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Abstract

Towards a Design Tool for Turbomachinery

Duane R. Epp
Masters of Applied Science
Graduate Department of Aerospace Engineering
University of Toronto
2010

A two-dimensional thin-layer Navier-Stokes cascade flow solver for turbomachinery is
developed. A second-order finite-difference scheme and a second and fourth-difference
dissipation scheme are used. Periodic and non-reflecting inlet and outlet boundary condi-
tions are implemented into the approximate-factorization numerical method. Turbulence
is modeled through the one-equation Spalart-Allmaras model. A two-dimensional tur-
bomachinery cascade structured grid generator is developed to produce six-block H-type
grids.

The validity of this work is tested in various ways. A grid convergence study is
performed showing the effect of grid density. The non-reflecting inlet and outlet boundary
conditions are tested for boundary placement influence. Comparisons of the flow solver
numerical results are performed against experimental results. A Mach number sweep and

angle of attack sweep are performed on two similar transonic turbine cascades.
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Chapter 1

Introduction

1.1 Motivation

Recent government and public campaigns to reduce greenhouse gas emissions have driven
the aerospace industry to find new and innovative ways to reduce fuel burn. Pratt and
Whitney is bringing to the market the Pure Power family of geared turbofan engines
claiming double digit improvement in fuel burn. Bombardier and Alcoa have introduced
new aluminum-lithium alloys for use in aircraft structures that will reduce the weight
of Bombardier’s upcoming C-Series. Within Prof. David Zingg’s CFD group at UTTAS
there are many tools to optimize the shapes of aircraft. Professor Zingg’s group has
shown that gradient based optimization tools have great potential for reducing aircraft
drag and, consequently, aircraft fuel consumption. Aircraft engines could benefit from
more robust design and optimization tools in order to become more fuel efficient while

reducing both environmental noise and greenhouse emissions [19].

1.2 Background

The CFD group at University of Toronto Institute for Aerospace Studies (UTIAS), un-
der Professor Zingg, has created many tools that can be applied to turbomachinery with
some changes. The 2D grid generator AMBER2D was created by Nelson [33]. There
are numerous flow solvers with varying capabilities including solving 2D and 3D flows.
Both the Euler and Navier-Stokes flow equations can be solved using either an approx-

imate factorization or Newton-Krylov numerical algorithms. In 2004, Nichols created

TYPHOON a 3D Euler flow solver [37]. TORNADO is a predecessor of TYPHOON and
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is a 2D Navier-Stokes flow solver [34].

Prof. Zingg’s group’s initial optimization tools were Optima2D and OptimaMB, which
have gradient-based optimization capabilities for single-element (Optima2D) and multi-
element (OptimaMB) 2D airfoils [35]. Driver’s 2D optimization code with transition pre-
diction has the capability to optimize the design of laminar flow wings [14]. Rumpfkeil’s
2D unsteady turbulent flow optimization can optimize wing design for noise reduction
[44]. Recently, Hicken has created a Euler-based aerodynamic optimizer that has the
potential to discover novel aircraft configurations [24].

Other groups have developed various turbomachinery tools. He and Ning have devel-
oped a nonlinear harmonic methodology to calculate 2D unsteady viscous flows through
turbomachinery blades [23]. Duta, Giles and Campobasso have developed a 3D adjoint
method to minimize unsteady vibration of turbomachinery blades [15]. Florea and Hall
have presented an adjoint method to increase cascade aeroelastic stability for turboma-
chinery while using the inviscid Euler equations [16]. Corral and Gisbert have shown that
a gradient-based method can successfully minimize blade secondary losses while using an
unstructured mesh Navier-Stokes solver [11]. Papadimitriou and Giannakoglou success-
fully implemented a continuous adjoint method to improve the aerodynamic performance
of a 3D peripheral compressor blade cascade [39]. Their flow equations were the Navier-
Stokes equations and the calculation of turbulence was with the Spalart-Allmaras model
[47]. Wu, Liu and Tsai also used an adjoint method to reduce entropy generation on 3D
turbine blades. They implemented the adjoint method with a multiblock inviscid and
viscous flow solver [52].

Some groups have chosen not to use adjoint or gradient based optimization methods
and use genetic or evolutionary algorithms. Samad and Kim have presented a multi-
objective optimization of an axial compressor rotor blade using a genetic algorithm [45].
The genetic algorithm made the use of a Reynolds-averaged Navier-Stokes 3D flow solver.
Oyama, Liou and Obayashi used an evolutionary algorithm to reduce entropy production

in 3D steady state turbomachinery flow [38].

1.3 Objectives

The objective of this thesis is to create the initial building blocks for a turbomachin-
ery design tool. A cascade grid generator was created using Amber2D as a basis. A

two-dimensional flow solver for axial compressor and turbine blades was created using
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TORNADO as a basis. This thesis will lay down the groundwork for a gradient-based

optimization tool for axial flow turbomachinery.



Chapter 2

Governing Equations

2.1 Cascade Coordinate Transformation

Since TORNADO was originally created to solve external aerodynamic flows, a Cartesian
coordinate system was used. Axial turbomachinery cascades are not usually mapped
with z, y and z Cartesian coordinates; rather R, Z and # cylindrical coordinates are
used (Ainley and Mathieson [2] or Saravanamuttoo, Rogers and Cohen [46] provide good
definitions of turbomachinery nomenclature). Usually, turbomachinery 2D problems are
solved in the cascade plane [21]. The cascade plane is defined as a projection of a
streamline’s Z and 6 coordinates along the blade axis. If the hub, casing and streamlines
of the axial turbomachine are cylindrical in shape, then the cascade plane would be
a simple cylinder. The cascade plane allows the use of the Cartesian coordinates of
TORNADO to solve 2D flow approximations of axial turbomachinery, using the following

elementary transformation:

X=72 Y =Ro. (2.1)

2.2 The Navier-Stokes Equations

The equations solved are the two-dimensional compressible Navier-Stokes equations. In

Cartesian coordinates, the equations are as follows:

0Q OE OF 1 (8EU apv)' 2.9

ot 9z T oy Re\ oz Oy



2.2 THE NAVIER-STOKES EQUATIONS

The vector of conservative dependent flow variables is defined as:

the inviscid fluxes are defined as:

pU
pu® +p
puv

(e +p)u

while the viscous fluxes are defined as:

where

p
pU
pv

e

and F =

and F, =

Tex — (N + :ut)<4ux - 2”1;)/3’
Toy = (0 pe)(uy —v2)/3,
vy (14 ) (—2uy + 4vy) /3,

P2 = UTyy + VT + (Nipr_l + Mtﬂ)rt_l)w - 1)_1611(“

UTyw + 0Ty + (WP + e Pry ) (y — 1) 710, (a

2

2

),
).

(2.3)

(2.4)

(2.5)

Using the equation of state for a perfect gas, the pressure (p) is related to the flow

variables as follows:

and

is assumed for air.

p=r=1) (= ot + ).

where the definition of sound speed, a, is given by:

a=+\//p

vy=14

(2.7)

(2.8)

(2.9)



2.3 CURVILINEAR THIN LAYER NAVIER-STOKES EQUATIONS 6

2.3 Curvilinear Thin Layer Navier-Stokes Equations

It is typical for turbomachinery flow solvers to neglect the viscous derivatives in the
steamwise direction in order to reduce computational time. The assumption that allows
this to be done is that the effects of viscosity are stronger near the foil surfaces and in
the wake region. In these two regions, the gradients of the steamwise diffusion terms are
small compared to the normal gradients.

The Navier-Stokes equations in Cartesian coordinates (2.2) are converted to curvilin-
ear coordinates (£,n) by using J, the Jacobian of the transformation. In order to arrive
at the thin-layer Navier-Stokes equations, the viscous derivatives in the ¢ direction are

neglected. The resulting curvilinear thin-layer Navier-Stokes equations are:

0Q 0B ob . 0

— — 2.10
ot "o T T (2.10)
where the vector of conservative dependent flow variables is defined as:
p
. U
O=J"' "], (2.11)
pu
e
and the transformation Jacobian is defined as:
T = (weyy — wyye)- (2.12)
The inviscid fluxes are defined as:
pU pV
. Uu+ &, . Vu—+n,
oy | PYHRSD g g g | PVt (2.13)
pUv + §yp pVu +nyp
| (e+p)U—&p | | (e+p)V —mp |
where the contravariant velocities are defined as:
U=&+&u+&u, V =mn+nu+no, (2.14)
while the viscous flux is:
0
A =M1 + n,m
§=Jt Tt T Ty T2 , (2.15)

NzMo =+ 1yMms3

Nz (umy + vmg + my) + 1, (umg + vms + ms)
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where

(1 + pae) (4my — 2myvy) /3,

(1 + p2e) (nyty + 120y),

mz = (1 + pe)(—2nuy + 4nyv,)/3, (2.16)
(1P~ 4+ Pry ) (v = 1) 7.0, (a?),

(uPr=t 4 wPry Y (y = 1)y 0y (a?).

2.4 Non-Dimensionalized Variables in Turbomachin-

ery

TORNADO was originally used for solving external flows and logically used free stream
quantities for non-dimensionalization. Turbomachinery flows do not have the luxury of
free stream values, therefore TORNADO needs a different approach for turbomachinery.
Most turbomachinery codes employ non-dimensionalization with some combination of
inlet total quantities [5]. Giles [17, 18] used the total density and total speed of sound,
while Michelassi and Martelli [31] used total pressure and total temperature. Total
pressure and total temperature have been chosen on the basis that most experiments set
these variables at the inlet.

The reference length within turbomachinery could also be defined differently as there
are many more reference lengths within turbines and compressors. Niazi suggested using
the diameter of the rotor or the blade trailing edge [36], while Michelassi and Martelli used
the stator pitch [31]. Chord length has been implemented in TORNADO for commonality
with the original code, since reference lengths can be arbitrarily chosen.

These methods have been implemented into the TORNADO code as follows:

e
-3
O 0

p1a1

(2.17)

Here the tilde represents a dimensional value. Throughout this thesis, values are assumed
to be non-dimensional unless noted by tilde. As Chima points out, the Reynolds number,

Re, must be specified in the new non-dimensional terms [9] and is defined as follows:

(o] o

Rey = 2LOLE (2.18)
K1
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This is unlike the original TORNADO that uses the freestream values. In the turboma-
chinery version of TORNADO, the inlet total values are used to calculate the Reynolds

number. The total inlet dynamic viscosity u{ is calculated by Sutherland’s law

2/3
Tlo Tref + 5
0 — f1e 2.19
Hy H f<Tref> TI()+S ( )
where
k
Tref =273.15°K, S =1104°K and Mref = 1.716 - 10_5—9. (2.20)

ms

2.5 Turbulence Model

Turbulence is modeled using the Spalart-Allmaras one equation turbulence model [47].
Wilcox [50] states that the Spalart-Allmaras predictions are attractive for airfoil and wing
applications for which TORNADO was originally created. The turbulence model has not
been changed in this thesis. The Spalart-Allmaras model remains an efficient turbulence

model in terms of robustness versus computational time. The Spalart-Allmaras model is

as follows:
Dv Cp1 ~ 14 cpo e Cp2 N~
= 2= . _ =
Dt~ Rl ~fulS? e VWOV - S v D)V
%,—/ \ -~ J/
Production Advection and Diffusion
1 Co1 7\’ )
- % Cwlfw - ?fw] (a) + RefﬂAU . (221)
. ~ J Trip

Destruction

As shown, the first term is the production term; the second and third are the com-
bined advection/diffusion terms; the fourth is the destruction term and the last is a
laminar/turbulent transition trip term. The trip functions f;; and fi are set to zero for

this thesis. The kinematic eddy viscosity, v;=p/p, is calculated by solving the following

equation:
Ve =T fn (2.22)
with ;
X
] = ———— 2.23
fu X3+ ey ( )
and

(2.24)
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where the kinematic laminar viscosity, v, is calculated by:

v=u/p. (2.25)

The above production and destruction terms contain a modified vorticity term, S, which

is calculated using the following equation:

~ v
§=5+—5fn (2.26)

In the above equation, the von Karman constant, x, is equal to 0.41; the distance fuction,
d, is calculated as the distance to the closest solid wall node. The magnitude of the
vorticity, S, is given as:

ow o\’ ou  ow\> v du\’ :
= (= -%= — = 2.2
o [(8y 82) * <8z 8x) N <(9a: 8y) ] (227)

and the viscous function, f,s, is:

X

o=1-—2
f2 1+va1

(2.28)

The destruction term, f,,, defined as:
1+cig s
fu=49 (g6+—c6w3) (2.29)
with
g =71+ Cua(r® —7) (2.30)

and the nondimensional variable, r, is defined as:

v

r= o (2.31)
K
The transition functions are:
wt2 2 2 2
Ju =cngrexp | —cp INGE [d + 9; dt] (2.32)
and
fro = czexp <_Ct4X2) (2-33)
where

g+ = min (0.1, AU > : (2.34)

thI't
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and AU is the velocity difference between a field point and the trip point, d; is the
distance to the trip point, w; is the vorticity at the trip point and A, is the grid spacing
at the trip piont.

The other parameters of the Spalart-Allmaras model are set as follows:

cp = 0.1355, cpe = 0.622,
Co1 = p1 /K2 + (1 + c2) /7, Cw2 = 0.3,
Cw3 = 0.2, Co1 = 7.1,
g=2/3, Kk =0.41,
cn = 5.0, cro = 2.0,
ci3 = 1.2, cy = 0.5.

Modifications to the vorticity-like term S are made within TORNADO to ensure a non-

negative S value using the following relation:

~ 14
S - vag —|— vag (235)

where the functions f,o and f,3 are defined as:

fuo = (1 + 1) B (2.36)

Cy2

fv3 =

(1+ Xfm))((l — fu2) (2.37)

and

Cor = 5.0 (2.38)

is used to improve the stability of the tubulence model.

The distance function, d, contained in the production term needs special attention
in cascade flows. The periodic boundary condition is an imaginary boundary since, in a
real tubine or compressor, there is more than one blade. Periodic boundaries can cause
a calculation error in the turbulence production when a point in the computed domain is
actually closer to the non-computed blade rather than to the blade within the computed
domain. The domain decomposition has been conducted in a manner in order to reduce
the effect of this calculation error (Section 3.1 gives a full description of the domain
topology). The periodic boundary is positioned roughly halfway between the computed
and non computed blades. This reduces the number of points at which this error can

occur. It can be assumed that the effect of error in d is negligible near the periodic
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boundary since d is large near the periodic boundary and, by definition, the production

of turbulence is near solid walls. From equation (2.21) it can be shown that:

Dv -

— 2.

D & S (2.39)
and equation (2.35) shows that:

~ 1

Therefore, the effect of erroneous values d on turbulence production is inversely pro-
portional to d?, and the effects will decrease exponentially as d increases. An exact
calculation of d could have been performed, but it would not provide any added accuracy
to the solution. However, care will have to be taken to ensure that the periodic boundary

does not move far from the mid-plane of the blades.

2.6 Boundary Conditions

Boundary conditions need to be treated differently in turbomachinery than in airfoil flow
since the computational boundaries are much closer to the blade/foil. Since the far edge
of the computational grid is close to the blade (about 0.5-2 chord lengths), any reflective
or non physical nature of an imposed boundary condition will have an effect on the flow
solution. Giles proposed nonreflecting boundary conditions [17] for turbomachinery that
have been widely implemented into numerous flow solvers. As Giles has done, the theory
of characteristics must be addressed first to ensure that the boundary conditons do not

impose any reflections into the solution.

2.6.1 Method of Characteristics

The method of characteristics provides us with four basic characteristic variables for
solving one-dimensional, isentropic, nonstationary flows of perfect gases. The first two
variables are entropy and pitchwise velocity, which are related to vorticity. The two other

variables are the upstream and downstream running pressure waves as shown below [18]:

2a

(2.41)

and

(2.42)
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2.6.2 Inflow Boundary

For the purpose of this thesis, all flows are considered subsonic and so the inflow bound-
ary must take into account the possibility of R~ leaving through the inlet face. Most
turbomachinery solvers set some combination of total values at the inlet as well as an inlet
flow angle or inlet velocity ratio [4, 49, 7, 8, 9, 12, 22, 25, 30, 28, 29, 17, 31, 32, 36, 43].

In this thesis, total pressure, P, total temperature, 77, as well as the inlet angle,
are set at the inlet face to match the values given in the experimental validation work by
Jouini [26]. The turbulence model working variable, 7, is set at the inlet face to a value
of 0.001 for all cases in this thesis.

In order to solve for the four conservative variables and to model the acoustic distur-

bances leaving the computational field through the inlet face, the downstream running

.ts 18 extrapolated from the interior [36].

Riemann invariant, R,

Holmes [25] has stated that simple zeroth-order extrapolation is sufficient for similar
inlet boundary extrapolations. Since introducing a simple logic in the inlet is computa-
tionally inexpensive, zeroth-order and second-order extrapolation are used. Zeroth-order
extrapolation is used in the first 25 iterations or while the solution residual is above 107°
which ever is longer. This is done to ensure that the solution does not diverge. When

the solution has become more stable, a second-order extrapolation is used.

zt, the axial velocity is

Using the user specified Py, 7Y and « and the extrapolated R

—B++VB? - 4AC

calculated as follows:

= 2.43
m 24 (2.43)
This poses a problem since TORNADO uses only x and y coordinates. where
A=1+42(1+ (tan(a))?)(y — 1), (2.44)
B=-2R_, (2.45)
and
C=(Rep)" —47T7 (v - 1)% (2.46)
The pitchwise velocity is calculated using the specified inlet angle, «,
v1 = up tan(q). (2.47)

Assuming an ideal gas, the inlet temperature can be calculated using the following rela-

tion: ) )
—1
ﬂ:ﬂ—%+?w ). (2.48)
Y
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This allows us to calculate the remaining inlet conservative variables as follows:
Py

PL=—""r— (2.49)
T + Y
and ) )
vy +u

2.6.3 Outflow Boundary

At the outlet boundary, there are three characteristics leaving the domain, so only the
outlet static pressure, P», which corresponds to the desired isentropic Mach number, is
prescribed by the user. This practice is used by many different turbomachinery codes
and is also convenient for validation against experimental results [4, 49, 7, 8, 9, 12, 22,
25, 30, 28, 29, 17, 31, 32, 36, 43].

The three characteristic values entropy (Hey), pitchwise velocity (ve,;) and upstream
running Reiman variable (R.,,) are extrapolated using the same technique as the inlet
boundary condition. The turbulence model working variable, 7, is also extrapolated from
the interior.

Using the specified pressure, extrapolated values and the following relation:
e+ P

H= , (2.51)
p
it can be shown that C(JETIA c
1 V 4AB —
(a4 CVCEH ) (2.52)
B 2B
where ( )
yy+1
A=P——— 2.53
(v- 12 (2.53)
1
B:f@d—ﬁcR%ﬁ—v@) (2.54)
and ot
C _ extV 7p2’ (255>
(v-1)
the exit axial velocity can then be calculated using
1xPp
= R:, -+ " 2.56
Uz ext ~y +1 ( )

Since the pitchwise velocity is extrapolated from the interior, the final conservative

variable is calculated
€y = Hextp2 — P2. (257)
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2.6.4 Block Interface Boundary

Block interface boundaries were originally handled in two different ways in TORNADO.
There is an average boundary condition for wake cuts (¢ direction) and a transparent
boundary condition for normal (n direction) interfaces. The wake cut boundary would
average the common points and copy the two columns of halo points from the adjacent
domain. The transparent boundary interface condition simply copied the two rows of
values into the adjacent block’s two halo rows.

In the case of turbomachinery, it has been said that errors introduced at the leading
edge can be transported downstream on the blade surface, giving poor results [4]. In order
to reduce any averaging errors, the transparent boundary conditions were introduced for

the streamwise interface boundaries.

2.6.5 Periodic Boundary

Periodic boundary conditions were introduced for the first time into TORNADO in this
thesis. Flow within turbomachinery could be calculated by using a number of blades in
a row as most experiments for turbomachinery do, but introducing a periodic boundary
condition reduces the computational cost considerably. Periodic boundary conditions
simulate the physics of a cascade without solving the flow around more than one blade.
Gostelow [21] defines a cascade as an infinite row of equidistant similar bodies.

Periodic boundaries have been implemented into TORNADO using a similar approach
to transparent block boundary conditions. The halo row values are simply copied from
the adjacent block’s interior points. The one exception is that the adjacent block is at the
opposite side of the control volume. Meaning that the halo points share the conservative
variables with the corresponding points within the control volume, but have a different
physical point in space.

Although this was simple in theory, numerous subroutines and functions needed to

be altered in order to implement periodic boundary conditions.

2.6.6 'Wall Boundary

For the purpose of this thesis, all low test cases were run with viscous wall boundary

conditions, since turbomachinery flows are highly dependent on viscous effects. The
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viscous wall boundary conditions are implemented by first setting a no-slip condition

The pressure is then extrapolated using

).
an wall

The final conditions assume that the there is an adiabatic wall condition
oT
el -0
< on ) wall

P = pRT;

and a perfect gas

and is implemented similar to the pressure extrapolation 2.59 as follows:

9y _g
an wall '

For the Spalart-Allmaras turbulence model, the turbulent eddy viscosity is

wall:

N
I
o

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

zero at the

(2.63)



Chapter 3
Grid Generation

The UTIAS CFD lab has been using the Automated MultiBlock Elliptic gRid generator,
AMBER2D, to create 2D multiblock structured grids for single and multi-element airfoils.
This thesis has altered the original AMBER2D code in order to create a 2D multiblock

cascade structured grid generator [33].

3.1 Grid Topology

Since rotor and stator blades are relatively close to each other in space, they must be
modeled as such. The effects of a neighboring blade can either be modeled by including
numerous blades in the flow domain or by using cascade grids. Cascade grids have the
same geometry on the upper and lower surfaces. When periodic boundary conditions are
used on these surfaces, the effects of the neighboring blades are taken into account. In
order to reduce the domain size and, ultimately, the flow solution time, cascade grids
with periodic boundaries will be used in this thesis.

There are several different types of structured grid topologies that can be used in
modeling turbine and compressor blades. The simplest is an O-topology (see Figure 3.1
for a sample O-grid from Choi and Yoo). The grid lines are augmented from the blade’s
shape near the blade to an oval at the far field. The grid orthogonality at the leading
and trailing edges is very desirable for viscous calculations [29]. While the skewness at
the inlet, outlet and periodic boundaries causes poor flow results [1], Kiss et al. have also
pointed out that the resolution upstream of the blade may be more dense than required
when an increase in O-grid lines is needed to resolve the shocks in the wake region [27].

A C-topology is a widely used topology for single element airfoils (see Figure 3.2 for

16
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Figure 3.1: O-topology Grid [10]

a sample C-grid from Kiss, Schetz and Moses). The flow area is divided up into three
blocks for sharp trailing edges and four blocks for blunt trailing edges. C-grids have good
orthogonality at the leading edge and the outlet boundary, but the trailing edge, periodic
and inlet boundary have lower orthogonality [1]. An advantage C-type grids have over
the O-type grid is that the wake region can be made more dense to resolve shocks without

increasing grid density in the low pressure gradient regions.

H-topology grids (see Figure 3.3) are common in turbomachinery applications [3].
They are relatively easy to construct and are easily applied to 3-D geometries [25]. H-
grids have numerous advantages, including post processing ease and applicability to a
wide range of blade shapes [28]. The numerous blocks of H-grids allow for optimized
choices of local grid spacing for faster yet accurate flow calculations. H-grids also have
no orthogonality problems like O- and C-type grids in the inlet and outlet boundaries.
H-topology grids will be used in this thesis.

All of the mentioned grid types are structured. There are some flow solvers that use
unstructured grids [20]. Structured grids may take more time to create, but save on flow
solver processing time and are easily applied to multiprocessor computing [1]. This thesis

will use structured grids.
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Figure 3.2: C-Topology Grid [27]

Figure 3.3: H-
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Other hybrid [22] and zonal [32] meshing methods exist, but an elementary H-grid was
chosen to enhance the robustness of the eventual turbomachinery tool, as these meshing

techniques are harder to apply to a generic foil shape.

3.2 Block Boundaries

The first module of AMBER2D is kmS, which creates the grid block boundaries. kmS
has been rewritten to create the eleven splines that define the cascade block boundaries.
The splines used in kmS are natural cubic splines. Cubic splines comprise I piecewise

continuous third-order polynomial curves that connect I + 1 control points:

X;(t) = A" + B/t + O/"t* + D,"t? (3.1)
and
Yi(t) = AfY + B/t + C1Y¢* + Dvt? (3.2)
where
0<t>1. (3.3)

In order to solve for the coefficients A;, By, C; and Dy, the coordinate value, first
derivative and second derivative need to be equivalant for two spline sections at any
interior control point. The end point coordinates, first derivative and second derivative
have to be specified in order to solve fully for the A;, By, C; and D; coefficients.

The following subsections describe how the I + 1 control points for each of the eleven

block boundary lines are formed, as shown in Figure 3.4.

3.2.1 Foil Line

The first line (Line 1) that is created in the km$S code is the foil line. It begins at at
the trailing edge and traces the foil geometry clockwise through the stagnation point and

ends at the trailing edge. This is the same line convention that was used in the original

kmsS.

3.2.2 U Lines

Line 6 is the inlet ¥ line. It originates at the grid stagnation point and goes upstream
to the grid boundary (user defined X value X LB) at the inlet angle ANG_OUT (user
defined).
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Figure 3.4: Block Boundary Spline Numbering
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The grid stagnation point is determined by finding the point on the foil where the
surface tangent is perpendicular to the user defined inlet angle (ANG_OUT'). This is not
the true stagnation point, but it is used by kmS to create the meshing stagnation point.
Since the foil could have more then one point where the surface tangent is perpendicular
to the inlet angle, the user can define the points at which the software searches for the
stagnation point by setting STAG_MINS and STAG_MAXS. These are the foil spline
lengths (s=0 and s=1 for the wake cut point). The default values of STAG_-MAXS =
0.66 and STAG_MINS = 0.33 work well for foils with low to medium curvature.

Line 7 is the outlet W line. It originates from the wake cut point and goes downstream
to the grid boundary (user defined X value X RB) at the outlet angle ANG_OUT (user
defined). The wake cut point is then determined by the airfoil coordinate file structure
(the file starts and ends with this point). If the user wishes to use a different point, the

coordinate file can be manually altered.

3.2.3 Inlet and Outlet Faces

Line 2 and 4 are the inlet and outlet faces. These block boundaries are set by the user
defined variables X LB and X RB. The center of the boundary is positioned at the end
of the respective ¥ lines. The total height of the inlet and outlet faces are set using the
BLSP (blade spacing) variable.

3.2.4 Periodic Faces

Line 3 and 5 are the upper and lower periodic faces respectively. The two faces have
the same geometry to ensure a seamless periodic boundary condition. The periodic
boundaries are constructed from five different lines: inlet W, inlet pseudocam, camber
line, outlet pseudocam and outlet W as described below. The resultant line is then
translated up and down one half of the blade spacing, creating the upper and lower

periodic faces.

Camber Line

The center portion of a periodic face is the camber line from the stagnation point to the
trailing edge, as defined by the foil coordinate file. The Y values of the camber line are

calculated by averaging the upper and lower surfaces at a given X value.
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Pseudocam Lines

The pseudocam lines are created to smooth the transition between the camber line and
the U lines. The pseudocam lines start from their respective ends of the camber line and
smooth a portion of the ¥ line defined by the user by using SPOINTS. SPOINTS
is defined as half of the percentage of the ¥ line that the user wants to smooth. For
example, if the user wants to smooth 30% of the W line, they would set SPOINTS to
15. The pseudocam X values are set as a number of equidistant points between the two
defined end points. The smoothing of the Y values is performed by varying the gradient

along the pseudocam using the following relation:
Y =Y/X+3-Y —2+«Y)X>+ (Y +Y] —2)X3 (3.4)

where X varies from 0 — 1 for the distance of the psudocam, Y/ is gradient at the camber

line and Yj is the gradient at the ¥ line.

3.2.5 & Lines

The & lines for the upper and lower stagnation point are lines 8 and 9 while the upper
and lower trailing edge ® lines are 10 and 11. The & lines are created using cubic Bezier
curves. Bezier curves are chosen in order to provide a line that does not create an invalid
grid (negative cell sizes). It also provides a smooth, continuous line that aids in flow
solver convergence.

Any points on a cubic Bezier curve can be determined by using the following equations:
X(s5) = (1 —8)3Xo+3s(1 —5)>X; + 15*(1 — 5) Xy + 5° X3 (3.5)

and

Y(s) = (1 —35)*Yy +3s(1 — 5)%Y; + 15%(1 — 5)Ys + 5°Y3 (3.6)

where s varies from 0 to 1 for the length of the curve. The four control points are the
starting point (X, Y7), starting control point (X3, Y3), end control point (X3, Y3) and
the end point (X4, Y;). The starting point (X7, Y7) for the stagnation point ® line is the
stagnation point while the trailing edge point is the starting point for the trailing edge
® lines.

The end point (Y3,X3) can be influenced by the user by setting Prent IN and
Prent_OUT in the input file. The & line end points are set to be the point on the
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respective periodic boundary where:
X3 = X1 + (X1 — Xoound) PRCNT (3.7)

where Xpoung is the X value of the respective inlet or outlet boundary, X is the above
® line starting point and PRC'NT is the user defined Prent IN or Prent_ OUT.

For simplicity, consider the starting and end control points as vectors originating from
their respective end points. The start control vector goes from (X, Y1) and ends at (Xa,
Y,) and the end control vector starts at (X4, Yy) and ends at (X3, Y3).

In order to ensure grid continuity across the periodic boundary condition, the per-
pendicular grid lines at each periodic face must have the same slope. To achieve this,
the gradient at the ® end points are set to be vertical. Since the inlet and outlet faces
are also vertical, all the perpendicular grid lines will have a vertical gradient along the
periodic faces. This is achieved by having the end control vector vertical, X3 = Xj.

The length of the end control vector has ramifications on the shape of the ® line and
the grid quality. If the end control vector is shorter, the ® line will have more gradual
bends. This would reduce the skewness of grid points near the ® boundary, increasing
the accuracy and speed of the flow solve. If the end control vector is longer, the end of the
® line will have a longer vertical region; increasing the vertical points farther away from
the periodic boundary. This increases orthogonality of the grid points near the periodic
boundary condition, but also increases the accuracy of the periodic boundary condition
in the flow solve. To balance these opposing benefits, the end control vector length is set
to be half the Y distance between the starting and end control points, Y5 = (Y + Y,)/2
for each ® line.

The angle of the start control vector has been chosen to reduce the skewness of the
grid near the trailing and stagnation points. The trailing edge ® line start control vector
bisects the angle between the respective trailing edge surface gradient and the outlet W
line starting gradient. The stagnation point ® line start control vector bisects the angle
between the stagnation point surface gradient and the inlet W line starting gradient.

The length of the start control vector also has ramifications on the shape of the ® line
and the grid quality. If the start control vector is short, then the ® line would have high
curvature near the starting point. The high curvature would produce a skewed grid near
the foil surface; either at the stagnation point or the trailing edge. Since these points
have high pressure gradients, the grid quality at these points has a significant impact

on the accuracy of the entire flow solution. If the start control vector is too long, the
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resultant ® line could have a loop in it. This would cause negative grid cells, causing an
invalid grid that is insolvable. To balance these opposing problems, the starting control

vector is set to half the Y distance between the starting and end control points as follows:

AX X
X, = X, + % (3.8)
and /
AY |sin(Y]
Yo=Y, + %’ (3.9)

where AX and AY are the X and Y distances between the starting and end control

points and where X and Y] are the X and Y start control vector gradients.

3.3 Grid Generation

After the block boundaries are formed, the grid points are created using Agrid, an alge-
braic grid generator. This code was developed by T. Nelson and A. Wilkinson in 1992.
The original Agrid code has been successfully used to create cascade grids with no al-
terations. Agrid creates a rough grid by interpolating interior points using transfinite
interpolation. For more information on the methods used in Agrid, see T. Nelson’s PhD

thesis [33].

3.4 Elliptical Grid Smoothing

Smooth continuous grids are essential for accurate flow solutions. The elliptical grid
smoother in Megrid is implemented for cascades with no alterations. Megrid uses Sore-
son’s method to control the smoothing and general appearance of the grid [51]. For more
details on how the method is executed within Megrid, refer to T. Nelson’s PhD thesis
[33].

3.5 Periodic Boundary Treatment

In order to have accurate flow solutions, all of the periodic boundaries must have identical
point distributions, unless an averaging method is implemented. Halama, Arts and Fort
have shown that an averaging method can be implemented to overcome the nonsimilar

grid point structures on joining periodic faces [22]. Since the aim of this thesis is to
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work towards a design tool for turbomachinery flow, solve speed is critical. Halama et
al.’s algorithm for averaging nonsimilar periodic boundaries would increase flow solution
convergence time. Therefore, grids will be created with each periodic face having the
same geometry, number of points and grid spacing.

In order to ensure that the grid points are sill equal, a post grid smoothing program
is utilized similar to what Cravero and Satta discuss [12]. After creating a grid using
the original AMBER2D, a user would use check_grid to ensure that the grid points on
the interior block boundaries are equal to double precision. This program was altered to
include a check of the periodic boundary points and renamed check_cas. An extra input

file is needed to communicate the blade spacing to the program.



Chapter 4
Numerical Algorithm

The numerical methods of TORNADO were altered in order to solve for turbomachin-
ery cases. TORNADO has two methods for solving the governing equations, Approxi-
mate Factorization (AF) and Newton-Krylov (NK). Even though the NK solver has been
proven to be much faster at converging on a solution, only the AF solver will be altered
for turbomachinery flows for this thesis. The current TORNADO code uses Approximate
Factorization for start up, so in order to focus the scope of this thesis, only AF has been

altered for turbomachinery flows as shown in the following sections.

4.1 Multi-Block Approximate Factorization

In order to solve the steady two-dimensional thin-layer Navier-Stokes equations, a first-
order implicit Euler method is used within TORNADO [13]. When one applies the
Euler time-marching scheme to the thin layer Navier-Stokes equations 2.10, the following

relation is formed:
AQ" + AL (9" + 9, — ReT19,5741) = 0 (4.1)
where At is the time step and
MG =0 -y 2)

when

~ ~

O" = O(nAb). (4.3)

26
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The vectors E, F , and S are then locally linearized as follows:

E™ = E" 4 A"AQ™ 4 O(AP)
Frl — "4 BPAQ™ + O(A#?) (4.4)
St = S KPAQ™ + O(A),

where the matrices A, B , and K are the flux Jacobians as defined below:

fl:a—l?, Bzai, and f(:ak?.
oQ oQ 0Q

When Equations 4.1 and 4.4 are combined, the following relation is arived at:

[ + AtdA™ + Atd, B — AtRe™ 10, K"|AQ" = k™ (4.5)
where

R = —AtoEQ") + 0, 1(Q") — Re™'9,5(Q")].

Two additional approximations have been made to the left hand side (implicit operator)
of equation 4.5 in order to reduce computational time. When the spacial differencing
and approximate-factorization method of Beem and Warming [6] are applied to 4.5, the

following relation is formed:
[ + Atd: A™][I + Até,B™ — AtRe™15, K"|AQ™ = R", (4.6)

where

R" = —AtFE(Q") +6,F(Q") — Re '8,5(Q")],

and the symbol 9§ is a central differenced spatial operator.
To further reduce the complexity of the implicit operator, the diagonal form of Pulliam

and Chaussee [42] is utilized. The resultant diagonalized Jacobian matrices are:

Ae =T ' AT, (4.7)
and

A, =T, 'BT,, (4.8)

where the diagonal matrices A¢ and A, have elements that are the eigenvalues of the flux
Jacobians. Since the flux Jacobian B and viscous flux Jacobian K cannot be simultane-

ously diagonalized, the viscous flux Jacobian, K , has been dropped from the left-hand
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side. In order to do this, a term approximating the viscous eigenvalues is added to A,,.
Since the matrix 7 has the eigenvectors of A as columns and T, » has the eigenvectors of B
as columns, the eigenvector matrices are factored out. The resulting system of equations

can be shown as:

Te[T + AtSe AT T, [I + Ato, A, — AtI6,(N)|T, AQ™ = R, (4.9)
where,
TH 2 2
L= 4.10
PR (mz + ;) (4.10)

is used to approximate the viscous eigenvalues.

Variable time stepping is used within TORNADO to achieve an accelerated conver-
gence rate. Since grids can have widely varying cell sizes, the Courant number would
vary within the grid. In order to make the Courant number more uniform, it is scaled

with the Jacobian as follows:
At o At'ref

- (4.11)

4.2 Numerical Dissipation

Artificial dissipation needs to be implemented in order to maintain stability of the flow
solve. The nonlinear interactions in the convection terms of the momentum equations can
cascade causing numerical instability in flows with shocks [41]. The matrix dissipation

scheme of Swanson and Turkel [48] is used in TORNADO to provide numerical dissipation

as follows: R
OF -
gk
with
divy = |Ala I (€2 AT Qi — M) AV T 1 Qs
j+35.k Jtgk Yk \"irlk § ik Wik J+ik EVERE Yk gk
6?;2 = 52maX(Tj+1,kaTj,kyfrjfl,k)
ef,z = max(0, kg — 652]2)
T, = [Pjr1k — 2Pk + Dj-1]
ik =

|Pi+1k + 2pjk + Pi-1kl’
where T, is a pressure switch to control the use of first-order dissipation near shock
waves, J¢ is the centered difference operator, A, is the first-order forward-difference op-

erator, and V, is the backward difference operator. We use x4 = 0.02 and k2 = 1.0 since
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this thesis deals with tubulent flows only. The matrix |f1| is defined as:
Al = Te |Ae| T (4.13)
The term | A j+1 . is evaluated using a simple average:
A 1., A
[Aljr1, = 5[ |Aljk + [Aljrie]- (4.14)

The Roe average is recommended for flows containing very strong shock waves. The

matrix |A¢| is comprised of the eigenvalues of the flux Jacobian matrix A= %, as shown

here:
A1l O 0 0 U] 0 0 0
0 X O 0 0 |U] 0 0
[Ae| = , (4.15)
0 0 X3 O 0 0 |U+ab| 0
0 0 0 |\ 0 0 0 U — a0

where 0 = \/m, U is the contravariant velocity component in the ¢ direction, &,
and ¢, are the metrics of the curvilinear coordinate transformation and a is the speed of
sound.

The matrix T also contains the right eigenvectors of A. The elements of |Al¢ are

modified to avoid zero eigenvalues as follows:

5\17 5\2 = max(/\m, Vi U)
X3 = max(\s, V, 0) (4.16)
A = max(\yg, V, 0),

where o is the spectral radius of the flux Jacobian, V; = 0.025 and V,, = 0.25.

4.3 Numerical Method Changes

In order to solve turbomachinery cases the AF algorithm of TORNADO was altered in
two different ways: non-dimensionalization changes and block boundary updates. The
non-dimensionalization changes, as described in Section 2.4, were implemented through-
out the code wherever references were made to the Reynolds number or free stream
variables. The periodic and interface boundary conditions, as described in Sections 2.6.4

and 2.6.5, are updated explicitly at the end of each approximate factorization iteration.



Chapter 5

Results and Validation

All results in this section were computed on the University of Torontos High Performance
Aerospace Computing Facility (HPACF), using the Hewlett-Packard ES45 AlphaServers
and 1000MHz EV68CB Alpha Processors.

5.1 Turbomachinery Performance Validation

In order to validate the results of the modified TORNADO flow solver, turbomachinery
specific performance coefficients have been implemented. Isentropic Mach Number and
the Coefficient of Static Pressure are standard turbomachinery variables that were also

used by Jouini [26] to communicate experimental results.

5.1.1 Coefficient of Static Pressure

The Coefficient of Static Pressure is like the turbomachinery equivalent of the coefficient
of pressure used in aerodynamics, the difference being that the reference pressure is the
upstream static pressure instead of free stream pressure. The coefficient of static pressure,

Cls, is calculated as follows:
P — P
Cps = ——, (5.1)
q1
where P? is the static pressure where the coefficient of static pressure is being calculated,
P, is the static pressure at the upstream boundary, and ¢; is the dynamic pressure at

the upstream boundary.

30
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Mesh | Number | Off-Wall | Far-Field LE TE Nodes to | Nodes on
of Nodes | Spacing | Spacing | Spacing | Spacing | Far-Field Foil
(107%¢,) | (1073¢c,) | (107%¢,) | (107%c,) Surface
Coarse 5670 4.00 4.00 4.00 4.00 27 101
Medium | 21942 2.00 2.00 2.00 2.00 53 201
Fine 86310 1.00 1.00 1.00 1.00 105 401

Table 5.1: Grid Convergence: Mesh Parameters

5.1.2 Isentropic Mach Number

The isentropic Mach number is the Mach number that would be expected if the flow was
considered reversible, i.e. experienced no losses. This is widely used in turbomachinery to
depict the flow characteristics around a turbomachinery blade. Isentropic Mach Number,

M;,, is calculated as follows:

N

where P? is the static pressure where the Isentropic Mach Number is being calculated,

(5.2)

P} is the total pressure at the upstream boundary and y is the ratio for specific heats.

~v = 1.4 is used for air.

5.2 Grid Convergence Study

A grid convergence study was conducted. A test case from Jouini [26] was used as the
experimental comparison. The HS1A Ma=0.71 angle of incidence of 0° was used. This
test case was chosen because of the low Mach number and little separated flow. The
fine grid, as defined in Table 5.1, was created first. The medium and coarse meshes were
created by removing every other node. The resulting grids are depicted in Figures 5.1,
5.2 and 5.3.
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Figure 5.1: Grid Convergence: Coarse Mesh
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Figure 5.2: Grid Convergence: Medium Mesh

Figure 5.3: Grid Convergence: Fine Mesh
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The convergence time and number of iterations are shown in Figures 5.4, 5.5 and 5.6.
The convergence time of the fine grid was so long that a restart was necessary due to
HPACF process limitations. It is noted that the fine mesh took 290,000 seconds or 80.5
hours and 4.5 million iterations to converge. The medium mesh took 21,600 seconds or 6
hours and 350,000 iterations. The coarse mesh took 413 seconds or 7 minutes and 30,000
iterations.

Figure 5.8 and 5.9 show the coefficient of static pressure and isentropic Mach number
plots against the experimental results of the grid convergence study. It can be seen
that the resolution of the pressure gradient is improved as the grid resolution increases.
There is little difference between the fine and medium grid results. The medium grid
solution gives satisfactory results while keeping the solution time reasonable. The rest
of this thesis will use the resolution of the medium grid, 21,942 nodes, for all other

investigations.
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Figure 5.4: Convergence Iterations: (HS1A, o = 0°, M=0.71)
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Figure 5.6: Partial Convergence Time: (HS1A, a = 0°, M=0.71)
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Figure 5.7: Converged Mach Contours: (HS1A, a = 0°, M=0.71)
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5.3 Domain Length Influence

To test the effectiveness of the non reflective exit boundary conditions, a grid domain
length study was conducted. The medium grid used in the grid convergence study was
used as a baseline. A longer second grid was created using the same number of grid points,
21942 nodes. The outlet position was placed 1.0 chord length farther downstream. The
two grids are depicted in Figures 5.11 and 5.12.

The domain length influence study used the same test case as the grid convergence
study, HSTA, o = 0°, M=0.71. The results of the study can be found in Figure 5.10. It

can be seen that there is no significant difference between the two results.
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Figure 5.10: Isentropic Mach Number: (HSIA, a = 0°, M=0.71)
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5.4 Comparison with Experimental Test Cases

In order to demonstrate that the numerical results of the newly developed code are
valid, comparisons to experimental results of Jouini [26] are presented in the following
subsections. Since there remains the limitation of subsonic freestream Mach number
flows on the current flow solver, only cases with freestream Mach numbers below 1.0 are
presented.

Original flow solutions assumed that the flow was fully turbulent. These flow solutions
did not give satisfactory results. When a transition point was specified, the flow solutions
showed the type of results as seen in Section 5.2. A transition point study was preformed
and showed no influence on the final C)s or Isentropic Mach number distributions. It is
not known why the solution is dependent on the transition terms within the SA turbulence
model but not the transition point location. Throughout this thesis a transition point
is specified near the trailing edge ( 0.8 X/c,) on the lower surface of the blade, and
the transition point is specified at the beginning of the adverse pressure gradient on the

upper surface of the blade ( 0.60 X/c,).

5.4.1 Outlet Mach Number Sweep

A Mach number sweep was performed using four cases that match experimental results
by Jouini [26]. Four subsonic design incidence cases were selected and are listed in Table
5.2. Note that the blade used in this analysis is the HS1B blade and not the HS1A blade
that was used for the previous numerical analysis and all four cases have the same angle
of attack, 0°.

Mach Inlet Total | Inlet Total | Outlet Static | Reference | Inlet

Number | Temperature | Pressure Pressure Length | Angle
(K) (Pa) (Pa) (m)

0.50 295.370165 | 121937.4248 101330.0 0.04 46.0°

0.70 311.7268612 | 142718.3099 101330.0 0.04 46.0°

0.84 328.2412301 | 163699.5153 101330.0 0.04 46.0°

0.95 346.5462572 | 186955.7196 101330.0 0.04 46.0°

The results of the Mach number sweep with the corresponding experimental results

Table 5.2: Outlet Mach Number Sweep: Test Cases
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are depicted in Figures 5.13, 5.14, 5.15 and 5.16. The trends that are shown in the
experimental results have been replicated in the numerical results. There are very good
trends shown in the rear half upper section of the foil. The numerical results do show
some smoothing of the pressure gradient, but that is expected with the Spalart-Allmaras
turbulence model within adverse pressure gradients [50]. There is some overprediction
of the upper surface leading edge isentropic Mach number. This could be due to the
selection of turbulence model or the block boundary influences at the leading edge. The
actual accuracy at the leading and trailing edges cannot be determined because the

experimental results did not have data for these zones.

5.4.2 Angle of Attack Sweep

An angle of attack sweep was performed using four cases that match experimental results
by Jouini [26]. Four cases with similar subsonic Mach numbers were selected and are listed
in Table 5.3. Although there are numerous cases provided by Jouini, an angle of attack
sweep with the four cases of the same Mach number was not possible. The four cases

presented here have Mach numbers around 0.7.

Test | Inlet Total | Inlet Total | Outlet Static | Reference | Inlet Mach
Case | Temperature Pressure Pressure Length | Angle | Number
(K) (Pa) (Pa) (m)

—10° | 217.2025216 | 149675.0369 101330.0 0.04 36.0° 0.75
0° 323.1574575 | 143934.6591 101330.0 0.04 46.0° 0.71
10° | 310.0130275 | 140540.9154 101330.0 0.04 46.0° 0.68

14.5° | 309.8598142 | 140346.2604 101330.0 0.04 46.0° 0.67

Table 5.3: Angle of Attack Sweep: Test Cases

The results of the angle sweep with the corresponding experimental results are de-
picted in Figure 5.17, 5.18, 5.19 and 5.20. Once again there is smoothing of the pressure
gradient in the rear half upper section of the foil. The trends of the experimental results
are still captured relatively well. The upper leading edge section shows an increase in
the isentropic Mach number as the angle of incidence increases. The isentropic Mach
number overprediction of the upper surface leading edge is also present in the angle of
attack sweep. What can be seen from the angle of attack sweep is that the numerical

solution becomes more accurate as the angle of attack decreases.
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Figure 5.13: HS1B Mach Sweep: M=0.50
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Figure 5.14: HS1B Mach Sweep: M=0.70
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Figure 5.16: HS1B Mach Sweep: M=0.95
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Figure 5.18: HS1A Angle Sweep: a = 0°



5.4 COMPARISON WITH EXPERIMENTAL TEST CASES

o
e}

Isentropic Ma

o
(s3]

a—ry

o
o

e
2}

————— e

Isentropic Ma

44
t 10Deg
i Exp 10 Deg
I | [T RN SR ]
1] 0.2 0.4 0.6 0.8 1
X/Cx

Figure 5.19: HS1A Angle Sweep: a = 10°
|
\/\I

\ —————— 14.5 Deg

\ . Exp 14.5 Deg

X/Cx

Figure 5.20: HS1A Angle Sweep: a = 14.5°



Chapter 6
Conclusions

A 2D cascade structured grid generator was developed using Amber2D as a basis. The
tool creates H-type grids for turbomachinery blades and stators. The grids can be cus-
tomized by the user to provide the desired concentration and number of nodes.

A 2D cascade thin-layer Navier-Stokes flow solver for turbomachinery was developed
using TORNADO as a basis. The flow domain is defined using structured grids that
decompose the flow domain into 6 blocks. The tool models turbulence through the one-
equation Spalart-Allmaras model. A second-order finite-differencing and a second and
fourth-difference dissipation scheme are used. Periodic and non-reflecting inlet and outlet
boundary conditions are implemented to represent the physics of turbomachinery flow.
An approximate-factorization numerical method was successfully implemented to resolve
the resulting turbomachinery governing equations.

A grid convergence study was performed for an HS1A turbine blade at a transonic
flow condition. The various grid sizes were compared against experimental results by
Jouini [26]. A grid with off wall spacing of 2 - 107%¢c,, 201 nodes on the foil surface and
a total of 21,942 nodes showed the best result for a reasonable solution time.

A test of the non-reflective inlet and outlet boundary conditions was performed.
The implemented boundary conditions produced the same results when the downstream
boundary was moved by one chord length.

Comparisons of flow solver numerical results and experimental results were performed.
A Mach number sweep was performed against a HS1B blade at four different subsonic
Mach numbers (0.50, 0.70, 0.84, 0.95). Reasonable agreement with experimental results
were shown over the selected range of Mach numbers. An angle of attack sweep of a

HS1A blade was performed against experimental results at four different angles of attack
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(—10.0°, 0.0°, 10.0°, 14.5°). Good agreement with experimental results were obtained
for the —10.0° and 0.0° cases. The 10.0° and 14.5° cases did not predict the leading
edge upper surface well. Arnone, Liou and Povinelli explained that this could be due to
truncation errors introduced by grid distortion at the grid stagnation point that introduce

extra entropy that is transported downstream [3].



Chapter 7
Recommendations

The most obvious way to improve this design tool would be to reduce solution time. Im-
plementing an efficient Newton-Krylov numerical method would speed up results shown
by Pueyo and Zingg [40].

Solution accuracy could be increased by implementing a hybrid H-O grid. The elim-
ination of the grid distortion at the leading edge could increase the solution accuracy. A
hybrid H-O grid generation tool would be necessary.

A final step of implementing a gradient based optimization algorithm like that of
Nemec and Zingg [35] could realize the goal of a full turbomachinery design tool. In-
corporating: unsteady, multiple blade rows and 3 dimensional capabilities would develop

the tool into becoming a cost saving design tool suitable for industry.
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