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NUMERICAL INVESTIGATION OF THE INFLUENCE OF SWEEP AND
LEAN ON A TRANSONIC AXIAL COMPRESSOR ROTOR

SUMMARY

The state-of-the-art gas turbine engine technology tends to have modules with superior
loadings within the compact design strategy.

The technology trend created a necessity to design transonic high-pressure
compressors that are efficient while having a reasonably high operational range.

Transonic regime creates additional design aspects that need to be carefully done,
mainly shock related structures and losses.

An efficient way to control shock structure is three-dimensional stacking, namely
sweep and lean, which has been used for aircraft wing designs.

The recent studies relevant to the three-dimensional stacking of compressor blades
have not completely enlightened the flow mechanism behind the sweep and lean,
which keeps the controversy about the sweep and lean alive.

This paper aims to investigate the influence of three-dimensional stacking, namely true
sweep and lean, on a transonic axial compressor stage with a 3D Reynolds Averaged
Navier-Stokes solver. NASA Rotor 37, which is a common benchmark case used for
numerical studies in the literature, is used for validation and further investigation
study. A total of 8 new geometries based on NASA Rotor 37 have been generated that
are swept and leaned with different characteristics. The generated geometries have
been investigated with the validated numerical approach in terms of the flow field in a
systematic way. The results show that the axially aft sweep and positive lean design
improve the design point in terms of isentropic efficiency and stall margin. The
mechanism behind the improvement is seen to be the relocation of the passage shock
and the weakening of the tip leakage vortex.

The outstanding cases among the offered geometries in terms of efficiency and the
operational range are combined and investigated through a similar systematical
approach. It is seen that the combined geometry has a 4.67% stall margin improvement
and 0.83% isentropic efficiency improvement. It is noted that the improvement of the
global performance parameters of combined geometry is higher than in singular cases
however it is not the direct superposition of singular geometries’ characters.
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TRANSONIK EKSENEL KOMPRESOR ROTORUNDA UYGULANAN
‘SWEEP’ VE ‘LEAN’ METHODLARININ AERODINAMIK ETKILERININ
NUMERIK YAKLASIMLAR iLE INCELENMESI

OZET

Havacilik endiistrisindeki rekabeti olusturan Onemli unsurlardan bir tanesi olan
kompakt tasarim felsefesidir. Gaz tiirbinli motorlardaki teknoloji egiliminin
gelisiminde de 6nemli bir rol oynayan bu felsefe, 6zellikle havacilik motorlarinda
yiiksek yiikleme altinda ¢alisgan kompakt modiil tasarimlarinin ortaya ¢ikmasi
ithtiyacini olusturmustur. Bunun yaninda, modiil verimlerinin iyilestirilmesi de gaz
tiirbinli motor teknolojisinin gelisiminin dnemli bir parcasidir. Ozellikle yiiksek basing
kompresorlerinden elde edilebilecek yiiksek verimin spesifik yakit tiiketiminin
iyilestirilmesi ile dogrudan bagli oldugu bilinmektedir. Hem verim hem de kompakt
tasarim felsefesi agisindan rekabet¢i kompresor tasarimlarin ortaya koyulabilmesinin
Oonemi glinimiiz gaz tirbinli motor teknolojisinin gelisimi ile artmaya devam
etmektedir.

Hem yiiksek verimlilikte c¢alisabilen hem de yeterli operasyonel marjine sahip
kompakt yiiksek basing kompresorlerinin tasarlanmasi ihtiyaci, transonik rejimde
calisan modiil tasarimlarini gerektirmektedir. Giiniimiizde kullanilan yiiksek basing
kompresdrlerinin giris kademeleri genellikle transonik akis rejiminde olacak sekilde
tasarlanmistir. Transonik akis rejimi, aerodinamik tasarim agisindan dikkatli
yaklasilmas1 gereken sok yapilari ve sok yapilarindan tetiklenen ekstra kayip
mekanizmlarini igermektedir. Olusan sok yapilarini ve sok yapilarindan kaynaklanan
performans etkilerini kontrol etmenin etkili bir yolu son yillarda siklikla kullanilan ii¢
boyutlu 6rme methodlar1 olan ‘sweep’ ve ‘lean’ uygulamalaridir. Bu yaklagimlar uzun
yillardir ugak kanatlarinda bagari ile uygulanmaktadir.

Kompresor uygulamalarinda kullanilan ti¢ boyutlu 6rme methodlar1 hakkinda yapilan
caligmalar, bu uygulamalarin arkasinda yatan akis fiziginin tam anlamiyla
aydinlatilamamigstir. Bu sebeple ‘sweep’ ve ‘lean’ uygulamalar1 hakkindaki akademik
aragtirma ve tartigma siirecleri devam etmektedir. Bu tez ¢alismasinda, ii¢ boyutlu
orme yaklasimlari olan ‘sweep’ ve ‘lean’ uygulamalarinin kompresor akisi tizerindeki
etkileri, bir transonik eksenel kompresor rotoru tizerinde yapilan tig-boyutlu Reynolds
Ortalamali Akis Coziiciisii yontemiyle nlimerik olarak incelenmistir.

Literatiirde niimerik ¢aligmalar i¢in olduk¢a yaygin bigimde kullanilan NASA Rotor
37 geometrisi, validasyon ve detayli inceleme calismalari i¢in kullanilmistir. Cok
kademeli bir yiliksek basing kompresoriiniin giris kademesi olarak tasarlanan NASA
Stage 37 bu tez kapsaminda odaklanilan problem agisindan oldukg¢a uygundur.

Dort farkli yapida ¢oziim agi olusturularak HAD modelinin agdan bagimsizlig
arastirilmistir. Hem ¢6ziim maliyetleri hem de sayisal dogruluk acisinda makul olan
¢Ozlim ag1 detayli calismalarda kullanilmak iizere se¢ilmistir. HAD modelinden elde
edilen akis alani ¢iktilari literatiirde yer alan deneysel sonuglar ile kiyaslanmigtir. Hem
global performans haritalar1 hem ¢ikis diizlemindeki radyal akis profilleri hem de B2B
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diizlemi akis alanlari ile yapilan bu kiyaslama sonucunda sayisal modelin yeterli
dogrulugu sagladigi ortaya koyulmustur.

‘Sweep’ ve ‘lean’ uygulamalarinin arastirilmasi amaciyla NASA Rotor 37 kanadi baz
alinarak farkli karakterdeki kanatlar tiretilmistir. Toplamda 8 farkli kanat tliretilmis ve
dogrulamasi yapilan niimerik yontem ile akis alanlari incelenmistir. Bu inceleme elde
edilen kanatlarin global performans ¢iktilari, radyal yondeki akis karakterleri, B2B
diizlemlerindeki akis alanlari, emme ylizeylerindeki akis cizgileri ve ug¢ aciklig
girdabini icerecek sekilde sistematik bir yaklagim igerisinde sunulmustur.

Global performans acisindan geri ‘sweep’ yapisina sahip kanat geometrisinin hem
daha yiiksek operasyonel zarfa hem de daha yliksek verim davranisina sahip oldugu
goriilmiistiir. Benzer sekilde pozitif ‘lean’ yapisina sahip kanat geometrisinin
operasyonellik ve verim agisindan daha avantajli oldugu goriilmiistiir. Ayrica ‘sweep’
uygulamasinin  bogulma debisinin degisimine neden oldugu fakat ‘lean’
uygulamasinin boyle bir etkide bulunmadig goriilmiistiir.

Radyal yondeki akis profillerinin incelenmesi ile ii¢ boyutlu 6rme methodlar
uygulanan kanatlarin 6zellikle ug bolgesinde farklilik gosterdigi goriilmiistiir. Bu
durumun ug¢ agikligr girdabinda yasanan degisim nedeniyle oldugu yorumlanmistir.
B2B diizlemde yapilan relatif Mach alani incelemesi ile sok sisteminde yasanan
degisim ortaya koyulmustur. ileri ‘sweep’ uygulamasi ile pasaj sokunun hiicum
kenarma dogru ilerledigi goriilmiistiir. Bu durum nedeniyle hem operasyonellik hem
de verim agisindan daha dezavantajli bir kosul olusmustur. Ayrica hiicum kenarina
yakin bolgede yiiklemenin artmasi nedeniyle u¢ acikligi girdabinin daha giiclii
olmasina neden oldugu goriilmiistiir. Geri ‘sweep’ uygulamasinda ise bahsi gegen tiim
fenomenlerin tersi yonde isleyerek iyilestirilmis bir akis alani ortaya koydugu
goriilmektedir.

Benzer incelemeler ‘lean’ uygulamasi olan kanatlar i¢in de yapilmistir. Doniis
yoniinde uygulanan pozitif ‘lean’ uygulamasi ile bahsi gecen mekanizmalarin benzer
sekilde gelismesi sonucunda akis alaninda iyilesme sagladigi gortilmiistiir.

Kanat yilizeyindeki akis c¢izgileri {izerinden yapilan incelemelerde sok
mekanizmasinda yasanan degisimler ve baglantili olarak degisim gdsteren ayrilma
baloncuklar1 gosterilmistir. Elde edilen tiim ¢ézlimlerde sok yapisinin radyal yondeki
karakterinin duvar ile dik kesisimi saglayacak sekilde yeniden diizenlendigi
goriilmiistiir. Literatiirde de bahsedilen bu durum ¢6ziim modelinde de dogrulanmastir.

Yapilan incelemelerde genel olarak eksenel olarak geri ‘sweep’ yapist ve doniis
yoniinde pozitif ‘lean’ karakterine sahip olan kanatlarin hem operasyonal marjin hem
de verimlilik anlaminda daha basarili oldugu goriilmiistiir. Aerodinamik iyilesmenin
arkasindaki ana mekanizmanin sok sisteminde yasanan degisim ve u¢ girdabinin
zayiflamasi oldugu goriilmiistiir.

Incelenen kanat yapilar1 arasinda verim ve operasyonel marjin agisindan en basarili
geometrilerin karakterleri olan geri ‘sweep’ ve pozitif ‘lean’ yaklagimlar1 kombine
edilerek yeni bir kanat yapisi olusturulmustur. Bu asamaya kadar tekil yaklasim ile
incelenen {i¢ boyutlu 6rme methodlar, bu asamada kombine uygulanmalari
durumunda incelenmistir.
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Final kanat yapis1 baz alinan NASA Rotor 37 modeline gore %4.67 operasyonel marjin
artis1 ve %0.83 izantropik verim artis1 gostermistir. Kombine edilen geometrinin
global aerodinamik performansinin tekil ‘Sweep’ ve ‘lean’ uygulamalarina gore daha
basarili oldugu goriilmiistiir fakat tekil geometrilerde goriilen performans artislarinin
toplamindan daha kii¢iik bir artig oldugu vurgulanmistir. Bu durum ii¢ boyutlu 6rme
methodlarmin aerodinamik performans {izerindeki etkilerinin lineer olarak kombine
edilemedigini gostermektedir.
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1. INTRODUCTION

1.1 Aim of the Thesis

It is aimed to investigate the influence of three-dimensional stacking, namely sweep
and lean, on the aerodynamic performance of a transonic compressor blade. The
investigation has been performed based on a 3D Reynolds Averaged Navier-Stokes

solver and with a transonic axial compressor rotor.

1.2 Transonic Axial Compressor

The axial compressor technology has been used widely in gas turbines for years,
mostly in aircraft engines. The state-of-the-art gas turbine engine technology tends to
have compact designs to be compatible in the market which necessitates module design

with superior loadings.

The technology shows a tendency to the transonic high pressure compressor designs
that are efficient while having a reasonably high operational range. Having competitive
efficiency levels is crucial while satisfying compactness and operability requirements.
The efficiency improvement of %1 may reduce the SFC up to %1. (Obrecht, 2012)

Transonic axial compressors are commonly used in the industry today. Usually, the
front stages feature transonic blade rows that have rotor tip Mach numbers up to 1.2,
while some much higher levels have been applied successfully as GE E3 core
compressor. (Calvert & Ginder, 1999) The modern axial compressors achieve a total
pressure ratio up to 1.8, by the combination of the high tip speed and high work
coefficients in the order of unity. (Biollo & Benini, 2011)

On the other hand, the transonic regime creates additional design aspects that need to
be carefully done, mainly the shock system that includes bow and passage shock, and
shock related loss mechanisms like intense interaction of the shock/boundary layer.
(Domercq, 2012)



1.3 Supersonic Flow Regime for Transonic Axial Compressors

The aerodynamic characteristic of a supersonic rotor section can be divided into three
main parts: choke, peak efficiency and near stall. (Figure 1.1) The choke case consists
of a bow shock attached to the leading edge and a normal passage shock at diverging

part of the airfoil near the trailing edge.

The peak efficiency case is formed for maximum deceleration through bow shock,
before normal shock. It forms as the bow shock and passage shock merge on the

suction side around the throat. Delta form is seen for peak efficiency case.

Further throttling pushes passage shock and the merged shock structure formed. The
shock is expelled up to an unstable point, which drives the stall margin of the section.
(Domercq, 2012)

INCREASED BACK
PRESSURE CHOKED FLOW

Figure 1.1 : Generic shock patterns of a transonic fan [Denton&Xu, 2002]



Figure 1.2 : Sweep application on wings [Ji et al., 2005]

M<1 M<1
. throat ot
Y M>
throdt
M>1 o1 M>1
Aft swept Radial Forward swept

Figure 1.3 : Effect of the sweep on the shock pattern on transonic axial

compressor [Domercq, 2012]

Casing Casing

Shock bending
towards leading ed

Shock bending
towyards trailing edge

Shock position according
to wing theory (without endwall)

Aft-swept Forward-swept

Figure 1.4 : Effect of the sweep on the shock intersection at casing [Domercq,

2012]

The shock structure of a blade section directly determines its working condition. A

design Degree-of-freedom to control shock structure is 3-D stacking methods, namely

sweep and lean.



1.4 Three-Dimensional Stacking Approaches

The most common 3-D stacking method that is used in turbomachinery applications is
the sweep technique. The sweep strategy has been widely used in wing design to
reduce mach number in perpendicular direction. (Figure 1.2) However, the transonic
compressor sections are formed by a bow and passage shock, which requires additional

design aspects.

One of the outstanding theories about the mechanism of the sweep in turbomachinery
applications is stated by Domercq(2012). The shock intersection at the casing is seen
to conserve its perpendicularity regardless of the stacking characteristics. This
perpendicularity forces shock to relocate for swept blade designs. The relocation of
the shock system redefines the working condition of the blade section. This mechanism

gives a DOF to the blade section design. (Figure 1.3 & Figure 1.4)

Another 3D stacking method that is used in turbomachinery applications is the lean
technique, also known as dihedral or bow depending on the spanwise distribution.
Lean strategy is commonly used for state-of-the art vane designs, which allow
spanwise redistribution of the load. The negative lean pushes flow to the middle
sections, which increases loading at the endwall. Vice-versa for positive lean. (Figure
1.5)

a) Positive lean b) Negative lean

Figure 1.5 : Schematic of lean



1.5 Literature

Most of the studies regarding 3-D stacking approaches are seen to focus on low hub-
to-tip ratio blades which are multistage fan applications. There are not many
investigations performed for respectively higher hub-to-tip ratio blades that are
suitable for high pressure compressors. Both experimental and numerical studies
consist of investigation blades that are not only parameterized for 3-D stacking but
also parameterized with 2-D profile properties such as chord and stagger. Additionally,
the recent sweep and lean studies mainly aim to the optimizing blade shape with given

free parameters through numerical approaches.

The very initial design attempts of the sweep in axial compressor date back to the 1950
and 1970s. The early studies were based on analytical approaches and low-speed test
campaigns. The forward-swept blades were not ready to test in terms of structural
integrity in that phase. The only testable aft-swept designs were not promising any
improvement though. (Ji et al., 2005)

Further research showed some aft-swept designs that are beneficial in different aspects.
One of them states that noise reduction can be achieved by aft-swept blade design,
within NASA’s research program including design and testing. (Hayden et al., 1977)
Another paper by Hah(1990) reported the improvement of the peak efficiency with

aft-sweep relative to the initial geometry with a stability penalty.

Wadia et al. (1998) reported an experimental and analytical investigation. The study
includes both forward and aft swept low hub-to-tip ratio fan stages. The investigated
geometries rearranged not only stacking but also barreling, which is a redistribution of
the chord. It is shown that the forward-swept rotor achieved the highest peak efficiency
while having operability improvement. On the other hand, the aft-swept rotor is shown

to have adversely affected stall margin.

A study that aims to find optimal rotor geometry in terms of isentropic efficiency was
reported by Jang et al. (2006) The response surface method has been used with design
variables of sweep, lean and skew reported. NASA Rotor 37 was used as the initial
geometry for the optimization study. The optimum geometry captured as aft swept,

leaned through rotation direction at the tip with a skew characteristic.

Benini & Biollo (2007) performed a systematic numerical investigation of axially

swept and tangentially leaned blades based on NASA Rotor 37. Among all parametric
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geometries, a total of 26, the aft swept one has been shown to be 0.6% more efficient
compared to the baseline. Also, the forward-leaned one, which is leaned through

rotation direction, has been shown to have a 1.2% efficiency improvement.

An optimization study presented by Okui aims to improve isentropic efficiency while
having unchanged stability. (Okui et al.,, 2011) A multi-objective numerical
optimization was performed with the free variables of the sweep, chord length and the
camber distribution. A typical front stage transonic rotor is used for investigation. The
outcome of the optimization process shows a rotor having a strong backward sweep

stacking line with a barreling chord at mid sections.

Another optimization study based on NASA Rotor 67 has been reported by Aziz et al.
(2014) The optimum stacking has been reported as a forward sweep at the hub-mid
section and a negative sweep at the mid to tip. Also, optimized blade lean is slightly
positive at the hub and tip, and negative at the middle section. The final geometry has
a %2.2 isentropic efficiency improvement.

Sun et al. (2020) investigated an ultra-high-load LR transonic compressor stage with
5 different axially forward swept configurations, which includes true lean because of
axially swept geometries. For all the geometries, the stall margin has been improved
whereas the maximum improvement is %15. The change in stall margin because of the
forward sweep is associated with the tip flow field improvement. The shock structure

and tip leakage vortex are seen to be improved with forward sweeping.

Wang et al. (2021) published an optimization study with free parameters of sweep and
lean based on NASA Rotor 35. The optimized blade is modified to be forward swept
along the radial direction, especially from the midspan to the tip, and modifications of
the forward sweep are also performed in the bottom half but to a lesser degree. Also,
the optimum blade consists of lean characteristics in the rotation direction at the tip
and vice versa at the hub. The peak efficiency improved to 85.01% from 84.45%
whereas the stall margin improved to 20.07% from 16.11%. It is seen that the intensity
of the tip vortex at stall conditions can be reduced by changing the position and

intensity of the shock wave.



2. NUMERICAL APPROACH

2.1 NASA Rotor 37

A series of investigation studies conducted by Reid and Moore (1978a) at NASA
Lewis Center included throughflow design and experimental effort. The study aimed
to investigate the state-of-the-art core compressor designs that are highly efficient
while having a reasonably high operational range. The front, middle, and rear single-
stage characteristics of an eight-stage core compressor with 20 OPR were planned to

investigate separately.

Within the scope of this study, four different single stages, namely stage 35-36-37-38,
that are designed as a front stage have been reported in terms of throughflow design
details and performance characteristics evaluated by experimental studies. (Reid &
Moore, 1978a & 1978b)

Figure 2.1 : NASA Rotor 37 Geometry

Stage 37 is a well-known benchmark case in the numerical turbomachinery literature.
It is designed with MCA (multiple-circular-arc) blading for a design pressure ratio of
2.1. It consists of 36 blades with a 1.19 aspect ratio. The design RPM of Stage 37 is
12188.7 RPM which corresponds to 454.14 m/s tip speed. The summary of the design
specifications of the NASA Stage-37 is given in Table 2.1.



Table 2.1: NASA Rotor 37 Design Specifications

Blading Multiple Circular Arc
Number of Blades 36

Hub to tip ratio 0.7
Running tip clearance 0.356 mm

Design Speed 17188.7 RPM

Tip speed 454 m/s

Total Pressure Ratio 2.106
Polytropic Efficiency 0.889

The geometrical dataset as manufacturing coordinates is given by Reid and Moore
(1978a). However, it has been figured out that the transition analysis of intended hot
geometry to manufacturing cold geometry was not successfully done, resulting as miss
prediction of twist angle up to 2°. Complex analysis methods to calculate blade
deflections were not present at the time, which is a reasonable factor behind the

discrepancy. (Suder, 1996)

The experimental setup details, including survey locations, running tip clearance,
spanwise inlet profiles, turbulence intensity, rotating and non-rotating endwall
locations and blade fillets are given by the AGARD Report. (Dunham, 1998)

The experimental outputs of Stage 37 are published by Reid and Moore (1978a), while
detailed flowfield results of Rotor 37 were given by Suder (1996).

The NASA Rotor 37 (Figure 2.1), which is the rotor blade of Stage 37, has been used
for validation and further investigation studies in this paper.

2.2 Grid

The grid generation has been performed with commercial code AutoGrid5, which is a
turbomachinery dedicated automatic grid generator based on structured hexahedral
elements. O4H type blade-to-blade mesh topology, an O-block around the blade
surface (1) and four H-blocks to inlet (2), outlet (3), upper (4) and lower (5) periodic
sides, has been applied. (Figure 2.2)



M-THETA

theta

Figure 2.2 : Blade-to-blade mesh block

Near endwall features, including hub fillet and tip clearance have been modeled with
additional blocks dedicated to these features. A fair number of radial elements have
been generated at tip clearance and fillet blocks (Figure 2.3), to capture reasonable y+

and tip leakage vortex which is quite complex.

Due to the periodicity of turbomachinery nature, a single passage with periodic

matching surfaces has been generated. (Figure 2.4)

The first cell height is selected around 1 micron to capture a y+ distribution around 1.
A contour representation of the y+ distribution on the blade surface is given in Figure
2.5 with a contour range of up to 1. It is seen that even for the suction surface the

average y+ distribution is adequate for modeling any possible separation flow.

Figure 2.3 : Featured mesh blocks
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Figure 2.4 : Single blade row model
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Figure 2.5 : y+ contour on blade surface

2.3 Solver

The CFD analysis has been performed with commercial code FineTurbo (Euranus
solver), which is a turbomachinery dedicated state-of-the-art flow solver. Reynols-
Averaged-Navier-Stokes approach with the Spalart-Allmaras turbulence model has

been applied, which is shown in the literature to be a successful model to calculate
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characteristics for turbomachinery problems. The single passage is taken into account
due to 1/36 periodicity. Fourth order Runge-Kutta integration scheme has been applied
for temporal discretization. Cell-central spatial discretization scheme has been applied.
Three orders of magnitude global residual and 0.02% mass flow error between inlet

and outlet are satisfied as convergency criteria.

The back pressure increased systematically during performance characteristics
investigation up to 500 Pa difference. The last numerically stable point is referred as

near stall solution in this paper.

2.4 Boundary Conditions

The hub, blade and shroud surfaces are modeled as no-slip walls. Also, the rotating
part of the hub surface is carefully dictated as presented in the AGARD Report.
(Dunham, 1998) A schematic of the applied boundary conditions is given in Figure
2.6.

Stationary
Walls

Outlet

Rotating Walls (Static
(Imposed RPM) Pressure)

Figure 2.6 : Schematic of applied boundary conditions

The thermodynamic boundary conditions presented within the AGARD report
(Dunham, 1998) have been used for the model. The spanwise total pressure and total
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temperature profiles have been imposed on the inlet surface as a one-dimensional
profile. (Figure 2.7) The inlet flow direction has been imposed as axial flow. The
average static pressure is imposed on the outlet surface and has been systematically

modified during the evaluation of performance and efficiency characteristics.

The turbulence boundary condition for a turbomachinery problem is known to be vital.
However, there is no turbulence data reported for experimental studies of NASA Rotor
37. There are different approaches to the interpretation of the inlet turbulence level of
the test rig based on the turbulence intensity and length scale or turbulent viscosity
ratio. Shabbir, Zhu&Celestina (1996) presented a numerical solution that is compatible
with experimental results, which includes the turbulent inlet boundary condition as a

turbulent viscosity ratio of 100. This approach has been applied to the model.

Inlet Total Pressure Profile Inlet Total Temperature Profile
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Figure 2.7 : Applied inlet boundary condition profiles
2.5 Mesh Independency

The mesh independency study has been performed with four different grid structures.
3.34,1.34, 0.56 and 0.28 million mesh elements are used for grids, respectively named
as ultra fine, fine, medium and coarse mesh. (Table 2.1) The scaling factors have been
applied to all the topology elements, such as B2B, spanwise, tip clearance, and fillet

meshes.

The comparison of global performance outputs has been given with a performance
map in Figure 2.8 and Figure 2.9, including experimental data published by Reid and
Moore (1978a).

12



Table 2.2: Grid Properties

Number of Elements  Minimum Skewness Max Aspect Ratio

Ultra Fine 3,343,285 14.8 2400
Fine 1,137,477 13.3 3300
Medium 561,113 18.3 4200
Coarse 288,777 145 5600

The performance map comparison shows that the stall margin is overpredicted for all
meshes. The deviation of the pressurization characteristics at the part speed is less, but
vice-versa for efficiency. The efficiency characteristic at design speed is well captured
for all mesh configurations. It is seen that the flow capacity at the choke condition is
well captured for all the mesh configurations. Also, main pressurization and stall

margin characteristics show similar behavior, compatible with experimental results.

The numerical solution referred as the design point hereafter has been picked to be on
the identical beta line with the given experimental data. Beta lines are auxiliary

coordinate approaches used for component matching. (Kurzke, 1996)

23
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Figure 2.8 : Pressure map of different grid size approaches
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Figure 2.9 : Isentropic efficiency map of different grids

Pressure Ratio

19 2 21

Total Pressure Ratio

span(%)

23 24

20

80

70

60

50

40

30

20

10

Temperature Ratio

1.225 1.25 1.275 1.3

Total Temperature Ratio

Span(%)

1.325 1.35

Efficiency

° Ultra Fine Mesh
Fine Mesh
Medium Mesh
Coarse Mesh
Experimental

0.75 0.8 0.85 0.9 095

Adiabatic Efficiency

Figure 2.10 : Comparison of the spanwise flow properties of different grids

Another available experimental data that can be used for mesh independency study is

one-dimensional exit profiles of Rotor 37. (Suder, 1996) The spanwise exit profiles of
Rotor 37 at the design point (%100 RPM) and the CFD result comparison of different

grids are given with Figure 2.10. The profiles represent the mass-weighted average

through the azimuthal direction. It should be noted that the radial migration of the

14



stream tubes, which is expected not to be extreme, was not included in the calculation

of the radial distribution of flow properties.

It is seen that the total pressure ratio prediction of the numerical model is with
experimental results in terms of its characteristics. However, the calculation of the
design point based on the approximate beta line leads to a slight shift in the pressure

ratio values.

The compatibility of the total temperature ratio is similar to pressure ratio
characteristics mainly. Additionally, the deviation of the temperature ratio at the tip
section is respectively high which might reflect the overprediction of the tip vortex

mechanisms.

The efficiency characteristic, which reflects both total pressure ratio and total
temperature ratio characteristics, is compatible with fine mesh except in two regions:
(1) It is seen that the losses are overpredicted at the near end-wall at the tip; (2) it is
seen that the calculated values are slightly higher than experimental data at near to the

hub, which shows underprediction of the losses.

In general, the modeled spanwise characteristic is compatible with experimental data.
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0.92

0.91

=
w

0,
0.89 p %70 RPM

0.88
Y %90 RPM

0.87

Matching Point Isentropic Efficiency

b 2,100 RPM

=
oo
&

0.85

aul4 eqnn
aut4
25180)

1
0.84 H
0.00000 0.00400 0.00800 0.01200 0.01600 0.02000

Average Cell Height (1/N)71/3

Figure 2.11 : The convergency of the isentropic efficiency over average cell height

15



A convergency rate based on design point efficiency has been given in Figure 2.11,
within the scope of Roache (1998). The horizontal axis represents the height of an
average cell element. The zero value on this axis represents an infinite number of
elements. The convergency behavior is seen with decreasing slope of isentropic
efficiency. It is assumed that the increment of mesh density after Fine Mesh can not
create any significant improvement in model prediction so the Fine Mesh has been
selected for future validation and investigation studies as a reasonable trade-off point

between accuracy and numerical cost.

2.6 Validation

A comparison of blade-to-blade flow field of CFD and experimental result at the
design point (Suder, 1996) is given in Figure 2.12. It is seen that the main shock
characteristics, shock&BL interaction have been well captured and similar to
experimental results. The upstream relative Mach number of bow shock is captured as
1.4, similar to experimental data. The acceleration at the upstream of the bow shock
around suction side is slightly higher (up to Mach 1.5) at CFD case, which can be seen
at the Figure B.2. The similar acceleration behavior captured in the passage at the

downstream of the passage shock. The wake region is slightly wider at CFD case.

Experimental CFD
Relative Mach
Number

Figure 2.12 : Comparison of Design point B2B plane at %70 Span
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Figure 2.13 : Mid pitchline relative mach distribution

Another available experimental data (Suder, 1996) is the relative Mach number
distribution on the mid-pitch line, which was given in Figure 2.12 as the B-B line. The
mid-pitchline relative Mach distribution (Figure 2.13) shows that the passage shock
has been slightly overpredicted, which can be interpreted from higher inlet Mach
number at the inlet, and less Mach number at the outlet for the CFD solution. The
fluctuation at the near leading-edge region up to shock is predicted as the averaged
characteristic of experimental results by the numerical model. The outlet relative Mach
number is slightly higher, which may be related to the wider wake region seen on the
CFD model.

Mainly, the numerical model seems to be capable to represent the experimental case

and can be used for further investigations.
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3. SWEEP AND LEAN INVESTIGATIONS

In this section, the NASA Rotor 37 is manipulated in terms of sweep and lean and the
flow field has been investigated with the validated numerical method given in Section-
2.

3.1 Sweep and Lean Geometry Definitons

]B

=

TRUE SWEEP

6
T CHORD
— =X LINE

!
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\TO CHORD LINE

A

\
W\ TRUE LEAN
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Figure 3.1 : True sweep and Lean definitions [Denton & Xu, 2002]

There are different sweep and lean approaches practiced in turbomachinery
applications. One of them is true sweep and true lean given by Denton & Xu (2002)
(Figure 3.1), which are a movement of the airfoil section in the direction of the chord

line and perpendicular to the chord line, respectively.

Another common definition of sweep and lean is the movement of the airfoil sections
according to cylindirical coordinate frame. This approach can be summarized as
sweeping through the axial direction and leaning through the tangential direction.
Axial sweep and tangential lean approaches have been used in this paper. The details

of the stacking definitions are given below passages.
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Figure 3.2 : Meridional view of sweep definition
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Figure 3.3 : Blade-to-blade view of sweep definition

The forward (positive) sweep is defined as an axial offset into the leading edge along
z-axis; while the aft (negative & backward) sweep is defined as an axial offset into the
trailing edge along z-axis. The schematic explanation of the sweep definition has been

given in Figure 3.2 and Figure 3.3 through meridional and blade-to-blade perspectives.

The positive lean is defined as circumferential rotation towards the rotation direction
of the rotor through the tangential direction. The negative lean is defined as
circumferential rotation towards the opposite rotation direction of the rotor along the
tangential direction. The schematic explanation of the lean definition has been given
in Figure 3.4 and Figure 3.5 through meridional and blade-to-blade perspectives.
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Figure 3.5 : Bade-to-blade view of lean definition

Another important aspect of the 3D stacking method is the spanwise distribution. In
the case of the assumption of being independent sections, the application of the sweep
and lean might lead blade surface curvature to highly fluctuate which is not suitable in
terms of manufacturability and structural integrity. Also, it may challenge the
discretization of the surface. Thus, the spanwise smoothness of the blade structure is a
key factor in blading in terms of both numerical approach and manufacturing. In this
paper, two type spanwise distribution methods have been applied during the generation
of the investigation geometries, which are linear and bezier type distributions. The

details of spanwise distribution methods are given in Appendix-A.
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3.1.1 Sweep geometries

A total of 4 different investigation geometries have been created with different sweep
approaches including both forward and aft sweep. (Figure 3.6) Two of them have

linear type radial distribution and the rest of them have bezier curve distribution.

S1 (Linear-Forward-Swept) S2 (Linear-Aft-Swept)

(%20 Axial
Chord)

(%20 Axial
Chord)

S3 (Tip-Forward-Swept) 54 (Tip-Aft-Swept)

(%20 Axial (%20 Axial
Chord) . Chord)

Constant : Constant :

Figure 3.6 : Details of swept geometries generated

The S1 (Linear-Forward-Swept) configuration has a linearly distributed forward
sweep which corresponds to a shift %20 of the axial chord at the tip section. The S2
(Linear-Aft-Swept) configuration has similar linear characteristics with S1 but in the
opposite direction, which is an aft-swept blade.

The S3 (Tip-Forward-Swept) has a similar shift amount with the S1 configuration but
its forward sweep characteristic mainly exists above mid-span thanks to bezier type
spanwise distribution. The S4 (Tip-Aft-Swept) configuration has similar
characteristics with S3 but in the opposite direction, which is an aft-swept blade. The
hub-to-mid sections of the S3 and S4 configurations were kept constant as much as
possible.
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3.1.2 Lean geometries

A total of 4 different investigation geometries have been created with different lean
applications. (Figure 3.7)

L1 (Positive-Leaned) L2 (Negative-Leaned)

T %20 Of pitch 7____"‘--\_“_____ %20 Of pItCh

Constant :

L3 (Positive-Bowed) L4 (Negative-Bowed)

— i ) 20 of pitch
\\’%@‘0 of pitch 2 p

Figure 3.7 : Details of leaned geometries generated

The L1 (Positive-Leaned) configuration has a positive lean which corresponds to a
rotation of %20 pitch distance at the tip section while keeping the hub-to-mid section
constant. The L2 (Negative-Leaned) configuration has similar characteristics with L1
but in the opposite direction, namely negative lean. The hub-to-mid sections of both
L1 and L2 configurations were kept constant as much as possible within the bezier

curves’ limitations.

The L3 (Positive-Bowed) has a similar rotation amount with the L1 configuration but
its positive lean characteristic has been distributed spanwisely thanks to bezier type
distribution. The L4 (Negative-Bowed) configuration has similar characteristics with
L3 but in the opposite direction, namely negative-bowed.
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3.2 Global Performance Results

The working point of a compressor on the performance map is determined by the
performance cycle as compatible with the matched turbine. The determination of the
design point is important to compare different designs’ performance. A useful method
to determine the matching point is using B-grid lines. (Kurzke, 1996) The comparison
points given in this paper were selected to be on similar B-grid lines as much as

possible.

Swee

The pressure and efficiency maps of the swept geometries have been given in Figure
3.8 and Figure 3.9. The linear spanwise distributed geometries are mentioned as the
most swept case here and after because those configurations have more spanwise

cumulative sections shifted.

Mainly, the characteristics are seen to move to higher flow areas with increasing sweep
which also includes the deviation of the choke capacity, which is similar to reported
by Cui et al. (2016). The choke capacity is seen to vary in the range of +%2.5, which
reflects the re-arrangement of the throat surface. It is seen that the peak pressure ratio

varies in a narrow range. The aft-swept geometries have peak pressure ratio

improvement.
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Figure 3.8 : Pressure map of the swept geometries
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Figure 3.9 : Isentropic efficiency of the swept geometries

The peak efficiencies are seen to systematically decrease with increasing forward
sweep. It can be interpreted that the main characteristic is driven by being forward or
aft sweep because the peak efficiencies are seen to vary in a narrow range for

individual sweep groups such as S1&S3 and S2&S4.

Also, the mass flow range between the peak efficiency point and the choke point
decreases with increasing forward sweep which is a penalty in terms of efficient
matching. If the blades are assumed to match the peak efficiency condition, the

forward swept cases show less choking margin.

The comparison of the design point efficiency and stall margin of the swept geometries
with baseline model has been given in Figure 3.10 and Figure 3.11. As mentioned
before, the last numerically stable points referred as near-stall solutions and stall
margins have been calculated based on this approach. The aft sweep configurations
(S2 and S4) have stall margin improvement while the forward swept configurations
has the stall margin deficit. The linear forward swept configuration (S1) has the most
stall margin deficit, approximately %4 less stall margin. The tip-forward-swept
configuration (S3) has a better stall margin compared to S1, but it is still less than the
baseline. The most stall margin improvement is seen as %3 with linear-aft-swept at
tip (S2).
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Figure 3.11 : Comparison of design point efficiencies of swept geometries

The forward-swept configurations, (S1) and (S3), have %1 less efficiency
approximately, compared to the baseline solution. The efficiency deficit of the tip-
forward-swept configuration (S3) is slightly less than the linear forward-swept
configuration (S1). That reflects the behavior of the less span height of forward swept,
the less efficiency deficit. On the other hand, the aft swept configurations, (S2 and S4),
show efficiency improvement up to %0.5. The efficiency gain of linear-aft-swept (S2)
configuration is slightly higher compared to tip-aft-swept configuration (S4), which
also reflects the behavior of the less span height of aft swept, the less efficiency

improvement.

Lean

The pressure and efficiency maps of the swept geometries have been given in Figure
3.12 and Figure 3.13. The characteristics do not vary in terms of choke capacity but

the operability range has seen to change.
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The choke capacity conservation reflects the conservation of the throat surface, too. It
IS seen that the peak pressure ratio varies in a narrow range except the L3 case. The
positive leaned and positive bowed geometries have peak pressure ratio improvement

compared to the baseline.
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Figure 3.12 : Pressure map of the leaned geometries

0.9
056 Efficieny Map
0.878
0.88
- 0.87
(%]
c
2 086
=
=
i
o 0.85
a
o
& 084
c
]
2
0.83
0.82 =0= Baseline
=8- L1 (Positive-Leaned)
051 =8— L2 (Negative-Leaned)
: =8 L3 (Positive-Bowed)
—a— L4 (Negative-Bowed)
0.8

18 1825 185 1875 19 19.25 195 19.75 20 20.25 20.5 2075 21 21.25 21.5 2175 22
Corrected Inlet MFR (kg/s)

Figure 3.13 : Isentropic efficiency of the leaned geometries
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The peak efficiencies are seen to systematically increase with positive lean as indicated
by arrow in the map. Unlikely the sweep case, the mass flow range between the peak
efficiency point and the choke does not change thanks to the conservation of the choke

capacity.

The comparison of the design point efficiency and stall margin of the leaned
geometries with baseline model has been given in Figure 3.14 and Figure 3.15. The
positive-leaned (L1) and positive-bowed (L3) configurations have SM improvement
while negative-leaned (L2) and negative-bowed (L4) configurations have stall margin
deficit. The configuration L1 has the highest stall margin with a %2.75 improvement.
The negative-leaned configuration (L2) is the worst in terms of operability, and has a

%6 stall margin deficit, which was also seen on the performance map.
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Figure 3.14 : Comparison of stall margins of leaned geometries
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Figure 3.15 : Comparison of design point efficiencies of leaned geometries
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The positive-leaned configurations (L1 and L3) have efficiency improvement, while
negative-leaned configurations (L2 and L4) have an efficiency deficit compared to
baseline. Configuration L1 has the highest efficiency with a %0.5 improvement. Also,
the efficiency improvement of L3 is not far away from this value. The configuration
L2 has the lowest efficiency with a %1.1 deficit. The overall results can be interpreted
as the more span height for positive lean the more efficiency and operability

improvement.

3.3 Spanwise Flow Field Results

In this section, spanwise flow properties are investigated systematically. The profiles
have been calculated via a mass-weighted averaging approach in the azimuthal
direction. The exit station is located on the axial location given within AGARD report

(Dunham, 1998) as Station-4, where the experimental data is provided. (Appendix-C)

The near-stall solutions given in this section represent the last numerically stable
solution that has converged.

Swee

The spanwise total pressure ratio distribution at the design point (Figure 3.16) shows
that forward-swept configurations (S1 and S3) have more pressurization on the tip
section. On the other hand, the aft-swept configurations (S2 and S4) have less
pressurization on the tip section which reflects that the forward and aft sweep
applications create opposite behaviors on the pressurization feature. The overall
shifting movement was observed within the performance map. The forward sweep
shifts the map to the high flow and high pressure ratio region. The development of the
total pressure ratio shifting is seen through the spanwise characteristics movement with

a forward sweep.

The spanwise isentropic efficiency (Figure 3.17) at tip sections ranges in a narrow
scale, unlikely to pressure ratio behavior at the tip section. The main difference of the
isentropic efficiencies is located around the mid spans. The forward-swept
configurations (S1 and S3) have less efficiency at the below %70 span. The aft-swept
configurations (S2 and S4) have more efficiency at the below %70 span. The efficiency

differentiation at the mid spans drives the global performance, which was given via
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Figure 3.11. Briefly, it is seen that the forward sweep shifts the map to the less efficient
direction, and vice-versa for the aft sweep approach.
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Figure 3.16 : Spanwise total pressure ratio distribution of swept geometries at design

point
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Figure 3.17 : Spanwise isentropic efficiency distribution of swept blades at design
point
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The understanding of the flow field at the near stall condition is important to manage
the inception of the instability, namely stall. The total pressure distribution of swept
geometries at near stall condition has been investigated (Figure 3.18). The forward-
swept configurations (S1 and S3) have more uniform pressurization; however, that

behavior is expected to be at the design point.

The aft-swept configurations (S2 and S4) have the highest loading at the tip section.
The limiting section of the aft-swept geometries is seen to be the tip region, which can
be associated with the tip leakage vortex. As given before (Figure 3.16), they were
lightly loaded at the design point, and are highly loaded at the stall, which results in
higher stall margin.
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Figure 3.18 : Spanwise total pressure ratio distribution of swept blades at near stall

An effective way to capture spanwise redistribution of the stream tubes is the
investigation of the normalized flux. (Figure 3.19) The forward sweep configurations
(S1 and S3) create higher flux at the tip, and vice-versa at below %60 span but this
change leads to a more uniform spanwise distribution compared to the baseline. The

same behavior was reported by Sun et al. (2020).
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The type of sweep, linear or only at the tip, does not show any difference at the tip
section. The (S1 and S3) or (S2 and S4) are overlapped above the %80 span height.

However, the difference at the hub region is more apparent compared to the tip region.
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Figure 3.19 : Spanwise normalized inlet flux distribution of swept geometries at
choke point

Lean

The spanwise total pressure ratio distribution of leaned blades at the design point
(Figure 3.20) shows that the positive-leaned configuration (L1) has less pressurization
at the tip where its lean characteristics mainly exist. The positive-bowed configuration
(L3) similarly has fewer loadings at the tip; in addition, its hub region is also less
loaded as a result of the bow structure. The negative-leaned configuration (L2) has less
loading compared to the baseline. The Positive-Bowed configuration (L4) is very
similar to the baseline in terms of loading, except mid sections. Mainly, the spanwise
variation of the pressurization due to lean is quite slight. However, the isentropic

efficiency has much more variation.

The spanwise isentropic efficiency distribution of leaned blades at the design point
(Figure 3.21) shows that the positive-lean characteristic (L1 and L3) improves the tip
efficiency while the negative-lean characteristic (L2 and L4) creates the efficiency

reduction. There is no distinctive change below %60 span.
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Figure 3.20 : Spanwise total pressure ratio distribution of leaned geometries at
design point
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Figure 3.21 : Spanwise isentropic efficiency distribution of leaned geometries at
design point
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It is seen that the positive-leaned (L1) and positive-bowed (L3) configurations have
more uniform loading at near-stall condition. Especially for the tip region there are no
spike-type loadings. (Figure 3.22) This behavior is parallel with the operability

improvement of these configurations given before. (Figure 3.14)
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Figure 3.22 : Spanwise total pressure ratio distribution of leaned geometries at near
stall

3.4 Blade-to-Blade Flow Field Results

In this section, blade-to-blade flow properties are investigated systematically. The

investigations were performed on the %90 span for all cases at the design point.

Swee

The isentropic Mach distributions of swept geometries at %90 span height and at the
design point are given in Figure 3.23. It is seen that passage shock has been moved

downstream and weakened with aft sweep applications while vice-versa for forward-
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swept applications. Aft-swept geometries create fewer loadings in the vicinity of LE
compared to forward swept ones as pointed out on the plot. The less loaded leading
edge region is expected to reduce the tip leakage vortex, which will be investigated on

the following sections.
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Figure 3.23 : Isentropic mach distributions of swept geometries at %90 span height
and design point

The relative Mach field comparison of S1 with baseline at %90 span and the design
point is given in Figure 3.24. The wake region is seen to be slightly better at the S1
configuration. Increased shock strength results as forming of expelled shock and
movement of the passage shock is seen. Also, the pressure side spike is reduced with

the S1 configuration.

The relative mach field comparison of S2 with baseline at %90 span and design point
is given in Figure 3.25. The wake region is seen to be slightly enlarged at the S2
configuration. Decreased shock strength results in swallowed shock. Also, the

pressure side spike grows up forming secondary acceleration region.

The blade-to-blade flow characteristics of the S3 and S4 configurations (Figure 3.26

and Figure 3.27) are quite similar to S1 and S2 configurations, respectively.
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Figure 3.25 : Relative mach field comparison of S2 at %90 span and design point
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Figure 3.26 : Relative mach field comparison of S3 at %90 span and design point
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Figure 3.27 : Relative mach field comparison of S4 at %90 span and design point
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Lean

The isentropic mach distributions of leaned geometries at %90 span height and at the
design point are given with Figure 3.28. It is seen that passage shock has been moved
downstream and weakened with positive lean applications. Positive-leaned geometries
create fewer loadings in the vicinity of the leading edge compared to negative-leaned
ones. The acceleration at the pressure side is slightly affected by lean.
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Figure 3.28 : Isentropic Mach distributions of leaned geometries at %90 span height
and at the design point

The relative mach field comparison of L1 with baseline at %90 span and design point
is given with Figure 3.29. The wake region is seen to be slightly enlarged at the L1
configuration. Decreased shock strength results in swallowed shock. Also, the pressure

side spike is increased slightly with forming secondary passage acceleration.

The relative mach field comparison of L2 with baseline at %90 span and design point
is given in Figure 3.30. Shock is being expelled and formed to be detached, which is

close to stalling condition.

The blade-to-blade flow characteristics of the L3 and L4 configurations (Figure 3.31

and Figure 3.32) are quite similar to L1 and L2 configurations, respectively.
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Figure 3.32 : Relative Mach field comparison of L4 at %90 span and design point
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3.5 Surface Streamline Results
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Figure 3.33 : Surface limiting streamlines of baseline solution at design point

The surface limiting streamlines on the suction side of the baseline solution at the
design point is given in Figure 3.33. The shock induced-separation region exists widely
in the spanwise direction. The separation bubbles that are formed between the
separation and re-attachment lines are seen in the specific regions. The radial migration
flow pattern is seen below the separation lines. The shock is seen to be perpendicular

to the endwall at the tip, which was also given by Domercq (2012).

Swee

The comparison of the surface limiting streamlines of the S1 swept geometry and
baseline is given in Figure 3.34. The passage shock at the tip section is seen to be
shifted to the leading edge, which was seen on blade loadings. The separation bubble
is enlarged, which is the reason behind the efficiency deficit seen in the 1D results

(Figure 3.17). It is seen that the perpendicularity of shock at the tip is conserved.

The comparison of the surface limiting streamlines of the S2 swept geometry and
baseline is given with Figure 3.35. The passage shock at the tip section is seen to be
shifted to the trailing edge, which was seen on blade loadings. The separation bubble

is just about to be eliminated. The efficiency improvement seen in the 1D results is
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compatible with the separation bubble behavior. The perpendicularity of shock at the

tip is conserved.

S1 (Linear-Forward-Swept)

Efficiency A (%) : -1 | Stall Margin A (%) : -4.1

Bigger Separation
Bubble

Figure 3.34 : Surface limiting streamlines of the S1 and baseline at design point

S2 (Linear-Aft-Swept)

Baseline Efficiency A (%) : 40.5 | Stall Margin A (%) : +2.9

Eliminated
Separation Bubble

Figure 3.35 : Surface limiting streamlines of the S2 and baseline at design point
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The surface limiting streamline characteristics of the S3 and S4 configurations (Figure
3.36 and Figure 3.37) are quite similar to S1 and S2 configurations, respectively.

S3 (Tip-Forward-Swept)

Baseline Efficiency A (%) : -0.8 Stall Margin A (%) : -3.1

Figure 3.36 : Surface limiting streamlines of the S3 and baseline at design point

S4 (Tip-Aft-Swept)

Baseline Efficiency A (%) : +0.4 Stall Margin A (%) : +1.6

Figure 3.37 : Surface limiting streamlines of the S4 and baseline at design point
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Lean

The comparison of the surface limiting streamlines of the L1 leaned geometry and
baseline is given in Figure 3.38. The passage shock at the tip section shifted to the
trailing edge, which was seen on blade loadings. The separation bubble at the tip
section is just about to be eliminated. The efficiency improvement was seen in the
spanwise results at the tip section. The separation bubble at mid span is conserved. It

is seen that the perpendicularity of shock at the tip is conserved.

The comparison of the surface limiting streamlines of the L2 leaned geometry and
baseline is given in Figure 3.39. The passage shock at the tip section shifted to the
leading edge, which was seen on blade loadings. The separation bubble at mid span is
smaller compared to the baseline. It is seen that the perpendicularity of shock at the tip

is conserved here, too.

The surface limiting streamline characteristics of the L3 and L4 configurations (Figure

3.40 and Figure 3.41) are quite similar to L1 and L2 configurations, respectively.
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Figure 3.38 : Surface limiting streamlines of the L1 and baseline at design point
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Figure 3.39 : Surface limiting streamlines of the L2 and baseline at design point
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Figure 3.40 : Surface limiting streamlines of the L3 and baseline at design point
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Figure 3.41 : Surface limiting streamlines of the L4 and baseline at design point
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3.6 Tip Leakage Flow

The tip leakage loss is one of the major loss sources in the turbomachinery design,
which is approximately accounting for up to 1/3 of the total loss. (Denton, 1993) Tip
leakage forms a vortex structure, sometimes a second structure also exists. The entropy
generation due to tip leakage vortex majorly affects the blade performance and flow
field.

In this section, the tip leakage vortex and entropy generation through passage have

been investigated.
Swee

The tip leakage vortex and entropy generation of S1 at the design point are given in
Figure 3.42. The tip leakage vortex of the S1 configuration has a wider radius which
reflects the stronger vortex. High entropy generation areas are also seen starting from
near the upstream planes. Also, the number of streamlines that feed the secondary
vortex is less compared to the baseline.

The tip leakage vortex and entropy generation of S2 at the design point are given in
Figure 3.43. The tip leakage vortex of the S2 configuration is weaker. Entropy
generation is seen to be improved. The high entropy generation areas shifted to the
passage exit All the streamlines of TLV mix with mainstream without feeding the

secondary vortex of the adjacent blade around the trailing edge.

The tip leakage vortex and entropy generation characteristics of the S3 and S4
configurations (Figure 3.44 and Figure 3.45) are quite similar to S1 and S2
configurations, respectively.
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Figure 3.42 : Tip leakage vortex and entropy generation of S1 at design point
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Figure 3.43 : Tip leakage vortex and entropy generation of S2 at design point
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Figure 3.44 : Tip leakage vortex and entropy generation of S3 at design point
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Figure 3.45 : Tip leakage vortex and entropy generation of S4 at design point
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Lean

The tip leakage vortex and entropy generation of L1 at the design point are given in
Figure 3.46. The tip leakage vortex of the L1 configuration is weaker. Entropy
generation is seen to be improved. The high entropy generation areas shifted to the
passage exit and smoothed in the azimuthal direction. All the streamlines of TLV mix
with mainstream without feeding the secondary vortex of the adjacent blade around

the trailing edge.

The tip leakage vortex and entropy generation of L2 at the design point is given in
Figure 3.47. The tip leakage vortex of the L2 configuration has a wider radius which
reflects the stronger vortex. High entropy generation areas are also seen starting from
near the upstream planes. The leakage flow that feeds the secondary vortex is much

more stronger as marked in the figure.

The tip leakage vortex and entropy generation characteristics of the L3 and L4
configurations (Figure 3.48 and Figure 3.49) are quite similar to L1 and L2

configurations, respectively.
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Figure 3.46 : Tip leakage vortex and entropy generation of L1 at design point
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Figure 3.47 : Tip leakage vortex and entropy generation of L2 at design point
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Figure 3.48 : Tip leakage vortex and entropy generation of L3 at design point
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Figure 3.49 : Tip leakage vortex and entropy generation of L4 at design point
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4, COMBINED DESIGN

4.1 Combined Geometry

As a final investigation step, the most promising sweep and lean configurations, S2
(Linear-Aft-Swept) and L1 (Positive-Leaned), are combined to further investigate
under the assumption of linear superpositioning. (Figure 4.1) The aerodynamic
performance of the combined configuration has been investigated with exact similar

approaches.

I S2 (Linear-Aft-Swept) L1 (Positive-Leaned) Combined
%20 of pitch
™

(%20 Axial
Chord)

Constant

Figure 4.1 : Schematic of combined geometry
4.2 Global Performance

The pressure and efficiency maps of the most promising sweep and lean
configurations, S2 (Linear-Aft-Swept) and L1 (Positive-Leaned), and combined
geometry are given in Figure 4.2 and Figure 4.3. The combined geometry has the
performance characteristic of the superposition of the single cases. The throat capacity
IS seen to be driven by sweep characteristics. The isentropic efficiency of the combined
case is higher than in both cases. Also, the peak total pressure ratio is higher compared

to the single cases, S2 and L1.

The comparison of the design point efficiency and stall margin of the combined
geometry with baseline and the most promising sweep and lean configurations have
been given in Figure 4.4 and Figure 4.5. The combined case reflects a better
performance in terms of operability and efficiency. It has a 4.67% stall margin and

0.83% isentropic efficiency improvement.
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Figure 4.2 : Pressure map of the combined geometry
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Figure 4.3 : Efficiency map of the combined geometry
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Figure 4.5 : Design point isentropic efficiencies of most promising geometries

4.3 Blade-to-Blade Flow Field Results

It is seen that passage the shock has been moved further downstream and weakened
with aft sweep applications. Blade loading around the leading edge is a direct
combination of the single cases, which is less compared to the baseline. Pressure side

acceleration is smoother compared to baseline and single solutions. (Figure 4.6)
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Figure 4.6 : Isentropic Mach plots of most promising geometries at %90 span height
and at the design point

4.4 Surface Streamline Results

The comparison of the surface limiting streamlines of the combined geometry with
baseline are given in Figure 4.7. The passage shock at the tip section is clearly seen to
be shifted to downstream. The separation bubble is smaller compared to the baseline.

Perpendicularity of shock at the tip is seen to be conserved here, too.

Combined
| Baseline | Efficiency A (%) : +0.8 | Stall Margin A (%) : +4.7

Smaller Separation
Bubble

Figure 4.7 : Surface limiting streamlinesof the combined geometry and baseline at
design point
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4.5 Tip Leakage Flow

The tip leakage vortex and entropy generation of the combined geometry with baseline
are given in Figure 4.8 The tip leakage vortex of the combined geometry is seen to be
less strong. Entropy generation is seen to be improved. Almost all the streamlines of
the tip leakage vortex mix with mainstream without feeding the secondary vortex of

the adjacent blade around the trailing edge.

| Combined

| Baseline

Efficiency A (%) : 40.8 | Stall Margin A (%) : +4.7

ﬁ is io 76 100 125 iso i7s ioo

Entropy (J/ (kg K))

Figure 4.8 : Tip leakage vortex and entropy generation of combined geometry at
design point
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5. CONCLUSION

A CFD model has been conducted for NASA Rotor 37 and the model has been
validated through a mesh independency study. Total 8 new blade geometries have been
generated based on Rotor 37, which are swept and leaned, and investigated in terms of

aerodynamical performance and flow physics.

It is seen that the forward sweep pushes the shock system to be expelled, which results
in a decrease in the isentropic efficiency and stall margin. It also leads to the growth
of the separation bubble on the suction side and enlarges the tip leakage vortex which
results in higher entropy generation. All the forward sweep characteristics are vice-
versa for the aft sweep strategy. The forward sweep is seen not to be a favorable design
against the aft-sweep. Similar findings as stated by Verstraete (2011), Benini (2007)
and Jang(2006).

It is seen that the positive lean pull the shock system to passage, which increases the
isentropic efficiency and stall margin. Also, the positive lean eliminates the separation
bubble on the suction side and reduces the tip leakage vortex which results in smaller
entropy generation areas. All the positive lean characteristics are vice-versa for the
negative-lean strategy. The positive lean is seen to be a favorable design strategy
against the negative lean. Similar findings as stated Wang(2021), Aziz(2014),
Verstraete (2011), Benini (2007) and Jang(2006) were observed.

The linear combination of the most promising swept and leaned geometry showed that
the combined geometry shows a better flowfield compared to singular cases; however,
the improvement of the global performance is not the direct combination of the

singular cases.
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Figure A.1: Sweep Distribution: (a)Single Parameter. (b)Double Parameter
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APPENDIX B
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Figure B.1: Blade-to-blade surface demonstration through isometric view
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Figure B.2- Design point B2B plane at %70 Span of CFD model
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APPENDIX C
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Figure C.1: Survey locations of experimental setup for NASA Rotor 37 (Dunham,
1998)

APPENDIX D

Mass Weighted Average of the Absolute Total Pressure at Rotor Exit
" Mass Weighted Average of the Absolute Total Pressure at Rotor Inlet

PR

TR Mass Weighted Average of the Absolute Total Temperature at Rotor Exit
" Mass Weighted Average of the Absolute Total Temperature at Rotor Inlet

(PR/m)Stall point

(PR/m)Design point

Stall Mar gingconstant speed = ( - 1> x 100
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, - (PR) v -1
Isentropic Ef ficiency = TR -1
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