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Abstract

The prescribed surface curvature distribution (PSCD) direct blade design method,
which was developed by Korakianitis, offers novel and unique advantages in aero-
dynamic performance and surface heat transfer distribution for the design of tur-
bomachinery blades and isolated airfoils, blades or wings. This dissertation has
introduced modified equations in the two-dimensional (2D) and extensions in the
three-dimensional (3D) PSCD blade design method, and has used the method to
illustrate its aerodynamic and heat transfer advantages in several test cases.

2D modifications include polynomial functions, similar to polynomials developed
by Korakianitis, connecting the main part of the blades with the leading and trailing
edge circles. The 3D design method, which was presented by Wegge and Korakianitis
for the first time, include application of the method to describe the blade parameters
with Bezier curves in the radial direction in order to obtain 3D blades. The use of
the overall method is illustrated in turbine, compressor and wind turbine blade
geometries.

The ability of the method is illustrated at design and off-design conditions with
new designs and redesigns of seven test cases and at various flow incidences. The
commercial code packages GAMBIT (grid generation), and FLUENT and ANSYS12
(flow solvers) are used to compute the flow around the blades using various grids
and turbulence models. These calculations indicate all redesigned test cases remove
flow disturbances and separation bubbles generated by surface curvature disconti-
nuities. The effects of surface curvature distribution on convective heat transfer are
illustrated.

The main contributions are the following: modifications of the exact forms of the
polynomials; modifications of the exact location of the match points of the leading
and trailing edge circles; increase in the number of control points of the Bezier
curves; application of the same method to work on compressor blades and isolated

airfoils; and application of the method to several test cases.
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List of nomenclatures

Latin

A

cross sectional area (figure 2.3), representative of leading edge
suction side (figure (2.23)

coefficient (section 2.9.3 and equation 2.26)

representative of point Py (figure 2.22)

axial chord length (figure 2.4, sections 2.2, 2.4.1, 2.9.2, 2.9.3 and
equations 2.2,2.3)

curvature (equation 2.5, sections 2.9.2, 2.9.4 and figures 2.14, 2.21,
2.27, 3.2, 3.15, 5.2, 5.7, 7.3),

with prime , slope of curvature (equations 2.6, sections 2.3.3, 2.9.3,
2.9.4, 2)), absolute velocity (figures 2.3,2.2,

2.5, 2.6, 2.8, sections 2.2, 2.5, 2.3, 2.3.1, 2.3.3),

representative of the starting point of construction lines (figure2.22),
with subscript 6, tangential velocity (section 2.8.1)

skin friction coefficient, C; = 7, /2u% peo, (figures 3.6, 5.6, 5.11, 6.12)
axial velocity (figures 2.3, 2.5, 2.6 and sections 2.3.2,4.2)
Tangential velocity (sections 2.2, 2.5, 2.3.1, 2.3.3, 4.2

and figures 2.3 and 2.5)

radial velocity (sections 2.8.1, 2.3.3, 4.2)

tangential loading coefficient (equation 2.25)

blade chord (section 2.2 and figure 2.4)

dissipation source term (section 2)

blending function (section 2)

enthalpy (sections 2.5, 2.7, 2.3.1, 2.3.3, 4.2, figures 2.1, 2.12, 2.8),
with subscript ¢ surface heat transfer coefficient (figure 5.8)

height (figure 2.10)

acceleration parameter (section 2)



rr

Rey
Res,
Rey
Reg,

(r,0,z)

Mach number (figures 2.15,2.16,3.7,3.8,3.9,3.10, 3.11,3.12, 4.6, 4.7,

4.9, 4.10,4.12,4.13, 5.8, 6.4, 6.5, 6.6, 6.7, 6.8 and 6.9), (equation 2.22)
nozzle (figures 2.3 and 2.10))

opening or throat width (figures 2.4, 2.20, section 2.2

pressure (figures 2.12, 2.8, sections 2.7, 2.4.4, 2.9.5)

point or node on suction and pressure segment surfaces of the blade
(figures 2.4, 2.19, 2.20, 2.22 and sections 2.9.2, 2.9.3, 2.9.4, 2.9.5)
production source term (section 2)

source term (section 2)

local radius (equation 2.5, figures 2.3, 2.2, and sections 2.8.1, 2.9.2, 2.9.5)
rotor (figures 2.3, 2.10, 2.5 and section 2.3.3)

gas constant (equation 2.22)

momentum thickness Reynolds number (section 2)

transition onset momentum thickness Reynolds number (section 2)
critical momentum thickness Reynolds number (section 2)

local transition onset momentum thickness Reynolds number (section 2)
actual reaction for velocity diagram (section 2.3.3)

viscosity ratio (section 2)

wall-distance based turbulent Reynolds number (section 2)

entropy and entropy rate, in units of [W/(m?%.K)]

tangential pitch of the blade (figure 2.4 and section 2.2), with superscript dot
entropy creation rate per unit surface area (equation 2.23, 2.21),
entropy (equation 2.22), non-dimensional surface length (with b,)
(figures 2.28, 3.5, 3.13, 3.14, 4.8,

4.11, 4.14, 5.4, 5.5, 5.8, 5.10, 5.11, 6.10, 6.11, 6.14)

mean rotor speed (figures 2.3, 2.5, 2.7 and sections 2.5,

2.3.1, 2.3.2, 2.3.3, 4.2)

cylindrical coordinates (section 2.8.1)
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(zC,yC)

St

variable distances (sections 2, 2.9.2, 2.9.3, 2.9.4 and 2.9.5, 2.9.4)
non-dimensional (with b,) distances (figures 2.14, 2.15, 2.16, 2.19,
9.20, 2.21, 2.22, 2.23, 2.24, 2.25, 2.26, 2.27, 2.28, 2.29, 3.1,

3.2, 3.3, 3.1, 3.7, 3.8, 3.9, 3.10, 3.11, 3.12, 3.15, 4.5, 4.6, 4.7, 4.9,4.10,
4.12,4.13, 5.1, 5.2, 5.3, 5.4, 5.7 and 5.8)

non-dimensional curvature distances (section 2.9.4)

local free-stream speed

relative blade velocity (figures 2.3, 2.2, 2.6) and sections 2.3, 2.3.1,
axial blade width of a stage (figure 2.10), with dot, power (section 2.5)
specific heat at constant pressure (section 2.4.4)

throat width (equation 2.23)

stagnation pressure loss coefficient (equations 2.17, 2.18), energy loss
coefficient (section 2.7)

Stanton number (figure 5.4)

time scale (section 2), temperature (section 2, 2.4.4),

with subscript ¢ torque (section 2.5 and figure 2.2)

free stream turbulence intensity (section 2)

Bezier variable span (section 2.9.4), trailing edge thickness (equation 2.23
first, second and third derivatives of function y (section 2, 2.9.3, 2.9.4)

stagnation pressure loss factor (section 2.7)

flow angle (figures 2.3, 2.4, 2.5, 2.19, and equations 2.2, 2.24,2.25)
angle of the blade surface (figures 2.4, 2.22

and sections 2.9.1, 2.9.2, 2.9.3)

constant (equation 2.8)

with star, displacement thickness of boundary layer, in metres [m]

(equation 2.23, figures 2.14,

11



2.28, 3.5, 3.6, 3.13, 3.14, 4.8, 4.11, 4.14, 5.5, 5.10, 6.10, 6.11, 6.14)

A finite difference operator (equation 2.4 and sections 2.3.1, 2.3.3)

n efficiency (section 2.7)

€ dissipation rate (section 2.6)
intermittency factor (section 2), specific heat ratio (equation 2.22)

) local angle (figure 2.4), flow
coefficient (sections 2.3.2, 4.2 and figure 2.7)

k coefficient (sections 2.9.3, 2.9.5),
turbulent kinetic energy (sections 2, 2.6)

v kinematic viscosity (equation 2.8)

A with subscript 0 pressure gradient parameter (section 2),
stagger angle (figures 2.4, 2.22, 4.1, 4.2, sections 2.4.3, 2.9.2)

0 angle for specifying points on leading and trailing edge circles, (sections 2.9.2
and 2.9.5), momentum thickness boundary layer (section 2, equation 2.23)

1 molecular viscosity (section 2)

Lt turbulence viscosity (section 2, equation 2.8)

Y work coefficient (sections 2.3.1, 4.2 and figure 2.7)

p density (section 2)

o solidity (section 2.2)

T shear stress (section 2.8.1)

v velocity (section 2.7)

w specific dissipation rate (section 2 ), rotational speed (figure 2.2)
energy loss coefficient (section 2.23), with subscript s entropy loss
coefficient (section 2.7)

Subscripts
0 stagnation condition (figures 2.12, 2.8 and sections 2.7, 2.3.3, 4.2)

12



0,1,2,... with 2Cs, yCs, xC,, yC,, points on the blade curvature
(figure 2.21and section 2.9.4),
with letter a, No. of coefficients (sections 2.9.3 and 2.9.5)

1,2 with flow quantity, cascade inlet and outlet (figures 2.3, 2.4, 2.5,
section 2.2, 2.4.1, 2.9.3)

1,2 with P; and P,, points on line segments for suction and pressure sides
(figures 2.4, 2.20 and 2.22), stage numbers (figures 2.3, 2.10)

1,2,3,4 with k, constants (section 2.9.3, 2.9.5)

BL with subscript of § and € boundary layer (section 2)

sc, pe construction line for suction and pressure sides (section 2.9.5)

s suction side (figures 2.4, 2.20, 2.21, 2.22, 2.23 sections 2.9.2, 2.9.3, 2.9.4,
2.9.5, 2.9.5)

P pressure side (figures 2.4, 2.20, 2.21, 2.22, 2.23 sections 2.9.2, 2.9.3, 2.9.4,
2.9.5, 2.9.5)

in inlet (section 2.5)

ex exit (section 2.5)

si simple (section 4.2)

00 free stream

is isentropic (figures 2.12, 3.7, 3.8, 3.9, 3.10, 3.11, 3.12, 4.6, 4.7, 4.9, 4.10,4.12,

4.13 and section 2.4.1, 5.8, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9)

t tip (figures 2.3, 2.10)
h hub (figures 2.3, 2.10)
U with C and W tangential direction of velocity,

(sections 2.5, 2.8.1, 2.3.1, 2.3.3, 4.2) and (figures 2.3, 2.5)

w wall

te trailing edge (section 2.9.2)

le leading edge (section 2.9.5)

c center of trailing edge circle (section 2.9.2, figure 2.19)
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T
sS
se
st

sm, sk

pm, pk

rotor (figures 2.3, 2.10 and section 2.3.3)

stator (figure 2.10)

stage (section 2.3.3)

static (section 2.7 and figure 2.8)

with P, points on suction side of the blade,(figures 2.4, 2.20,
2.22, sections 2.9.3, 2.9.5, 2.9.5)

with P, points on pressure side of the blade,(figures 2.4, 2.20,
2.22, sections 2.9.3, 2.9.5, 2.9.5)

Symbols and operators

d derivative operator (equations 2.5,2.6, sections 2, 2.8.1, 2.9.3)

0 partial derivative operator (section 2.8.1)

\Y gradient operator (section 2.8.1)

Acronyms

Al redesigned Eppler 387 blade (figures 7.1, 7.3 and 7.4)

B sample blade, with subscripts 1 (figures 3.7, 3.8, 3.9),
with subscript 3 (figures 3.10, 3.11, 3.12),
with subscriptions 1,2,3 (sections 3.2)

h-S enthalpy - entropy

LE leading edge (figures 2.21 and 2.22)

C redesigned compressor blade, with subscript 1 (figures 6.4,
6.5, 6.6), with subscript 2 (figures 6.7, 6.8, 6.9 and with
subscript 3 (figure 6.15)

CF central difference (section 2.9.4)

CFD computational fluid dynamic (section 2.6)
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2D
3D
HD

11,14,19

PSCD
QMUL
31

two dimensional

three dimensional

Hodson-Dominy

redesigned NASA and VKI blades, with subscript 1 (figures 5.1,
5.2, 5.3, 5.4), with subscript 2 (figures 5.7, 5.8)

and with subscripts 1,2 (section 5.2)

reproduce and redesigned HD blades, forth and ninth iterations to
produce improved blades (figures 2.24, 2.25, 3.1, 3.2)

prescribed surface curvature distribution

Queen Mary College, University of London

redesigned VKI blade (figure 2.26, 2.28)
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Chapter 1

Introduction

1.1 Airfoil and blade geometry in energy conver-
sion systems

World energy resources and consumption have become a matter of ever more public
interest over the past decades. The political, social and ecological issues regarding
the use and supply of energy will most likely remain a vital concern for many years
to come. One of the main objectives in saving energy resources is to reduce energy
consumption by increasing efficiency of energy conversion and utilization. As the
gas turbine is the most common device for power reduction and energy conversion,
improvements of its efficiency would be a major contribution to energy resource
savings. A thorough understanding of the role of the gas turbine component is
important to those involved in the design and/or performance assessment of gas
turbine engines. The gas turbine engine is a complex machine involving operation
at extremes of pressure and temperature and it is one of the most popular engine
that has a great application in the energy conversion systems.

In many industry sectors, turbomachinery, or more broadly speaking rotating
machinery, plays a vital role. Rotating machines change the state of working fluids

(pumps or compressors), convey or transport fluids (fans and pumps), extract energy
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(turbines) and create propulsion (propellers). Performance, efficiency, reliability and
rapid delivery have always been important, but todays world conditions intensify
the pressures designers face since rotating machines play a critical role in power
generation and various forms of transportation. Their is a limiting factor regarding
cost, efficiency and emissions during the design process of gas turbine engines. In the
energy industries, most of our power is produced by gas, steam and water turbines.
Steam turbines extract power in nuclear and coal-fired power plants. Land-based
gas turbines is also run on natural gas and, in some cases, oil. In the other side
wind turbine production, which is still relatively small in volume, has increased
dramatically in recent years, with the largest machines being 6 megawatts (MW) in
size and having rotors approaching 130 meters in diameter [1].

In the transportation industry, turbomachinery plays an equally important role.
For air travel, the rotating machinery used on commercial aircraft which is called
the gas turbine aircraft engine. Its key rotating components include the fan, which
can be seen when boarding the plane, as well as the compressor and the turbine.
For transportation at sea and on the ground, diesel engines in ships, trucks and
an increasing number of cars use turbo-chargers to improve their performance and
efficiency. These engines also use electric-driven fans and pumps, which must be
optimized, since available electrical power is limited. Efficiency of the automatic
transmission torque converter another rotating machinery component comprised of
a pump, a stator and a turbine is critical to vehicle fuel efficiency. Turbomachinery
plays an important role in other industries as well.

Compressors and pumps are important to the chemical, process, and oil and
gas industries, and are even key components in large industrial air conditioning
systems. In the medical industry, heart pumps must be designed to be compact
and to minimize blood damage. Each rotating machine type has one or more key
design challenges. Efficient blade geometry and cooling due to high temperatures
are problematic in gas turbines and compressors. Cavitation is an issue in pumps.

Non-ideal gas behavior in steam turbines and refrigerant compressors must be con-
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sidered. Several design, performance or production factors are common among tur-
bomachine types. Reliability and safety require accurate prediction of steady and
transient thermal, aerodynamic and structural loads for stress and fatigue life pre-
dictions. However, excessive safety and strength features are likely to make the
machine too expensive or too heavy; these features also can preclude other com-
peting requirements such as efficiency. Operational cost and emission issues have
recently intensified the pressure to produce efficient machines.

All above uses for gas turbine engines, including stationary and rotating blades,
make the design of the blade geometry is challenging and requires a methodology
that produce high efficient blades based on aerodynamic performance, surface heat
transfer, mechanical integrity, noise reduction and overall cost. It is concluded that
design of high efficient blade geometry, to produce highly aerodynamic performances
(pressure distributions and isentropic Mach number), is a core to predict the other
properties such as heat transfer, mechanical integrity, and noise phenomenon. In
other words, any improvement on aerodynamic performance reflects to improve the

overall efficiency of the engine.

1.2 Motivation and the purpose of this thesis

Besides various blade design methods for turbomachinery blade, several specific
factors motivated this thesis. First among them is the spikes and dips in the surface
pressure or Mach number distributions of the most of the turbomachinery blades and
wind airfoil in the open literature, which is mostly a function of the discontinuity in
the local surface curvature or slope of the local surface curvature. Various techniques
and equations have been used in an attempt to remove these spikes, which have
not been successful, except for the the presecribed surface curvature distribution
(PSCD) blade design method developed by Korakianitis [2-9]. The modifications in
the PSCD method developed by Korakianitis and described in this thesis enhance

the ability of this method to produce high efficiency turbomachinery blades and
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isolated airfoils.

The streamwise blade surface curvature distribution has a great effect on bound-
ary layer development, blade aerodynamic performance, and surface heat transfer
distribution. This surface curvature distribution is different from the usual defini-
tion of blade surface smoothness, which also affects boundary layer development,
aerodynamic performance, and heat transfer distribution. Other existing line and
surface design programs do not address this blade surface curvature distribution
effect (they usually introduce slope of curvature discontinuities at the knots joining
the lines, or the lines joining the surface segments).

The aim of this thesis is to modify the PSCD blade design method, which was
developed by Korakianitis, to design all high efficiency turbomachinery blades (com-
pressor and turbines), wind turbine airfoil and investigate its effects at design and off-
design conditions and surface heat transfer distribution. The blade design method
has been enhanced with two polynomial equations, which are exponential and simi-
lar in nature to those proposed in [8], to specify the leading and trailing edge parts of
the blade; and expanding the smoothness on the rest of the blade with increasing the
number of control points of the Bezier spline, which they have an effective influence
of the overall blade performance. The effects on design and off design conditions are
also discussed to show the influence of the continuous surface curvature on blade
performance, to remove the flow disturbances, separation bubbles and improve the
boundary layer development on the blade surface. The influence of the continuous
surface curvature of the blade heat transfer is also discussed, on the improvement
of the boundary layer development on the surface of the blade. In the following the

contributions of this thesis have been briefly summarized:

e Use of the PSCD method to design high efficiency turbomachinery blades for

all the above uses.

The flow around the turbomachinery blade is complex and unsteady. The

complexity and three-dimensional flow around the blade mostly depend on
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the shape of the blade. The 2D shape of the blade is specified by joining
lines, and the overall surface results in a specified surface curvature distribu-
tion. With the usual line-joining methods there is a discontinuity in the slope
of curvature between line segments. These curvature or slope of curvature
discontinuities result in local kinks in surface pressure or Mach number dis-
tribution, and in order to produce a high efficiency blade the discontinuities
need to be removed. Two modified polynomial equations are introduced in this
thesis, which are of similar form to the exponential polynomials introduced in
[8]. These polynomials enhance application of the PSCD method near the
leading and trailing edge of the blades. Overall the separate lines joined to
form the suction and pressure surface of the blades have continuity of point,
first, second and third derivative everywhere along the surface of the blades,

including the joints with the leading and trailing edge shapes (circles).

Modifications to the original PSCD blade design method, which was initially
applied to axial gas turbine expanders, to apply to compressor and isolated

airfoils.

In the original PSCD method the suction surface of turbine blades has to
pass perpendicularly through the point where the surface touches the throat
diameter. The throat diameter is defined form the trailing edge circle of the
adjacent blade. The pressure surface development is analogous, but instead of
the throat point and perpendicular, an arbitrary point and surface angle are
introduced on the pressure surface. The procedure is similar for compressor
blades: the throat point moves closer to the leading edge, and is defined form
the leading edg<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>