized with minimization of residuals over L-dimensional
subspaces, L = 1, ..., 8, (BiCGstab(L)) (Sleijpen and Fokkema, 1993). Other methods with smoother
convergence such as generalized minimal residual (GMRES) (Saad and Schultz, 1986), quasi-minimal
residual (QMR) (Freund and Nachtigal, 1991), or iterative refinement (IR) (Moler, 1967) were not considered
because their rates of convergence generally are much slower than those of CG-based methods.

The solution methods listed above were used either with no preconditioner, or with one of these five
preconditioner types when applicable: diagonal (i.e., Jacobi) (van der Vorst, 2003), incomplete LU factorization
(ILU) (Meijerink and van der Vorst, 1977), dual-threshold incomplete LU factorization (ILUT) (Saad, 1994),
symmetric successive overrelaxation (SSOR) (Young, 1977), and incomplete Cholesky factorization (ICC)
(Manteuffel, 1980). Please note that in this study only the default relaxation parameters of 1.0 for the SSOR
forward and backward sweeps were used, i.e., effectively the method reverted to the Gauss-Seidel form.

As for newer solution methods and preconditioning techniques, these generally are various multigrid
implementations using several increasingly coarsened grids (e.g. Ruggiu et al., 2018) or are explicitly tailored
to multi-core usage (e.g. Esmaily et al., 2018). The former approach is not feasible in case of the already
much simplified meshes, while the latter one is out of the scope of this paper for the reasons discussed earlier.

2.2 Test cases

The flow system used for benchmarking purposes was a Z-arranged one with identical cuboid headers
(width x height x length = 40 x 40 x 380 mm) and a tube bundle containing two inline rows of 20 tubes each.
The respective tube length was 500 mm while the inner diameter was 10 mm. Two meshes of different
finenesses were considered. The coarser one consisted of roughly 6,000 cells while the finer one contained
roughly 25,000 cells. Boundary conditions were as follows: mass flow inlet with the rate set to 0.5 kg/s of water
at 300 K and pressure outlet with the boundary pressure of 101,325 Pa. Heat flux of 25 kW was defined solely
on the tube walls if the energy equation was enabled, otherwise all the walls were adiabatic. Considering other
CFD model parameters, steady-state simulations were carried out using the SIMPLEC pressure-velocity
coupling (van Doormaal and Raithby, 1984), Power Law discretization scheme (Patankar, 1981), and standard
scaled residual limits (10~2 for continuity and momentum, 10-6 for energy).

Because CG and ICC require symmetric, positive-definite matrices, these two methods were only used for the
pressure correction equation. Although SSOR together with its forward-only or backwards-only versions were,
too, originally meant for such matrices, they have been shown by Birken et al. (2013) and Woznicki (2001),
respectively, to work quite well even when the respective matrix was not symmetric. What is more,
construction of the SSOR preconditioning matrix cannot lead to breakdown (contrary to incomplete
factorization methods) and therefore this technique was evaluated with all types of equations.

The set of test cases (i.e., combinations of the solution and preconditioning methods) was built in successive
steps with respect to the obtained results. First, all feasible solution methods were evaluated on the server
using the coarser mesh without preconditioning being applied to find the baseline performances. These
combinations were subsequently also tested with only the pressure solver, or only the momentum solvers,
being preconditioned. Promising combinations of the solution and preconditioning methods that were thus
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obtained were evaluated in the third step. The fourth step in the benchmarking process constituted testing
of the best combinations found so far, but this time with the energy equation being enabled and solved both
without any preconditioning (again to find baseline performances) and with various preconditioners in place.
This totalled to 934 cases.

Any combination which failed to converge within 1,000 iterations or 10 minutes was deemed unsuitable. The
remaining 214 combinations were tested using the finer mesh, for which the suitability thresholds were 2,000
iterations or 20 minutes. The best 10 combinations in terms of (a) flow only and (b) flow and energy transport
were in the end also evaluated using each mesh on the laptop along with the corresponding baseline
combinations (i.e., without any preconditioning being applied). This constituted 60 additional cases.
In summary, 1,148 cases were evaluated on the server and 60 cases on the laptop.

3. Results

The results are split into four categories covering the two meshes (coarser and finer) and two simulation
scenarios (flow only and flow & energy transport). Overall rate of convergence is discussed first and then
a few comments on smoothness of convergence and solution behaviour in general are provided.

3.1 Overall rate of convergence

Figures 1 through 4 show the ten best-performing combinations of the solution and preconditioning methods
for each mesh and simulation scenario. Each of the graphs contains mean computational time and the
corresponding standard deviation obtained using both the server and the laptop. Average improvements over
the respective baseline combinations (those with no preconditioning being applied) are also provided. These
values are the averages of the speedups obtained using the two machines and, if ta denoted the actual
computational time and ts the baseline time, are computed as ts / ta — 1.

As can be seen from Figure 1, which corresponds to flow only and the coarser mesh, the best approach was
to solve the pressure correction equation with CG preconditioned using ILU and the momentum equations with
BiCGstab(3) using the same preconditioner. A converged solution was reached in 3.0 s with this setup.
Compared to the respective average baseline time of 15.7 s, this yields the improvement of 4.0. It is also
apparent that in almost all the listed cases the laptop performance was slightly better. The reason for this
might lie in the fact that the laptop CPU core ran during benchmarks at much higher clock rate than the server
CPU core (2.93 GHz vs. 2.20 GHz).

8 - 4
AN . il - Comp. time: server CPU
7t \ . T 35 T Comp. time: laptop CPU
- N T 2 Average improvement — ¢ —
25} N z = 3 =
g * ~ I I T 3
— ~ T ©
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0 *+-——o + 0 08 — p: BiCGstab(1)/Diagonal, m: BiCGstab(1)/Diagonal
01 02 03 04 05 06 07 08 09 10 09 — p: BiCGstab(1)/none, m: BiCGstab(1)/none
Solution & preconditioning method combination 10 — p: BiCGstab(1)/none, m: BiCGstab(4)/none

Figure 1: Ten best-performing combinations of solution and preconditioning methods in case of simulation
of only the flow using the coarser mesh (roughly 6,000 cells)

The results were very similar when the finer mesh was used (see Figure 2). Again, the best combination was
CG/ILU for the pressure correction equation and BiCGstab(3)/ILU for the momentum equations, with the
respective computational time being 55.7 s. Given this combination’s baseline time of 308.6 s, the average
speedup was 4.5. Furthermore, Figure 2 shows that even in this case the laptop CPU slightly overperformed
the server one.

When the energy equation was enabled while dealing with the coarser mesh (see Figure 3), in all the ten best
cases CG/ILU was used to solve the pressure correction equation; however, BiCGstab(2)/ILU overperformed
BiCGstab(3)/ILU. As for the energy solver, the best combination used BiCGstab(2)/SSOR. The corresponding
speedup was 3.6 (on average, computational time decreased from 36.7 s to 8.0 s). The notable increase
in computational time over the flow-only scenarios was caused primarily by much more iterations being
needed for the energy scaled residual to reach the standard limit of 10-%. Additionally, here the server CPU
performed slightly better than the laptop one. This might be because larger amounts of varied data and
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05 — p: CG/none, m: BiCGstab(3)/ILU

06 — p: CG/SSOR, m: BiCGstab(2)/SSOR

07 — p: CG/ILU, m: BiCGstab(1)/ILU

08 — p: CG/ILU, m: BiCGstab(1)/none

09 — p: BiCGstab(1)/none, m: BiCGstab(6)/none
10 — p: CG/Diagonal, m: BiCGstab(1)/Diagonal

Figure 2: Ten best-performing combinations of solution and preconditioning methods in case of simulation

of only the flow using the finer mesh (roughly 25,000 cells)
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Figure 3: Ten best-performing combinations of solution and preconditioning
of flow and energy transfer using the coarser mesh (roughly 6,000 cells)

methods in case of simulation

instructions were being handled and the fact that the server CPU had an order of magnitude more L1, L2, and
L3 caches.
Results related to the finer mesh, which are shown in Figure 4, are quite similar to those shown in Figure 3
in terms of the pressure correction and momentum solvers. Still, there are significant differences in the utilized
energy solvers — one can see many combinations with various unpreconditioned versions of BiCGstab(L) and,
in case of the last combination, CGNR with diagonal preconditioning in place. The speedups, therefore, vary
notably, i.e., combinations with all solvers being preconditioned perform roughly 10 to 17 times faster than
their baseline variants, while with unpreconditioned energy solver the speedups are only about 3. In case
of the best-performing combination, the average computational time dropped from 722.7 s to 69.2 s. It should
also be mentioned that a much larger percentage of cases resulted without user intervention in divergence
when the energy equation was enabled. Given the purpose of the original simulation tool and its having to be
as autonomous as possible, the respective combinations were discarded as unsuitable.
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09 — p: CG/ILU, m: BiCGstab(3)/ILU, e: BiCGstab(8)/none

10 — p: CG/ILU, m: BiCGstab(3)/ILU, e: CGNR/Diagonal

Figure 4: Ten best-performing combinations of solution and preconditioning
of flow and energy transfer using the finer mesh (roughly 25,000 cells)

methods in case of simulation
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As for the ICC and ILUT preconditioning methods, these proved to be wholly unsuitable due to their slow
convergence. What is more, these two preconditioners were markedly more likely to lead to divergence than
ILU or SSOR.

3.2 Smoothness of convergence & general solution behaviour

In general, if a combination of preconditioned solvers reached a converged solution, then the convergence
was faster, yet not necessarily smoother, than in case of the corresponding unpreconditioned combination
(see Figures 5 and 6). However, it was also true that divergence was much more common among
preconditioned solvers than when unpreconditioned solvers were employed. ILU provided marginally
smoother convergence than SSOR and significantly smoother convergence than diagonal preconditioning.
Considering BiCGstab(L), smoothness of convergence increased with increasing value of L (see Figure 5).
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Figure 5: Comparison of scaled residual plots corresponding to three different combinations of solution and
preconditioning methods in case of simulation of only the flow using the coarser mesh (roughly 6,000 cells)
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Figure 6: Comparison of scaled residual plots corresponding to a combination of unpreconditioned solution
methods and the same methods preconditioned using ILU (pressure correction, momentum) and SSOR
(energy) in case of the coarser mesh (roughly 6,000 cells)

4. Conclusions

The data presented in the previous paragraphs clearly suggest that in terms of the discussed simplified 3D
CFD simulations best results are provided by different combinations of solution and preconditioning methods
depending on whether only the flow or flow and energy transport are modelled. As for flow only, the best
performance was reached using CG as the pressure correction solver together with BiCGstab(3) for
momentum, both with ILU preconditioning being applied. The speedups compared to the respective baseline
combination were ca. 4-5 depending on mesh fineness. If energy transport was included into the simulations,
then the best results were obtained using CG/ILU for pressure correction, BiCGstab(2)/ILU for momentum,
and BiCGstab(2)/SSOR or BiCGstab(2)/ILU for energy. The speedups corresponding to this combination were
ca. 4 for the coarser mesh and ca. 10 in case of the finer mesh. Still, further tests should be carried out with
respect to the selection of relaxation parameter w € (0, 2) in SSOR which, if chosen properly, can drastically
improve performance.
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Considering the two different CPUs, it is obvious that they performed almost identically in terms of single-core
computations involving the small simplified meshes.
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Possible ways to model flow distribution and pressure drop in process and power equipment containing
porous elements (e.g. tube sheets of dense tube bundles of recuperative heat exchangers, matrices
of regenerative heat exchangers, packed beds of catalytic converters, etc.) are discussed. A simplified, hybrid
flow distribution and pressure drop model based on finite volume method and applicable to a wide variety
of equipment is proposed. Given the fact that the model in question is intended to be utilised primarily
in optimisation algorithms, emphasis is placed on both obtaining accurate-enough data within relatively short
time frames and ease of automation of the process. A proof-of-concept implementation of the model
is discussed alongside improvements regarding solution convergence and solution efficiency in general that
are critical in order to make the model commercially viable given its intended application.

1. Introduction

Often times it is necessary to optimise various parts of flow distribution systems for better performance and
reliability. With the advent of more and more powerful computing hardware it may seem that utilising detailed
3D flow models based on Computational Fluid Dynamics (CFD) is the right choice for the mentioned purpose
whether one is designing new equipment (Wei et al., 2015), analysing flow behaviour in an existing apparatus
(Khaled et al., 2016), or making modifications to flow distribution-related parts in an already operated piece
of equipment (Facéo, 2015). But is it really so?

In some cases (e.g. Anbumeenakshi and Thansekhar 2016) it may be beneficial to forgo modelling altogether
and carry out an experimental investigation. If only a few flow system geometries need to be evaluated with
the best possible accuracy (as was done for example by Chen et al., 2015) then it certainly is appropriate to
utiise CFD and accept that, given the nature of such models, the necessary data will not be available in
minutes but rather in hours, tens of hours, or even days. The same applies to situations where employing a
simplified model just is not practicable — be it due to the complexity of the flow system geometry (Li et al.,
2014) or because constructing a simplified model would probably be non-trivial (as discussed for instance by
Pendyala et al. 2015 in case of nanofluid flows). If, however, an engineer deals with the initial part of a design
process of relatively common equipment and needs to estimate the behaviour of tens or hundreds of possible
flow system geometries (or distribution scenarios) then, clearly, making use of detailed CFD models just to
reject the majority of options would not make much sense. This is where simplified and fast, albeit less
accurate flow models are much more fitting. These, though, are rarely discussed in the literature and if they
are, they either tend to be tailored to specific flow system geometries and thus suffer from limited flexibility
(see for example the model developed by Turek et al. (2011) which is applicable to double-U-tube heat
exchanger modules) or only a cursory outline is mentioned as a side note and the main focus is still on
detailed CFD modelling — as is e.g. the case of the aforementioned paper by Facéo (2015).

Considering the porous nature of various elements of process and power equipment, by that we mean in this
paper any element that can be for the purposes of flow distribution modelling reasonably represented
by a porous structure. It can therefore be a packed bed of a catalytic converter (Turek et al., 2014), a matrix

Please cite this article as: Turek V., Fialova D., Jegla Z., 2016, Efficient flow modelling in equipment containing porous elements, Chemical
Engineering Transactions, 52, 487-492 DOI:10.3303/CET1652082
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in a regenerative heat exchanger (Drobni€ et al., 2016), a plate-fin block of a recuperative heat exchanger (Liu
et al., 2015), a dense tube bundle (Turek et al., 2015), or any other similar structure.

The following text discusses the two most common flow distribution and pressure drop modelling approaches,
that is, detailed 3D Computational Fluid Dynamics-based modelling and simplified 1D or 2D modelling,
together with their advantages and disadvantages. Then a proposed hybrid modelling approach is described
and its benefits as well as not-yet-resolved caveats are reviewed.

2. Challenges of detailed 3D CFD flow distribution modelling

In flow distribution systems the inlet stream splits into multiple, often thousands of streams and, consequently,
combines back into a single outlet stream. Hence, the flow usually exhibits strong turbulence and, as the
authors of this paper can attest, numerical flow simulations of these systems therefore are highly unstable in
the first ca. 50 to 100 iterations. This brings about the need to bootstrap every such computation (unless,
of course, one is willing to deal with meshes consisting of tens of millions of cells). In other words, if one is
to obtain a converged solution with a moderately-sized mesh then:

(i) Mesh quality (in terms of cell skewness, aspect ratio, and smoothness) must be reasonable and
the solution must be initialised with a relatively accurate estimate — e.g. in ANSYS Fluent (ANSYS,
2015) Hybrid Initialisation is often much more suitable than Standard Initialisation.

(i) Lower under-relaxation factors may be necessary in the first phase of the solution process. Similarly,
relatively generous solution variable limits are recommended to prevent unnecessary value cut-offs
which may lead to divergence.

(i) It is good practice to start with a minimal setup — flow equations (momentum and pressure) together
with turbulence included e.g. via the k-¢ model (Launder and Spalding, 1974) or the Realizable k-¢
model as recommended by Chen and Sparrow (2009). First-order differencing schemes such as the
First Order Upwind Scheme (Courant et al., 1952), the Hybrid Scheme (Spalding, 1972), or the Power
Law Scheme (Patankar, 1981) are good fits here as well as the straightforward SIMPLE pressure-
velocity coupling (Patankar, 1972).There is virtually no point in attempting solution initialisation with
a pressure-velocity coupling providing faster convergence because its benefit would be lost due to the
current solution being very far from its stabilised state. It should also be noted that reversed flow
is almost always encountered at the outlet(s) at the very beginning of the computation should the outlet
zones be relatively short (3—6 times the hydraulic diameter of the outlet header).

(iv) Once a converged intermediate solution is obtained, one can switch to a higher-order differencing
scheme — e.g. QUICK (Leonard, 1979) — and, again, run the computation until convergence is reached.
It is not uncommon to still encounter reversed flow at the outlet(s) this far into the computation in spite
of the fact that later on in the converged solution no reversed flow will be observed there.

(v) As the next step, under-relaxation factors can be gradually made larger while the solution is allowed
to converge after each change. Analogously, the solution variable limits, if modified, can be gradually
returned to their default values while making sure a converged state is reached after each change.

(vi) At this point one can include other equations such as the energy equation. If the fluid undergoes
no significant temperature change in the distribution system then this step may be omitted given our
aim being to obtain an accurate-enough estimate of flow distribution in as little time as possible.

As is apparent from the steps listed above, this is by no means a straightforward process. Also, even though
automation is possible to a certain degree (e.g. in ANSYS Fluent one can employ journal files), one still has
to monitor the computation closely and make impromptu adjustments to avoid divergence, unnecessarily slow
convergence, or unsuitable y* values.

The second challenge concerning flow distribution modelling lies in flow instability. There is no guarantee that
the steady-state solution which one has obtained earlier truly reflects the reality, that is, that flow rates through
individual flow channels (e.g. the tubes of the bundle) do not fluctuate too much in time. This is why carrying out
a transient simulation in addition to the steady one is always recommended. Should one opt to do so, it might
be beneficial to switch to a faster-convergence pressure-velocity coupling — e.g. PISO (Issa, 1986) — after
the steady-state solution has been obtained. Still, the relative benefit of such a decision depends on the actual
flow system behaviour because in many cases a “one-iteration-per-time-step” simulation process results from
a careful steady solution initialisation and as such a faster-convergence pressure-velocity coupling may prove
to be slower due to its increased computational cost.

In summary, with a detailed 3D CFD model one gets very accurate data compared to various simplified
modelling approaches (although some simplified models have been shown to provide solutions very similar
to those obtained with detailed CFD models — see e.g. (Turek et al., 2015)). The process is still rather
laborious and requires a lot of time and almost constant supervision. This is why it makes sense to develop
simplified, fast, and automatable flow distribution models which can then be used effortlessly by process
engineers.
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3. Challenges of simplified 1D and 2D flow distribution modelling

Vast majority of porous elements present in process and power equipment do not feature one dominant
dimension — a tube bundle, for instance, rarely consists of just one or two tube rows. As a consequence,
(quasi-)1D flow distribution models, that is, models consisting of multiple interconnected 1D submeshes,
usually cannot describe the porous elements in question accurately enough. Still, for a very limited set
of scenarios (quasi-)1D models may serve quite well (Turek et al., 2011).

Two-dimensional models, on the other hand, can handle various flow distribution geometries very well (see for
example the aforementioned paper by Turek et al. (2015)). Flow variables corresponding to the mesh
elements in such (quasi-)2D models, however, are almost always evaluated sequentially because
simultaneous (or segregated) evaluation of velocity, pressure and other fields is rather challenging in terms of
convergence on the grounds of problematic interconnection of the different-dimension submeshes via source
terms. That being said, this type of models usually suffers from a major downside being the necessity to (i)
carefully construct the respective computer code including a suitable and numerically sound way of making
flow variable corrections, (ii) often times use significant under-relaxation factors slowing down already very
slow convergence, and, last but not least, (iii) change non-negligible portions of the code each time a non-
trivial change is made to the flow system geometry. Still, with respect to accuracy (quasi-)1D and (quasi-)2D
models — if applied carefully to a specific class of flow distribution systems with a very limited range of possible
geometry changes — often are more than satisfactory for fast and effortless preliminary evaluation of simpler
flow systems.

In reality, though, this is seldom the case. Process engineers need a tool that can be used to preliminarily
evaluate many different types of flow systems without the need to change the respective computer code
for it to meet the current requirements.

4. Hybrid modelling approach

It is obvious from the previous paragraphs that both the detailed 3D CFD modelling and simplified (quasi-)1D
and (quasi-)2D modelling approaches provide benefits as well as suffer from shortcomings. It would therefore
be of great interest to process engineers to have available a tool that would (i) provide relatively accurate flow
distribution data in reasonable time frames and (ii) allow effortless solution automation of flow distribution
problems which, inherently, are numerically ill-posed.

The former requirement is straightforward — fast flow evaluation at the cost of too low an accuracy is as
pointless as obtaining quite an accurate solution within an unacceptably long time frame. The second
requirement, however, is more complex and includes several factors. Given the needs of process engineers,
the respective tool must be able to not only manage the solution process so that a converged solution
is obtained with as little user intervention as possible but also generate a suitable mesh from several key
pieces of data (such as the main dimensions of the evaluated flow distribution system) and statistically
process the obtained results in case of unsteady computation (e.g. time-averaging of tube mass flow rates
with respect to a maximum allowed fluctuation error).

The following text is tailored to the specifics of dense tube bundles (i.e., tube bundles with larger ratios of total
tube cross-sectional area to tube sheet area) but it can easily be generalised to other types of porous elements.

4.1 Implemented simplification measures

The starting point for the hybrid modelling approach is a 3D CFD model including mass, momentum, and
energy transport with turbulence being tentatively neglected. In other words, the initial model works with a 3D
mesh and solves the momentum equations to get the u, v, and w velocity fields and the pressure correction
equation (the SIMPLE pressure-velocity coupling is utilised) to get the pressure field.

The primary simplification lies in mesh consisting solely of cuboid cells because this not only significantly reduces
the number of cells required to span the flow system geometry but also greatly simplifies the manner in which
gradients etc. are calculated internally when matrix coefficients are being generated. Lower overall number of
cells provides obvious reduction in computation time. As for the gradients etc., the cuboid nature of the cells
ensures that normal components of all face fluxes are inherently equal to the x-, y-, and z-fluxes themselves.
The disadvantage of a cuboid-cell mesh is obvious; one can hardly use such cells to fully span non-cuboid
elements. Still, there is relatively easy remedy for this — any tube can simply be replaced by a set of N x N
cuboid cell layers resulting in the identical cross-sectional area (see Figure 1). If there is a non-zero heat flux
prescribed for the tube surface then the original value must obviously be scaled to match the new “tube”
surface area by the factor of Fq = md2 / (4 N k) in which d2 denotes the tube outer diameter, N the number
of cells spanning one side of the square tube mesh cross-section, and lic the respective tube cell side length.



490

tube sheet
tube sheet (grey cells)

tube

tube (white cells)
N S o )
[ / /
/ L. [
[ MR l
\ [ [/ (A
\ 1 ‘
N |

T |

/ \
L\///_— !

Figure 1: Top view of the original tube geometry and the replacement tube mesh consisting of layers of 4 x 4
cuboid cells

There is one more benefit regarding cuboid-cell meshes, namely the ease with which such meshes can be
generated. Given the common arrangements of tubes in bundles (90 °, 60°, and 45°) it can easily be seen
that if one is to span the flow distribution system geometry without cell face splitting, the fineness of the
resulting mesh is governed by a single parameter — the number of cells spanning one side of the square tube
mesh cross-section, N. The spaces between tube rows and also between individual tubes in rows are then
spanned accordingly with cells sized as close to the tube cells as possible.

Considering the actual value of N, the lower limit generally is two. The reason for this is that in a simplified
model it usually is sufficient to utilise the SIMPLE pressure-velocity coupling which operates on a staggered grid.
With this in mind, it is obvious that with a single cell comprising tube cross-section the momentum transport
from the distribution header to the tubes and from the tubes to the collection header would suffer thus
rendering the computation even more unstable and likely to diverge. Using too large a value of N — say, more
than six — also may not be a good idea because this would defeat the purpose of simplified modelling (size
of the resulting mesh would most probably be of the order of units of millions of cells). In any case, one can
further optimise the mesh by employing a double sided, uneven (e.g. successive ratio) longitudinal spacing
in the tubes or asingle sided, uneven spacing inthe headers in directions normal to tube sheets. This
modification, which is trivial to implement, provides two benefits: (i) the number of cells is further reduced and
(i) mesh quality is improved because mesh fineness is greater in areas where gradients of flow variables are
likely to be large and lower where no significant changes are expected.

As mentioned above, in most flow distribution problems the SIMPLE pressure-velocity coupling should suffice.
One could make use of a faster-convergence coupling — e.g. SIMPLER (Patankar, 1980), SIMPLEC (Van
Doormaal and Raithby, 1984), or PISO — but the actual benefit in terms of shortening of the evaluation time
may well be cancelled due to its larger computational complexity. What is more, with respect to the nature
of flow distribution problems such couplings may even hinder convergence in the initial phase of the
computation when it is not yet stabilised enough.

With respect to differencing schemes, again, there is virtually no point in employing other than the first order
ones (upwind, hybrid, or power law). Although it is true that with a second order scheme such as QUICK
the accuracy of the resulting data would be somewhat higher, given the nature of the model one is after here
(a simplified one) it is debatable whether the associated increase in computational complexity and hence also
increase in computational time is warranted.

With regard to the fact that temperature changes stemming from energy dissipation are rather insignificant,
solving the energy equation is only necessary if heat transfer is in effect in some part of the flow distribution
system (e.g. in the tubes). Solving this equation for adiabatic systems would lead only to a marginal increase
in accuracy but at the cost of significant increase in computational cost.

Lastly, let us focus on boundary conditions. Because we are interested in maintaining the total mass flow rate
through the entire system, the mass flow inlet boundary condition must be implemented (in some cases the
velocity inlet boundary condition is also acceptable but the actual velocity then has to be calculated from the
prescribed total mass flow rate). Second, the pressure outlet boundary condition must be available so that
pressure frame can be specified for the solution. Third, we need the stationary wall boundary condition — e.g.
of the “no slip” type. Frictional pressure drop as well as heat transfer in case of heated/cooled walls can then
be easily modelled in a simplified way via source terms.
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In summary, to obtain a simplified 3D CFD model covering virtually any reasonable flow distribution system
itis enough to solve the usual momentum and pressure correction equations coupled via SIMPLE and
supplemented by source terms accounting for changes in gravitational potential energy, pressure losses
due to friction, and possible additional minor losses in the porous structure. Should heat transfer be in effect
then, obviously, also the energy equation is required with fluid heating or cooling in the respective cells again
being included in a simplified manner via source terms.

4.2 Computational efficiency concerns

In each major iteration of the simplified CFD solver we must solve — at least approximately — four or five rather
large systems of linearized equations. Each of these systems is of the rank of roughly the number of cells
in the mesh, that is, each of the matrices contains tens to hundreds of thousands of rows. It is therefore
essential that the numerical methods employed for this purpose are as efficient as possible. This can
be achieved by utilising highly-optimised computer codes such as ATLAS (Whaley et al., 2001), BLAS
(Dongarra, 2002), or LAPACK (Anderson et al., 1999). Further increase in efficiency can be accomplished by
splitting the matrix-solving code over multiple threads.

Many specialised linear algebra libraries based on such high-performance codes are available for
programmers’ convenience. For example, the testing CFD code — written by the authors of this paper in Oracle
Java (Oracle, 2016) — makes use of the MTJ-N package (Halliday, 2016) which acts as an intermediary
between pure Java code and native implementations of BLAS and LAPACK. Being given a sample flow
system, this code was able to automatically generate a suitable mesh consisting of roughly 55,000 cells and
provide a fully converged steady-state solution in ca. 130 s (126 iterations) while being run in a single-core
mode on a regular office computer.

4.3 Potential caveat & future work

Admittedly, in many flow distribution scenarios the convergence of simplified 3D CFD models is rather slow
(or even problematic) regardless the actual under-relaxation factors. It therefore still remains to be seen
whether including the effect of turbulence into the model would provide substantial improvement in terms
of convergence so that the increased computational cost would be justified. This, of course, renders
the discussed type of models less practicable; however, possible computationally cheap ways of convergence
improvement including the major iteration-specific selection of internal matrix solver type and its setup are
currently researched by the authors. As for model validation and benchmarks, these activities are planned for
the future but neither of them has yet been carried out for obvious reasons.

5. Conclusions

It has been shown that, compared to both 3D CFD modelling and simplified (quasi-)1D and (quasi-)2D
modelling the proposed hybrid approach provides significant benefits. First, hybrid models are universally
applicable — just as the usual 3D CFD models are — but one is not required to deal with mesh creation (which
is often non-trivial) because in case of cuboid-cell meshes this can easily be automated.

Second, the model places emphasis on short evaluation times at the cost of lower, but still good-enough
accuracy. Even though these times are somewhat longer compared to (quasi-)1D and (quasi-)2D models due
to decidedly larger meshes and more complex nature of the employed equations, this is remedied by the fact
that virtually no modifications to the hybrid model are necessary if flow system geometry is changed (apart
from the portion which handles mesh creation but that is in most cases a rather simple affair). In contrast,
a relatively minor change in geometry can result in a lot of necessary changes in a (quasi-)1D or (quasi-)2D
model due to their being tailor-made for specific flow systems.

Lastly, although no benchmark or validation has been carried out as of yet due to the still not fully resolved
issues with convergence, one can reasonably expect the resulting data to be at least as accurate as those
obtained with lower-dimension models. In any case, the main advantage, that is, the universality of such
models combined with very easy generation of meshes and short computational times, remains and promises
to yield a valuable flow distribution evaluation tool once the convergence issues have been overcome.
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A simplified model of a radial hydrocarbon reforming catalytic converter is presented. It focuses on fluid
flow, distribution along the annular catalytic packed bed, and overall pressure drop. As for the chemistry
aspect of the problem or possible issues due to pore blockages, these are not considered in the paper.
The model is based on a set of several well-known equations such as the continuity equation, Euler’s
equation for inviscid flow, equation of state, etc. and is built with utilization in geometry optimization
algorithms in mind. An optimization software implementing the discussed model and a comparison
of results and experimental data related to a series of existing catalytic converters are presented as well.

1. Introduction

Radial catalytic converters are typically employed in petroleum refineries to convert low-octane
intermediates into higher-quality products, such as high-octane gasoline, with hydrogen being a by-product
(Rahimpour et al., 2013). This process is highly endothermic (Zagoruiko et al., 2014) and therefore
the entire catalytic conversion unit usually consists of several converters connected in series each of which
is preceded by a fired heater where the feed is re-heated.

Pressure drops in packed beds of catalytic converters tend to be quite significant which, combined with
pressure drops in fired heaters, induces considerable pumping costs. Converters must therefore
be designed in such a way that the resulting pressure drops are as low as possible. Moreover, flow
distribution along the catalytic packed bed should be as uniform as possible — especially if regeneration
of the catalyst (Bartholomew, 2000) is not performed. This helps to achieve uniform aging of the catalyst
and consequently longer service life of the catalytic bed.

Neither the chemistry aspect of the problem (except for an estimated temperature gradient in the packed
bed) nor pore blockages (Jiménez-Garcia et al., 2013) are considered in this paper. What is of interest
to us is pressure change modelling as pressure gradients also largely influence flow distribution. Earlier,
pressure drop of a packed bed had usually been estimated en bloc using for instance the Ergun equation
as discussed in (Green and Perry, 2008); however, this did not enable incorporation of incremental
changes in temperature, viscosity, etc. into the models or reasonable prediction of flow distribution.
Current modelling approaches therefore favor direct numerical simulation, often via customized finite-
element or finite-volume methods as described for instance by Palle and Aliabadi (2013) in case of regular
packing or by Mousazadeh et al. (2013) for random particle distribution. Some of the models even
consider effective transport properties of packed layers as discussed by Bertei et al. (2013). Computational
fluid dynamics (CFD) is very popular as well (see e.g. Zhou et al., 2013), especially in case of automotive
industry applications (Kumar and Mazumder, 2010). Other models such as those based on artificial neural
networks can also be encountered (Zamaniyan et al., 2013). Nonetheless, for optimization purposes one
needs a simple-enough model if reasonable optimization times are to be expected. Hence, although one-
dimensional simplified models of packed beds exist for chemical phenomena (Srinivasan and Depcik,
2013a), heat and mass transport (Srinivasan and Depcik, 2013b), or both (Saouli et al., 2011), these are
still quite complex and their implementation in geometry optimization algorithms would lead to optimization
times that are prohibitively long if used in engineering practice. What is more, the implementation itself
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radial catalytic converters, Chemical Engineering Transactions, 39, 853-858 DOI:10.3303/CET1439143



would certainly not be easy. A simple yet accurate enough pressure drop and flow distribution model
allowing fast and effortless geometry optimization is therefore presented in this paper.

2. Description of the catalytic converter unit

Figure 1 shows a typical radial catalytic converter. Desulfurized naphtha feedstock enters the converter
at the top through the inlet duct. Then it flows into the inlet dome through the inlet distributor and continues
into the channels along the perimeter of the annular catalytic packed bed. Converted feed then leaves
the unit through the central outlet duct.

Both cylindrical surfaces of the packed bed consist of two layers. Rigid outer layer made of a perforated
steel sheet prevents deformations of the bed. Inner layer — a wire mesh screen — keeps the packing from
falling through the holes in the outer perforated sheet.

3. Mathematical model

Let us first consider flow through a simple channel. Figure 2 shows a segment of a straight channel with
the control volume being delimited by a dotted line. Pressure, density, and flow velocity at the inlet are
denoted as p1, p1, and v1, respectively. Channel area at the inlet into the control volume is A1. Quantities
at the outlet from the control volume are denoted analogously with the subscript “2”. Since the segment
delimited by the control volume is of a very short length d/, we can approximate the outlet cross-sectional
area by A2 = A1 + (A / dl) dl and proceed similarly for the remaining quantities.

We must also consider friction, dFf, standard gravity, g, the rate at which fluid leaves the control volume
through the wall of the channel, &d/, and the angle of inclination of the segment from the direction of g, ¢.
Please note that 0 is positive for outflow and negative for inflow.

The first equation that we will need is the continuity equation, that is

pvA = const. (1

After writing this equation for the segment in Figure 2, expanding it, and removing higher-order terms,
we get

1op lov 1a4d &

+ + + = )
pol vol Ao pvA
Next, by performing a balance of forces acting on the fluid delimited by the control volume, we obtain
‘ inlet duct
§| inlet distributor
. inlet dome
channel
—_— 0A
A=A+ Wd/
annular catalytic bed V= + 6_vd/
ol
9p
p2=py+—5rdl

0
outlet duct P2=p1 t 6_7d/

Figure 1: Cross-section of a typical radial Figure 2: Short segment of an inclined channel with
catalytic converter variable cross-section and porous wall
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which, in fact, is the Euler's equation for steady one-dimensional compressible inviscid flow. The last term
in this equation can be replaced for convenience — per the Darcy-Weisbach equation (Brown, 2002) — by
specific energy loss,

2
L dfy _dE_dl v 4)
pd ddl "D, 2

Here, A denotes Darcy friction factor and Dn hydraulic diameter of the channel. The modified equation thus
is

2
v@+ia—p—gcos¢)+lﬂv—:o. (5)
ol poal D, 2

Finally and most importantly, we need to find the equation governing pressure change in the segment.
To do so, we will utilize two other equations, namely the equation of state,

p = pPRT, (6)
and the first law of thermodynamics for an adiabatic process,

T
T % ™
ol Yol pPa

Therefore, by combining Egs. (5) through (7) we get
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Since in this simplified case heat is generated solely due to friction, we can rewrite the above equation as

a_p(l 1 J A [1+K—1pv2]_gcos¢)_ 104 &6

ol\xp pv*) 2D, K p Ve Aal ped

©)

in which K = ¢p / cv denotes heat capacity ratio. From here, it immediately follows that
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At this point it is easy to obtain equation for pressure change in a segment of the length A/
in the discretized representation of the geometry. Other quantities are calculated accordingly with
difference versions of the equations above.

Considering minor losses (flow through the perforated steel sheets, wire meshes, etc.), these can
be calculated via the standard equation

2

Mp=¢ 2 (1)

with coefficients of hydraulic resistance, ¢, computed according to the formulas available in (Idelchik, 2001).

It is assumed that the bed is packed regularly (Afandizadeh and Foumeny, 2001). Pressure changes therein
are calculated in the same manner as in Eq. (11) since the usual equations for en bloc estimation of pressure
drop (especially Ergun equation) are not suitable for prediction of pressure drop in case of turbulent flow
regime (Allen et al., 2013). Temperature changes caused by energy dissipation due to induced turbulence
are then estimated similarly as in Eq. (4), i.e., via specific energy loss. Such an approach allows us
to incorporate gradual changes in temperature, pressure, viscosity, and other quantities.



4. Software implementation of the model

The model has been implemented in a geometry optimization tool (see Figure 3) developed in Java
(Oracle, 2014). The entire geometry is discretized automatically and a quasi-1D mesh is produced based
on the provided input data. Equations are then solved sequentially in an upwind-like (Patankar, 1980,
Section 5.2-2) iterative manner until convergence is reached. Considering physical properties of the fluid
(density, dynamic viscosity, etc.), these are always calculated ad hoc with respect to actual temperature
and pressure.

The tool is primarily intended for catalytic bed geometry optimization with the domain being given
by ranges of characteristic dimensions (inner and outer diameters and length of the catalytic bed). Even
though extensive evaluation of all possible geometries in the domain would certainly yield an optimum,
the process would be rather time-consuming. An appropriate optimization method is therefore selected
according to the actual dimension of the domain. The Golden Section Method (Ravindran et al., 2006,
pp. 51-53) is employed for a one-dimensional domain. Two-dimensional domains are explored using
the Hooke and Jeeves method (Ravindran et al., 2006, pp. 92-97) enhanced with intelligent selection
of initial estimate and with an algorithm for adaptive pattern step length. A 3D extension of this enhanced
Hooke and Jeeves method is used for three-dimensional optimization domains. Additionally,
the application can take full advantage of contemporary multi-core processors — it splits the optimization
domain into several smaller domains so that all available processor cores are utilized and that optimization
times are shortened even further.

Based on our tests, both objective functions, that is, pressure drop and relative standard deviation from
uniform flow distributions, are smooth and unimodal for any reasonable set of input data. It is therefore
safe to use the above-mentioned optimization methods.

4.1 Comparison of obtained data and industrial-case geometries

In order to get a sense of how well the optimization tool discussed in the previous section performs,
the authors compared its outputs to several existing catalytic converters connected in series. Although
these converters have been designed before wide-spread availability of CFD and other numerical tools
requiring substantial computing power, all design decisions were then made according to both experience
and extensive prototype testing to ensure as good a performance as possible while retaining low overall
pressure drop.

Catalytic bed of the first converter was required to be 14.5 m® in volume and have inner diameter of 0.65
m. Characteristic size of particles making up the packed bed was 1.9 mm. Mass flow rate of the
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Figure 3: Screenshot of the developed geometry optimization tool with sample results being displayed



hydrocarbon mixture being converted was 52.44 kgs™ and — according to the operator — its temperature
dropped from 505 °C to 437 °C in the converter. The second converter in the series contained packed bed
with volume of 36.3 m? that consisted of the same type of particles and had the same inner diameter as in
case of the first apparatus. Here, temperature of the stream dropped from 505 °C (after re-heating) to 470
°C. As for the third converter, its catalytic bed was required to be 72.5 m® in volume. Again, the same type
of particles was used as packing and identical inner diameter of the bed was required. Temperature drop
in this case, however, was even smaller — from 505 °C to 495 °C.

Results yielded by the optimization tool are shown in Table 1 alongside data provided by the operator
of the three converters mentioned above. It can be seen that there is a good agreement between the data
sets. Of course, this is not sufficient as a model validation (for that an extensive testing is planned) but
it hints that the model might perform rather well in its present state.

It should also be noted that relative standard deviation from uniform flow distribution, being a measure
of uniformity of flow distribution along the catalytic bed, is quite low for all three converters. The catalyst
inside the packed beds should therefore be aging uniformly.

Table 1: Comparison of data obtained with the geometry optimization tool and data provided by the operator
of the catalytic converters

Converter | Converter Il Converter Il
opt. tool operator opt. tool operator opt. tool operator
Catalytic Bed
inner diameter 0.650 m 0.650 m 0.650 m
outer diameter 2.034 m 2.060 m 2.882m 2920 m 3.083 m 3.100 m
length 4.967 m 4.830m 5.854 m 5.700 m 10.163 m 10.050 m
Operating conditions
inlet temperature 505 °C 505 °C 505 °C
outlet temperature 437 °C 470 °C 495 °C
inlet pressure 1,834.0 kPa 1,692.0 kPa 1,571.0 kPa
outlet pressure 1,801.9kPa 1,803.7 kPa 1,666.7 kPa 1,667.5kPa 1,548.4kPa 1,550.1 kPa
pressure drop 32.1 kPa 30.3 kPa 25.3 kPa 24.5 kPa 22.6 kPa 20.9 kPa
RSD* 0.30 % N/A 0.15 % N/A 1.16 % N/A

*Relative standard deviation from uniform flow distribution

5. Future work

Although according to preliminary tests it seems that the presented model performs quite well, it still needs
to be validated properly. In other words, until performance of the model is validated against a large-enough
set of experimental data or at least data obtained via CFD evaluations, it cannot be considered to be
production-ready.

6. Conclusions

A simple mathematical model allowing easy and very fast evaluation of catalytic converter pressure drop
and flow distribution uniformity has been described. According to preliminary tests, the model seems to be
quite accurate but proper validation is still necessary before it is production-ready. Also, a user-friendly
geometry optimization tool developed in Java has been presented. The tool takes advantage of modern
multi-core processors and splits each optimization task to an optimum number of cores to shorten
optimization time as much as possible.

Once a validated model is available, chemical engineers will be able to use the respective optimization tool
to quickly and effortlessly design radial catalytic converters with low pressure drops and as uniform flow
distributions along catalytic beds as possible. Not only that such converters will be cheaper to operate
because of lower pumping costs, they will also require less maintenance due to more uniform catalyst ageing.

Nomenclature

A cross-sectional area of a channel, m? Dn  hydraulic diameter, m
¢ specific heat capacity at constant pressure, E energy,J

Jkg' K Fr  friction, N
¢y specific heat capacity at constant volume, g standard gravity, ms=

-~

Jkg' K length, m



p pressure, Pa 4 coefficient of hydraulic resistance, —

R  specific gas constant, J kg™ K- Kk heat capacity ratio, —

T  thermodynamic temperature, K A Darcy friction factor, —

v flow velocity, ms™' p  density, kgm

6 amount of fluid that leaves control volume ¢ angle of inclination of a segment from
through a wall, kgm-' s the direction of g, °
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ABSTRACT: Uniform flow distribution is often required by process equipment for its correct and reliable operation. Due
to the fact that the resulting distribution is influenced by shapes of splitting and combining manifolds, flow distribution
uniformity can be considerably increased by careful design. In case of high-temperature applications, uniform flow
distribution is usually crucial. The aim of this paper is to provide a formula for coefficient of static regain for parallel
flow systems containing linearly tapered manifolds with rectangular cross sections connected by double U-tubes. This
formula was derived by means of approximating data obtained by evaluation of several baseline configurations of
such distribution systems using fluid flow modelling software ANSYS® FLUENT®. Sample fluid distributions found
using the proposed formula are shown alongside corresponding data computed by ANSYS FLUENT. Also, a practical
computational tool for shape optimization of the investigated class of manifolds is presented. © 2010 Curtin University
of Technology and John Wiley & Sons, Ltd.
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INTRODUCTION

In a broader perspective, the motivation for studying
optimum design of splitting and combining manifolds
is closely connected with the design of heat exchanger
networks (HENs). A well-designed HEN can bring
substantial energy and financial savings and, thus, there
is a lot of effort devoted to this topic. The design process
consists of three main stages:

(1) Targeting,/'! which is a preliminary technical eco-
nomic analysis determining optimum heat recovery;

(2) Synthesis,” during which an optimum HEN layout
is found; and

(3) Detailed design of individual pieces of process
equipment (i.e. selection of suitable heat exchanger
types to be used® and their design in terms
of required heat duties, allowed pressure losses,
necessary compatibility of media with materials that
exchanger parts are made of, their fouling,™ etc.).

However, it is clear that an excellent HEN layout alone
cannot guarantee optimal performance of the network
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and, therefore, optimization of important parts of heat
exchangers should be done in the detailed design stage
as well. In other words, the overall HEN design problem
(Fig. 1) can be split into selection of process stream
matches (I), detailed design of heat exchangers (II), and
optimization of specific exchanger parts (III).

Considering fluid distribution systems in heat
exchangers, optimization usually means that these are
designed in such a way that ensures as uniform a
flow distribution as possible. Importance of a uniform
flow distribution can be even greater in case of high-
temperature media being used as process fluids, since
serious damage to the system may occur due to uneven
thermal expansion. Thus, being able to predict the
resulting flow distribution and optimize the shape of
splitting and combining manifold not only can lead to
better exchanger performance but can also prevent its
total destruction.

Background research

Most papers concerning fluid distribution are related
to manifold systems with constant cross sections. One
of the first papers on this topic®! described the ana-
Iytical successive branch-by-branch approach decom-
posing an entire splitting or combining manifold into



Asia-Pacific Journal of Chemical Engineering

111

1
S
:j
{b) Metwork confaining a particular U-tube heat exchanger (cf. further).
Figure 1. Design problem ‘HEN — indi-

vidual unit — specific part of the unit’.
This figure is available in colour online at
www.apjChemEng.com.

control volumes around the discharge orifices and
dealing with each of them separately. Nevertheless, only
manifolds with uniformly spaced lateral pipes and cir-
cular cross sections distributing fluid into (or collecting
fluid from) atmosphere or some other constant-pressure
environment were discussed. Another paper'® dealing
with uniformly perforated manifolds having constant
circular cross sections investigated the influence of
axial velocity of fluid on the actual direction of dis-
charge. Also, friction coefficients were assumed to be
calculated rather than given as constants in advance.
Other existing algebraic models describe either mere
division or combination of flows in manifolds with

© 2010 Curtin University of Technology and John Wiley & Sons, Ltd.
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circular!”! or rectangular’® cross sections, or parallel
flow systems with such manifolds, e.g. in solar panels!’
or fuel cells.[1%11]

More advanced models cannot be solved analytically,
since the utilized equations (momentum conservation
law, etc.) contain differential and integral terms. There
are models for division or combination of flows in case
of manifolds with circular!'? and rectangular!3 cross
sections. As for complete parallel systems, both finite-
difference!' and differential!’>'%! models have been
developed. There also exist models for microchannel
parallel systems,!'” systems in fuel cells,'%!"! and
in electronic cooling modules.?%2!1 Models supporting
two-phase flow exist as well.[?2:23]

All the models mentioned so far assume manifolds
have constant cross sections. However, the amounts of
fluid flowing through branches of a manifold (i.e. the
resulting distribution) depend on pressure differences
between ends of U-tubes, which can be greatly influ-
enced by longitudinal manifold cross-sectional vari-
ability. This is due to the fact that the differences
themselves are given by pressure profiles in the man-
ifolds and any change of a pressure profile (caused,
for instance, by a locally convergent or divergent
shape of the manifold) must influence the lateral flow
rates. An appropriate design of the manifolds can
thus increase flow distribution uniformity. Nevertheless,
research papers dealing with fluid distribution systems
containing manifolds with variable cross sections!?*2’!
are rare and, to the best of the authors’ knowledge, only
cases of varying rectangular cross-sectional height have
been investigated so far. Moreover, although the mod-
els presented therein can be implemented directly using
common programming languages (C++, Java, etc.),
they require discretization of the respective governing
equations which introduces a considerable amount of
additional work. Also, a computational tool based on
one of these models would probably need significantly
more time to yield a solution than a tool making use of
the simpler successive branch-by-branch approach with
algebraic equations only.

Modelled distribution system

The modelled fluid distribution system is a part of a
made-to-measure heat exchanger for high-temperature
applications. Typically, this exchanger is used to pre-
heat fluidizing and combustion air and consists of sev-
eral stacked identical distribution systems (also referred
to as exchanger sections, Fig.2) mounted horizon-
tally in a vertical hexahedral shell (Fig. 1(b) depicting
a shell containing four distribution systems with lin-
early tapered manifolds). Both manifolds have variable
rectangular cross sections and are stepless, since these
are easy to manufacture by welding together several
parts cut from a sheet metal plate. Process fluid to
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Splitting manifold
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Figure 2. Modelled fluid distribution system.

be heated up flows from splitting manifolds through
U-tube bundles (each of which consists of 20 pairs of U-
tubes with the same diameter) into combining manifolds
and then out of the sections. Splitting and combining
manifolds are of the same shape, though combining
ones are ‘reversed’ (in general, cross-sectional area of a
splitting manifold decreases in flow direction, whereas
cross-sectional area of a combining one increases). Hot
flue gas flows across the U-tube bundles. It is clear
that uniform distribution of process fluid into U-tubes
is important for the exchanger’s performance and can
also prevent damage caused by e.g. uneven thermal
expansion.

ANALYTICAL MODEL

This work presents a model restricted to constant-
density fluids. The model is built upon several fun-
damental equations. The first of these is the Darcy—
Weisbach equation, Ref. [26], p. 340, governing
pressure loss due to friction,

M)\ 2
. Vv

Pin — PP = —ﬁ[ﬁp% (1)
where f; denotes Darcy friction factor for the i-th
manifold section, D}Iﬁ. hydraulic diameter in its middle,
and p density of the fluid (for nomenclature of local
mean fluid velocities and other terms see Fig. 3). It is
assumed that the cross-sectional area of each branch
is small enough compared with the manifold cross-
sectional area at that branch, and thus it is neglected
in the equation.

In laminar flow, which can occur in long straight
segments of U-tubes in case of a low mass flow
rate, Darcy friction factor depends solely on Reynolds
number, Ref. [27], p. 160,

64

= Re 2)

fi
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Figure 3. Scheme of a manifold with variable rectangular
cross section.

whereas in case of a turbulent flow, it also depends
on absolute roughness of the inner surface of the
manifold section, ¢, and its hydraulic diameter. To get
the friction factor, one can either solve the implicit
Colebrook—White equation/?®!

1 21 £ n 2.51 3)
e [ 251
i el T Re

or use an explicit approximation (e.g. Churchill,”?
Serghides,?®! or Haaland®'! approximation). In the

present model, Churchill approximation

7N\ 027\ 1"
A; = | —2.457In (—) + =
Re; Dy’;
(37530)16
B; =
RC,‘

1
g \12 | 12
i) e @

is used since it gives reasonable values of the friction

factor®?! while retaining computational simplicity.
Pressure changes caused by changes of manifold

cross section are computed using the Bernoulli equation

L 2 L
v’ +gz,+l7_zR _ ity ' Diti

2 P 2
and the continuity equation
bihiv} = bipihipivi (6)

where b;, h;, b;+1, and h;;+ denote width and height of
manifold cross section at the i-th and (i + 1)-th branch,
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respectively. As of now, the effect of gravitational
field is neglected and thus gravitational terms gz; and
gzi+1 are not present in the final version of Eqn (5).
Combining Eqns (1, 5, and 6) then yields a new
equation for pressure loss in the i-th manifold section

LB+ R oM’

pivi—pi =i T
friction
+ p bRy}’ [ L ! } @)
2 (bihi)*  (bisihis)?

change of cross section

where bIM denotes width of manifold in the middle of
i-th section.
Another fundamental equation!®

Cr,i
2

governs pressure changes caused by changes in fluid
momentum near the branches. C;; denotes coefficient
of static regain for the i-th branch which has been
defined as the ratio of the difference in static pressure
between the flow just upstream and just downstream
of the branch to the difference in dynamic pressures
(see further). This coefficient corrects for the effect of
discharge angle (fluid flowing out of the manifold does
not generally lose all its original axial velocity and
therefore it does not discharge perpendicularly to the
manifold axis).

Minor losses in the manifolds are computed using the
equation

PiR _PiL = P [(ViL)2 - (ViR)Z] ®)

2

Ap=§p— 9
where £ denotes a coefficient of hydraulic resistance!>?!
and v mean fluid velocity. Computation of pressure
losses in U-tubes utilizes Eqns (1, 2, 4, and 9). Since
the fluid is heated up while flowing through the U-
tubes, these are divided into three sectors with gradually
increasing temperatures. Fluid density and dynamic
viscosity (necessary to calculate Reynolds number)
are computed according to the temperature in the
respective sector rather than assumed to be constant.
In case of water being fed into the splitting manifold
of the exchanger section, for instance, the DIPPR105
equation3*

0.14395

T 0.05107
001 121+<1* 649.727)

could be used to calculate density and the Vogel
equation®!

o= (10)

578.919
pw=e ST TR sa6T (11)
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to calculate dynamic viscosity (in both cases 7' denotes
thermodynamic temperature).

Mass flow rates 7i1] and 7 through the i-th inner and
outer U-tube (Fig. 2), respectively, are found using the
equation

i} + i = pbih(vE —v]). (12)

NEW FORMULA FOR COEFFICIENT OF STATIC
REGAIN

Since the original formula for coefficient of static
regainl®! was derived for manifolds with constant circu-
lar cross section, it had to be modified. Computational
fluid dynamics (CFD) modelling software ANSYS
FLUENT®! was used to evaluate several baseline pro-
files per each manifold profile type (constant cross
section and linear change of cross-sectional width and
height). Obtained results were then approximated using
a new formula for coefficient of static regain that would
be applicable to such cases. This formula,

L b; — b
C.i=|3.54 _f +4.33T’—0.69 +

i i

d \? aigg — 1
+10.30 4+ 1.491og, D + 370Dy 1
h,i -

L
log,, — i
Oglo P_ R+

1 1

+ [155exp(—890D"T ) — 155D (13)
seems to work quite well in case of linear changes of
cross-sectional width and height (Figs 4—7). As for the
terms used in the above equation, L{* denotes exsertion
of the i-th U-tube pair, bifS free space between the U-
tubes and sidewalls of the manifold, Dy; hydraulic
diameter of the manifold at the i-th branch, Dgfff
difference in hydraulic diameter between the (i — 1)-
th and the i-th manifold section, n number of branches,
and

: I g
Dife =~ > b (14)
i=l

the average difference in hydraulic diameter.

Sample results

Figures 4—7 show mass flow rates through U-tubes
in four different fluid distribution systems with an
equal total mass flow rate ring = 55 kg-s~! of water.
Predictions using formula 13 are compared with that
computed by ANSYS FLUENT CFD software. Since
in the detailed simulations the flow is unsteady and
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Figure 4. Lateral flow rates of water through U-tubes
in case both manifolds have constant cross section
169 x 287 mm (width x height). Maximum relative error
is less than 1%.
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Figure 5. Lateral flow rates of water through U-

tubes in case open end dimensions of both manifolds
are 169 x 287 mm (width x height) and closed end
dimensions are 140 x 170 mm. Maximum relative error
is less than 2%.

it takes approximately 10 s before flow rates stabilize
(with slight oscillations in the quasi-steady state), all the
corresponding flow rates displayed in the figures are
arithmetic means of flow rates through that particular
U-tube at times ¢t > 10 s.

PRACTICAL COMPUTATIONAL TOOL

A practical computational tool (Fig. 8) allowing process
engineers to easily find the best possible distributor

© 2010 Curtin University of Technology and John Wiley & Sons, Ltd.

Asia-Pacific Journal of Chemical Engineering

1.70
/)
74
1.60 / 7"
Vv d
77
x4
1.50
= ’
% \ Vi
= 7/
£ 140
E 77
: %
g A
= 130 #
- /
1.20 /
L
é/ Inner U-tubes (ANSYS® FLUENT®)
1.10 4 : - === Outer U-tubes (ANSYS® FLUENT®) N
Inner U-tubes (Practical Computational Tool)
— — Outer U-tubes (Practical Computational Tool)
100 N O
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Branch
Figure 6. Lateral flow rates of water through U-tubes

in case open end dimensions of both manifolds are
169 x 287 mm (width x height) and closed end dimensions
are 140 x 95 mm. Maximum relative error is less than 3%.
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Figure 7. Lateral flow rates of water through U-tubes

in case open end dimensions of both manifolds are
169 x 287 mm (width x height) and closed end dimensions
are 140 x 50 mm. Maximum relative error is less than 3%.

and collector shape (in terms of flow distribution
uniformity) within given dimension ranges is being
developed using Java™ Development Kit. To the best of
the authors’ knowledge, no other tool for direct shape
optimization of the studied flow system is available at
the moment. Although the tool requires Java™ Runtime
Environment to be installed, this minor drawback is
remedied by the fact that it can be used on a wide
range of architectures and operating systems.
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| £ U-Tube Exchanger Section

= &1

Geometry
Open end width [m]:
mEamLum: 0.169
minimum: 0.169
Closed end width [m]:
maximum: 0.169
minimum: 0.169
Width profile: Lnea' -
Open end height [m]:
miaximum: 0.287
minimum: 0.287
Closed end height [m]:
maximum; 0.287
minEmum; 0,287
Height profile: Lnea' - ]
Inner roughness [m]: 0.000150

Note: All values entered above refer to the
distributor, Collector is of an analogous shape
(2 'mirrored’ distributor).

U-tubes

Orifice type: _Slra'dﬂ -
Exsertion at open end [m]: 0.012
Exsertion at dosed end [m]: 0.012
Inner roughness [m]: 0.000150

Fluid

Water

Assume incompressible flow

Inlet pressure [Pa]: 935000
Inlet temperature [°C]: 20
Qutlet temperature [°C]: 100
Mass fiow-rate [kg/s]: 55,000
General

Optimization target: Min. non-uniformity |
Iteration limit [-]: 100
Mumerical tolerance [-]: 0.000001
Step [m]: 0.001

| Use relaxed correction algorithm
Evaluate all possible shapes

(] Write full report instead of a brief one
[ Delete all previous protocols and CSV files
Destination folder: | Browse

C:\

_ Optimize!

_—

Figure 8. Practical computational tool. This figure is available in colour online at

www.apjChemEng.com.

The following parameters must be entered before an
optimization process can be started:

(1) Dimension ranges of width and height at the open
and closed ends of the manifolds (Fig. 9);

(2) Which fluid flows through the system;

(3) Roughness of inner surface of the manifolds and
U-tubes;

(4) Pressure and temperature of the fluid at distributor
inlet;

(5) Temperature of the fluid at collector outlet;

(6) Mass flow rate of the fluid; and

(7) Other necessary input data (iteration limit per one
shape, numerical tolerance, etc.).

The tool can already be used for manifolds with
constant cross section and with linearly variable cross-
sectional width and height. Considering orifice types,
only the exserted one (Fig. 10(a)) is available at

© 2010 Curtin University of Technology and John Wiley & Sons, Ltd.

the moment. Extension of the code enabling coni-

cal

(Fig. 10(b)) and circular bellmouth orifice types

(Fig. 10(c)) will be added to the application later.

The actual computational algorithm finding flow
distribution for a particular splitting and combining
manifold consists of these steps:

ey
@

3)
“

Select an initial estimate of mass flow rates through
distributor sections.

Compute current lateral flow rates through inner and
outer U-tubes using flow rates through distributor
sections.

Save current lateral flow rates into a reference
variable.

Find pressure profile along the distributor, compute
pressure losses in U-tubes, and find pressure profile
along the collector. In case the pressure at a
certain collector branch computed using pressure
at the previous branch and pressure losses in the
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Figure 9. Open end and closed end dimensions of
manifolds. This figure is available in colour online at
www.apjChemEng.com.
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(a) Exserted orifice.
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(c) Circular bellmouth orifice.

(b) Conical orifice.

Figure 10. U-tube orifice types.

corresponding collector section differs from the
pressures at the outlet of this U-tube pair, modify
flow rates through these U-tubes appropriately.

(5) Check and normalize lateral flow rates. This is
necessary due to modifications made in Step 4.

(6) Compare current lateral flow rates to the previous
ones saved in Step 3. In case the greatest difference
is small enough (e.g. less than 107%), the solution
has been found; otherwise go to Step 3.

© 2010 Curtin University of Technology and John Wiley & Sons, Ltd.
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(7) Considering the ideal mass flow rate through one
U-tube

Mot

2n

tig = (15)
where iy denotes the total mass flow rate through
the entire system, compute the relative standard
deviation from flow uniformity

n

1 1
LN Z [} — rina)? + (i — 1ina)?].

Mg \ | 2n
i=1

)

16)

Compute also the total pressure loss in the distribu-
tion system

dist. coll.

Apior = Pin — Pout

with pdis- denoting pressure at distributor inlet and

pell- pressure at collector outlet.

Clearly, the objective is to ensure fluid distribution
is as uniform as possible, i.e. to minimize the above-
mentioned relative standard deviation from flow unifor-
mity. To do so, only width and height at the open and
closed ends of the manifolds are manipulated within the
given dimension ranges. The built-in optimization algo-
rithm is similar to the brute force approach; however,
search space specified by width and height dimension
ranges is not evaluated entirely. It is discretized with a
user-defined step and flow distributions are found only
for shapes yielded by this discretization. Since relative
standard deviation from flow uniformity behaves well
while changing one dimension only, the Golden Sec-
tion Method, Ref. [37], pp. 51-52, is used whenever
possible to lower the number of necessary evaluations.
Although Fig. 11 suggests that some more efficient two-
dimensional search algorithm might be applicable, this
issue should be researched further to ensure that such
an algorithm can provide global optimum for any rea-
sonable set of input data.

Example optimization problem

Consider water flowing through the distribution system
at a steady flow rate 40 kg-s™'. Let the dimension
ranges at open and closed ends of linearly tapered
manifolds be as specified in Table 1 with U-tube orifices
being exserted 12 mm into the manifolds. Also, let the
discretization step be 1 mm.

For such input data, the best possible shape of
both manifolds is a constant one with cross-sectional
dimensions 170 x 300 mm (width x height). Relative
standard deviation from flow uniformity then is 7.1%
and total pressure loss is 2190 Pa. Flow rates through

Asia-Pac. J. Chem. Eng. 2011; 6: 750-759
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Figure 11. Relative standard deviation from flow uniformity
for a linearly tapered manifold. Open end cross section
has constant dimensions, 169 x 287 mm (width x height),
closed end width varies from 140 to 169 mm, and closed
end height from 50 to 287 mm. Total mass flow rate
55 kg-s™' of water was assumed while computing data
for this graph. This figure is available in colour online at
www.apjChemEng.com.

Table 1. Dimension ranges for manifolds in the
example distribution system.
Open end Closed end
Width Height Width Height
Minimum 170 200 150 100
Maximum 170 300 170 300

All values are in mm.

U-tubes are shown in Fig. 12. Despite the ‘almost
brute force’ approach, global optimum was obtained in
approximately 500 s on a Microsoft Window 7 com-
puter with a single-core AMD Athlon 64 3200+ CPU.

FUTURE WORK

The current version of the developed computational tool
has several drawbacks that should be eliminated by
future development:

(1) Additional width and height profile types will be
investigated and added to the available ones if
found suitable. The authors would also like to fine-
tune the formula for coefficient of static regain
to be applicable to arbitrarily shaped manifolds.
Moreover, they would like to construct an algorithm
that would yield the best width and height profile
ensuring minimum possible nonuniformity (though

© 2010 Curtin University of Technology and John Wiley & Sons, Ltd.
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Figure 12. Lateral flow rates through U-tubes in case of
the example distribution system with optimized manifolds.

the resulting profiles could prove themselves to be
more costly and harder to manufacture than the
profiles already available).

(2) An algebraic model for compressible fluids should
be constructed.

(3) Even though optimization times are fairly short
already, it would be great if they could be further
reduced (for instance, by means of implementing
a two-dimensional optimization algorithm or an
intelligent algorithm selecting initial estimates of
flow rates).

(4) Accuracy of pressure drop prediction should be
verified.

(5) Although neglecting the effect of gravitational field
should not produce significant errors, incorporat-
ing gravitational terms into the equations would
increase precision.

(6) Since flow instability and branch proximity can
notably influence uniformity of the distribution and
heat exchanger fouling rate, these problems are
considered to be analyzed.

(7) The presented computational tool can be regarded
as sufficiently accurate; however, experimental test-
ing is planned to further improve quality of results
it provides.

CONCLUSIONS

A new formula for coefficient of static regain for paral-
lel flow systems containing linearly tapered manifolds
with rectangular cross sections connected by double
U-tubes was presented. Although according to compar-
ison with data from ANSYS FLUENT it seems that the
formula performs quite well, physical experiments are
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planned to be performed to fine-tune it even further.
Performance of the formula in case of other manifold
profile types with nonlinear change of cross-sectional
width and height has not been verified yet; however,
preliminary tests indicate that the amount of necessary
fine-tuning should not be too large.

The analytical model described in this paper can
be used for constant-density fluids only and therefore
an upgraded version for compressible fluids shall be
constructed.

A practical computational tool for shape optimization
of manifolds in the discussed distribution system was
presented. Currently, the implemented computational
algorithm takes a uniform distribution as an initial
estimate. Since it may cause an increase in the number
of iterations necessary to reach solution, this problem
will be researched further.

NOMENCLATURE

Symbols

A Identifier used in Churchill approximation of
Darcy friction factor (—)

b Width of a manifold cross section at a branch (m)

B Identifier used in Churchill approximation of
Darcy friction factor (—)

b Free space between U-tubes and sidewalls of a
manifold (m)

C; Coefficient of static regain (—)

d Inner diameter of a U-tube (m)

Dy Hydraulic diameter (m)

DJM Difference in hydraulic diameter between two
adjacent manifold sections (m)

D]ffg,g Average difference in hydraulic diameter (m)

f Darcy friction factor (—)

g Standard gravity (m-s~2)

h Height of a manifold cross section at a branch
(m)

[ Length of a manifold section (m)

L®  Exsertion of a U-tube pair into a manifold (m)

m!  Mass flow rate through an inner U-tube (kg-s~!)

i Mass flow rate through an outer U-tube (kg-s™!)
rig  Ideal mass flow rate through one U-tube (kg-s™!)
ryy  Total mass flow rate through the entire distribu-
tion system (kg-s~!)
n Number of lateral branches (—)
Pressure (Pa)
pi’ Pressure at distributor inlet (Pa)
poy  Pressure at collector outlet (Pa)
Re Reynolds number (—)

t Time (s)

T Thermodynamic temperature (K)

v Mean fluid velocity in a manifold section (m-s~!)
w Mean fluid velocity in a U-tube (m-s~!)

z Vertical distance of a manifold cross section

from a reference plane (m)

© 2010 Curtin University of Technology and John Wiley & Sons, Ltd.
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Greek letters
8 Relative standard deviation from flow unifor-
mity (%)
Ap  Minor loss (Pa)
Apie Total pressure loss in the entire distribution
system (Pa)
Absolute roughness of inner surface (m)
Dynamic viscosity (Pa-s)
Coefficient of hydraulic resistance (—)
Density (kg-m™3)
Superscripts
Quantity just upstream of a branch
Quantity in the middle of a section
Quantity just downstream of a branch
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