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ABSTRACT

COMPRESSOR TANDEM BLADE AEROTHERMODYNAMIC

PERFORMANCE EVALUATION USING CFD

GEZGUC, Cagn
M.Sc., Department of Aerospace Engineering
Supervisor: Prof. Dr. Ibrahim Sinan AKMANDOR
Co-Supervisor: Assoc. Prof. Dr. Oguz UZOL

September 2012, 56 pages

In this study, loss and loading characteristics of compressor tandem blades are
evaluated. Whole study was focused on change of the total camber so called
turning angle. Effects of camber change were investigated in terms of loss and
loading characteristics. Methodology was increasing overall camber first by
aligning angular positions of blades and second, if required, using more

cambered airfoils.

2-dimensional cascade flow CFD analyses were performed to obtain loss-
loading information of different tandem blade combinations. Acquired results
were compared with the classical axial compressor blades’ loading and loss
characteristics which were obtained from literature. Results showed that most
of the time tandem blade configuration performed better than the single blade

counterpart in 2-dimensional cascade flow.

v



Lastly, to clarify the benefit of the study and present the gained performance in
numbers, only one cascade flow CFD analysis was performed for a classical
single compressor blade. Loss and loading results were compared with the
tandem blade counterpart where single and tandem configurations both having
the same degree of camber. It was clearly seen that tandem blade performed

better again.

Keywords: turbomachinery, compressor, tandem blade
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HAD KULLANARAK CIFT KOMPRESOR KANADIN

AEROTERMODINAMIK PERFORMANS HESABI

GEZGUC, Cagn
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yéneticisi: Prof. Dr. ibrahim Sinan AKMANDOR
Ortak Tez Yoneticisi: Dog. Dr. Oguz UZOL

Eyliil 2012, 56 sayfa

Bu calismada kompresorlerde ¢ift kanatgik uygulamasinin  performansi
degerlendirilmistir. Calismada c¢ift kanat¢iklarda toplam kambur, yani akis
doniis agis1, degisiminin etkieri iizerine yogunlasilmistir. Bu etkiler kayip ve
ylkleme oOzellikleri tizerinden degerlendirilmistir. Cift kanatgigin toplam
kamburunu artirmakta kullanilan yontem; oOnce kanatciklarin agisal
pozisyonlarinin ayarlanmasi ve sonra, eger gerekliyse, daha biiyiik kambura

sahip kanat¢ik kullanimasidir.

Cift kanat kombinasyonlarinin kayip ve yiikleme bilgilerini elde etmek
maksadiyla 2-boyutlu kaskad akista HAD analizleri gergeklestirilmistir. Elde
edilen sonuglar, literatiirde yer alan klasik tek kopmresor kanadi kayip ve
ylikleme verileri ile kasilastirilmistir. 2-boyutlu akis ¢éziimlemelerinden elde
edilen sonugclarda, ¢ift kompresor kanadinin tek kompresor kanadina gore daha

iyi sonuglar verdigi gézlenmistir.

Vi



Son olarak, yapilan ¢alismanin faydasini acikg¢a ortaya koymak ve performans
kazancini sayisal degerlerle gostermek amaciyla; sadece bir kez, klasik tek
kompresor kanadi iizerinde kaskad akis icin HAD analizi gercekletirilmistir.
Bu dogrultuda aynm1 kambur agilarina sahip ¢ift kompresoér kanadi ve eslenigi
tek kompresor kanadi arasinda kayip ve yiikleme degerleri kiyaslanmistir. Cift

kanadin daha iyi performans gosterdigi bu kiyaslamada da agik¢a goriilmiistiir.

Anahtar Kelimeler: turbomakina, kompresor, ¢ift kanatcik

vil



oglu okusun diye altmis yasina kadar dizinde ayakkabi déven Babaya;
okula ag gitmesin diye giin agarmadan uyanan Anaya;

bu can bin defa feda olsa, yine de yetmez...

babama ve anneme...
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CHAPTER 1

INTRODUCTION

Tandem blade application in compressors has been worked since 1980’s. Idea
was using two blades in a row in axial direction with a small gap between them
which is in tangential direction. This is the same as a flapped wing, where
momentum transfer occurs from pressure side of the wing to the suction side at
the flap region. Therefore, flapped wing can work under highly cambered
conditions without losing lift generation capability. Same thing was applied to
axial compressor blades while loading them to high levels. Highly cambered
tandem blade configurations can be used for high loading. Although high
degree of camber has the potential of separation, the gap between two blades
reduces that risk over the aft blade. Moreover, velocity of fluid is increased
while passing through this gap which leads to lowering the boundary layer
momentum thickness over the aft blade. Furthermore, reduced boundary layer
momentum thickness means lower loss, so better efficiency. As a result,
tandem blade idea brings an efficient solution for highly loaded compressor

blades.

(_\“

ARFLOW
,_\\

Figure 1 Flapped Airfoil [25]
1
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Figure 2 Tandem Blades

1.1 Background

Looking at the Euler Turbomachinery Equation [1.1] which obviously indicates
there are two ways of achieving high loading at compressor blades. First one is
increasing the rotational speed. Second one is increasing the tangential velocity
difference between inlet and exit of a compressor rotor. That is increasing the

turning angle.

_Ps a
% = (Uzvez - U1V91) [ 1.1 ]

In this study, rotational speed was not considered because all analyses were
performed in cascade frame of reference. Remaining solution for high loading
was increasing the turning angle, which is the tandem blade concept in this
study, and has been better acquired during the literature survey. Most
impressing study was a Ph.D. Thesis written by McGlumphy [1]. This work
has a very deep research of literature on tandem airfoils, splitters and slotted

airfoils. Although he explains other types of dual airfoils in his literature



survey, tandem blade and its application to an axial compressor rotor was the
focus of that work. Thesis was based on numerical study. Both 2-D and 3-D
CFD analyses were performed to see whether a tandem rotor is worth to apply
on core part of an axial compressor or not. At the end, the answer was yes. This

result gave the full motivation to this thesis work.

Figure 3 shows the variables related with the flow and tandem airfoil geometry.
Furthermore, some equations relating those variables are listed in Table 1.
Same notations with McGlumphy for tandem airfoil terminology have been
used in this study. Because he had represented the things so methodically that

everybody can understand easily [1].

Figure 3 Tandem Airfoil Terminology [1]



Table 1 Geometric Variables [1]

Variable Name Equation

Forward Airfoil Camber Pra = Ky —Kqy

Aft Airfoil Camber Das =Ky — Ky
Overall Camber Boveran = Ki1 — Kya
Axial Overlap A0 = X, /X,
Effective Chord Cerr = (Cpa +Cyq)/(1 + AO)
Effective Spacing (1-05%40) *s
Effective Solidity Oerr = Cerf/Sers
Percent Pitch PP =t/s

1.2 Literature Review

Looking at the history, tandem blade idea had been worked on for many times.
Throughout these studies blade relative positions (in terms of angle and
distance) and airfoil types are investigated. Some of the studies were performed
to build tandem stators and some of them were to build tandem rotors. At the
end, tandem stator applications are seen on commercial engines such as GE J79
[1], an advanced single-stage LP compressor designed by Honeywell [1] and
GE MS 7001 EA heavy duty gas turbine [2]. However, tandem rotor concept
has applications only for experimental purposes. Figure 4 indicates a photo of
tandem rotor built at The Institute of Turbomachinery of The Hannover

University.



Figure 4 Tandem Rotor Set-Up [4]

One of the first tandem blade studies was performed in Germany [3-4]. This
was a 4-stage axial compressor where 3 stages were built as tandem rotors and
having a design pressure ratio of 2.5 [4]. Detailed characteristics of this

experimental axial compressor are listed in Table 2.

Table 2 Experimental Set-Up Characteristics [4]

Name Dimension Value
Mass flow rate kg/s 6.58
Speed rpm 11000
Number of Stages - 4
Design Pressure Ratio - 2.50
Hub to Tip Ratio - 0.64
Blade Tip Speed m/s 195.82
Internal Power kW 672
Inlet Total Pressure bar 1

Inlet Total Temperature K 288.15
Outlet Total Pressure bar 2.51
Outlet Total Temperature K 389.9

There are two papers explaining studies on this set up [3-4]. First one is an
optimization study. Bammert & Staude spent effort on both theoretical and

experimental jobs [3]. Theoretical calculations were performed by an

5



incompressible potential flow solver within an optimization study. For the
experimental part it is stated that a four stage axial compressor was built. They
had shown how tandem blades were optimized over the height for minimum
profile losses and verification of their results with the experiments. Figure 5

illustrates a sketch of experimental set-up.

® 500 ﬁ
i

r_m___k
¥

L___ Ty 7 A R —

Figure 5 Tandem Rotor Compressor [4]

“(a) inlet casing, (b) stator blade carrier, (c) outlet casing, (d) journal bearing,
(e) co-rotational transmitter, (f) receiving antenna, (g) stator blade, (h) shroud,
(k) diffuser, (1) double thrust bearing, (m) rotor with rotor blades, (p) boring
for transmitter line, (i, X, y, z, 0) measuring plane for scanning” [4]

Details of stages and some geometrical information are presented in Figure 6.
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Figure 6 Details of Set-Up [4]



Further study on this set-up was conducted by Bammert & Beelte [4].
Experiments were performed at different rotational speeds so that they brought
up compressor maps for five different stator combinations. They observed the
effect of stagger angle change in stator blades. It is obviously seen that in the
first paper they had tried to build up a compressor having optimized tandem
rotor blades. Then in second paper, they had worked on stators to make it work
better. Bringing these two results together, one can say that they got an axial
compressor with optimized tandem rotor and improved stator blades. At the
end, Bammert and Beelte clearly stated that tests had proven tandem rotor

compressor did not raise any problems [4].

Another experimental work was performed by Nezym & Polupan [5]. Purpose
of the study was obtaining a statistical-based correlation for the loss behavior
of tandem cascade. During experiments six controlled variables, which were
listed in Table 3, were investigated for minimum loss. Authors conclude that
blade chord lengths, blade cambers and solidity should be taken into
consideration when designing tandem cascades. Remaining variables did not

have a dominant effect on tandem blade design.

Table 3 Controlled Variables [5]

No | Controlled Variable Definition

Axial overlap to forward airfoil’s chord ratio
Displacement in peripheral direction to blade pitch ratio
Total chord to blade pitch ratio

Rear airfoil chord to forward airfoil chord ratio

Rear to forward airfoil camber ratio

Incidence

NN | |W|N|—

In addition to experimental effort, numerical studies on tandem blades were
seen in literature. Those studies were pointing out consistent results with
experiments. For instance, a 2-D study performed by McGlumphy was
focusing on two parameters, which were percent pitch and axial overlap, in
tandem arrangement of airfoils in cascade flow. He claimed that as percent

pitch was increased up to a certain level, tandem airfoil performs better.
7



Moreover, axial overlap should be kept as zero to obtain the best performance
and it is independent of airfoil combination [1,10]. In this thesis work, NACA
65 series airfoils were used as Bammert, Stadeu and Beelte did in their studies.
It is due to the fact that NACA 65 series are widely used profiles in subsonic
flow axial compressors. Moreover, there are lots of open information about this
airfoil family in literature, some of them may be reached at references

[6,12,16].

Further in his study, McGlumphy expresses results of his 3-D tandem rotor
CFD analysis [1, 11]. Some geometrical information about this 3-D rotor is
given in Table 4. Rotor was built for fully subsonic flows. It was a high hub to
tip ratio rotor which was generated directly extruding from 2-D geometry into
third dimension. Extruded geometry was selected from the prior study in his
thesis work which has the best performance in 2-D CFD analyses. It is
concluded that, results showed tandem rotor was worth to be used on an axial

compressor.

Table 4 3-D Rotor Characteristics [1,11]

Name Dimension | Value
Blade tip speed m/s 212.75
Hub to Tip Ratio - >0.95
Effective Solidity - 1.93
Axial Overlap - 0.0
Percent Pitch - 85%
Tip Clearance mm 1.70
Overall Camber deg 48.0

Furthermore, papers introducing the historical development of compressors
light the author’s way much. One of these papers was written by Wennerstrom
and giving information of efficiently high loading of axial turbomachinery. It
was stated that axial compressors have tendency for high efficiency while they
have low aspect ratio blades [7,8]. Ball was also stating the same things in his
paper [9]. He was indicating that designers first thought that high aspect ratio

axial compressors were superior in terms of loading and efficiency. After a

8



while they saw that low aspect ratio designs had performed better. Therefore,
tandem blade idea may be useful to build low aspect ratio compressor blades

easily because of its inherently high effective chord length.

Besides the published information in literature, someone should look at the
basics of axial compressor design while thinking of tandem blade idea.
Entrance level theoretical information about turbomachinery and axial

compressors may be gathered from text books [12-15].

Consequently, people have been working on tandem blades both in stators and
rotors in axial machines for decades. Although some tandem stator applications
have been seen in commercial engines, tandem rotor is still restricted to
experimental compressors. On the other hand, there are CFD studies which

showed tandem rotor performance ending with promising results.

1.3 Objectives

Main objective of the current work was evaluating the performance of tandem
airfoils in 2-dimensional cascade flow using numerical tools. Simply effects of
overall camber angle increment were interrogated. This is achieved in two
different ways. First, an airfoil pair was selected and aft airfoil’s inlet angle
was decreased step by step. Therefore total camber of tandem airfoils reached
higher values and this idea is indicated in Figure 7. Second method was
obtaining a new tandem airfoil combination by just increasing backward or

forward airfoil camber. That is using a more cambered airfoil directly.



Inlet metal angle
is decreased

Figure 7 Increasing Overall Camber
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CHAPTER 2

FLOW DOMAIN SET-UP

In this chapter basically four things will be handled. Section begins with the
abilities of developed in-house code for 2-D flow domain creation. After that,
mesh creation procedure is explained. At the end, whole analyses matrix is

given and some tricks for preparing geometries to CFD analysis are shared.

2.1 2-D Flow Domain Set-Up

2.1.1 Airfoil Data

Airfoil data was generated from a Fortran code developed at NASA Glenn
Research Centre. Program is able to generate NACA 4, 5 and 6 digit airfoils’
data which is not only coordinates of points that are representing upper-lower
surfaces and camber line of the airfoil but also first and second derivatives at
each point. Moreover, it summarizes geometrical and aerodynamic
characteristics of the airfoil. Detailed information can be obtained from

reference [17].

2.1.2 In-House Code

An in-house Fortran code was written to get the numerical values of boundaries

of a flow domain. This program is simply doing each and every repeated step

for every tandem airfoil configuration automatically. That is, once the input file

is given, this program aligns the airfoil positions, calls GAMBIT to draw and

mesh the 2-D domain. After that calls the flow solver Fluent to start the CFD
11



solution. Finally, user takes the control in hand due to the CFD solution
technique in turbomachinery problems which is expressed in Chapter 3. A flow

chart is indicated in Figure 8 to visualize the procedure

Figure 8 Flow Chart for Fortran Program

12



2.1.3 Airfoils Placement

For a 2-D flow domain, starting step is arranging airfoils and basically two
things done. Firstly, airfoils are rotated about its quarter chord and adjusted to

desired blade metal angle as indicated in Figure 9 and Figure 10.

12
1+ . I .
I Original airfoil before rotation
08
0.6 -
>. -
04
| c |
02
S cl4
0 - I’ 1
Center of Rotation
¥ I | IR R ST | INEETTE IR |
O'?O.Z 0 0.2 0.4 0.6 0.8 1 1.2
X
Figure 9 Original Airfoil
12
1+ . e
I Rotation of forward airfoil
08
06 -
I &
- " Airfoil after rotation
04 S
i #,
02
- cld rd
I . ’ [ Orginal airfoil
of ‘ s
/ # Center of Rotation
0 I llklwwwllwwlw | INEEEE I |
'20.2 0 0.2 0.4 0.6 0.8 1 1.2
X

Figure 10 Rotated Forward Airfoil
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Secondly, translation is performed for only the second airfoil. In fact, desired
axial overlap and percent pitch values are reached by this way. Figure 11 and
Figure 12 indicate respectively the translation operation and final tandem

airfoil geometry.

1.2
! N Rotation and translation of second airfoil
08
Second airfoil will be
06 translated just behind
> 3 the forward airfoil after
04 N rotation procedure
o2k Forward airfoil
- . _ Second airfoil
ok = S
-0 L llylwwwllwwlw | TR EERE |
202 0 0.2 0.4 06 0.8 1 1.2
X
Figure 11 Aft Airfoil Operations
15
| Tandem airfoil configuration
1 e
Aft Airfoil
>05F
i Forward Airfoil
0 b
N . 1 - 1 -
. 0 0.5 1 1.5
X

Figure 12 Tandem Airfoil Geometry
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All geometries have zero axial overlap and 0.95 percent pitch value due to the
fact that in his study McGlumphy has shown tandem blade performance is the
best [1].

2.1.4 Creating Flow Domain

Flow domain is created in GAMBIT which is a commercial program. A journal
file was prepared to build up the whole geometry in GAMBIT automatically.
Basically in-house code sends a text file including coordinates of boundary
points and airfoil data to GAMBIT. Then, GAMBIT processes this information

as coded in the journal file.

While creating the geometry, upstream flow boundary was placed at 2.5 chord
distance in front of the forward airfoil’s leading edge and downstream side
boundary was placed at 2 chord distance behind aft airfoil’s trailing edge.
These distances were decided after some trial solutions in CFD. The goal of
those trails was to minimize the interaction of solution with boundaries. Figure

13 shows example flow domain geometry.

2C

25¢

Inlet

Periodic Boundaries

Figure 13 Cascade (2-D) Flow Domain Geometry
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It is seen in Figure 13 that downstream part of the domain is not parallel to
upstream part, but inclined with the same angle of aft airfoil’s chord line. This
is due not to interact wake region with periodic boundaries. As a result, ease of
convergence is improved. Examples of similar flow domains can be seen at

references [26,27].

2.1.5 Mesh and Boundary Conditions

GAMBIT has three different types of 2-D mesh options. These are quad
(quadrilateral), tri (triangular) and quad-tri meshes. Due to the fact that it is
easier to get a high quality mesh, unstructured triangular mesh option was used

throughout this study.

A boundary layer was attached on airfoils. The criterion for boundary layer
thickness was having a wall y+ value less than 1. This is because of the
turbulence model used by the solver. A useful tool for predicting boundary
layer mesh thickness can be reached at reference [28] for a desired wall y"

value.
After giving a decision to mesh type and boundary layer thickness, mesh

independency analyses were performed. Four different size of mesh were

studied for independency and presented in Figure 14.
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49400 Grid Points 113200 Grid Points

158800 Grid Points 204800 Grid Points

Figure 14 Different Sized Meshes for Mesh Independency Study

In reference [1] it is asserted that change of quantities less than 2% between
two different sized meshes was enough for mesh independency. In this study,
mesh sizes were adjusted as 2, 3 and 4 times of the coarsest mesh size as
illustrated in Figure 14. Performance parameters were used as a measure of
change in quantities. This is because; they are not obtained directly from CFD
results but after some mathematical operations. Those mathematical operations
make their error band become larger. Therefore, if they are within the desired
range of change for mesh independency, then other quantities, which are
directly obtained from CFD solution, such as temperature, pressure, velocities

etc. are already in this desired range.
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Table 5 Mesh Independency Analyses Results

Number of Grid Points| % D-factor % Loss % Logs
Parameter | Coefficient
1000 Change Change Change
494 —-113.2 0.16 343 3.22
113.2 -158.8 0.06 1.86 1.19
158.8 —204.8 0.03 0.33 1.10

Table 5 shows the mesh size and change of performance values. Each row
indicates the percent change of performance parameters between two different
sized meshes. It is obviously seen that percent change of quantities between
113200 and 158800 grid point meshes are less than 2 which means 158800 grid
points are enough to say mesh is independent from solution. Further analysis
performed for double checking of the study. Solution of a 204800 grid point
mesh was compared with the 158800 grid point mesh. Results of this analysis

showed that change in performance quantities were even lower.

Consequently, mesh independency analyses were result in a domain of nearly

160.000 grid points and Figure 15 shows a meshed flow domain with a

boundary layer detail.

Pressure
Inlet

Wall

Figure 15 2-D Mesh
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Up to here geometry and mesh generation of 2-D study is explained. Next step
is boundary conditions. 2-D CFD study was performed for cascade flow
solutions. Flow around the blades was desired to be shock free that is fully
subsonic. As a result, it was decided to have a flow Mach number of 0.6 M at
cascade inlet. There are two alternative boundary conditions to obtain 0.6 M at
the inlet in Fluent. These are pressure inlet, which is widely used in
turbomachinery applications, and pressure far field boundary conditions. First
one lets the user to enter total pressure and temperature as a boundary
condition, whereas second one needs static pressure with a target Mach number
and the total temperature. During cascade flow study pressure inlet was
preferred as upstream boundary condition. On the other hand, in Appendix A
results for both upstream boundary conditions are compared. It was showed
that results are close enough to use one of the alternative boundary conditions

safely for cascade flow analyses.

For downstream boundary condition pressure outlet option was used. User
need to define the static pressure at the exit and a back flow total temperature.
If backflow occurs during the analysis, then this temperature information

contributes for convergence. Otherwise temperature information is not used.

One more boundary condition is applied for viscous flow at upstream
boundary. Turbulence quantities were defined uniformly as turbulence
intensity and hydraulic diameter. These two turbulence quantity can be used
safely for fully developed flows [18]. For downstream boundary, backflow
turbulence quantities may be defined as well. However, these contributes to
convergence if backflow occurs at the exit, otherwise all turbulence

information is extrapolated from upstream [18].

The last boundary condition was applied for the periodicity. Passage

boundaries were appointed as periodic.

Table 6 represents up and downstream flow boundary conditions.
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Table 6 Boundary Conditions for 2-D study

Boundary Name Value
Operating Condition Gauge Pressure 101325 Pa
Pressure Inlet Total Pressure 27915 Pa
Total Temperature 300K
Turbulence Intensity 0.03
Hydraulic Diameter 0.03 m
Pressure outlet Static Pressure Changed
Back Flow Total Temperature 300K
Turbulence Intensity 0.03
Hydraulic Diameter 0.03 m
Wall Stationary -
Periodic Translational -

2.2 Tips and Tricks for Creating Flow Domain

In this part, some suggestions for solution of problems that were faced during
the thesis work were given. These problems were related with automation of

flow field creation, geometry and mesh generation.

First is about automation so the journal file. There are two ways of creating
journal files. One way is building up geometry and mesh manually for the first
time so that each and every step is recorded in a journal file by GAMBIT
simultaneously. Then use that journal file for automated analyses. One has to
be careful about ensuring that every step has been recorded correctly
throughout the journal. In such a journal file somebody may change the
numerical values which adjust distances or mesh size. On the other hand, do
not try to change or delete any geometrical definition, because the result will
probably be a total failure. Second way is defining variables first and then
coding the flow domain directly in a journal file without visualization. After
generating this data, run that journal file in GAMBIT to see the results. If
something is wrong, the journal file has to be corrected accordingly. This is
little bit time consuming but a much more robust method than the first way.

Some explanations and examples may be obtained from references [2,19].
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Second suggestion is about creating boundary layer. If GAMBIT is to be used
as a mesher, one should be able to use Tgrid as well. Tgrid is absolutely
superior on creating boundary layer and improved quality of mesh than
GAMBIT. Although this thesis work is a 2-Ddimensional study, one should
know that for 3-dimensional turbomachinery CFD applications GAMBIT is not
able to produce a smooth geometry and a high quality boundary layer.
However, Tgrid can do high quality job for such applications.
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CHAPTER 3

SOLVER AND TEST MATRIX

This chapter divided into three main parts. It begins with a very brief
introduction for the solver and theoretical bases. After that, solution techniques
are summarized and some tricks are suggested. At the end, test matrix is given
indicating which geometrical configurations of tandem airfoil analyses were

performed in this thesis work.

3.1 Solver and Theory

3.1.1 Solver

This study was realized by the commercial CFD solver Fluent. Cascade flow

problems were solved for compressible and viscous flow.

First of all, flow simulations were performed at high speeds. Flow Mach
number at the cascade inlet was 0.6 M. If 0.3 M is considered to be the limit of
incompressible flow, simulations must be performed obviously under
compressible flow conditions. A second order pressure based solver was
preferred during analyses. This pressure based solver was using pressure-
velocity coupling method. It was observed that coupled solver in Fluent
increases time for one iteration, yet decreases number of iterations very much
during the convergence of solution. Therefore, it is logical to use the “coupled”

solver in Fluent rather than “simple” solver in such a cascade simulation.
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Secondly, it is claimed that tandem blade flow separation characteristics is
better than classical blades [1]. Thus somebody must deal with boundary layer
around blades so the viscous flow. As all other commercial CFD programs
Fluent has its own turbulence models; starting from one equation Spalart-
Allmaras to Large Eddy Simulation there are six of them. In this study, Spalart-
Allmaras turbulence model had been used because it is widely used in
turbomachinery applications and efficient in terms of computer resources [18].
Moreover, it is recommended that boundary layer mesh must be so fine near
the wall surface that wall y* value should be kept under 1. As a result, a good

solution can be obtained for turbulence modeling [18].

Consequently, working with high speed air flow in a turbomachinery
application brought the necessity of dealing with compressible and viscous
flow. A second order discretization was preferred for accuracy of solution and

a one-equation model was thought to be enough for turbulence modeling.

3.1.2 Theory

Computational fluid dynamics is just solving fluid equations using numerical
methods. Fluid equations are formed by conservation of quantities which are
mass, momentum and energy. Moreover, some additional equations are used to
solve compressibility and turbulence phenomena such as equation of state and

modeled transport equations.

First equation is conservation of mass. It is a scalar quantity, so just one
equation is enough to show that mass is conserved. Fluent solve the

conservation of mass equation as in Equation [3.1].

L4V (p¥) =S [3.1]
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“On the right hand side S, is the mass added to the continuous phase from the
dispersed second phase (e.g., due to vaporization of liquid droplets) and any

user-defined sources™ [18].

Second conservation equation belongs to linear momentum. Due to the fact that
momentum is a vector quantity, somebody needs to write one equation for each
dimension of the fluid problem. A 3-dimensional problem has 3 momentum
conservation equations in X, y and z directions. In Fluent, momentum equation

is represented as in Equation [3.2].

2 (V) + V- (p¥W) = —Vp+V- (D) +pg+F [3.2]

“Where p is the static pressure, T is the stress tensor, and pg and F are the

gravitational body force and external body forces, respectively” [18].

While modeling 2-D cascade problems x and y momentum equations are

enough to solve.

The last conservation equation comes from the energy. It is a scalar just as the
mass. Therefore, only one equation is enough to represent energy conservation.

Equation [3.3] is solved by Fluent for energy conservation.

%(PE) +V-(V(pE+p)) = V- (keffVT — ¥ hJi + (e - V)) + S, [3.3]

“Where ke is the effective conductivity (k+k; , where k; is the turbulent

thermal conductivity, defined according to the turbulence model being used),
and ]_;is the diffusion flux of species j. The first three terms on the right-hand

side of the energy equation represent energy transfer due to conduction, species

diffusion, and viscous dissipation, respectively. Sy includes the heat of
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chemical reaction and any other volumetric heat sources you have defined”

[18].

In theory, all equations have their unknown term and can be listed as:
Conservation of mass and momentum — p, Ui, P

Conservation of Energy — T

For mass and momentum equations there are 5 unknowns for 4 equations in a
3-D problem. One more equation is needed to solve for the unknowns.
Therefore, conservation of energy equation [3.3] is written as the fifth equation
but it brings an unknown term as well. At the end, another equation is written
which is the equation of state [3.4] to reach the number of equations to 6.
Moreover, it doesn’t have a new unknown term. Thus, totally there are 6
unknowns with 6 equations in hand which means it is mathematically possible

to solve the problem.

P = pRT [3.4]

If flow was incompressible then there was no need of energy [3.3] and state
[3.4] equations. Because density is constant for incompressible flows, one mass
conservation and three momentum equations will be enough to solve for 4
unknown terms which are pressure and three velocity components for a 3-

dimensional problem.

3.2 Solution Techniques

3.2.1 Full Multigrid Solution

Full multigrid solution is a fast way of obtaining a simple solution for a CFD
problem in Fluent. If full multigrid solution is not used; first, solver spends

much more time and computational effort to get a meaningful flow path. Then
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goes deeper in solution and converges to higher orders. Therefore, this simple

solution contributes to solution by a good starting point.

3.2.2 Changing Static Pressure

In turbomachinery, classical boundary condition application is defining total
quantities at the inlet and static pressure at the exit. Moreover, changing static
pressure at the downstream boundary (exit) during an analysis, leads CFD
users to adjust upstream (inlet) Mach number [20]. This method is used for
design point CFD analysis. If somebody wants to perform off design analyses

then need to define some mass flow rate information [21-23].

3.3 Test Matrix

In this part 2-D cascade flow test matrix is presented which is briefly giving
information about tandem airfoil geometries. Besides that, it explains how

controlled variables were decided and interrogated.

There are 8 different parameters which can be used while creating tandem
airfoil geometry. Those variables were presented in Table 1. Among these
parameters, airfoil cambers and difference between those two airfoils’ blade
metal angles (K;; — K,;) were selected. These three controlled variables were
used to increase total camber of tandem airfoils. Other parameters all kept
constant. According to McGlumphy, percent pitch should be as high possible
(he worked up to 95% percent pitch value) and axial overlap must be 0 for the
best performance [1]. Therefore, those two variables were set to 0.95 for
percent pitch and 0 for axial overlap. Moreover, solidity and chord length were
kept constant. During this study effective chord length for each airfoil was 34
mm and effective solidity was 1 for all geometries. There was no rounding at
the leading or trailing edge of both airfoils as well. Table 7 indicates analyses

matrix.
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Table 7 2-D Tandem Airfoil Configurations

Tandem Airfoil | K4 Ky, (O Dpn Ky Dyyerall
506-606 65.00 | 55.00 | 24.92 | 29.70 | 25.30 | 39.70
506-606 65.00 | 50.00 | 24.92 | 29.70 | 20.30 | 44.70
506-606 65.00 | 40.00 | 24.92 | 29.70 | 10.30 | 54.70
506-906 65.00 | 60.00 | 24.92 | 43.37 | 16.63 | 48.37
506-906 65.00 | 55.00 | 24.92 | 43.37 | 11.63 | 53.37
506-906 65.00 | 50.00 | 24.92 | 43.37 | 6.63 | 58.37
506-1206 65.00 | 60.00 | 24.92 | 55.87 | 4.13 | 60.87
506-1206 65.00 | 55.00 | 24.92 | 55.87 | -0.87 | 65.87
906-1206 65.00 | 60.00 | 43.37 | 55.87 | 4.13 | 60.87
906-1206 65.00 | 55.00 | 43.37 | 55.87 | -0.87 | 65.87
906-1206 65.00 | 50.00 | 43.37 | 55.87 | -5.87 | 70.87

In Table 7, first column represents the airfoil names. All airfoils belong to
NACA 65 series with a maximum thickness to chord ratio of 6%. As seen from
the table overall camber was tried to increase both by increasing directly
camber of airfoils and increasing the difference between forward and aft

airfoils’ blade metal angle (K;; — K,;). At the end, a test matrix was obtained

with a camber range between 40° to 71°.
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CHAPTER 4

RESULTS

This section reviews the results of CFD analyses. Performance parameters,
normalized lift distribution and Mach contours of CFD results were

represented.

Performance parameters are divided into two. D-factor is a representation of

loading; loss coefficient and loss parameter are indicators of losses.

Loading was determined by D-factor which was defined by Lieblein first [6]. It
is a diffusion parameter independent of blade shapes where velocity
distribution data are not available. Equation [4.1] indicates the Lieblein

definition of D-factor.

D =(1-%2)+ (2o [4.1]

W1 20'W1

In his study McGlumphy defines D-factor for a tandem blade as Equation [4.2].

Same definition was used throughout this thesis as well.

D= ( _ M) n (We,11—We,22) [4.2]

Wi1 20effW11

Loss coefficient is used as a measure of total pressure loss across the blades. It
is defined in Equation [4.3] as total pressure change normalized by inlet

dynamic pressure.
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— Pra1—Pta2
t11 11

Loss parameter indicates the non-dimensional boundary layer momentum

thickness. Equation [4.4] represents loss parameter.

For tandem blade loss parameter is adapted by McGlumphy in reference [1]. It

is shown in Equation [4.5] and same definition is used in this study as well.

o = 0,2 (22’ 45)

c
20eff \COSB,,

Lift distribution between forward and aft airfoils was observed during analyses
as well. In theory, aerodynamic lift is defined as the force over a wing which is
in the normal direction to free stream flow. In tandem airfoil case there is no
problem with the forward airfoil while calculating lift. However, for the aft
airfoil free stream velocity may be discussed. Due to the fact that forward
airfoil is disturbing the flow, free stream angle will change before flow reaches
the aft airfoil’s leading edge. It is hard to determine the right free stream angle
before second airfoil. Thus, free stream angle for aft airfoil was assumed to be
the same with the forward airfoil. Then lift calculations were realized. Figure

16 indicates aerodynamic forces on both airfoils.
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Figure 16 Directions of Aerodynamic Forces

4.1 2-Dimensional Results

In this part, result of cascade study is reviewed. Cascade analyses were
performed for different inlet flow angles to determine the corresponding loss
coefficient. Therefore, minimum loss coefficient would bring the on design
(design point) information for that geometry. Technically speaking, cascade
study was based on a partial loss bucket analysis. Aim of this thesis work was
not obtaining the full loss bucket, so the off-design information for a tandem
airfoil geometry. Purpose was just to evaluate design point performance. In
spite of the fact that Figure 17 shows a full loss bucket of only one tandem
airfoil configuration, analyses for other geometries were performed up to a

certain point that minimum loss was assured to be reached.
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Figure 17 Sample Loss Bucket

Following subtitles devoted to results of design point analyses, which were
presented as tables, graphs and contours for each geometry. Basically D-factor,
loss coefficient, loss parameter and lift of airfoils are observed. In these tables
“normalized loading” means that aft or forward airfoil’s lift normalized by that

tandem airfoil’s total lift. In fact, it is the lift distribution on both airfoils.

As mentioned in Chapter 3, wall y' values for all analyses were kept below 1
for the health of turbulence modeling of Spalart — Allmaras. Figure 18
indicates an example wall y* distribution on both airfoils (NACA 65 906 -
1206 K;,1=50° case).
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Figure 18 Wall y+ Distribution Over Airfoil Surfaces (NACA 65 906 - 1206
K5;=50° case)

Further information about analyses is convergence. All analyses were
converged at least to the order of 10 for the second order accurate solution.
Figure 19 indicates sample convergence characteristics of a solution.
Moreover, Figure 20 and Figure 21 belong to the convergence of inlet Mach
number and mass flow rate difference between inlet and exit of the domain

respectively (NACA 65 906 - 1206 K,,=50° case).
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Figure 21 Convergence of Inlet-Outlet Mass Flow Difference (NACA 65 906 -
1206 K,;=50° case)

In Figure 19, Figure 20 and Figure 21 sharp peaks and bottoms present the
change of boundary conditions. If desired inlet Mach number can’t be reached
by the first trial, most probably not, then back static pressure is changed to
obtain the target Mach number at the inlet. Therefore, some sharp changes

observed in the convergence graphs.

4.1.1 NACA 65 506-606

Starting airfoil pair was 506 — 606. Figure 22 shows geometries for different
inlet blade metal angles. CFD analyses were performed for geometries which

are listed in Table 8.
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50 degree

K, 65 degree

Figure 22 NACA 65 506-606 Airfoil Pair With Inlet Blade Metal Angles

Table 8 Geometry and Performance Values of 506-606 Pair

Normalized Loading
Kll I<21 q)overall D ¢ Wp FA AA
65 | 55| 39.70 | 0.450 | 0.026 | 0.016 0.61 0.39
65 | 50 | 44.70 | 0.523 | 0.028 | 0.020 0.59 0.41
65 | 40 | 54.70 | 0.600 | 0.056 | 0.050 0.57 0.43

It is seen from Table 8 that as K,; decreasing, both D-factor and losses are
increasing. Although K,=40° case seems to have the highest D, . and o,
values this is not a practical case due to separation problem. Figure 23 indicates
the full loss bucket of this case and obviously it is not showing an ordinary
behavior. Such a useless configuration led to take a precaution for further
analyses. From this analysis on the difference between airfoil inlet blade metal
angles (K;;- K;1) was kept below 15° and systematically increased from 5° to

10° and 15°.
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Figure 23 Loss Bucket of Separated Case (K;;=40°)

mach-number

0.71
0.65
0.59
0.53
0.47
0.41
0.35
0.29
0.23
0.17
0.1
0.05

Figure 24 Mach Contours of Separated Case (K;;=40°)
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After elimination of separated tandem airfoil configuration, K;;=50° case has
the highest diffusion and loss values as expected. Loading distribution did not
change much between K;=50° and 55° cases. However, loss parameter

increased 25%, and D-factor increased 16%.

Figure 25 shows Mach distribution of K,;=50° case for NACA 65 506 - 606
tandem airfoil combination. As expected, the gap between forward and aft

airfoil behaved like a nozzle and gave impetus to the flow passing through it.
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Figure 25 Mach Distribution of K;;=50° Case

4.1.2 NACA 65 506-906

In this part, three different NACA 65 506 - 906 tandem airfoil geometry was
investigated. Figure 26 shows airfoil placements for all cases. Obtained results

for design points are presented in Table 9.
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55 degree

K, 65degree

Figure 26 NACA 65 506 - 906 Airfoil Pair With Inlet Blade Metal Angles

Table 9 Geometry and Performance Values of 506-906 Pair

Normalized Loading
I<11 KZ] (I)overall D (OR ®p FA AN
65 | 60 | 48.37 | 0.507 | 0.026 | 0.018 0.58 0.42
65 | 55| 53.37 | 0.575 | 0.028 | 0.023 0.57 0.43
65 | 50 | 58.37 | 0.563 | 0.030 | 0.024 0.49 0.51

Results indicate that highest diffusion belongs to K, =55° case. However,
highest loss values are seen at K;;=50°. Expected trend for these analyses was
increasing camber should lead to an increase in D-factor and loss values.
Nonetheless, D-factor is first increasing with camber (Qoyeran 48.4° to 53.4°)
then decreasing (®@overan 53.4° to 58.4°). Hence, if higher than 53° degree of
camber is acquired for a design, second airfoil should be changed with a more
cambered one rather than further decreasing K;; to obtain higher overall

camber.
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Moreover, it seems that increasing the overall camber has balanced the loading
of forward and aft airfoils. This result contradicts with reference [1] where it
was asserted that equal loading of airfoils would give the best results in terms
of performance. Although lift distribution is nearly equalized for K;;=50° case,
it showed the worst loss characteristics [1]. However, loading calculation
method might be different in reference [1] then in this work. Assumption for
the lift calculation was expressed at the beginning of this chapter and may

result in such a contradiction.
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Figure 27 Mach Distribution of K;;=60° Case

Lastly, a 2-D single airfoil counterpart in terms of camber was built up and
same performance analyses were performed for K;;=60° case. This was to see
the superiority of a tandem airfoil on a single one in numbers. In Table 10

results are compared.
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Table 10 Comparison of Single — Tandem Airfoil

Parameters NACA 65 506 — 906 NACA 651006
Overall Camber 48.4° 47.7°
D-Factor 0.507 0.484
Loss Parameter 0.0183 0.0188
Loss Coefficient 0.0262 0.0283

Tandem airfoil seems to be 4.8% better in D-Factor, 2.7% and 7.4% lower

respectively in loss parameter and loss coefficient.

Figure 28 represents the Mach contours of single airfoil case (NACA 65 1006).
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Figure 28 Mach Contours of Single Airfoil (NACA 65-1006)
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4.1.3 NACA 65 506-1206

As similar as the previous airfoil combination, just the aft airfoil had been
changed and became more cambered in this part. Airfoil pair NACA 65 506 -
1206 is illustrated in Figure 29 with two different inlet blade metal angle for

the aft airfoil and CFD results are summarized in Table 11.

55 degree

K,, 65 degree

Figure 29 NACA 65 506-1206 Airfoil Pair With Inlet Blade Metal Angles

Table 11 Geometry and Performance Values of 506-1206 Pair

Normalized Loading
I<11 K21 q)overall D ¢ Wp FA AA
65 | 60 | 60.87 | 0.485 | 0.025 | 0.019 0.51 0.49
65 | 55| 65.87 | 0.534 | 0.027 | 0.022 0.51 0.49

It is observed in Table 11 that K;;=55° case has higher D-factor and higher
losses which is not surprising. Both cases’ loading distribution is interestingly

the same (differs in third decimal) and they are very close to each other.

Although this configuration has a higher overall camber, NACA 65 506-906
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pair seems performed better in terms of diffusion and losses. Therefore, no

further analysis planned for increased overall camber with these pair of airfoils.

mach-number
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Figure 30 Mach Distribution of K;;=55°Case

4.1.4 NACA 65906-1206

It is acquired from the former part that increasing camber of both airfoils may
be useful for further increase in D-factor with tolerable loss values. Thus,
NACA 906-1206 pair was investigated in this part. Camber levels were
between 60°-70° for this case which were the most cambered geometries in

cascade analyses. Geometry of each case is shown in Figure 31 and results are
listed in Table 12.
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55 degree

K,,65 degree

Figure 31 NACA 65 906 - 1206 Airfoil Pair With Inlet Blade Metal Angles

Table 12 Geometry and Performance Values of 906-1206 Pair

Normalized Loading
Kll KZ] (Doverall D ¢ Wp FA AA
65 | 60 | 60.87 | 0.432 | 0.034 | 0.023 0.72 0.28
65 | 55| 65.87 | 0.468 | 0.028 | 0.020 0.62 0.38
65 | 50 | 70.87 | 0.531 | 0.027 | 0.022 0.60 0.40

Looking at results, consistency between overall camber and D-factor is seen
first. Highest D-factor belongs to the K;;=50°. On the other hand highest losses
obtained for K,;=60° which shows there is something unusual. This is due to
the fact that forward airfoil having much camber than any other forward airfoil
so that 5° difference in blade metal angles is probably not enough for a good
flow path over these airfoil pair. Figure 32 illustrates Mach distribution for this

case.
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Figure 32 Mach Distribution of K;,;=60°Pair

It is obviously seen that flow can’t be expanded enough through the gap
between two airfoils. Moreover, aft airfoil doesn’t have a good inlet flow angle
so that flow hits on the suction side and slowed down too much at the pressure
side. Nonetheless, if inlet blade metal angle for the aft airfoil is decreased to
50°, then a good Mach contour is obtained around airfoils. Figure 33 indicates

the Mach distribution of K»;=50° case.
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Figure 33 Mach Contours of K,;=50° Case

4.2 Generalization of 2-Dimensional Results

Four different airfoil pairs were investigated during the cascade study. K5; had
been changed within a 15° range and performance values gathered. Figure 34
shows D-factor — loss relation and comparison with the single airfoil

performance. Single airfoil performance values were taken from reference [1].
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D-Factor vs. Loss Parameter
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Figure 34 Scatter of Tandem Airfoil Performance Values

Figure 34 indicates that tandem airfoil application can achieve desired loading
with lower loss values than a single airfoil. However, there are two points
which are showing nearly the same performance with a single airfoil or even
worse. This is due to corresponding tandem airfoil configurations have either
separated flow or bad inlet flow angle for the aft airfoil. These results should
lead somebody to understand that how tandem airfoil combination was built is

very important.

Moreover, Figure 34 shows that D-factor range was 0.4-0.6. If one wants to go
higher diffusion values may change the airfoil family and/or increase the
solidity of cascade. This work was based on just one family of airfoils and a
constant solidity of 1. Besides, for this study further increase in the overall
camber may not be logical because a 70° overall camber was reached at the

end.
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D-Factor vs. Loss Parameter
0,07

0,06 /

—— 506-606

o, 0,04
// —&— 506-906
0,03

506-1206

, ©—906-1206

0,02 _/ ‘9 """"" Single Airfoil [1]

0,01

0,25 0,35 0,45 0,55 0,65

D-factor

Figure 35 Loss-Loading Trends of Different Tandem Airfoil

Figure 35 illustrates the same things with Figure 34, just points were connected

by lines to see tandem airfoil performance trend.

Figure 36 represents change of D-factor by overall camber. 506-606 pair
K,1=40° case has the highest D-factor with a 54.7° of overall camber.
However, it is useless because flow was separated easily (Look at Figure 23).
Then it is practical to say that highest D-factor value was obtained from NACA
65 506-906 pair for K,;=55°. However, somebody should look at the loss
characteristics of those airfoil pairs before freezing the geometrical

configuration of a tandem airfoil (Look at Figure 37).

In Figure 36 506-906 pair has a lower D-factor for 58° overall camber than
53°. On the other hand 58° has a higher loss parameter value which is indicated
in Figure 37. This was due to the limitation of aft airfoil’s inlet blade metal
angle and explained before. Therefore, somebody should go and use airfoils
having higher camber for the aft airfoil rather than changing K;; to obtain

higher cambers. Another extraordinary result was seen for 906-1206 pair
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having 60°

and 65° cambered configurations. Between

those two

configurations, increasing camber increases D-factor but decreases loss

parameter which was due to the unsuitable alignment of aft airfoil.

Overall Camber vs. D-Factor
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Figure 36 Change of D-factor by Overall Camber
Overall Camber vs. Loss Parameter
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Figure 37 Change of Loss Parameter by Overall Camber
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As expressed earlier, 906-1206 pair 61° cambered case does not work properly.
It is clear in Figure 37, this case has higher loss than more cambered and more

loaded tandem airfoil combinations which make it illogical to use.

At the end, it can be said that NACA 65 506-906 pair gave the best
performance with a 53.4° overall camber. This case has the highest D-factor
among useful tandem airfoil geometries and loss parameter value is rather good
for such a diffusion factor. Moreover, Figure 34 and Figure 35 illustrate the
difference between single and tandem airfoil configuration in terms of losses.
The highest loss parameter difference between tandem and single airfoil at a
certain D-factor was obtained for 506-906 pair 53.4° case (K,;=55°). For such
a configuration tandem airfoil nearly has the half of single airfoil loss for a D-

factor of 0.58.
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CHAPTER S

CONCLUSION

4.3 Main Results

The main purpose of this thesis work was evaluating tandem airfoil
performance in cascade flow. A number of 2-D CFD analyses were performed
to observe loading and loss characteristics. Results were looking similar to the
literature except the loading distribution between forward and aft airfoils.
Moreover, considering Figure 34 one can say that tandem blade idea worth to

work on.

Geometries for analyses were prepared such that second airfoil was always
more cambered. This is because of the improved separation characteristics of
tandem blades where flow can bare higher turning angles over second airfoil.
However, this tolerance is up to a point. If the difference between inlet blade
metal angles (K;- K3;) increased too much, even for 15° trials, it was seen that

tandem airfoil performance may drop drastically without separation occurring.

Comparison between a single airfoil and a tandem airfoil configuration both
having same degree of turning angle showed that tandem configuration
performs better. In numbers, tandem airfoil had 4.8% higher D-Factor value,

2.7% and 7.4% lower values in loss parameter and loss coefficient respectively.

50



4.4 Future work

A methodology based on commercial codes was developed during this study
which makes repeated things easy to do. The in-house code was carrying out
the very basics of design procedure and interacting analysis tools. In the future,
adding some subprograms to this algorithm enlarges its capability and this
program may be able to work on different type of airfoils, control a whole
cascade CFD analysis automatically and draw 3-D geometries. In short, it may
be doing axial compressor stage design by the help of other commercial

programs. Therefore, this in-house code is a beginning for further studies.

Results showed that tandem blade performance is highly dependent on how
overall camber is achieved. Even they are in the same airfoil family selection
of airfoils and angular placements with respect to each other are crucial for
obtaining best performance from tandem configuration. As a result, tandem
blade idea becomes an optimization problem for obtaining desired overall
camber. As a future study, optimization may be put on this thesis work to get
better results. Moreover, some design rules may be obtained from optimization

work or at least rule of thumbs which are to be used in tandem airfoil design.
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APPENDIX A

PRESSURE INLET vs. PRESSURE FAR FIELD
BOUNDARY CONDITOINS

While comparing these two upstream boundary conditions, same flow domain
geometries were used for both analyses. Exit boundary conditions were exactly
the same as well. This flow domain was created using a NACA 65 506 — 906
pair having a percent pitch of 0.90, a solidity of 1 and blade metal angles were
K;=65° and K,;=55°. Obtained performance results were tabulated in Table

13.

Table 13 Comparison of Performance Values

Pressure Pressure
Inlet Far Field

D 0.5690 0.5665
Op 0.0276 0.0274
O 0.0344 0.0342

It is clearly seen that D, w, and ®. values does differ less than 1%.

Another comparison was made for the loading of airfoils. As seen in Table 14

they also do differ less than 1%.

Table 14 Comparison of Loading

Normalized Lift

Airfoil | Pressure Pressure
Inlet Far Field

FA 0.503 0.501
AA 0.497 0.499
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Lastly Mach contours for these two CFD solution were given in Figure 38 and
Figure 39. Mach number distributions are looking so similar that around

airfoils and at the gap between airfoils nearly the same.

mach-number

Figure 38 Mach Contours of Pressure Inlet Case
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Figure 39 Mach Contours of Pressure Far Field Case
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