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ABSTRALT

A relatively simple, rapid method for predicting the three-
dimensionil flow effecis in turbomachinery of arbitrary configuration
was investigated. Although the twr-dimensicnal cascade is a satic-
faciuzy approximation for the design and analysis of some types of
turbomachines, the flow through devices such as propeller pumps,
inducers, and fans for turbofan engines may deviate significantly.

No solution exists for the complete, unified three-dimensional flow
problem, but analyses which include the effect of threc-dimensional flows
have been developed. These typically involve leangthy numerical solutions
for specialized cases and are not optimum for design nor for a unified
study of three~dimensional flow trends.

A three~dimensional 1lifting surface theory was used to predict the
potential flow around blades, represented by line vortices and sources,
spanning an annulus. Other investigators have generally assumed
arbitrary singularity distributions; representation of an actual blade
geometry by the model is unique here.

A rotor was designed, built, and tested (with air as the test
medium) for comparison with the theory. Three unique features mark the
experiment. Static pressure distribut- s on a rotating blade were
measured. The effect of blade dihedral on these pressures was also
measured. Instrumentation using a pressure transducer in the rotating
system was designed and built.

Deviation from cascade predictions caused by the three-dimensional
flow effects is found to be significant for some turbomachines such as

propeller pumps. No theory was developed, but variation of the
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experimental blade pressure distributions caused by dihedral was found
to be considerable. These results are important for their direct effect

on performance as well as for their secondary effect, for example, on

the boundary layer.
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CHAPTER I

INTRODUCTION

1.1 Statement of the Problem

The flow througr an axial turbomachine is always three-dimensional
to some degree. However, since no unified theory for predicting the
complete three-dimensional flow through a turbomachine axists, practical
methods of design and analysis presently rely heavily upon two-
dimensional approximate techniques. Generally, a description of the
mean flow is obtained by a two-dimensional inviscid theory such as
potential flow analysis. Corrections to this flow may be applied to
account for other effects such as viscosity, finite hub/tip ratio
and other three-dimensional flows. However, when a turbomachine blade
designed by two-dimensional methods is operated in a three-dimensional
annular flow field, the actual performance of the blade differs from
the design specifications. If the three-dimensional effects are small,
a simplified two-dimensional approximation may be ailequate; in many
turbumachines the three-dimensional effects cannot be neglected, and no
comprehensive method for design or analysis exists.

Large three-dimensional effects occur, for example, in turbo-
machinery such as marine propellers, rocket pump indacers, and turbofan
engine fans. Such devices typically have a few bladzs of high solidity,
a low hub/tip ratio, and large stagger angles. Furthermore, the chord
may be comparable to the hub diameter and the btlades may overlap. Thus,
the effects due to hub and annulus walls and interference between radial
locations may be large. When the flow is highly three-dimensional,

blade performance is expected to deviate significantly from




two-dimensional predictions. Morelli and Bowerman (1) have shown that

for a single-bladed propeller pump the discrepancy between the experi-

mentally measured and two-dimensional theoretical pressure distribution
{_) was considerable.

The inviscid three-dimensional effects arise from constraints due

E to hub and annulus walls; radially varying blade loading; radial
variation in blade blockage; dihedral, sweep and twist of the blade,
etc. In addition, viscous effects induce three~dimensionality in the
1 flow. These are caused by blade boundary layer, secondary flow and
} annulus wall boundary layer. In order to meet the demands for more
efficient turbomachinery blading operating with higher loading and to
predict performance more accurately, the fundamental details of the
| three-dimensional flow through a turbomachine must be better understood.
The present work has been limited to an investigation of the three-
dimensional potential flww in axial turbomachinery. Specifically, the
differences between the predictions of two-dimensional and three-
dimensional theories and the influence of machine configuration have

been considered. The objective of this thesis is to predict the extent

of the three-diwensional inviscid effects and to verify them
experimentally.

In some turbomachinery blade rows, especially in liquid handling
s machinery, the blade elements are designed to have dihedral (analogous
to dihedral in aircraft wings) for hydrodynamic reasons (e.g. cavitation).
Dihedral may also arise from the design and manufacturing considerations
due to blade twist and stack up of the blade sections. Since there ha=
been little investigation of the effect of blade dihedral, experimental

measurements for blades with dihedral were conducted. Although no
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mathematical theory was developed to describe the e¢ffect of dihedral, a
qualitative discussion and interpretation cf data for blades with
dil\edral has “e2en ’ cluded. The variation of experimental blade

pressure distribution caused by dihedral is found to be considerable.

1.2 Background and Summary of Previous Work
1.2.1 Two-Dimensional Theory. The types oi two-dimensional

analyses for the flow through a turbomachine may be classified as blade-
to blade, meridional plane, and channel methods. Referring to the
cylindrical coordinate system shown in Figure 1, these analyses calculate
the flow properties on surfaces approximately parallel to the plane formed
by the { and © axes, the { and n axes, and the © and n axes, respectively.
In each analysis, the flow calculated on any given two-dimensional

surface is assumed to be independent of the flow on any other similar
surface. Generally, these analyses are inviscid and irrotational.

An example of a blade-to-blade analysis is the two-dimensional
rectilinear cascade, or strip theory approximation. Assuming that the
stream surfaces through a blade row are concentric cylinders of constant
radius, the intersection of any cylinder with the blade row may be
developed into a plane in which the blade row appears as an infinite,
periodic set of two-dimensional profiles, or cascade. It is assumed
that the performance of a blade profile is the same whether it is
operating in an annular, three-dimensional flow field or in a plane,
two-dimensional flow field. Since the sralysis is applied to each
cylindrical section of the blade independently, it neglacts the effects
of the hub and annulus walls, radial velocities, and the interference

between radial strips. Schlichting (2) and Scholz (3) developed
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two-dimensional poiential flow solutions based on the method of
distributed discrete singularities, where vortices, sources, and sinks
were utilized to construct the flow about a two~dimensional blade
profile. The cascade theory becomes exact as the hub/tip ratio
approaches unity and/ur the number of blades approaches infinity. In
such configurations, the blade bound vortices are nearly parallel to
each other; thus, the induced radial velocities are small. In practice,
the accuracy of the cascade theory has been well established for
machines with many low solidity blades and hub/tip ratios greater than
about 0.7.

The axisymmetric simplified radial equilibrium, actuator disk, and
streamline curvature theories are essentially meridional solutions.
Although the latter two allow radial velocities, the flow is assvmed to
be uniform in the tangential direction, and a circumferentially averaged
value of the fluid properties is predicted. Thus, such techniques are
accurate only for machines w.th many closely packed blades.

To improve the accuracy of the two-dimensional methods, corrections
to the mean flow may be utilized to account for some of the real fluid
effects. A boundary layer theory presented by Schlichting (4) accounts
for the effect of viscosity. Lakshminarayana and Horlock (5) have
presented numerous relations for tip clearance effects and secondary
flows, while Mellc (6) and Horlock (7, 8) have considered separation
effects and outlet angle deviation, respectively. Further, the basic
two-dimensional flow solutions have been combined by Katsanis (9)
in various ways, depending upon the machine configuration, to obtain an
approximation of the three-dimensional flow. This technique is often

called a quasi~three-dimensional solution. For example, the actuator

ih
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disk theory may e used to obtain the radial variation of the in'zt and
exit velocitilers,, then these velocities are used in the blade-to-blade
cascade solution.

All of the methods discussed above are useful for certain iimited
applications. Machins configurations with high hub/tip ratios and many
low solidity blades may be handled with reasonabtle accuracy. Neverthe-
less, the underlying assumption of a two-dimensional mean flow field
still exists. The inherent three-dimensionality of the basic potential
flow used to construct these solutions canno* be neglected for some
machine configurations. Hence, three-dimensional methods for analyzing
turbomachine flow are required.

1.2.2 Three-Dimensional Theory. There are many factors, some of

which are listed below, which cause three-dimensionality of the flow in
a turbomachine. Even in an inviscid analysis, such factors as radial
variation in blade thickness, hub and annulus wall interference, hub
and annulus wall taper, compressibility, tip leakage, and the radial
component of the blade forces induce three-dimensionality of the flow.
A viscous analysis is further complicated by the &ddition of hub and
annulus wall boundary layers, three-dimensional blade boundary layers,
and secondary flows. Further, the turbomachinery flow is highly
turbulent. ’

No analysis is available which deals with the comple:e three-
dimensional viscous prcblem. Further, the general solution evex for
the three-dimensional inviscid flow involves severe mathematical
difficulties. Some exact and approximate methods have been proposed,
but solutions are available only for some simplified cases such as

incompressible, axisymmetric, or small perturbation flows. Also, some
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of these solutions are not valid within the blade row. Wu (10) has
formulated a theory for the inviscid three-dimensional flow field due
to a finite number of thick blades by reducing the three-dimensional
problem to two equivalent two-dimensional problems. However, an exact
general solution to the resulting non-linear equations is analytically
intractable and the complete numerical solution has not been obtained.
Smith and Frost (11) and Marsh (12) have worked on rumerical solutions
of each of Wu's two-dimensional equations. Smith (13) and Novak (14)
have developed solutions for the flow in the hub-to-tip plane by
satisfying the equations of motion in an average sense. Since this
passage averaging technique assumes a linear variation of properties
across the blade passage, it is not accurate for an impeller with only

a few blades.

Since a tractable, unified theory for the entire problem of highly
three-dimeusional flows is lacking and numerical data are scarce,
Aesigners need a relatively rapid, approximate method of solution.
McCune and Okurounmu (15), McCune (16), and McCune and Dharwadkar (17)
have worked in this area and have considered the general inviscid,
compressible flow in axial turbomachinery using the lifting surface
technique.

Because of the difficulties involved with the exact three-
dimensional solution, Tyson (18) modeled a turbomachine blade in
incompressible flow by using a single radial vortex line of constant
strength spanning an annulus. By solving the resulting Laplace equation
with the strength of the vortex line equal to the total circulation of
the blade, the three-dimensional flow field was calcviated. Rossow (19)

extended this technique by including a single radial uource line with




radially varying strength. Lifting line methods approximate the gross
effects of the blade on the flow field and may be adequate if interest
lies only in the gross properties of the blade row, which depend on the
total circulation. However, the flow details near a lifting line are
very different from those near an actual blade. Thus the biade pressure
distribution or details of the flow inside the passage cannot be
predicted by this method.

In order to more accurately reproduce the flow field due to an
actual turbomachine bladz, Tamura and Lakshminarayana (20, 21) superposed
the basic solutions of Tyson and Rossow to develop a general lifting

surface theory for the three-dimensional potential flow around a body or

bodies spanning a cylindrical annulus. This theory represents the blade

by several discr.-te radial singularity lines distributed over a helical
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surface of finite chord as shown in Figure 1. By appropriately locating

any number of radial bound vortex lines for generating circulation and

source lines for generating thickness, lifting or non-1ifting bodies may
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be modeled. If the body is lifting, it must have radially constant
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circulation, since the theory does not consider shed vorcices, and the

series of radial bound vortex lines must have a total circulation equal

P IS

to the actual blade circulation. They, in a fashion similar to others

who have considered three-dimensional vortex theories, did not attempt

to relate the singularity distribution to any actual blade geometry.

A i v

The 1lifting surface theories have been successfully used for the

1 s L

design and analysis of unshrouded propellers (e.g. Reference 22). In a

S shrouded configuration, it becomes necessary to include the constraints

due to the annulus walls.
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Tamura and Lakshminarayana's (21) theory is adopted here for the
prediction of three-dimensional potential flww in turbomachinery. A
detailed presentation of the theory and derivation of all equations are
given by Tamura and Lakshminarayara (20, 21). The main cquations are
reproduced and briefly summarized below for completeness. Both a
single radial vortex line of a constant strength and a single radial
source line of varying strength spanning an annulus are governed by

Laplace's equation,

2 2
3¢ 3¢ o ¢
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where n, 0, [ are radial, tangential and axial coordinates and ¢v is
the non-dimensional perturbation velocity potential. The boundary
conditions for the vortex line are 1) the axial and radial velocities
vanish at £ + £ », 2) the radial velocity vanishes at the hub and
annulus walls, 3) at [ + % « the tangential velocity distribution is

irrotational. Applying these conditions, the solution of Equation (1)

is
¢ -$5—(e+2°z° At ; exp(¥_Z)F (K_,WZ (K_n))
v 4m 1l P el m> v m’  “m' m
(2)
where the upper and lower signs refer to +Z, and -f directions,
respectively, I' us the non-dimensional circulation, and wh<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>