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STUDY OF TURBOMACHINERY FLOWS USING OPEN SOURCE
ANALYSIS SOFTWARE

SUMMARY

Construction of a proper mesh is a crucial stage of computational studies to obtain
acceptable results as the quality of the mesh specifies accuracy, convergence and
computational time. Solution is mainly restricted by imperfections on the geometry
definition, low mesh quality and relatively coarse mesh structure. OpenFOAM as an
open source software, which offers tools to generate grids for the solution domain
in addition to execute CFD analysis. For complex geometries, mesh can be
constructed by snappyHexMesh utility of OpenFOAM. snappyHexMesh creates an
unstructured mesh over a structured state that is generated by blockMesh utility
thus it presents an automatic mesh construction tool for engineering applications.

In this study, NASA Rotor 37 that is an axial flow, transonic compressor delivering
a pressure ratio of 2.1 at design conditions, is analyzed. OpenFOAM was used for
both mesh construction and CFD analysis. An unstructured mesh was generated
by snappyHexMesh. Since the solution domain contains periodic boundaries,
cyclic boundary condition was used. Generation of cyclic BCs on an unstructured
mesh are a difficult process by an open source tool as two periodic boundaries
must be identical in order to overlap grids on these boundaries. The cyclic surfaces
were produced as circular patterns of each other. Quality of the geometry file is
also an important factor for mesh construction. Because of unstructured results of
snappyHexMesh with non conformal grids, cyclic boundary condition option could
not be used solitarily. Non conformal periodic boundaries are matched by
cyclicAMI boundary condition options of OpenFOAM that states Arbitrary Mesh
Interface and contructs the mesh matching for non overlapping grids. Integration of
cyclicAMI was applied by an exclusive OpenFOAM dictionary, createPatchDict.
Thus, for obtaining a mesh automatically, geometry files must have high quality,
and periodic boundaries must be geometrically identical.

Flow field of the rotor was evaluated in terms of total pressure and temperature
ratios, and Mach number distributions. Spalart-Allmaras turbulence model was
used. Computational results were compared with experimental measurements and
other computational results. According to the results, method of preparation of the
geometry and construction of the mesh affect accuracy considerably. Total
temperature and pressure under predicted in comparison to experiment and other
computational studies. It may be caused by rhoSimpleFoam that cannot capture
shock, or by low quality geometry. Hence a proper solver and high quality
geometry can give satisfying results.






ACIK KAYNAKLI ANALIZ YAZILIMI KULLANARAK TURBOMAKINE
AKISLARININ INCELENMESI

OZET

Hesaplamali akis problemlerinde ¢ziimii etkileyen bircok unsur vardir. Incelemeye
tabi tutulan geometrinin sekli ve eger yiizeyi liggenlerden ibaretse iicgenlerin yapisi,
insa edilecek 6rgii agimin mahiyetini belirler. Orgii ag1 da ¢dziimiin dogru ilerlemesi
icin ¢ok Onemlidir. Uygun bir 6rgii aginin insasi, makul sonuglar elde etmek igin
hesaplamali ¢alismalarin miihim bir merhalesidir. Oriilen agm kalitesi sonuglarin
dogrulugunu, yakinsamasini ve hesaplama zamanini belirler. Ag insa etmek icin
kullanilan bir¢ok yazilim programi mevcuttur. Acik kaynakli bir yazilim olan
OpenFOAM, akiskanlar dinamigi problemlerini ¢6zmesinin yaninda orgii ag1 insa
etmek i¢in yardimer araglar igerir. Basit geometriler i¢in yapilandirilmig 6rgii ag
olusturan blockMesh araci, yeterli koordinat bilgisi girilirse karmagik geometriler igin
de ag oOrebilir. OpenFOAM karmasik geometriler i¢in orgii ag1 insa edebilen
snappyHexMesh isimli bir araca sahiptir. Boylelikle miihendislik uygulamalar1 igin
otomatik bir a§ 6rme araci sunar.

snappyHexMesh yapilandirilmis, arka plandaki bir ag {izerinden yapisal olmayan bir
orgli ag1 olusturur. Uygun formatta bir geometriyle ve onu icgine alacak sekilde
blockMesh veya bagka bir aracla insa edilmis diizgiin bir 6rgii agiyla caligmaya baslar.
Geometri, kalelestirme, yakalama, sinir ekleme ve ag kalite kontrolii olmak {izere bes
ana boliimden olusur. Geometri boliimiinde, geometri dosyasi tanimlanir. Gerekirse
diizlem, kutu gibi basit geometriler de burada tanimlanarak olusturulabilir. Ardindan
gelen kalelestirme boliimiinde, arka plan aginda bulunan ve ana geometride olmayan
gridler temizlenir. Bunun i¢in geometrinin i¢inde kalan herhangi bir noktanin
koordinat bilgisi girilmelidir. Kalelestirmede tanimlanan bir diger 6zellik 6rgii aginda
yapilacak iyilestirmelerdir. Kenarlarda, yiizeylerde ve mevcutsa kapali geometrilerin
icinde veya diginda istenilen iyilestirme seviyeleri tanimlanir. Kalelestirme sonucunda
bolgesel iyilestirmelere tabi tutulmus, ana geometriyi ortaya ¢ikaran bir yapi ortaya
cikar ancak kenar ve ylizey hatlar1 tamamen diizeltilmis degildir. Sonraki asama olan
yakalama boéliimiinde, ana geometrinin hatlar1 yakalanir. Burada tanimlanan
ozelliklerde farkli iterasyon sayilari girilir. Kenarlar1 ana geometriyle ayni olacak
sekilde diizeltme ve geometriyi iyilestirme amactyla belirlenen bu iterasyon sayilari
artirllarak en iyi ag yapisi elde edilir. Son ag diizenleme boliimii olan sinir eklemede
geometrinin istenilen bolgesi tlizerine sinirlar eklenir. Eklenecek sinirlarin sayisi ve
boyutlar1 tanimlanir. Geometriye sinir eklenebilmesi i¢in, diger asamalar1 gecen Orgii
ag1 yapisal olarak kaliteli olmalidir. Yani snappyHexMesh boliimlerindeki 6zellikler
farkli geometriler i¢in uyarlanir ve bu da yazilimin karmagik geometriler i¢in otomatik
ag orme aract oldugu anlamina gelir.

Bu caligmada transonik akisli, tasarim sartlarinda 2.1 basing oranina ulasan NASA
Rotor 37 isimli kompresor rotoru tetkik edilmistir. Rotor 37 hesaplamali turbomakine
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caligmalarinda yaygin olarak kullanilan bir rotordur. Ciinkii deneysel sonuglari
yaymlanmistir ve bunun iizerine yapilan bir ¢ok hesaplamali ¢aligma da mukayeseli
analiz imkani sunar. Rotorun akis alaninda sok, girdap ve smir tabaka
etkilesimlerinden dogan gorece karmasik yapilar ortaya ¢ikar. Bunlar1 yakalayabilmek
icin analizde kullanilacak geometrinin kalitesi, Oriilen agin yapisi ve kalitesi,
kullanilan sayisal yontemler ve tiirbiilans modeli olduk¢a dnemlidir. Bu unsurlari
sinamak icin ¢esitli ¢calismalar yapilmistir. Rotorun aerodinamik yapisini 6rnek alip
yeni bir kanatcik olusturmak, ¢oziim yontemlerinin grid sayisina ve yapisina olan
bagimliligini 6lgmek, farkli sayisal yontemlerden olusan ¢oziim algoritmalarini test
etmek gibi ¢esitli amaglarla yiiriitiilen ¢aligmalarda rotorun akis alani analiz edilmistir.

Rotor geometrisi bilgisayarli tasarim programinda ¢izilmistir. Kanatgigi ¢izmek igin
NASA tarafindan yayinlanan raporlarda yer alan koordinat bilgileri kullanilarak nokta
bulutu olusturulmustur.. Orgii ag1 snappyHexMesh ile olusturulmustur. Basit bir
geometri olmadig i¢in burada 6rgii ag1 aracindaki 6zelliklerin ¢ogu kendisine gore
uyarlanmigtir. Diizgiin bir ag olusturulana dek geometride iyilestirmeler yapilmistir.
Ag oriiliip diizenlenirken geometriyi olusturma yontemleri de denenerek en uygun
sekilde c¢izilmistir. Geometriyi olusturan liggenlerin aciklik orani agin kalitesini
oldukca etkiler. Ucgenler miimkiin oldugu kadar eskenar olmalidir. Bu sinir
kosullarinin olusturulmasini etkileyen bir faktordiir.

Akis alaninin sinirlarini olusturan yiizeyler de akis 6zelliklerini yakalayacak sekilde
belirlenip tasarlanmistir. Giris ve ¢ikis yiizeyleri, rotor kanat¢iginin alt ve iist ylizeyleri
ve periyodik yiizeyler olusturulmustur. Yiizeylere uygun smir kosullar
tanimlanmustir. Periyodik sinirlar igin cyclic smir sartt kullanilmistir. Iki periyodik
yilizey, bu ylizeylerdeki gridlerin Ortiisebilmesi i¢in ayni olmalidir. Rotorda 36
kanatcik oldugu i¢in periyodik ylizeyler olusturulurken, ilk yiizey 10° agiyla tekrar
edilerek ikinci yiizey elde edilmistir. Ac¢ik kaynakli bir aragla cyclic smir sarti
olusturmak dikkat gerektiren bir islemdir. snappyHexMesh ile ayn1 geometri i¢in ayni
komutlar kullanilarak ag oriildiglinde grid sayisinin her sonugta farkli oldugu goriiliir.
Bu fark ¢ok az olsa bile gridler tam olarak {ist iiste gelmedigi i¢in cyclic sinir sartinin
kullanimia engel olur. snappyHexMesh sonucu iiretilen gridlerdeki bu diizensiz
dizilimden dolay1 cyclic smir sarti tek basma kullanilamaz. Periyodik sinirlarin
ortlismeyen gridleri ayr1 bir sinir sart1 kullanilarak eslestirilir. cyclicAMI isimli bu sinir
sartin1 olugturmak i¢in createPatch isimli bir OpenFOAM araci kullanilir. createPatch,
periyodik yilizeylerdeki gridlerin merkezini hesaplayarak calisir. Eger iki merkez arasi
mesafe tolerans degerinden biiylikse cyclicAMI smirmi olusturamaz. Burada
snappyHexMesh sonuglar1 ve onu da etkileyen, geometrinin yapisi ¢ok dnemlidir.
Geometriyi olusturan tliggenlerin eskenar olmasi, agiklik oranlarinin diisiik olmasi
periyodik yiizeyler icin dretilen gridlerin Ortlismemesine neden olur. Ayrica
snappyHexMesh diizlemsel yiizeylerle daha rahat calisir. Bu nedenle rotor
kanatciginin etrafina yerlestirilen smirlar ~ mimkiin oldugu kadar diizgiin
tasarlanmalidir. Kavisli yapilar ortaya c¢ikan Orgii agmin yapisal bir halden
uzaklasmasina neden olur. Bu nedenlerle otomatik olarak bir 6rgii ag1 inga etmek i¢in
geometriler kaliteli, periyodik sinirlar geometrik olarak 6zdes olmalidir.

Diizgiin yapida orgli ag1 olusturmak sayisal ¢oziimlerin yiiriitiilebilmesi i¢in ¢ok
onemlidir. Orgii agim1 olusturan grid sayis1 arttikca sonuglar diizelir ancak hesaplama
maliyetleri artar. Bunlarin arasindaki dengeyi saglayarak uygun sonuglar elde edilir.
snappyHexMesh ag yapisinda bolgesel iyilestirme secenekleriyle geometriye ve akis
alanina 6zel bir ag liretme imkan1 sunar.
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Analiz i¢in rhoSimpleFoam ¢oziiclisii kullanilmigtir. rhoSimpleFoam daimi
sikistirtlabilir  bir ¢oziiciidiir ve tlrbiilanshi akiglar i¢in kullanilir. Coziim
algoritmasinda momentum, enerji ve basing dogrulama denklemleri bulunur ve
SIMPLE algoritmasini takip ederek ¢alisir. Bu denklemler agik bir sitem olusturdugu
icin ¢oziim yapilamaz. Ek olarak hal denklemi ve tiirblilans modeli de eklenir.
(Coziimdeki momentum denklemi anlik olarak, enerji denklemiyse Favre ortalama
konseptiyle yazilmigtir. Coziim basing tahminiyle baglar. Tahmini basincin
momentum denkleminde kullanilmasiyla hiz ve yogunluk degerleri bulunur ancak
bunlar siireklilik denklemini saglamaz. Daha sonra basinca bir dogrulama degeri
eklenilerek kiitle akisi icin bir esitlik olusturulur. Kiitle akisindaki hizlar momentum
denkleminden, dolayisiyla basing kullanilarak yazilir. Yogunluk da basingla arasinda
kurulan bir korelasyon sayesinde basinca bagli olarak yazilir. Kiitle akist esitligi
kullanilarak stireklilik denkleminin saglanip saglanmadigi kontrol edilir. Stireklilik
saglanana dek basing dogrulama islemi devam eder. Saglandigindaysa enerji denklemi
coziilerek sicaklik ve tiirbiilans degerleri bulunur. Sonuglar yakinsarsa ¢éziim bitirilir
aksi takdirde bu adimlar tekrar edilir. Bdylece sonuglar yakinsayana kadar iterasyonlar
stirdiirtiliir.

Bu calismada rhoSimpleFoam ile kullanilan tiirbiilans modeli Spalart-Allmaras’tir.
Modelde tam olarak viskozite olmayan ancak viskoziteyle arasinda bir korelasyon
bulunan bir degisken tiretilmistir. Bu degisken i¢in deneysel katsayilar ve fonksiyonlar
iceren bir tasima denklemi olusturulmustur. Bu model kullanilarak ¢6ziim
algoritmasina bir tasima denklemi eklenir ve agik olan sistem kapatilarak ¢6zliim elde
edilir.

Akis alani, toplam basing ve sicaklik oranlari ve Mach sayist dagilimi bakimindan
degerlendirilmistir. Sonuglar, deneysel Ol¢iimler ve diger hesaplamali sonuglarla
mukayese edilmistir. Sonuglara gore geometrinin hazirlanma ve 6rgli aginin inga usulii
hesaplarin dogrulugunu epeyce etkilemektedir. snappyHexMesh karmagik geometriler
icin otomatik bir orgli ag1 insa eden bir ara¢ olmasinin yaninda, parametrelerinin
bilingli bir sekilde kullanilmasi gerekir. Elde edilen akis alani 6zelliklerine gore toplam
sikistirma oran1 deneysel ve hesaplamali sonuglara kiyasla diisiik hesaplanmistir.
Ayrica diger sonuglarda goriilen egis sok, bu caligmada goriilememistir. Bunun sebebi
rhoSimpleFoam’un soklar1 yakalayamamasi olabilir. Ayrica olusturulan geometrinin
yapisi da orgii aginin kalitesini etkiledigi i¢in ¢oziimlere oldukca etki eder. Uygun bir
coziicii ve kaliteli bir geometriyle daha iyi sonuglar elde edilebilir.
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1. INTRODUCTION

Computational Fluid Dynamics (CFD) methods are numerical computer simulations
executed on fluid flow fields. High rates of convergence and high quality results on
reasonably sized grids are expected from numerical methods. Convergence is adjusted
and achieved by numerical schemes while state of grids depend on meshing tool.
Results of CFD studies executed for various flow fields are influenced by implemented

numerical algorithm, initial and boundary conditions and structure of the mesh used.

There are many software to generate grids for common geometries and some of them
are also available for complex geometries. OpenFOAM otherwise provides special
meshing options to generate grids automatically. It is an open source, widely used
software by CFD community as it both executes CFD analyses and constructs mesh.
It offers manual usage to construct the mesh, to establish boundary conditions and
solver, and to perform sampling for flow characteristics. Selection of discretization
scheme and adjustment of tolerance and relaxation are made by user. Also solvers can
be compiled for new flows but it is required advanced programing experience. The
software has several meshing tools that may construct a structured or unstructured

mesh depending upon the geometry.

The present effort that examines OpenFOAM’s ability to generate grids automatically,
evaluates flow field around a rotor blade. The rotor blade is three dimensional and has
a twisted body, making mesh generation a complicated process. It has relatively low
aspect ratio but even so, due to its curved shape, especially at leading and trailing
edges, makes meshing process difficult. However there exists favorable results of
experimental measurements and of computational studies then its geometry and flow
characteristics are checked through by various researchers in terms of geometry
optimization, development of software for fluid flow and examination of grid

dependency of results.



1.1  OpenFOAM

OpenFOAM is an open source software, performing CFD analyses, generating mesh
and post-processing results. Since it has no graphical user interface (GUI), it is difficult
to use in terms of preparing geometry, constructing mesh, integrating additional
software, setting up problem parameters, boundary conditions and solver options, and
observing the computation process and post-process results. It has several meshing
options for regular and complex geometries. OpenFOAM s utilities that generate mesh
are mainly blockMesh and snappyHexMesh. It is also possible to import mesh from

other tools.

The meshing utility of OpenFOAM which is utilized for present geometry is
snappyHexMesh. This utility is an automatic meshing tool that enables to construct
mesh for complex geometries. It generates grids inside, outside or around the geometry
with adjustable refinement options. A structured base mesh is prepared in OpenFOAM
or received from an external meshing tool then snappyHexMesh builts the mesh over
the base by detecting the flow field, removing cells out of the domain, snapping
remaining nodes to fit the original geometry, and layering if needed. Thus it can be
considered as an automatic mesh generator. It refines mesh, adjusts grids to fit onto

geometries, and adds required surface layers.

SnappyHexMesh works with certain geometry files that are composed of triangles. In
order to obtain a smooth mesh structure, especially at the edges, triangles of the
geometry must be uniform and nearly equilateral. Edge refinement becomes a difficult
process for geometries with unfavorable triangularization. It is observed that acute
angled edges cannot be snapped easily. Snapping process could not catch the edge of
the actual geometry and chips away at corners. This is minimized by adjusting the
refinement level and snap controls. However using geometries with equilateral
triangles precludes troubles of edge refinement. In order to examine quality of the
mesh, checkMesh utility is executed to observe mesh properties that are skewness,
orthogonality, aspect ratio and few other aspects of cells. The quality of the mesh is

one of the main determining factors through CFD analyses.



1.2 NASA Rotor 37

An experimental research program on axial flow compressors were executed by
NASA in order to evaluate the performance characteristics of isolated stages. Four
single stages that represent the inlet stage of an eight stage compressor, were designed
to evaluate effects of varying rotor aspect and stage pressure ratios. According to the
experiments, low aspect ratio stages performed better. Stage 37 was one of these stages
and had low rotor aspect ratio and high stage pressure ratio. The stage consists of a
rotor that is named as Rotor 37 and of a stator. The flow-path geometry and rotation
speed were same for all stages. The design mass flow was 20.2 kg/s and the rotor tip
speed was 455 m/s. Blade coordinates were calculated by CDP (compressor design
program), a computer program that defines the blades along individual streamlines.
CDP calculated the velocity diagrams at several locations on blades. It was aimed to
reach the desired velocity diagrams with a minimum total pressure loss across the
blade row. A loss model that breaks the total loss into profile and shock losses was
used. All blade rows had multiple circular arc (MCA) blade profiles that are defined
on an unwrapped conical surface. The rotor efficiency reached a maximum value of
0.876 at a pressure ratio of 2.056 and at mass flow of 20.74 kg/s that was 3 percent
higher than the design value. The efficiency was slightly lower than design. The

maximum value of efficiency was achieved as 0.93 at 70 percent of design speed.

NASA Rotor 37 is a commonly used transonic compressor test case. It was one of a
series of four stages that were tested by NASA within the scope of turbomachinery
development activities. The results of all stages were published in (Reid & Moore,
1978), at the end of experimental studies on axial compressors. Overall aerodynamic
performance of the rotor was reported in (Moore & Reid, 1980). The rotor was
damaged after a blind test case (Denton, 1997) where the results of experiments had
been given to researchers just after their CFD analyses. Eleven blind cases were
performed without knowing the measurements of the rotor, then predicted results of
CFD and postdicted estimations were evaluated. A pressure deficit was calculated in
experiments but could not captured in CFD analyses. Rotor 35 whose flow path is
identical to Rotor 37, was used at following studies for experiments since it was not

possible to repeat the experiments of Rotor 37. The case is still used in a widespread



manner by researchers for verification and validation process of aerodynamic design

and computational studies.

Many researchers utilize the rotor results to execute various studies that have different
scopes. Several studies investigate exclusive flow properties ,e.g., shock/vortex
interactions, leakage flow. The shock/vortex interaction in a high speed compressor
was investigated in (Suder & Celestina, 1994). According to results the interaction
leads to development of a high blockage in the blade passage and it may trigger tip
stall. The effect of hub leakage on the performance of high speed compressor was
observed both experimentally and computationally in (Shabbir, Celestina, Adamczyk,
& Strazisar, 1997). It is stated that even a small leakage can cause a reduction in total
pressure rise. Additional to investigation of flow properties, there exists CFD studies
aimed for code validation. Two CFD codes were tested and results were in agreement
with experiments (Dalbert & Wiss, 1995). The well-known blind test case
demonstrated an incompatibility between experiments and computations in (Denton,
1997). Pressure was over predicted by CFD solvers. During a code validation process
and a heat transfer solver was examined for turbomachinery simulation in (Ameri,
2010). The rotor is also used to validate design tools. A development study for software

of design and analysis was executed in (Kiindes, Aksel, & Baran, 2019).

1.3  Scope of The Study

The objective of the present study is to examine the performance of OpenFOAM’s
snappyHexMesh utility with a twisted complex blade geometry, Rotor 37 and to
decide if it is possible to use it as a functional automatic mesh generation tool. On the
other hand the geometry which is analyzed, is widely available and has been used in
many computational studies due to its experimental results. It was considered that
experiments would usefully supplement and extend the computations. A variety of
studies are used to assess the rotor. Many researchers have utilized the rotor to
optimize geometry, to validate solution algorithm and to observe grid dependency of
computations. Flow field of Rotor 37 is evaluated almost completely by an open source

software where mesh generation and numerical simulation are automatic operations.



2. THEORETICAL BACKGROUND

This chapter is devoted to the formulation of the governing equations for compressible
flow of the present flow field. Additionally incompressible Navier-Stokes (NS)
equations are presented to show transition between averaging concepts from
incompressible to compressible flow. Thus Favre averaged NS equations where
fluctuations in density are eliminated, are described to introduce the solver that uses
them rather than Reynolds-Averaged Navier-Stokes (RANS) equation. The equations
which are utilized for numerical simulation are given in the following sections.
Momentum and energy equations, and pressure correction equation based on the
continuity are executive relations of the solution procedure. The numerical simulation
is executed on a rotor of transonic compressor. An equation of state and Spalart-

Allmaras turbulence model is used to close the system of equations.

2.1  The Governing Equations for Turbulent Flow

2.1.1 Incompressible flow

NS equation for turbulent flow is written by time averaging to express the variables as
the sum of mean and perturbation parts. Time averaging is one of the Reynolds
averaging concepts and appropriate for stationary turbulence. It is applied to

incompressible form of the instantaneous continuity and momentum equations:

aui — 0
axi B
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aui N 6ui _ ap at]l
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where t;; is the viscous stress tensor t;; = 2us;;, and s;; is the strain-rate tensor:

JE)
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The equations are written in Cartesian tensor form with unit vectors i, j and k. A term

with repeated indices such as continuity equation, means summation of this term for



all indices. They are rewritten and arranged by Reynolds decomposition process where

quantities are written by mean and fluctuating values:

u=u+u
p=p+p
s=5+s'

Reynolds averaged values are shown with an overbar and letters with quotes express
fluctuations. By inserting those into the equations and averaging them, the equations

are rewritten:

ou,
axi B
(23)
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The second equation is generally named as RANS equation. The term pwju; that is
distinctive for RANS equation, is the Reynolds-stress tensor, 7;; and its computation

is important to determine all mean-flow properties.

2.1.2 Compressible flow

The RANS equation is based on incompressible flow assumption where fluctuations
of density and temperature are ignored. For compressible flow these fluctuations have
to be taken account. However expression of compressible NS equations by time
averaging is a complicated process for correlation between density and velocity and
therefore mass averaging, namely Favre averaging concept is used. The instantaneous

equations are written as:

6p+ d — 0
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where g; is the heat flux vector, e is specific internal energy and h is specific enthalpy

that is written as h = e + p/p.

The viscous stress tensor contains the second viscosity, ¢ differently from

incompressible flow:
auk
tij = 2us;; + (a—xk&j

where §;; is Kronecker delta. Pressure, density and temperature are related by an
equation of state which is specified as perfect gas law, p = pRT. The fluid is assumed
to be calorically perfect then the relation is written for specific internal energy as e =
¢, T, and for specific enthalpy as h = ¢, T due to constant specific heats. The flow

properties are expressed by a mean and a fluctuating value:

u=u+u
e= €+ e
h=h+ h"
T=T+T"

The first term with tilde is mass-averaged while second one is fluctuation. As opposed
to time averaging, mean of the fluctuation is not zero for mass averaging. The velocity
equation is multiplied by density and averaged by time through Favre averaging where
fluctuations of density is eliminated from the equations. It is applied to the governing

equations for compressible flow and to the equation of state:
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These equations are named as Favre-averaged mean conservation equations, also
known as compressible RANS equations. The turbulent kinetic energy per unit volume
and the Favre averaged Reynolds stress tensor are expressed by relations below,
respectively:

= — rn rn - — r 14
pk r— Epul U, pTij = —py u]

Total energy, E and total enthalpy, H are defined as:

i it

E=¢é+ +k H= h+ +k

Since the number of equations are less than the number of unknowns they have to be
closed in order to establish a solver for calculation of time averaged density, pressure
and mass averaged velocity and total energy (Wilcox, 2006). Hence turbulence
parameters, Reynolds stresses and heat transfer relations are added to obtain a closed

set of partial differential equations then they are written in closed form as:
90 + 2 (pt)) = 0
Jat  Jdx;
(2.12)
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These equations are formed by many assumptions. The viscous stress and the heat flux

tensors are expressed with laminar and turbulence terms (CFD-Wiki, 2005):
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In order to evaluate turbulent kinetic energy and turbulent viscosity a turbulence model

is implemented to the system.

2.1.3 Turbulence modelling

The relations introduced in the previous section still constitute an open system due to
insufficient equations. In order to close the system turbulence closure models are
implemented corresponding to the turbulence model used. There exist mainly two
classes of turbulence models that are eddy viscosity and Reynolds stress models. In
the first class, relations for Reynolds stress tensor and turbulent heat flux are similar
to the laminar flow relations. Second class models solve transport equations for

stresses and generally they are not used for turbomachinery simulations.

Several eddy viscosity models exist and mostly called by numbers of equation in use
for closure. Algebraic or zero equation turbulence models do not solve any additional
equation and eddy viscosity is given by using the characteristics of boundary layer.
One equation models solve one transport equation that may be for the turbulent kinetic
energy or viscosity. Also two equation models are widely used for many engineering
problems. They solve two transport equations for the turbulent kinetic energy and for

another turbulence property corresponding to model.



Spalart-Allmaras model that is used in present study, is one equation model for high
Reynolds numbers eddy viscosity, v;. The transport equation used in turbulence
models is not unique then it is introduced by an empirical approach in this model. The
eddy viscosity is expressed with Reynolds stress by —w,u; = 2v.S;;. The model was
constructed from the mean flow field and eddy viscosity. Thus variable generated

through the model is not an exact viscosity but related with eddy viscosity.

The transport equation for the variable of the model is written as:

v d ~ 1
—+ — (V) = cp1[1 = fi2lST + =[V- ((v + D)VD) + ¢, (VD)?]
ot dx; o

Cp1 Vv 2
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(2.15)

where ¥ is introduced as working variable of the turbulence model and depends on
eddy viscosity with a function, f,,;. It is written for compressible flow with turbulent

dynamic viscosity:

U = pVfuq
__x _ v
fVl - X3 + Cgl X - Vv

The relations of the model have many parameters. f and ¢ terms with different
subscripts express empirical functions and empirical constants, respectively. o is
turbulent Prandtl number, k is Karman constant, and d is the distance from the closest
wall. y is an intermediate value that gives the ratio between the variable of the model

and the eddy viscosity. S is the magnitude of vorticity and introduced by relations

below:
S=s+ - =1 X
- KZdszZ va - 1 +va1

.
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Cws
v
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The new terms in the last equations, S, g and r are intermediate variables. The model

provides a transport equation to the system of partial differential equations that are not
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convenient to solve due to surplus number of unknowns. Hence the system is solved

by adding this transport equation (Spalart & Allmaras, 1994).

2.2 Solution Algorithm

The system of the equations for present fluid flow is solved by rhoSimpleFoam that is
a steady state compressible solver for turbulent flow. It solves Favre averaged NS
equations by the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
algorithm that is a guess and correct procedure. The SIMPLE algorithm is a commonly
used process to solve the governing conservation equations of continuity and mass by
an iterative procedure. It is called Semi-Implicit because momentum and pressure
correction equations are solved implicitly while velocity correction is solved
explicitly. The algorithm is robust and the instability is reduced by adding relaxation
factors for variables. As the solver is pressure based high frequency oscillations or

check board effect is avoided in the solution.

A first guess is made for pressure when starting the SIMPLE algorithm then an
approximate velocity field is estimated. After that corrections are performed on the
pressure to compromise the velocity field with the continuity equation. The determined
velocity field from pressure guess do not satisfy generally the continuity equation and
produce a mass source that should be removed by corrections. Correction equation for
pressure is written by adding a correction quantity on the pressure guess then velocity
corrections are calculated by the pressure correction. After that the continuity equation
is arranged by substitution of the velocity corrections. New continuity is Poisson
equation that is solved for pressure and then velocities are calculated. The pressure
correction equation is used to dictate the continuity at each iteration and updates the
velocity field. After obtaining correct pressure and velocity field, other unknowns of

the system can be calculated (Patankar & Spalding, 1972).

It was explained a procedure for incompressible flow at previous section. For
compressible flow density is also computed along with the velocity. rhoSimpleFoam
contains the equations of momentum, energy and pressure correction (OpenFOAM
Wiki, OpenFOAM Wiki, 2020). Firstly momentum equation is solved to obtain a
velocity field and density that do not satisfy continuity equation. Then the energy
equation is solved. After that a pressure equation is formed from continuity and

momentum equations by adding correction terms to the velocity and density. By this
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equation pressure field is calculated to obtain divergence free velocity field. The
corrections lasts up until the velocity field satisfies both continuity and momentum
equations. Turbulence parameters are then solved. This procedure iterates up to

convergence. So the equations are solved sequentially.

OpenFOAM uses special utilities for various flow fields. As turbomachinery
applications contain rotating parts the solution domain is defined by a moving frame
and a Coriolis force is added to the momentum equation. Since rthoSimpleFoam is a

steady solver the transient terms vanish then the momentum equation becomes:

g aop 0
a_xj(puRiuf) T e = — g a—xj(tji +¢5D)

(2.16)
where g;j,is the permutation symbol, ug is the relative velocity and  is the angular
velocity. The energy equation that is solved by rhoSimpleFoam, is written in Favre-
averaged form as:

Jd _,-
— [A(R + 0.5%;8%;)T; + qroc] = 0

axj

(2.17)
There exists a thermodynamic package, namely thermophysicalProperties where the
basic thermophysical properties are specified. Since type of the energy equation is
chosen as sensibleEnthalpy in thermophysicalProperties dictionary the total heat flux

term in the equation (2.17) is defined as:

t
= -ty
Qtot PT't

Thermophysical model in the dictionary is chosen as hePsiThemo to correlate density
with pressure via the compressibility, 1. Firstly temperature is obtained from the

equation (2.17) then dynamic viscosity and compressibility are computed.

The momentum equation is expressed in semi discrete form (2.18) in which estimated
values of velocity, up and density, pp are calculated by using pressure guess

(OpenFOAM Wiki, 2022):
apup = H[w'] - Vpp™

(2.18)
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mp = ppUp
my = (pp + pp)(up + up)

., (H[u1 H['] . o (VppTt  Vpp
—(Pp‘l'Pp)(W‘*‘? — (pp + pp) s +a;

(2.19)

where ap is the matrix coefficient that contains coefficients of terms in the momentum
equation that are convection, Coriolis and diffusion terms. H[u"] expresses
contribution of the forces from neighbor cells . Vp»~1 is gradient of the pressure guess.
Terms with asterisk(*) and with apostrophe(‘) express estimated and correction
quantities, respectively. Estimated values of velocity and density do not satisfy the
continuity equation then pressure correction approach is executed by adding correction
quantity, pp to the pressure guess, ph~t. The updated pressure value, pp is used to
introduce a mass flux relation to check the continuity equation. The new value of
pressure is computed by summation of guess and correction then density correction is

calculated by using :
pp=Pp " +Pp
Vpp = Vpp ' + Vpp
pp =Ypp = Ypp —Ypp~"
The third equation is written by compressibility due to correlation between pressure
and density. These relations are substituted into the equation (2.19) to check the

continuity. If it is satisfied turbulence parameters are updated. It is repeated till

convergence.
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3. COMPUTATIONAL EFFORT

CFD is a continuously developing aerodynamic tool that is built with numerical
algorithms and discretization schemes of governing equations. These equations are the
conservation of mass, momentum, and energy. Without any assumption for
simplification, e.g., inviscid, incompressible, they are compressible NS equations. The
algorithm is generated as result of theoretical. Also the governing equations are
arranged by experimental results that give empirical quantities for certain relations.
The solution algorithm is established and flow domain is divided into cells by mesh
generation. Then the simulation is executed with proper boundary conditions. When
solver converges within a specified margin, the simulation ends. After the simulation,
solution is compared with certain data that obtained from experiments or other
computations. This chapter describes how to solve and manage flow field of Rotor 37,
including options to mesh construction and turbulence models, and how to monitor
solution progress. Aerodynamic design parameters of the rotor shown in Table 3.1 was

presented in the first reports of the studies (Moore & Reid, 1980).

Table 3.1: Design parameters of Rotor 37.

Parameter Design Value
Total Pressure Ratio 2.106
Total Temperature Ratio 1.270
Mass Flow, kg/s 20.188
RPM 17188.7
Number of Rotor Blades 36

3.1 Boundary Conditions

Boundary conditions (BC) are considered in two groups, physical and numerical BC.
Physical BCs express the surfaces of the geometry, e.g., inlet, outlet and wall.
Numerical BCs are specified for variables of the equation and differ by type of the
expression. Dirichlet BC specifies a fixed value of the variable at the boundary while
von Neumann BC specifies the gradient of the variable normal to the boundary of
numerical domain. They are both used at the same boundary for Navier-Stokes
equations. In many applications a fixed velocity is prescribed as a Dirichlet BC while
zero gradient of pressure is prescribed as von Neumann BC at the inlet. Also at the

outlet velocity is defined by a von Neumann BC and pressure is defined by a Dirichlet

15



BC. By this set up, the pressure equation provides overall continuity. In addition to
those, special BCs are defined as symmetry plane BC and cyclic BC that are commonly

used in turbomachinery simulations for periodic boundaries (Jasak, 1996).

Surfaces around the blade define the flow domain. Two surfaces are generic
boundaries as inlet and outlet. At the hub and tip level two non-planar surfaces are
formed, and they are named as top and bottom. Also periodic surfaces are introduced
with 10deg space and they are named as AMI1 and AMI2 referring to their exceptional
BCs. Type of BCs which are applied to boundaries properly, are given in Table 3.2.
At the inlet total pressure is 101325 Pa and total temperature is 288.15 K.

Table 3.2: Types of boundary condition.

boundary pressure temperature velocity
inlet totalPressure totalTemperature pressurelnletVelocity
outlet fixedValue fixedValue pressurelnletOutletVelocity
top zeroGradient ~ zeroGradient noSlip

bottom  zeroGradient  zeroGradient noSlip

AMI1 cyclicAMI cyclicAMI cyclicAMI

AMI2 cyclicAMI cyclicAMI cyclicAMI

blade  zeroGradient  zeroGradient noSlip

3.2 Automatic Mesh Generation

OpenFOAM presents several mesh utilities that could be applied to either straight or
complex geometries. snappyHexMesh utility is a manageable meshing tool for
complex geometries. It is defined as automatic split hex mesher that refines and snaps
to surface. The geometry is in stereolithography (STL) format where surfaces are
defined with triangles. With a proper geometry and a clear definition of snapping and
refinement, a mesh structure with hexahedra and split hexahedra grids is created by

snappyHexMesh.

The utility is controlled using the snappyHexMeshDict file that consists of five main
sub dictionaries; geometry, castellatedMeshControls, snapControls, addLayersControl
and meshQualityControls. snappyHexMesh works on a base, hexahedra mesh that is
constructed by an external meshing tool or blockMesh utility of OpenFOAM.
Geometry files with a correct extension are introduced in the geometry section.

Common geometries such as box, sphere can be generated in this section. Once the
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geometries were assigned, castellation dictionary cleans out the redundant grids from
the base mesh, and forms a rough mesh for the geometry. Refinement levels are
defined in the castellation section for edges, surfaces and regions of the geometry. The
mesh is hereby refined in a controlled manner. After the castellation, snapControls
dictionary smooths out the castellated mesh in the same way as the original geometry.
Then by switching on addLayersControl, layers could be added to boundaries of the
surfaces. Results of executive stages are shown in Figure 3.1. The whole mesh is
controlled by meshQualityControls section in terms of CFD solver requirements, e.g.,

skewness, orthogonality.
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Figure 3.1: Three stages of snappyHexMesh; casteallation (upper left),
snapping (upper right) and layering (below).

There are many factors that influence the results of snappyHexMesh. The surfaces in
the STL file should interact with at least one edge of a cell of the base mesh. A coarse
mesh without any intersection is not recognized by snappyHexMesh. On the other
hand if the cell size is smaller than length of the gap between surfaces of the geometry,
castellation could not be executed. Unused grids of base mesh are removed at the
castellation stage. Since refinement level stated at this stage specifies size of the cells,
the gap length should be smaller than the cell size at the edges to remove unused grids.
In other words, for geometries consisting of separate surfaces, edges of the surfaces
should overlap in order to get a fine mesh. Thus, refinement level of the base mesh
and of the castellation stage are important to capture the surfaces. Moreover triangles
of the STL file should have low aspect ratio and they should be almost equilateral.
Otherwise surfaces could not coincide cells smoothly then it causes to break corners

off such as Figure 3.2.
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Figure 3.2: Surfaces with high aspect ratio triangles
(left) and deformed corners (right).

A surface influences any surface near it corresponding to its individual refinement
level if they are too close to allow interaction of cells. This disturbance is prevented
by adjustment of distance and a special property, nCellsBetweenLevels. For instance,
periodic boundaries of the domain should be placed at a correct distance to protect the
mesh from cells of the blade; otherwise deformation on the surface may occur such as

Figure 3.3.

Figure 3.3: Surface deformation due to interaction of
close surfaces.

18



The quality of the geometry is also significant for boundary determination. Type of
periodic boundaries is defined as cyclic for constructed mesh in which grids and mesh
structure are exactly same. However snappyHexMesh generates an unstructured mesh
and vortices of cells are distributed arbitrarily then cyclic BC cannot be applied to.
There exists another cyclic BC with arbitrary mesh interface (AMI) property and it is
named as cyclicAMI. In order to define it for periodic boundaries of the domain,
centers of the cells for two periodics must be near as possible, almost same. This is
specified by distribution of cells that depends on the geometry file. In other words,

structure of triangles in the STL file influences resulting mesh.

Refinement of a surface with curvature is time consuming and harder than flat surfaces.
The curvature of the surface cannot be captured at moderate refinement levels; it is
achieved by higher levels, and also produces increased number of cells. In addition to
increased refinement level for curved parts of the surface, usage of finer base mesh
also help to produce accurate representation of the boundary surface but again
increases the cell numbers. In the Figure 3.4, refinement level was increased to

improve the leading and trailing edge surface representation.

Figure 3.4: Blades with 12077 cells (left), and
with 132213 cells (right).
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4. RESULTS
4.1  Resulting Mesh

The output of the snappyHexMesh utility highly depends on the quality of the
geometry file. It cannot generate clean mesh for CFD analysis for a low quality
geometry then flow field cannot be solved. In this study several geometric domains
were prepared until the optimum surfaces are determined. snappyHexMesh works with
planar, regular surfaces well like other meshers. Thus surfaces were straightened as

much as possible in order to obtain an useful computational domain.

Firstly blockMesh utility is executed to obtain the background mesh then
snappyHexMesh is started to operate on this background mesh. The flow domain
introduced in the geometry section by STL files, was castellated to appear the main
lines and refinement levels for edges and surfaces were adjusted. Then it was snapped
to obtain original geometry lines by arranging snapControls. Result of castellation and

snapping are shown in Figure 4.1 respectively.

Figure 4.1: Castellation and snapping of the flow domain.
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Refinement level were adjusted for separate regions where finer mesh is required due
to developing flow properties. Surface of the blade is quite important to observe the
flow field in terms of appearance of shock or separation of layer. An unfavorable
mesh structure for blade causes the simulation to diverge. Mesh around the blade and
at the leading edge are shown by figures Figure 4.2 that resulted from castellation,

snapping and layering processes.
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Cross section view of the blade and trailing edge.
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4.2 Flow Field Characteristic

Rotor 37 was designed for aerodynamic optimization process that comprises to
develop blade generating software and numerical methods for turbomachinery
applications. In the experiments which were done through first studies the rotor was
executed with stator. Overall performance parameters of the experiments were
published in (Reid & Moore, 1978). Then the rotor was tested without a stator and
measurements were compared with computational results that are blind test cases
(Denton, 1997). According to comparison of flow field characteristics, total pressure
and temperature ratios were over predicted by computations and it was considered that
air leakage at the hub could cause the pressure deficit in the experiments. A study
which used fully turbulent calculations, make an agreement with measured pressure
ratios and it was determined that results of Rotor 37 depends on turbulence model

quite (Chima, 2009).

In the present study, flow field of the rotor were calculated by rhoSimpleFoam that is
compressible solver for turbulent flow. Spalart-Allmaras turbulence model was used.
Resulting flow field properties were evaluated in terms of Mach number, pressure,
temperature and density. According to results, at the blade to blade passage Mach
number reaches maximum values then temperature becomes minimum till the
separation. Contours of pressure and density tends to be similar. It is an expected
results since thermophysical model applied by the solver correlates them via the
compressibility that was explained in the section 2.2. Also it is observed that flow field
properties were not presented with good resolution and any shock appearance was not
observed but a strong shock was appeared within reference studies. This may be
caused by the solver which was used during simulation. thoSimpleFoam may be a
solver that cannot capture shock then the results do not show any shock/vortex
interaction due to missing the shock. Overall performance parameters are presented
figures below. Relative and absolute Mach number, and static pressure contours are
shown in Figure 4.3. Static and total temperature, and density contours are presented

later in Figure 4.4.
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Figure 4.3 : Flow field properties; relative and absolute Mach numbers,
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4.3  Comparison

Resulting flow properties were compared with both experimental and computational
studies. Total pressure and temperature ratios shown in Figure 4.5 and were calculated
after the simulation and compared with measurements of (AGARD, 1998). The ratios
across the span wise changes similarly till %80 span level and they decreases under
%20 span level according to measurements. It is observed that the ratios under
predicted and computational values are smaller than measurements. Also pressure

values at the tip increased suddenly since the tip leakage was not modelled during then

simulation.
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Figure 4.5 : Computed total temperature ratio across the span(left)
and experimental measurement.
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The results were also compared with other computational solutions for total pressure
ratio. Compared computations were executed by two different solvers that was
shown in Figure 4.6. BTOB3D code solves unsteady RANS equations by finite
volume method and Baldwind-Lomax turbulence model is used. This software was
developed especially for turbomachinery grading. TASCflow code is a general
purpose CFD package and solves RANS while mass and energy equations are solved
by time averaging within the solver. Finite volume method is used and k-¢ turbulence
model is implemented. Pressure at the exit was prescribed for TASCflow simulation
and it had influence only at the exit region (Dalbert & Wiss, 1995). Total pressure
ratio computed by present study is smaller than compared results across the whole

span. It may be again a result of missing the shock due to the solver.
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Figure 4.6 : Total pressure ratio obtained by rhoSimpleFoam(above) and
by different solvers (below).
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Another comparison were made based on a code validation study. The bow shock
appears clearly within the computations by NASA Glenn-HT code that uses finite
volume method and results are obtained by an k- turbulence model (Ameri, 2010).

Thus it simulated the bow shock with good resolution as shown in Figure 4.7.

Figure 4.7 : Relative Mach number contours computed at the mid span
within the present study (above) and within a code validation study (below).
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Figure 4.8 : Static pressure contours computed at the mid span within the
present study (above) and within a code validation study (below).

Here static pressure contour is compared with another code validation study.
According to the results, streamlines is compressed within rise of pressure as shown
in Figure 4.8. Compared study demostrates a strong shock at the leading edge and
there is no separation at the trailing edge unlike the contour of the present study where
the pressure is not increasing enough to arise a shock. The results of code validation
study was obtained by SWIFT turbomachinery analysis code that uses AUSM" upwind
scheme with an k- turbulence model (Chima, 2009).
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4.4 Residuals

In order to reach convergence many simulation parameters were examined. The
simulation was executed with different shape of boundary surfaces, boundary
distances from blade of the rotor, mesh refinement levels, time steps and boundary
conditions. Some of them cause divergence of the solution. Result of the optimum

setup is given in Figure 4.9. The solution was converged after 8000™ iteration.

Data Monitoring

Figure 4.9 : Residuals for pressure and velocities.
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S. CONCLUSION

OpenFOAM is used for various engineering applications due to its available solvers
that offer different simulation types in terms of flow physics or geometry. In addition
to different solvers, meshing utilities of the software system present rich options and
different approaches to generate grids. The utility snappyHexMesh is used to

automatically generate a suitable mesh.

On the other hand Rotor 37 is a widely used geometry to test and asses numerical
solution schemes and approaches. There exists experimental measurements and many
computational studies of the rotor, making it possible to compare and to evaluate

results in different aspects.

The aim of this study was the assessment of the automatic mesh generation tool
snappyHexMesh for problems involving turbomachinery. Rotor 37 is used as a test

case to make this assessment.

It is observed that, despite being an automatic mesh generation tool, snappyHexMesh
requires, careful construction of geometry, detailed consideration and educated
selection of control parameters to generate meshes suitable for the type of analysis
considered in this study. High fidelity geometrical representation in snapphHexMesh
produced grids is proven to be possible only with proper STL file triangularization and

proper selection of refinement levels for the surfaces and features.

Nevertheless, it is shown that, it is possible to automatically generate cartesian meshes
for cyclic periodic analysis of flows in turbomachinery cascades using the

snapphHexMesh utility of the OpenFOAM software system.

Results of analysis, performed using automatically generated mesh is presented along
with experimental and computational results from the literature for comparison. While
there is agreement in general structure of the flow with the literature, quantitative
comparison reveals important differences. These differences are attributed to two
distinct sources. These are proper definition of geometry both as STL surface and as
the resulting mesh, and the solver used to analyze the challenging problems of correct

shock capturing and shock-boundary layer interaction.

It is concluded that, while the automatic mesh generation tool snappyHexMesh is

suitable for turbomachinery cascade flow analysis, currently used solver,
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rhoSimpleFoam, should be replaced with solvers of higher order of accuracy for

quantitative agreement with reference solutions.

While concluding this study within the scope of the thesis, it is the aim of the author
to extend this study to find a standard solver or develop a new solver which can be
used in conjunction with snappyHexMesh generated meshes for transonic

turbomachinery cascade flows.
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