i

LFVEL

THE DESIGN AND ANALYSIS OF TURBOMACHINERY IN AN
INCOMPRESSIBLE, STEADY FLOW USING THE STREAMLINE

CURVATURE METHOD

Mark W. McBride

ADACT1107

Technical Memorandum

Fiie No. TM 79-33

i February 13, 1979

Contract No. N0Q024-79-C-6043

f .
r Copy No. 4;

e - ——

- }

# .
&

c—— -y = -

The Penusylvania State University
APPLIED RESEARCH LABORATORY

Post Office Box 30

State College, Pa. 16801

DOG FILE coPY

Approved for Public Release
Distribution Unlimited

NAVY DEPARTMENT

NAVAL SEA SYSTEMS COMMAND




P
X

b

MO RIS S

ot

e

bt ot SV

 NAATIBEST L5 N T ABAIIAN PN S0 et - - .- - peam e

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT NUMBER

READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORN

2. GOVY ACCESSION No(j).\RECIPIENT'S CATALOG NUMBER

™ 79-33

Y (s

=

% URVATURE gmon . = wf_’: - = I

q.

......

HE DESIGN AND_QEALYSIS OF I’BBOMACHINERY IN AN
OﬁRESSIBLE gEADY FLOW USING THE STREAMLINE

Technical flemarandua €M)

o e —————

> 8. CONTRACT OR GRANT NUMBER(s)

~ A
Mark W.IMcBride £ NQ0024'79“C‘6¢43 (7/?

Do N

PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, pao,am’ TASR
AREA & WORK UNILT NUMBER

Applied Research Laboratory o GRS |
Post Office Box 30
State College, PA 16801 e et e s s

1,

REPORT DATE
February 13, 1979

NUMBER OF PAGES

CONTROLLING OFFICE NAME AND ADDRESS

Naval Sea Systems Command, Code 0351, Washington,
DC 20362 and Naval Ocean Systems Command,

San Diego, CA 92152 161

4.

MONITORING AGENCY NAME & ADORESS(if dillerent from Controlling Office) SECURITY CLASS (of this report)
/4 =
2 UNCLASSIFIED

l:) C

1Sa. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

DISTRIBUT'ON STATEMENT (of this Report)

Approved for public release.
Per NAVSEA - March 30, 1979

Distribution unlimited.

DISTRIBYTION STATEMENT (of the abstract entesed in Block 20, if ditlerent (rom Report}

-

W) ARL/PSU/TM~79433

! -

SUPPLEMENTARY NOTES

KEY WORDS (Continue on teverse side if neceasary and identily by bloch wumber)

turbomachinery
streamline
hydrodynamics
curvature
20 ABSTRACT (Continue on revetse aide if necsasary and (dentify by block numb »2)
¢ The design of new and more efficient turbomachinery requires an improved
understanding of the fluid flow phenomena associated with the duct and blading
required for the operation of such devices. 1In recent years, the digital
computer has made possible the solution of equations of motion pertinent to
this field“;rhe>study described here:rdeals with the design and analysis of
turbomachinery in an incompressible, steady flow, such as hydraulic pumps
FORM
DD, an 7 1473  ceoimion oF ' nov 6313 oBsoLETE UNCLASSIFIED

5 ‘ rs:cmmv CLASSIFICATION OF THIS PAGE (Whan Data Enterer
371 OHHYy ,~

— e -

o I



UNCLASSIFIED

C lsed
SECURITY CLASSIFICATION OF THIS PAGE({When Date Entered) o

and turbines. The basic numerical approach.ﬁ%i%ized{in the analysis of
these devices is the Streamline Curvature Method.
g

“Phe” evelopment of a turbomachine design method requires an accurate model
of the through-flow describing the spatial variation of the velocity and
pressure in the fluid. Equations of motion are developed in a way that allows

modeling of the blade row spanwise and chordwise loading distributions on
a blade row and determination of their effect on the through-flow. The
equations are solved using the Streamline Curvature Method with €he”effects of
viscosity and turbulence included in an empirical fashion due to the complexity
of the governing equations.

Once the turbomachine performance and the subsequent through-flow solu-
tions have been determined, the airfoil-shaped blades must be specified to
produce the prescribed flow field. An empirical method of designing airfoils
thas been developed by G. F. Wislicenus. ‘his method, the Mean Streamline
Method, relies on correlations of performance data of blades tested as two-
dimensional cascades to construct a blade camber line using the theonretical
mean flow streamline and an offset distribution. The offset distribution is
dependent on a number of geometric and flow variables. An analysis was per-
formed to extend the range of applicability of the Mean Streamline Method on
a new correlation developed to aid in the design of airfoil sectionms.

Further improvement of turbomachine performance and the development of a
§ rational three~dimensional solution of a turbomachine through-flow requires an
analytical approach to blade section design. A Streamline Curvature Method
was developed to solve the indirect or design prcblem for blades in a cascade.
7 The properties of the flow at the blade row inlet and exit are specified aleng
with the loading distribution along the blade chord that is desired. A
blade-to-blade analysis 1s performed that satisfies the equations of motion

4 and iteratively determines an airfoil shape that will perform as specified.

5 The effects of the blade surface boundary layers on the flow are included in
an empirical fashion. A resylt of this procedure is a blade-to-blade flow
solution that can be used to construct a three-dimensional representation of

: the velocity and pressure fields in the turbomachine,

An s

= '£>Experimental investigations were performed to validate each of the
1 analysis and design methods described. In general,‘thé’performance of
the various test articles was in agreement with predictions. It is
apparent, however, that phenomena associated with turbulent and viscous
flows require more sophisticated medeling than those used in this study.
| Accession Fer ""1

g:éstkl ‘—:ng

Upa.nounged b ’
Justificatiorn_

Y

" Ry
Digtridbution/
__m_l__rbilltz Codes ‘

,Availand/or
! spacial

J UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered;

4 et 1 b 1~ aem




———m

L8
.
4
%
e
i
*

o

-

Qi SRR N
-

Phpe o WA vy

i1

ABSTRACT

The design of new and more efficient turbomachinery requires an
improved understanding of the fluid flow phenomena associated with the
duct and blading required for the operation of such devices. In recent
years, the digital computer has made possible the solution of equations
of motion pertinent tc this field. The study described here deals with

the design and analysis of turbomachinery in an incompressible, steady

i

flow, such as hydraulic pumps and turbines. The basic numerical approach

utilized in the analysis of these devices is the Streamline Curvature

Method.

The development of a turbomachine design method requires an accurate

model of the through-flow describing the spatial variation of the

velocity and pressure in the fluid. Equations of motion are developed
a way that allows the modeling of the blade row spanwise and chordwise
loading distributions on a blade row and determination of their effect
the through-flow. The equations are solved using the Streamline

Curvature Method with the effects of viscosity and turbulence included
an empirical fashion due to the complexity of the governing equations.

Once the turbomachine performance and the subsequent through-flow

in
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solutions have been determined, the airfoil-shaped _lades must be speci-

fied to produce the prescribed flow field. An empirical method of

designing airfoils has been developed by G. F. Wislicenus. This method,

the Mean Streamline Method, relies on correlations of performance data
blades tested as two-dimensional cascades to construct a blade camber

line using the theoretical mean flow streamline and an offset
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distribution. The offset distribution is dependent on a number of
geometric and flow variables. An analysis was performed to extend the
range of applicability of the Mean Streamline Method on a new correla-
tion developed to aid in the design of airfoil section

Further improvement of turbomachine performance and the development
of a rational three-dimensional solution of a turbomachine through-fiow
requires an analytical approach to blade section design. A Streamline
Curvature Method was developed to solve the indirect or design problem
for blades in a cascade. The properties of the flow at the blade row
inlet and exit are specified along with the loading distribution along
the blade chord that is desired. A blade-to-blade analysis is performed
that satisfies the equations of motion and iteratively determines an
airfoil shape that will perform as specified. The effects of the blade
surface boundary layers on the flow are included in an empirical fashion.
A result of this procedure is a blade-to-blade flow solution that can be
used to construct a three-dimensional representation of the velocity and
pressure fields in the turbomachine.

Experimental investigations were performed to validate each of the
analysis and design methods described. In general, the performance of
the various test articles was in agreement with predictioms. It is
apparent, however, that phenomena associated with turbulent and viscous

flows require more sophisticated modeling than those used in this study.




T

™ e e e

v

%‘\ — »

REL e R

mi'ﬁ'm-!w‘mmamvwm c oA g

W,

Sk e ar e e o

ABSTRACT . . . .

LIST OF FIGURES . .

NOMENCLATURE . . . .

ACKNOWLEDGEMENTS . .

I.

II.

I11.

Iv.

V.

V1.

A GENERAI. STATEMENT

STATE OF THE ART

TABLE QOF CONTENTS

L O o 1

.

OF THE PROBLEM AND ITS SOLUTION . . .

¢ 9

ANALYSIS AND DESIGN TECHNIQUE .

THE STREAMLINE CURVATURE METHOD OF THROUGH~FLOW

4.1 Development of the Equations of Motion
4.2 The Effects of Blade Ruws .
4.3 The Effects of Viscosity and Turoulence
4.4 Use of the Streamline Curvature Method
THE CORRELATIONAL MEAN STREAMLINE METHOD

5.1 Introducticn

.

5.2 The Computerized Analysis of Cascade Data

5.3 Evaluation of the Cascade Data

5.4 Computation of the Offset Distribution

.

o & o s s e

ANALYSIS

L S )

5.5 Numerical Description of the Offset Distribution

5.6 Estimatfion of the Blacde Pressure Distribution . . .

5.7 Summary .,

AXIAL FLOW PUMP DESIGN EXAMPLE

»

R TS}

6.1 Flow Field Calculations Through the Axial Flow Pump

-

A o T A a1, A TN N Pt

Page
iii

vii
xii

Xv

14
17
18
27
K}
32
37
38

39

55
57
58

59




VII.

VIII.

IX.

6.2 Detailed Blade Section Design . . « « + 4 + + « .

6.3 Axial Flow Pump Tests . . . . . . e v e e e e e e
6.4 Test Procedure . . . . ¢ ¢ 4 ¢ 4 o o o« o 4 o » o

6.5 Test Results . & v v v v v v s v o o o e e e e e

6.6 SUMMATY . ¢ + 4 ¢ 4 ¢ 4 e 4 b s s e e e e e

CASCADE BLADE SECTION DESIGN USING THE STREAMLINE
CURVATURE METHOD--GENERAL STATEMENT . . . . . . . .+ . .

CASCADE BLADE SECTION DESIGN USING THE STREAMLINE
CURVATURE METHOD~-THE NUMERICAL METHOD . . . . . . . .

8.1 Development of the Numerical Method . . . . . . .
8.2 Definition of a Cascade Design Test Case . , .
8.3 Results of Cascade Airfoil Design Calculations

EXPERIMENTAL PERFORMANCE VERIFICATION OF THE STREAMLINE
CURVATURE CASCADE BLADE DESIGN METHOD . . . . ., . . . .

9.1 Cascade Blade Test Experimental Apparatus . . . .

9.2 Comparison of the Analytjcal and Experimental
Pressure Distribution . . . . . . . ¢+ . . . .,

9.3 Comparison of the Analytical and Experimental Flow

Fields L] . . . . - . L] . . . . - . . . . L] L] . *

9.4 Summary of the Analytical and Experimental

Comparisons . . . ¢« « v ¢ ¢ ¢ v e v v e e e e s

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER

RESEARCH . . ¢ & ¢ v v 0o v v v v e e v v s e s oo 0 v s

10.1 Summary and Conclusions . . « + . ¢« v v v « &« « &

10.2 Recommendations for Further Research . .

REFERENCES . . . . . ¢ v v v v v b v v v e o s o v e v e e e s

[F# ST R - RPN

vi

Page
66

66
70
73

73

79

85
85
105

167

109

111

124

130

150

152
152
156

159




Figure

10

11

12

13

14

15

LIST OF FIGURES

Title
Basic Turbomachine Types . . . . . « ¢« « ¢ ¢« « « o &

Generalized Velocity Components in an Axisymmetric
Duct & v v s e et e e e e e e e e e e s e e e e

General Description of Computation Planes in a
Turbomachine Blade Row . + . v v v ¢« v ¢« o v o o o

General Reference Station Parameters (Meridional
Plane) . v v v ¢ v v o v e b s e e e e s e e e e e

Differential Streamtube Element . . , . . . . « « .« .
Blade Force Components . .« . . & « & 4 o ¢« « o « o &

Detail View of the Streamlines Calculated Through
Two Blade Rows . . « ¢ v ¢ ¢ v v v v o 0 0 ¢ o o o &

Streamlines in a Francis-Type Turbine . . . . . . . .

Comparison of Theoretical and Experimental Velocities
Behind a Blade Row as Solved by the Direct (Specified
Angularity) Method . . . « ¢ ¢« ¢ v v v v v v e e e

Example of the OQutput of the Cascade Analysis
(Positive Incidence Case) . + « v v « « o o o o o« &

Example of the Qutput of the Cascade Analysis
(Zero Incidence €Cas€) . . v + v v v « &+ o o o s 4 e

Normalized Maximum Offset, AN/C - CL‘ vs Vane Stagger
Angle, Bv s e e e e e e e e e e e e e e e e e e

Normalized Maximum Offset, AN/C « o, vs Vane Lift
Coefficient, CL .

Least Squared Error Curve Fit of the Normalized
Maximum Offset, AN/C, vs the Vane Lift Coefficient,

C L N I T T T T S Y )

L

Loacing Parameter, 1, vs the Location of the Maximum
Offsat, Co C e v e e e e e e e e e e e e e e
max

T8 8 e 4 & s & s s & s s s v e

- N e e e e e ARy e W M ¢

vii

19
21

29

33

34

36

41

42

45

46

48

50




—

Figure

16

17
18
19

20

21
22
23
24

25

26

27

28

29

30

3l

33

3

Title

Parameters Defining the Nondimensionalized Offset
Distribution . . . . & v ¢ v ¢ 4 v b 0 e e e s e e

General Layout of the Axial Flow Pump Design Example
Velocity Profile in Duct Upstream of Rotor . . . . .
Distribution of Peripheral Velocity at Rotor Exit . .

Computed Streamlines for the Ax.al Flow Pump Design
EXample . o v v v vt v e e e e e e e e e e e e e e

Computed Elade Row Velocity Profiles . . . . . . . .
Rotor Cylindrical Design Sections . . . . . . . . . .
Stator Cylindrical Design Sections ., . . .+ . . . . .
View of the Axial Flow Pump Rotor and Stator . . .

Overview of the Axial Flow Pump Installed in the Six-
Inch Water Tunnel (Flow is from Right to Left) . . .

Close~up View of the Axial Flow Pump Rotor and Stator
Installed in the Test Section of the Six-Inch Water
Tunnel (Flow is from Left to Right) . . . . . . . .

Experimental and Theoretical Velocity Profiles
Immecdiately Upstream of the Axial Flow Pump Rotor . .

Comparison of the Theoretical and Experimental Total
Pressure Rise Across the Axial Flow Pump at Design
Flow Rate e h e e e e e e e e e e e e e e

Performance Data for the Axial Flow Pump . . . . . .

Major Phenomena Affecting the VWork Done by a Cascade
of Blades . . . . . . v . ¢ v o v h v e e e e e

Schematic Representation of Camber Li.~ Corrected to
Account for Potential and Real Flow Effects in a
Cascade .« v v v v v e s e e e e e e e e e e e e e s

Design Boundary Conditions Input to the Two-
Dimensional Cascade Design Procedure . . . . . . . .

Initial Solution Geometry Consisting of a Number
of Parallel Mean Streamlines Between Ideal, Zern
Thickness Blades . . . . . . v ¢ 4 v 4 ¢ o o o o « »

Generalized Cascade Flow Field Geometry . ., . . . . .

.

€l

62

63

64

65

67

68

69

71

72

14

75

76

80

81

86

88

91




S TPRATT T e O aT Ar [

ix
Figure Title Page
35 Geometric and Physical Variables Required for the
Integration of the Momentum Equation ., . . . . . . .. 93
»
36 Initial Differences Between the One~Dimensional or
Averaged Flow and the Results of the Exact
Integration of the Momentum Equation ., . . . . . . . . 96
37 The Effects of the Gradual Addition of Blade Thickness
to the Analytical Solution . . . . . . ¢« « v v v o o & 99
38 Illustration of Singular Point at Blade Leading Edge . 100
39 Modification of the Stagnation Streamline to Account
for Boundary Layer Displacement Thickness and the
Blade Wake . . . . . v ¢« ¢ v v v 0 v v e e e e e 103
40 Prescribed Performance Requirements for the Design
Cascade Blade Analysis . . . . +« « v v o o v ¢ v o o o 106
41 Computer Generated Plot of the Initial and Final
Analytical Solution for the Cascade Blade Test
- Case « . L s e e e e e e e e e e e e e e e e e e 108
42 Theoretical Streamline Distribution and Blade Shape
. Determined by the Streamline Curvature Blade Design
i Method . . . & &« ¢ ¢ 0 v 4 vt e e e e e e e e e e 110
43 Photograph of Cascade Tunnel with T>st Blades and
Three-Hole Probe Mounted . . . . « ¢« ¢ « v ¢ « ¢ o « 112
| b4 Detail of Airfoil Section Shape and Location of
! Holes for Surface Pressure Measurements . . . . . . . . 113
5 45 Three-Hole Probe and Cascade Blade Test Geometry . . . 115
‘ 46 Expanded View of Three-Hole Probe Tip . . . . . . . . . 116
47 Three-Hole Probe Calibration in Open Jet Tumnel , . . . 117
48 Three-Hole Probe Calibration (CP VL 119
7 a
e 49 Thrze-Hole Probe Calibration (CP VB ) v v v v e e e 120
1 t
L i 5C Three-Hole Probe Calibration (CP VS ) v 4 v e 4 v s 122
8
) 51 Theoretical Cascade Blade Pressure Distribution from
h the Streamline Curvature Analysis . . . . . . « . . . . 125
52 Theoretical Cascade Blade Pressure Distribution from
» the Douglass-Neumann Potential Flow Analysis , . . . . 128
DT T O a2 S Tesn s Ml T e T AR e, ——— . R s




it
L:“[ S

TR RS TTR

B T AU

Prp——

e st s

renaTTens e -

e

Figure
53

54

55

56

57

58

59

60

61

62

63

64

65

Title
Experimental Cascade Blade Pressure Distribution

Experimentally Determined Velocity Field in the
Test Cascade . .« ¢« v & ¢ ¢ ¢ v ¢ o o ¢ o o o &

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station 20 Percent Blade Chcrd Upstream . . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station Coincident with Leading Edge . . . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 10 Percent of the Blade Chord . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 20 Percent of the Blade Chord . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 30 Percent of the Blade Chord . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 49 Percent of the Blade Chord . . .

Ccmparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 50 Percent of the Blade Chord . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 60 Percent of the Blade Chord . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 70 Percent of the Blade Chord . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Reference
Station at 80 Percent of the Blade Chord . . .

Comparison of the Theoretical and Experimental
Velocity Profiles in the Test Cascade Rererence
Station at 90 Percent of the Blade Chord . . .

g O, TR

Page
129

131

132

133

134

135

136

137

138

139

140

141

142




FlﬂEﬁP

fH6

y
7
s

68

69

*x1

Title Page

Comparison of the Theoretical ard Experimental
Velocity Profiles in che Test Czscade Reference
Station Coincidoen: with Trafling Edge . . . . . . . . . 143

Comparison of the Theoretical ard Experimental
Velocity Profiles In the Test Cascade Reference
Station 20 Percent Blade Chord Lowmstream . . . « « . . 144

Comparison of the Theoretical ard Experimental
Velocity Profiles in the Test C:scade Reference
Station 50 Percent Blade Chord DIswnstream . . . . + . 145

Cascade Turning A-gle as a Function of Blade Chord
Reynolds Number . . . . . . ¢« v « o ¢« ¢ o s « o ¢ ¢ o o 148

Experimental Cascide Blade Prescure Distribution
as a Function of 3lade Chord Reynolds Number . . . . . 149



xii
NOMENCLATURE
Symbol Definition
A, B, C, D, E polynomial coefficients
a, b, c, d, e polynomial coefficients
CL blade 1ift coefficient
Co percent of blade chord, where AN is a maximum
max
CP pressure coefficient
c blade chord length
k streamline curvature = (Rk_l)
L integrated total blade force
L percent of blade chord where one-half of total turning
occurs
N revolutions per second
AN offset or distance between the mean streamline and the
! blade camber line
2 n ordinate normal to a streamline
P pressure
AP pressure difference across a blade
R radius
Kk radius of curvaturc of a streamline
‘ r ordinate along a radial line
S spacing of two blades in a cascade
. 8 ordinate parallel to a streamline
‘ t projected length »f a blade in the (x) direction

T g ey RTS ST SWTTP T TTOT SROWENE NPT W £ T PR e ettt e et Y o b R




PARRCER 12

‘
4
4

«

I LA e s

bl a

xiil

Definition
blade peripheral velocity
velocity component in (x) direction
velocity
volume flow rate per unit depth
velocity component in (r) or (y) direction
axial coordinate
radial coordinate
angle between a streamline and a path of integration
relative flow angle

incidence angle

angle betw'en a blade force vector and a streamsurface
dummy variable of integration

stagger angle, angle between the blade chord line and
axial or (x) direction

axis coincident with a path of integration
ordinate in peripheral direction

ordinate on n axis

fluid density

cascade solidity (S/C)

angle between a streamline and the (x) direction

uniform upstream or leading edge conditions
uniform downstream or trailing edge conditions
axial or (x) component

denotes an integration starting point

local condition




h R T TV Loy A i s e o | - ]

xiv
Symbol Definition
m meridional component, parallel to ¢ direction
) o denotes an integration end point
S reference static condition
s local static condition
T reference total condition
T blade thickness
t local total cond.tinn
X component in (x) direction
X partial differential W. R. T. (x)
y component in (y) direction
| y partial differential W. R. T. (y)
é ps pressure surface
| ss suction surface
a function of flow angle
n function of n
g 98 peripheral component
% § denotes a property of a streamline coincident with a

value of § on n

® denotes a reference condition

Y ——




Rl b A haid S il
Bk w

ACKNOWLEDGEMENTS

The author wishes to express his gratitude to the following
institutions and persons who supported the work reported in this thesis.

Direct support for the various works described in this thesis was
furnished by the Naval Sea Systems Command Code 0351. Funding for the
design, fabrication, and testing of the axial flow pump described herein
was furnished by the Naval Oceans Systems Center, San Diego, California.

Dr. Robert E. Henderson and Prof. Walter S. Gearhart provided
inspiration and technical assistance throughout the investigations
3 reported here. Manv members of the staff of the Fluids Engineering

Department contributed technical assistance to these projects. The

. author is a full-time member of the staff of the Applied Research
Laboratory of The Pennsylvania State University and is very grateful for
the opportunity to pursue the work reported herein under the support of

z the Applied Research Laboratory.

B e et e

e ol W 2y AT o W -

PR R alihid




e e g,

e et

CHAPTER 1

A GENERAL STATEMENT OF THE PROBLEM AND ITS SOLUTION

The problem addressed in this study is the development of a rational
engineering solution to the design of turbomachinery that operate in an
incompressible, steady flow. The types of turbomachines considered
include axial, mixed, and radial flow pumps, fans, and turbines.
Schematic examples of these types of machines are shown in Figure 1. All
turbomachines require rotating rows of airfoil-shaped blades. Geometri-
cally, blade row shapes can be quite complex, and their shape is closely
related to the exact flow field in the turbomachine. The performance of
a turbomachine is defined relative to the amount of fluid passing
through the machine in a given time and the change in energy, or total
pressure, that the fluid experiences. The indirect or design problem is
one of specifying a geometric shape of duct and blading that will deliver
the desired flow parameters either at a single operating point or over a
continuous range of operating conditiuns. The direct or analysis problem
considers a given blade row shape and determines the operating points of
the machine. Both problems require methods to determine the exact nature
of the flow field in the turtomachine.

A number of additional considerations must be made during a design,
all of which affect both the machine's performance and geometry. These
considerations include efficiency requirements, constraints due to
cavitation or fluid vaporization in low pressure regions, unsteady flow

effects, two- and three~dimensional effects of viscosity, and




Lttt L L L L L L L L LL

aow R is]
____6_\.—_%_ AXIS OF ROTATION
R 151

T7T 7777777777777
AXIAL-FLOW PUMP OR TURBINE

R - ROTATING BLADE ROW
S - STATIONARY BLADE ROW

AX1S OF ROTATION
;
; MIXEDRADIAL-FLOW PUMP OR TURBINE
; 3 Figure 1. Basic Turbomachine Types.
L4
;
'
}
®
i f




—

-

.

IR

manufacturing limitations. All of these constraints and effects must be
considered in a sound, analytical design proceduie.

The design of a turbomachine can be traced through three %asic
phases. The first is the preliminary design phase in which the type of
machine to be employed is determined. Additionally, the size, speed,
and over-all geometry are determined. Since the entire design process
is iterative, the preliminary design parameters and shapes are always
subject to modification, Many aspects of this preliminary design process
are empirical and/or arbitrary and are based cn engineering experience,
system or installation limitations, costs, and other factors of which
the designer must be aware. However, to be able to proceed with a
detailed design, a fairly complete conceptual form of the machine must be
generated.

The second phase is the detailed design of the machine ducc and
blade shapes. A design that is baseu on the equations of fluid motion
requires the development of a mathematical description or model of the
flow field and the machine geometry. This phase requires computerized
methods to solve the equations of motion while accounting for as many of
the physical properties and boundary conditions as possible. Since the
direct solution of the equations of motion for viscous, turbulent flow is
impossible, it becomes necessary to approxinate some of the physics of
the flow. However, the exact solution of the nonviscous or ideal flow
field with forces due to fluid accelerations, rotation, and nonuniform
flows taken into account is possible., Figure 2 helps to visualize these
various aspects of the flow geometry. The usual app.oach used is to
solve for the inviscid flow field and superimpose the effects of real

fluid flow which are difficult to treat analytically.
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The solution must include physical effects peculiar to each type of
machine. Generally, the inflow conditions to the turbomachine will be
nonuniform in velocity and pressure. The chordwise and spanwise loading
or pressure on the blade rows will be nonuniform as is the blockage due
to blade thickness and boundary layer growth, If the flow fileld is
unbounded, as for a nonducted fan, aduitioual boundary conditions are
necessary to perform a flow analysis. The cffects of viscosity in the
blade row passages must be modeled accurately to achieve the design
performance requirements.

The second phase culminates in an actual blade shape design that
will produce the flow field specified by the analysis. Determingtion of
this shape is difficult as there are a number of boundary conditions that
-t must satisfy, and the performance of a blade row is highly subject to
real flow phenomena which are not easily apprcached analytically. Again,
a combination of ideal flow theory and empirical corrections are required
to specify a blade row with desired performance.

The third phase is essentially similar to the analysis and blade
design except that the geometry of the gystem is fixed and it is desired
to determine the effect of a blade row on the flow field. This should
give the same solution as the original analysis at the design point.
However, the results of performance testing and, in particular, measured
velocity and pressure profiles in the vicintty of the blade row may be
used to test the theoretical analysis and design. Where differences are
found, corrections to the mathematical models or to the hardware may be
required.

In summary, the design and analysis of a turbomachine requires an

accurate description of the internal flow field. A numerical simulation

s
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of the turbomachine, including the various components of the equations
of motion in either exact or approximate (empirical) form, must be
constructed. This simulation consists of two basic parts, a meridional
plane or through-flow solution and a blade design method that includes
an analytical blade-~to-blade flow solution. Each of these solutions
affects the other and must be developed iteratively to produce a consist-
ent model of the flow. Once a model is generated, a check against the
design requirements must be made to assure that no part of it fails the
design requirements. Once complete, the model must be compatible with
mechanical limitations and manufacturing capabilities. An additional
iteration with the design constraints may be necessary to finally arrive
at an acceptable engineering solution to the design of the turbomachine.

J
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CHAPTER 1I

STATE OF THE ARTY

Before the advent of the digital computer, turbomachine design
relied on experience and intuition more than on theoretiral analysis.

The inefficiency of early gas turbines pointed to the need to study the
aerodynamics of turbomachines in depth. To accomplish this end, a
succession of analysis techniques have been developed, used, and, in some
cases, discarded as not being accurate enough. A basic understanding of
the flows in the complicated passages and blading was obtained through
experiment and, in many cases, these data were applied directly to design
problems. Historically, the methods that were evolving started as an
analysis of tested hardware and were extended to the design of new
machines. Numerical methods have been developed that aid in the design
of compressible flows in turbines and compressors, though, at present, a
great deal of designer's art is still required. Attention has not been
so great in the area of hydrodynamic turbomachines, such as hydroturbines
and pumps. Improvements in the design of these machines require better
analysis tools to be developed--the purpose of this study.

The equations of motion for a viscous, turbulent, compressible flow
in a turbomachine are impossible to solve even with the help of the
largest computers. This has required a reduction of their complexity and
the approximation of various terms, particularly with respect to viscos-
ity and turbulence. These two phenomena are strongly interrelated and

are caused in part by molecular forces associated with the fluid itself.
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As such, it has been necessary to reduce the complexity of the flow
mathematically by introducing concepts of macroscopic regions for flow
where simplified equations of motion, coupled with models for turbulent
and viscous effects, work with sufficient accuracy. To reduce the
computation requirements, time and spatial averaging of the equations,
coupled with simple models of real fluid effects, make it possible to
obtain engineering data for various types of flows.

In the early 1950's, Wu [1] recognized these problems and formu-
lated a set of equations which had the possibility of a solution. He
broke the problem of the three-dimensional flow into a set of ccuapled
two-dimensional solutions. Figure 3 helps to explain Wu's analysis in
which he broke the problem into two planes generally perpendicular to
each other. One, the meridional plane, describes the flow on hub-to-tip
stream”surfaces. The other, the blade-to-blade solution, describes the
flow on planes generally parallel to the hub surface of the machine and
perpendicular to the blading. A complete solution by Wu's method would
tequire a2 number of both parallel meridional a~d parallel blade-to-blade
solutions. The solutions are coupled and must be solved iteratively to
simultaneously satisfy the equations on all of the solution planes,

At the time of formulation of Wu's analysis, computational methods
and machines were not large or fast enough to give a comprehensive solu-
tion. As a result, many approximate methods evolved. Wislicenus [2]
summarized many of the design techniques in use at the time. Most of
these techniques relied heavily on experimental data to be useful. NASA
[3] also compiled detailed design methods and dat~ available for the

design of compressors.
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Smith [4] rearranged the equations of motion in the meridional
piane to give a time and spatially averaged picture of the flow in a
blade row, At the same time, additional computerized techniques were
developed to solve the through-flow problem. Marsh [5] and Katsanis
[6] developed a solution (the Matrix Through-Flow Method) where the
Meridional plane was divided into a grid of roughly square blocks. The
equations for the stream function at every grid point were solved by the
finite difference method, an approximation to the actual differential
equations. These solutions are all basically inviscid and nonturbulent,
Novak [7] formulated a solution (the Streamline Curvature Method) that
solved for the velocities and streamlines rather than the stream
functions., Again, the solution was basically inviscid and nonturbulent.
The problem of losses due to viscosity and turbulence was addressed by
Bosman and Marsh [8], but. in general, erperimental data are always
required to adeguately model the real fluid effects encountered in a
turbomachine. Dav:s and Millar [9] made comparisons of the usefulness
of the Matrix Through-Flow and the Streamline Curvature Methods of
through-flow predictions. They arrived at several conclusions which are
important in the selection of a method for various problem types.
Computationally, both methods require approximately the same amount of
computer time. However, due to very large matrix operations involved, a
much larger computer memory is required for the Matrix Through-Flow
Method.

The Srreamline Curvature Method offers an advantage in that the
equations and sol;tion are in terms of physical variables of velocity
and pressure rather than thogse of a stream function. Additionally,

viscrous and turbulence effects are much easier to incorporate into the




11

Streamline Curvature Method hecause their models are developed in terms
of physical variables.

- A Streamline Curvature Method specifically designed for hydro-
dynamic applications is reported in McBride [10]. This analysis is
important because the effects of the chordwise and spanwise loading and
thickness distributions in blade rows are included, and specific loss
corvelations for various turbomachine types are easily included. The
through-flow analysis is also designed to be linked to a blade element
analysis yield 'ng an inviscid solution of the thra2e-dimensional flow in
a turbomachine. An interesting capability of this analysis method is
its application to the analysis of unbounded turbomachine flows as

reported by Billet [11]. A feature of the analysis is that a free

streamline through a nonducted blade row tip is calculeted. An addi-
tional extension of this Streamline Curvature Method analysis is reported
in Brophy [12], where the analysis was used to form the basis of a design
procedure for radial flow pumps.

Where the three-dimensional nature of the flow field is required,
determination of the effects of the blading on the meridional flow
requires flow field solutions on the blade~to-blade surfaces. The design
of blade sections also requires an accurate analysis technique. Katsanis
[13] was one cf the Iirast to successfully compute the velocity and
; pressure di.tribution on the blade-to~blade plane. He used a method

very similar to the Matrix lhrough-Flow Method. Wilkenson [14] ¢ :pted
" the Streamline Curvature Method to the analysis of blade-to~blade flows.
; Thompson [15] used the finite element method, similar to the finite dif-

ference method, to analyze the flow field. None cf these methods was
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adapted to the design problem; all were used foi analysis of existing
geometries.

Wislicenus [2] developed the Mean Streamline Method of blade
section design. This method is based on experimental correlations of
fluid turning and the blade pressure distribution, A relationship
between the average or mean streamline on the blade-to~blade surface and
the blade section camber line was devzloped. Reference of this approach
is reported in McBride [16], where twe-dimensional cascade data were
analyzed parametrically and the design method revised based on the
acquired correlational data.

None of the above methods incorporates sufficient modeling of the
turbulent boundary layer flow associated with turbomachine blade rows.
Raj and Lakshminarayana [17] conducted experiments which gave insight
into the nature of the blade boundary layers and the structure of the
vake shed from the trailing edge of a blade. These data will help in the
formulation of more accurate medels of this flow phenomenon.

The availability of the various through-flow and blade-to-blade
solutions leads to the possibility of synthesizing a three-dimensional
model of the turbomachine flow field. The interaction of the flow on the
meridional plane and on the blade-to-hlade planes becomes important in
this case. The result of blade~to-blade analysis is that forces due to
the geometry of the blading may be determined. Smith and Yeh [18] and
Lewis and Hill [19] formulated analys:s which predict the effect of
these forces on the through-flow, Howells and Lakshminarayana [20]
obtained experimental data regarding the effects of these body forces on
the through-flow in a turbomachine. Katsanis and McNally [21] and

Katsanis [22] used the Matrix Through-Flow Method as the basis of
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estimating the three-dimensional velocity field in blade rcws. Novak
and Hearsey [23] utilized the Streamline Curvature Method in a similar

manner to genevate a quasi-three-dimensional analysis. It should be

stressed that the above techniques are for analysis of already designed
blade rows and do not apply to the actual determination of a blade shape,
i.e., the design problem. This paper will address the design problem by
using the Streamline Curvature Method to construct an averaged through-
flow picture that satisfies the general design requirements. Then two
methods, the Mean Streamline Method and the Streamline Curvature Method,
will be used to actually define blading that generates the flow field

prescribed by the through-flow analysis. Combining the through-flow

et

1
i analysis and the blade-to-blade analysis, a quasi~three-dimensional

analytical representation of the flow field 1s generated.
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CHAPTER III

ANALYSIS AND DESIGN TECHNIQUE

The fundamental problem in the design of a turbomachine is the
specification of a blade row that produces a desired energy or total
pressure change with a given fluid flow rate. Due to possible restric-
tions on the size, efficiency, operating characteristics, and cost of
the turbomachine, additional constraints on the size, speed, and type of
blade row may be necessary. The problem the designer faces is the
optimization of the blade row with respect to these constraints while
still achieving the desired over-all performance.

The design of a turbomachine blade row is accomplished in several
fairly distinct but interactive phases. As progress from one step to the
next is made, the possibility of iterations and back steps is always at
hand if it becomes obvious that some portion of the design will not fit
the performance specifications.

With the specification of the performance parameters and design
constraints, the first phase, the preliminary design, is started. In
this step, the over-all design and dimensions of the blade row are deter-
mined. The performance specifications will determine if axial, mixed, or
radial flow blading is required. The basic blade row sizes and speed
will be determined, and a preliminary layout of the duct geometry is
made,

At this point, the second phase, which i1s the detalled specifica-

tion of the blade spanwise loading distribution, is performed. Empirical




15

data place limits on the amount of work a single blade row can perform
without severely affecting the blade's efficiency by causing stall or
flow separation. An iteration with the initial design phase may be
necessary to assure that the blade row will not be overloaded and perform
poorly.

The third phase of the design is the development of an axisymmetric,

numerical model of the flow through the duct and blade row. Here,

consideration is made of the exact inflow conditions to the blade row.

The Streamline Curvature Method of through-flow analysis reported in a

e

later chapter is used to develop the numerical model, solving the
inviscid equations of motion for the flow and cortcocting the solution for
the flow losses due to viscosity and turbulence that are expected. The
detailed velocity and pressure fields are calculated, and by examination

of these and the power cequirements, corrections can be made either to

the preliminary design, if necessary, or to the spanwise loading distri-

bution. The result of this phase is a two-dimensional model of the
‘ turbomachine that satisfies all of the design restraints and requirements
{ and the laws of fluid motion,
{ The final phase in the design is the specification of an actual
blade geometry that will give the flow field specified by the through-
flow analysis. This is the most difficult phase of the design problem as

the real fluid effects of viscosity and turbulence play a very important

-

role in the actual performance of the blade row. The real flow i{s highly

three-dimensional in a rotating blade row, but because of the complexity
- of the flows, the best models that can be used in the design are

two-dimensional. Two methcds of specifying the blade geometry are

4

£

§ reported in later chapters.
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The first method is the Mean Streamline Method, which is basically
empirical and relies on correlation data developed from two~dimensional
tests of blade sections. The second is the Streamline Curvature Method,
which is basically theoretical but relies on correlational data to
calculate the viscosity and turbulence effects. The Streamline Curvature
Method, while gpecifying the blade shape, also calculates the flow field
around the blade sections.

With the blade geometry in hand, examination of the flow field may
reveal areas prone to separation or cavitation, indicating that adjust-
ments must be made in the earlier phases of the design process. The
final acceptance of the design is then based on the mechanical strength
of the blade and on its suitability for manufacture. Again, additional
iterations, going as far back as the preliminary design, may be nere
sary.

An additional input to the design process is the actual tested
performarnce of another turbomachine blade row designed by the process.
The Streamline Curvature Method of through-flow analysis may take
measured data and reconstruct numerically the measured flow field.
Comparison with the design data helps to improve the quality of the
necessary correlationusl data used in the design process, both in the
through-flow analysis and in the blade section design process. This
final iteration is necessary to strengthen the design process and to

improve understanding of the highly complex nature of turbomachine flows.
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CHAPTER IV

THE STRFAMLINE CURVATURE METHOD OF THROUGH-FLOW ANALYSIS

The Streamline Curvature Method refers to a solution technique for

determining the flow on the meridional plane of a turbomachine (the

through-flow prcblem) or on the blade-to~blade planes of the turbo-
machine. The method relies on the ability to define accurately the
streamlines on the meridional plane as shown in Figure 3 and to subse-
quently determine the convective and streamwise normal fluid
accelerations based on their geometry. The Streamline Curvature Method
has been used successfully for the determination of the through-flow
solution for axiul flow pumps, compressors, and turbines, utilizing

¥ equations of motion written in orthogonal or intrinsic coordinate

systems. Approximations are often made that limit the accuracy of the

analysis, particularly with regard to the influence of blade rows on the

through-flow. Blade rows have been treated as thick actuator disks with

-
e

the effects of chordwise loading, solid blockage, and body forces

internal to the blade row ignored. This chapter serves to document a

Streamline Curvature analysis that addresses the problems described.
Improvement of the SCM requires that the equations of motion used

in the solution be written such that reference stations in the turbo-

: machine take arbitrary paths through the machine, This allows the

" modeling of the blade row loading distribution. Blade~to-blade effects

* may be included as circumferentially-averaged body forces. The equations

are genera. enough that axial, mixed, and radial flows may be calculated.
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Proper choice of the boundary conditions allows both the indirect
(design) case and the direct (analysis) problem to be calculated.

The analysis has been used to design axial and radial flew pumps
and has performed the direct analysis of a nonducted rotor in an infinite
medium, all with good success. Some examples of the use of this analysis

will be presented at the conclusion of this chapter.

4.1 Development of the Equations of Motion

In the axisymmetric inviscid analysis, Euler's equations of motion
are written in a radial equilibrium equation that forms the essence of
the Streamline Curvature Method. The additional equations used are those
which express the conservation of mass: total energy, or pressure, and
angular momentum. The method of solution of these equations requires
that they be solved by successive approximations with the necessary data
taken from the iteratively determined velocity field and streamline
pattern.

Let x and y be 1ectangular coordinates in a meridional plane,

Figure 3, as illustrated in Figure 4. Euler's equations in these rec-

tangular coordinates for an axisymmetric, steady, incompressible flow

are
N S O
Ix 3y p oy
and (4.1)
Wy, L3P

ax ¥ 3y p ax
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Figure 4. General Reference Station Parameters (Meridional
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Figures 4 and 5 represent the meridional plane of the solution, and
geometric quantities used in the following equations are shown on these
figures.

The pressure gradient between points a and b, Figure 5, can be

represented by

b b b
o2 | _ 3P 3s |, 3P 3n .
an | " 3s 3n | T an an ) (4.2)
a a a
To compute the pressure gradient along n requires the partial
derivatives in Equation (4.2) to be determined.
in the streamwise direction, one has
3P _ 3P P
3e 3y sin ¢ + % 08 ¢ . (4.3)
Combining Equations (4.1) and (4.3), we have
LOP | v vy u,
5 3s [u T + v 3y1 sin ¢ + [u ™ +v ay] cos ¢ . (4.4)
Note that
v = Vm sin ¢ (4.5)

and

u = Vm cos ¢
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Figure 5. Differential Streamtube Element.

N e S A e

21




22
The following derivatives are determined by the chain rule
. V cos ¢ 6. +sin ¢ V
Ix m X m_
X
] du -V sin ¢ ¢ + cos ¢ V
E X m x ¢ m ?
; v _ . (4.6)
] 3y = Vm cos ¢ ¢y + sin ¢ Vm R
q y
] and
LU -V _sin ¢ ¢_ + cos ¢ V
1 3y m y m
y
The quantities determined in Equations (4.5) and (4.6) are sub-
stituted into Equation (4.4) and, after reduction, the result is
4
]
! 1
| Ly cos eV 4V sinev . %.7)
: p ds m m m m
X y
}
i
1 Equation (4.7) reduces te
b PAY
1 3P m
T b 3s vm 3s ’ (4.8)

which is seen to be the differentia! form of the steady Bernoulli's
equation for an incompressible flow,
! The streamwise normal component of Equation (4.2) is developed in a

similar manner by noting that

9P _ 3P .l
3n " 3y cos ¢ - == sin ¢ (4.9)
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and
Lop v, , v o du,, du
) - 6.._;1._ [u r” + v ay] cos ¢ [u % + v 3)’] sin ¢ . (4.10)

After combining Equations (4.5), (4.6), and (4.10), we obtain the follow-

ing result:

1P _ 2 2
T Vm cos ¢ ¢x + Vm sin ¢ ¢y , (4.11)

which is equivalent to

_lap_ 2 & 3y
p an Vo 13s L ¢y ’ (4.12)

The quantity in the brackets in Equation (4.12) is recognized to be
) equivalent to 3¢/ds, the ~urvature (k) or (Rk)_l of the streamline.

Finally, Equation (4.12) becomes

o
- % %% = k vm‘ . (4.13)

Combining Equations (4.2), (4.8), and (4.10), we determine the radial
equilibrium equation for nonswirling flow to be

%, 9 3s , 3P on
3n  98s on  dn 9N

and, finally,

av

JL® v Zgina+yv —Rcosa . (4.14)
p an m m 38
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The pressure gradient due to swirl is determined in a similar manner and

leads to the term
(4.15)

where there are no circumferential derivatives; i.e., the flow is assumed
to be uniform in the c¢ircumfevential direction., The computational form
of the radial equilibrium is

2 1,2 v

kV sin a + = V_." sin(¢+a) + Vm —8 cosa . (4.16)

1
p on m R 0 3s

e three terms on the right-hand side ¢f Equation (4.16) represent
the meridional curvature, the radial and the convective accelerations,
respectively. Integration of the equation will yield the static pressure
difference between any two points In the flow field.

From Equation (4.16), the static pressure difference relative to

some point, say n,, in the flow to another point, £, along the reference

i‘
line may be found. To satisfy conservation of mass and energy across the
reference lin:, an absolute value of static pressure must be found at the

reference point, n The foirlowing direct solution for this value is an

i
improvement over other procedures which are iterative in .aature.

A continuity equation may be written for every station in the

problem:

3

P Vm(n) r(n) sin(an) dn = const , (46.17)

3 —
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vhere ny and n, are defined in Figure 4. In words, the mass flow across
a reference line, regardless cof its path between two streawnlines, is

constant, assuming an incompressible fluid. Bernoulli's equation may be
written along a streamline between a particuls: point, £, on the refer-

ence line and the upstream reference conditions:

The first two terms on the left-hand side represent the total pressure
(static plus dynamic) available at the point §. The term P_ contains
all head loss and rotor energy changes between the upstream ieference
condition and the station of interest. The sum of the fourth and fifth
terms is the static pressure at {. The term in the integral is the
static pressure difference between " and the point £ along the reference
line from Equation (4.16).

Equations (4.17) and (4.18) may be combined and integrated between

the two flow boundaries to give

" [ n ]1/2
I 1 2 1 3P
' p + z—u\,‘o - ET)VO ~ Pn, - (- :— '3§> dB !’n Sin(un} dn =
) n n n i J
"
i
n
‘0
1
L 4,
21,\7m rn Sin(qn) dn . (4.19)

n

o —
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Because P 1is & constant, Egquation (4.19) may be rearranged to give

Ny
Y{]o \'\o n
2 1.2 1, 2 1 oP
g Wdn = P+ LV TV, - (—~———)d3 -
o 2 a8 ]
1 Ny n i e, p 98
Y Ny ny
9
%pv 2 wtan (4.20)
mn

where

and, finally,

o n
1 2 2 1 2 1 3P 2
P+ -iv(Vw --Ve )y - -io‘lm - (— 5 38) dg! W dn
n n n n

n n

o a L
ni no

wzdn (4.21)

Ny

The static pressure at any point £ along a reference line is then

=2 ke -]

) dn . (4.22)

~
Fad
|
-~
+
1
T -
wtw




G o

5‘» A _";‘

.y
N

27

The velocity profile which satisfies conservation of angular
momentum and continuity and satisfies Bernoulli's equation along all

streamlines is given by rearranging Equation (4.18).

The flow field is solved by marching downstream to each station in turn
and integrating Equation (4.16). The static pressure is then obtained
from Equation (4.22). The improved velocity profiles are generated by
Equation (4.23) until the changes in the velocity profiles and streamline

locations are small between two successive passes.

4.2 The Effecte of Blade Rows

In an inviscid solution of the turbomachine through-flow, the effect
of a blade row i{s to change the angular momentum distribution in the flow
as it passes the blade row. In the case of a rotating blade row, the
total energy or total pressure of the fluid is changed in a manner
proportional to the blade row chordwise loading distribution. 1In a case
where the spanwise loading or work distribution is not uniform, the total
energy will be changed in a nonuniform way in the spanwise direction as
well. The effect of the blade row is then to change the through-flow
velocity profiles and the strcamline pattern,

A rotating blade row changes the total pressure {n propertion to the
change in angular momentum of the fluid passing through the rotor. The

tot ']l pressure is increased between the points 1 and 2 along a streamline
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(or, in the case of a turbine, decreased) in an inviscid fluid in

accordance with the equation

]
N_tlt-d

AP (U Vg UV ) (4.24)

n 2 1

where V8 is positive in the direction of rotation.

The effect of an airfoil-shaped blade in a flow is to produce a
lifting force perpendicular to the blade surface. For the purpose of
this discuszion, it will be assumed that the force can be integrated over
the surface of an airfoil section and concentrated at some point on the
blade surface. This force can be seen as the force L in Figure 6. The
airfoil cross section of interest lies on the streamsurface that is
defined ty the axisymmetric through-flow solution. The three components
of the coordinate system are shown as the circumferential direction (9),
the streamwise direction (s), and the streamsurface normal direction (n).
In general, a blade surface is not perpendicular to the streamsurface
defined in the (s, 8) plane, and therefore the lifting force L will not
lie on this plane. The 1lift force can be resolved into componrents along
the axes as shown in Figure 6. The two components of the 1ift force that
are of principle importance are accounted for by the equations already
discussed; namely, Equation (4.24). These are the circumferential force
Le and the streamwise force Ls. The third force cannot be computed
without foreknowledge of the geometric shape of the blade surface, which
is required in the determination of the angle 8 shown in Figure 6. As
can be inferred from the figure, in the case of blading that is perpen-
dicular to the streamsurfaces, which is true for mest radial blade rows,

the angle B is small and the resultant force Ln normal to the
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streamsurface can be neglected. Occasionally, either due to design or

as a result of the mechanical arrangement of a blade shape, the angle B
can attain significant values and the result of the action of the stream-
surface normal force is to change the through~flow in the blade row,
which in turn affects the blade row performance, When this case is
encountered, an adjustment must be made to the radial equilibrium
equation to account for this force.

The forces shown in Figure 6 are not concentrated but are actually
blade body forces distributed over the entire blade surface. The radial
equilibrium Equation (4.16) requires an additional term where a signifi-
cant body force component perpendicular to the streamsurface is present.
This term is a pressure gradient due to the normal component of the blade
force along the path of integration. Because the path of integiation is
generally perpendicular to the streamsurfaces, the magnitude of the term
is that of the normal blade body force and is usually small,

Calculation of the streamsurface normal body force is difficult
because of its dependence on the geometry of the blading involved. This
implies that a detailed through-flow analysis and blade section design
must be performed before the term can be computed. Additionally, the
force is distributed both in the circumferential direction and along the
streamwise direction. To be properly included in the radial equilibrium
equation, the force must be integrated and averaged in the circumfer-
ential direction to determine its axisymmetric value. Obtaining the data
necessary io generate the term for the radial equilibrium equation
requires determination of the blade-to-blade flow solutions on a number
of streamsurfaces. Once accomplished, the streamsurface normal pressure

gradient along a path of integration within the blade row may be
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determined by use of finite difference differentiation of the pressures
existing on successive streamsurfaces at constant circumferential
locations. The determined pressure gradients may then be averaged in the

circumferential direction and applied to the radial equilibrium equation.

4,3 The Effects of Viscosity and Turbulence

Viscosity and turbulence are a result of molecular properties of a
fluid and have profound influences on some regions of a flow. Because of
this, equations describing their effects are extremely difficult to
solve, in particular, where flows have a three-~dimensional nature. This
is the case with turbomachinery. The average effect of viscosity and
turbulence on turbomachine flows can be established, however. 1In
general, a turbomachine flow will experience a total pressure reduction
and a redistribution of velocity as it passes through a duct or blade
row. The magnitude of these effects can be determined experimentally by
acquiring certain data frc testing of a turbomachine. In the case of a
blade row, circumferentially-averaged spanwise (axisymmetric) traverses
of the velocity and pressure field up and downstream of the blade row are
required. By use of the previouely described inviscid flow analysis, a
comparison of the tested data and ideal flow characteristics can be made.
This comparison will reveal the magnitude and distribution of the loss in
total pressure that the flow experiences. If a correlation is developed
and applied to the analysis, the result is a model of the real flow
field. In the development of new designs, it must be assumed that the

loss correlations are similar for blade rows of similar characteristics.
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4.4 Use of the Streamline Curvature M-thod

To help clarify the nature of the information that can be obtained
from the axisymmetric through~flow analysis described in this chapter,
several examples of calculated flow fields are presented. An actual
design is presented in detail in a later chapter.

The first two examples are indicative of the type of data that must
be generated to begin the detailed design of a blade row. They are the
calculated axisymmetric velocity and pressure fields in the vicinity of
rotating blade rows. In Figure 7 1s a plot of the streamline jattern
around two nonducted blade rows set in an approximately infinite medium.
Both blade rows are adding total pressure to the flow as it passes

through them, and the result is a flow contraction through each in a

manner similar to that calculated by actuator disk theory. The velocity
and pressure field is calculated for each of the reference stations shown
in the figure. The data at the stations corresponding to the blade row
leading and trailing edges are required to begin the detailed design of
blading to produce the calculated flow field.
k| The second example shown in Figure 8 is a simulation of the axisym-
metric flow field in a Francis-type turbine. In this example, computing
stations internal to the blade row are required to model the blade
loading distribution accurately. Again, the velocity and pressure
distribution at each reference station is calculated. This data may be
used in a design method, such as that of Brophy [12], to calculate an
actual vane shape.

The final example is a demonstration of the direct problem, where
an existing blade row shape is analyzed to determine the flow field

produced for a specified inflow. The method of Billet [11] was utilized
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to determine the angularity distribution behind a given blade row. The

angularity boundary condition was applied in the Streamline Curvature

Method at the blade row exit plane and the flow field determined

satisfied the flow angularity. Figure 9 is a plot of . xperimental data

and a comparison with calculated velocities at a blade row exit plane.
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CHAPTER V

THE CORRELATIONAL MEAN STREAMLINE METHOD

The Mean Streamline Method of cascade blade section design developed
by Wislicenus [2] correlates the differences in the shape of the blade
camber line and the one~dimensional mean flow streamline, By accounting
for the effects of blade thickness, the boundary layer growth, lift
coefficient, solidity, and loading distribution, blade sections with good
performance have been designed.

Effort has been directed toward the extension of this design method
to cover a wider range of loading distributions, including trailing edge
loaded blades and blades with higher than usual solidities (C/S). A
computer analysis was made of experimental data for many available blade
shapes with differing loading distributions. Relations were determined
for the differences or deviations between the camber line and the mean
flow streamline as a function of the lift coefficient, solidity, a load-
ing distribution parameter, and bilade stagger angle.

Using these correlations, a computerized design method was developed
which rapidly produces blade shapes with specified design character-
istics. A radial equilibrium theory is utilized to compute the actual
blade surface pressure distribution. When a bLlade is to be designed
~hich is similar to existing designs, the method has proven very

reliable.
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5.1 Introduction

The Mean Streamline Method of blade section design due to
Wislicenus [2] is a semi-empirical method of designing a cascade airfoil
section having prescribed flujid turning angle, thickness, and chordwise
loading distribution. The Mean Streamline Method is capable of account-
ing for blade thickness and boundary layer blockage and the effects of
nonuniform pressure and velocity profiles at the blade row inlet and
exit. This design method relies on the ability to determine the depar-
ture of the mean flow streamline from the actual airfoil camber line and
thus, account for the underturrning exhibited by blade rows due to viscou.
and potential flow effects. 7This departure or offset which is usually
small may be measured cxperimentally and may be correlated with design
parameters, such as 1ift coefficient, solidity, loading distribution, and
cascade stagger angle.

The original correlations used in the Mean Streamline Method covered
a rather narrow range of 1ift coefficient and studied primarily leading
edge loaded configurations. Where cavitation resistance Is a primary
consideration, a trailing edge loaded blade is desirable. The trailing
edge 1oaded blade tends to minimize local blade surface velocities near
the leading edge where the static pressure is low. In the present study,
emphasis has been placed on extending the range of this design technique
by correlating a larger range of lifr coefficient and data on trailing
edge loaded blades tested by Erwin [24]).

A computer program was developed to analyze available experimental
cascade data. The measured pressure distribution, cascade geometry, and
loading dastzibution are input to the program. The mean flow streamline

is constructed and compared to the camber line te obtain the offset
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distribution. The ocutput is in the form of a graphic representation of
the input data and provides the resultant offset distribution and numeri-
cal results.,

The resulting data relating the magnitude and shape of the offset
distribution to the cascade flow parameters were analyzed in several
ways. Direct comparisons were made to the original data of Reference
[2]. Additional correlations were made and, finally, a statistical
method was used to analyze the data. The results indicated that the
offset was more dependent on the l1ift coefficient and less on the stagger
angle than previously reported. The data also indicate that, in most
cases, extrapolated sections designed using the original data would have
been somewhat over-designed, giving more than the prescribed turning.

This chapter will summarize the computer analysis of the cascade
data and the various correlations derived, and, finally, suggest a

method by which these new data may be utilized in a design process.

5.2 The Computerized Analysis of Cascade Data

A computerized procedure was devised to quickly analyze the results
of previous cascade testing. The input to this procedure is the blade
geometry and thc measured blade static pressure distributicn, incidence,
and turning angle. The pressure distribution is prescribed as a function
of the chord and then transtormed into a function of projected length in
the axial direction for the purpose of computing the mean flow stream-
line.

The mean streamline is computed by the following procedure. Since
the inlet and exit flow angles are known from the test data, the total

turning is known. Additionally, upstream and downstream axial velocities
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are assumed constant and continuity is preserved, assuming an incompres-
sible fluid, In the blade passage, blockage due to blade thickness and
the displacement thickness of an assumed boundary layer are used to
extimate the mean axial velocity.

At any given position in the blade passage, the normal velocity

component is computed by the following momentum balance equation:

AP dx
X
Vy(x) = Vy(1l) +

AP d
b

—_—— e —— ¢

where the subscripts (x) apply to & given chordwise position along the
blade, (1) applies to that at the blade row inlet, and t is the projected
length of the blade row. Knowing *he distribution of both the axial and
normal velocities as a function of the c iord position, the mean stream-
line may be computed by using the tangents of the flow angle at each
axial station. Usually, ten axial stations are used for this purpose,
Once the mean strcamline is determined and spline curve fitted, the
offset distr.bution 1is computed by geometrically comparing the mean
streamline to the blade camber line., The offget distribution is non-
dimensionalized by its maximum value and plotted as in Figures 10 and 11
by a Calcomp 718 flatbed plotter driven by an IBM 1130 computer system.
The mean ct.reamline is also used to compute the mean static pressure
line, which is also plotted in Figures 10 and 11, The computation of

this mean static pressure is based on the local mean strecamline
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velocities existing at a given percent of the chord and assuming that the

total pressure relative to the blade is a constant.

5.3 Evaluation of the Cascade Data

Cascade data from several sources were used in the effort to extend
the range of applicability of the Mean Streamline Method. Two sources
were used to generate the majority of these data, however. The data
originally used by Wislicenus [2] were used to verify that the computer-
ized procedure yielded the same results that he originally obtained.
These data agree when reduced by the computerized procedure. NACA 65
series data documented in Reference [24] were used to obtain information
over an extended range of lift coefficient for trailing edge loaded
blades. This source documented six pressure distributions at different
angles of attack for each cascade geometry. The zero incidence condition
was found and a pressure distribution interpolated to match this
condition.

Data generated at the Applied Research Laboratory, Reference [25],
were utilized to both verify the computerized procedure and to provide
data points similar to ARL blade designs which often exhibit very high
solidity and use the ARL thickness distribution with the maximum thick-
ness at 60 percent of the chord., Theoretical resulte of Reference [26]
were used to verify trends and upper limits of camber line offset.

The resulting data relating the magnitude and shape of the camber
line offset distributions to the experimental cascade geometries were
analyzed in several ways. The term ANmax is defired as the maximum
measured offset minus the offset at the trailing edge. The quantity

(AN/me)/CL was plotted against the cascade stagger angle. This is
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identical to the original correlation of Reference [2]. This plot,
Figure 12, indicates that there is a great deal of variation of the data.
By using the original correlation, a design should be produced that would
generate more than the desired tuining in the cascade.

When the quaintity (AN/Cmax-CL)-c is plotted against the 1ift coef-
ficient, Figure 13 results. This figure shows a reasonably good correla-
tion with larger offsets associated with the higher lift coefficients,
Theoretical results of Reference [24] fall reasonably close to the
experimental points, and as an upper limit, the isolated airfoil data
line shown also looks reasonable. However, there is still significant
dispersion of the data and only slight correlation with the stagger
angle,

None of the correlations tried ylelded definitive results, indica-
ting a much more complex interaction was occurring between four primary
cascade variables. The variables chosen were the lift coefficient (CL),
the solidity (o), a loading parameter (%), and the stagger angle (Bv)'
The loading parameter was defined as the percent of blade chord where
one~half of the total turning was accomplished. A high loading
parameter infers that the blade is trailing edge loaded.

A least squared error curve fit was used to determine the nature of
the dependency of the offset on the four cascade variables. A curve fit

of the following form was assumed:

AN c d e f
c_ max = a +5b . Cly o g Bv ' (5.2)

and a computer program utilizing an iterative technique was used to solvc
for the six coefficients while minimizing the total error in predicting

the maximum offset. This error was defined by the relation

e e
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1/2
n 2

ERR0R=-1— I {Ag-max - (atb-C -od-ze-B f)} i
L i1 vi

n i=1 |'C i

c (5.3)
i
where n is the number of cases being considered.

To solve this equation, reasonable values of the coefficients were
chosen, then each in turn was varied to find the minimum error with
respect to that coefficient. The process was repeated until convergence

occurred. The final results, eliminating several data points which

probably represented geometries that exhibited separation, were

1.508 0«0.4779 10.0086 0,1250 L (5.4)

AN ax = 0.0018 + 0.0345 c, B,

c

The magnitude of % in this equation varies from zero to one, while the
vane angle is measured in radians. The most important observation to be
drawn from this equation is that the loading parameter and the vane angle
appear to be insignificant and may be readily eliminated from this
relation. The small positive constant (0.0018) is in general agreement
with data published in Reference [27] which indicates that for staggered,
flat plate cascades at zero incidence, there is a small negative lift,
requiring a positive offset for correction, The magnitude of the expo-
nenis of the 1{ft coefficient and solidity are in general agreement with
observations made on the other correlations. The results of this
equation are plotted in Figure 14. On this plot, the value derived from
the fit and experimental values of the nondimensional offset are plotted
against the lift coefficient. The (+) sign represents the experimental
value of the offset, while the (x) represents the curve fit value and

the vertical line represents the error in the curve fit. The solid curve
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represents a curve fit for a ccndition of unit solidity and a symmetrical
loading distribution. The mean error in (AN/CmaX) for these data was
less than 0.005, less than 10 percent of the usual offset values used in
a desagn. GSome divergence is seen at higher lift coefficients, which
would be expected due to flow separations.

Finally, a curve fit of the form

%‘—‘- max = 0.002 + 0.035 ci/zl/o’ (5.5)

closely approximates the derived curve fit and would lead to slightly
more than the desired turning angle in a design process.

The actual shapre of the offset distribution varies considerably and
is highly dependent on the incidence angle of the cascade. The NACA
data used specified an incidence of 0 degrees and results in a cusp in
the leading edge of the cascade as seen in Figure 11. The data of
Wisiicenus [2], however, are not specified at the zero incidence condi-
tion and results in an cffset distribution similar to Figure 10. Here,
the deviation caused by the offset decreases the effective incidence
angle and should be helpful in reducing the possibility of leading edge
suction face cavitation. The data analysis indicated that the shape of
the offset distribution on the traiiing edge side of the maximum point
was fairly consistent, while the shape and magnitude of the leading edge
varied considerably, an observation also made in Reference [2].

In a design exercise, the location of the maximum offset should be
important and prehaps related to the loading distribution shape. Figure
17 was an attempt to make this correlation. The ioading parameter is
plotted against the percent chord of the maximum offset. Although there

is considerable dispersion of the data, the straight line is a reascnable
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fit and indicates that the maximum offset is generally toward the

trailing edge and shifts toward the trailing edge as the loading shifts

- rearvard, again as would be expected.

There is no apparent correlation for the leading edge offset
distribution, leaving the designer relatively free to choose this shape,

either for cavitation resistance or zero incidence.

5.4 Computation of the Offset Distribution

The designer is free to choose the loading distributicun to be used
for a particular cascade. This distribution is integrated to determine
the loading parameter, £, which is related to the position of the chord

at which one-half the total work of the blade is accomplished. In more

precise terms,

Let 2

AP(x)dx = % AP(x)dx , (5.6)

solving for &. This can easily be done graphically c. numerically, or if

a symmetrical loading iz used, the loading parameter is 50 percent. This
is substituted into the relation
C° = 0.5+ 0.525 « ¢ , (5.7)
max

where C0 is the percent chord at which the maximum offset exists.

max
This relation is derived from Figure 15. The lift coefficient (CL) is

known from the through-flow analysis and is substituted into the approxi-
mate relation for the maximum offset, along with the solidity, which is

known from the chord length and the blade spacing. Then,

TIPS SRR o0 Mot Vi ot BB w0 w4 wea
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%ﬁ max = 0.002 + 0.035 cf/Z//E . (5.8)

When the computerized Mean Streamline Method of Reference |28| is used,

the lift coefficient, solidity, and chord length are determined itera-

tively and the above relations for Co and AN/Cmax must be used within
max

the process.

The shape of the offset distribution is determined as follows. An
incidence at the leading edge is chosen, such as zero, for shock free
entry or more probably a small negative incidence, usually about 1 degree
for cavitation suppression.

The offset distribution must be determined as a continuous, smooth
furction of the chord position. In the computerized design that is
described later in chis chapter, a polynominal curve fit is made to the

necessary boundary conditions. Alternate methods may be used even to

ti. extent of layling out a distribution using mechanical spline curves.

5.5 Numerical Description of the Offset Digtributicn

The information generated by the correlation relations is sufficient
to numerically describe an offset distribution. A polynomial may be

generated that satisfies the following boundary conditions:

AN
Y/C(Co ) = T max
max

Y'/cc. ) =o0.0 ,
omx

Y/C(100X C) = 0.0 ,

Y'/C(0.0%) = TAN(ai) ’
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and
Y/C(0.0%) = YLE ,

where (Y/C) is the value of the offset and (Y'/C) is the slope of the
offset distribution. The last parameter is arbitrary and may be adjusted
to prevent reverse camber or obviously undesirable offset shapes from
being determined. Usually, YLE may be set to zero.

A polynomial of the fora

Y/C = A(x/c) + B(x/c)> + C(x/c)® + D(x/c) + E (5.9)

will satisfy all of the above boundary conditions. Some design intuition
must be used, especially whea selecting the incidence angle. The quan-
tities used above are shown graphically in Figure 16.

The coefficients may readily be determined:
E = YLE ,

D = TAN(ai) .

2 1 c max
A * (TAN(u,) (== - 3) + YLE( - -3, - —=)/(1-C )
i’ *C p . 2 o
o c C max
max [o] [o]
max max
AN
1 1 ¢ max
B = (TAN(ui)(E-———— - 1) + YLE( 5 = 1) - 2)/(1--2 )
[
C C max
max o] [¢]
max max

- A(l + Co )
max

and
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C=- (+TAN(u1)+YLE+A+B) .

These results are applied directly to the computerized design procedure.

5.6 Estimation of the Blade Pressure Distribution

The design process develops, at a certain percentage of the chord,
the static pressure difference across the blade and the average through-
flow velocity. Additicnally, the total pressure of the f’ow is known
from consideration of inlet conditions, the change in angular momentum,
and the rotational speed, if any. An approximate solution for the
surface static pressures may be developed from this information.

The average total pressure at any point in the blade row may be

expressed as

1 2 2
P, P+ 5p{(vm v o)+ (v, 'Ux) } o (5.10)
X 1 x x b
This quantity is assumed to be constant across the channel from the
suction to the pressure surface. It is necessary to find the variation

of relative velocity across the channel and at the same time agsure that

the volume flow rate is conserved.

The static pressure difference between the suction surface (ss) and
the pressure surface (ps) is known (AP), and the gradient is assumed to
vary au the square of the lucal velocity. This is equivalent to assuming

that the curvature of the streamlines is uniform across the channel,

Therefore,

ps

AP = p | Const N(y)2 cos(y) dy , (5.11)

™=

88
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where (y) is the local flow angle and W is the local relative velocity.

The volume flow rate per unit depth may be expressed as

ps
V= Wy) cos(y) dy , (5.12)

ss
and, combining the three previous equatioans,

s

Ve 62' (Pt-Pss-AP(y))l/z cos(y) dy (5.13)

0w ——o

s

where Pss is the suction surface static pressure and AP{y) is the

pressure difference between the suction surface and some point in the

channel, Knowing the distributions of local relative velocity W(y) and

static pressure, the suction surface static pressure may be determined:

2
P, " (Pt - W(y)® - aP(y)} dy . (5.14)

Once the suction surface static pressure is known, the velocity and
] static pressure gradients may be reevaluated in an iterative procedure
which will converge in about five steps. As an initial guess of the
velocity and pressure distributions, a uniform velocity and linear

; pressure are used. In each step of the cycle, the velocity distribution
ﬁ is checked for volume flow and corrected to match the proper valve.

This method produces a pressure distribution quite similar to the

estimarion method used in Reference [2] but is slightly less
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conservative in predicting the minimum pressure, i.e., the minimum

pressure is slightly higher than that found by the method of Wislicenus

[2].

5.7 Summary

A significant range of cascade data was analyzed to provide refined
input to the Mean Streamline Method of blade section design of Reference
[2]. The maximum deviation or offset of the camber line from the mean
flow streamline has been shown to be primarily a function of the blade
lift coefficient and solidity. The loading distribution and vane stagger
angle are shown to have only a small effect on this deviation. The shape
of the offset distribution is influenced to a degree by the loading
distribution.

A method of computing offset distribut.ions for pumps or subsonic
compressors has been presented that is valid for a wide range of 1lift
coefficient and loading parameter. In all cases, the offset correction
is small compared to the chord length, and the error in specifying this
of fset may be considered insignificant. The shape of the leading edge
of the offset distribution is poorly correlated with any of the blade
parameters, and it is apparent that the designer is free to adjust this
shape for shock free entry or cavitation suppression on the suction
surface as desired.

An approximate method of determining the blade pressure distri-
bution has been presented. The method satisfies the pressurz difference
required by the loading distribution and conservation of mass and total
pressure. The method is based on a simplified radial equilibrium
approach, and it is felt to be more accurate than previous methods of

arproximation used with the Mean Streamline Method.
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CHAPTER VI

AXIAL FLOW PUMP DESIGN EXAMPLE

A simple axial flow pump was designed by the use of the Streamline
Curvature Method and the Mean Streamline Method of blade section desiga.
The flow geome_ry was simple enough that a one-dimensional through-flow
analysis would have sufficed, except that, due to blade geometry
problems, a rotor with noruniform spanwise loading was required. This

in turn causes a radial displacement of the streamlines which in turn

requires the use of a radial equilibrium theory to predict the through-
flow. Because the inflow is a fully developed boundary layer flow, the
Streamline Curvature Method must be used for the solution in lieu of
simpler radial equilibrium approaches.

The design requirements of the axial flow pump are:

i Volume flow rate Q = 1000 gpm
=
Head rise H = 36 ft of water
Shaft speed N = 6000 rpm
Roter tip diameter Dt = 0.312 ft
- Rotor hub diameter Dh = 0.12 ft
. Casing diameter Dc = 0.315 f¢t

Inlet head H 150 ft

H
¢
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The suction specified speed is

- N(rpm)/Q{gpm)
S 3/4

sV

= 3829 . (6.1)

In Reference [29], it is indicated that cavitation inception should not
occur until values of S approaching 6300 are obtained. The head coef-

ficient, Y, for the pump rotor is defined as

v = 555 = 0.121 , (6.2)

Y

where U, is blade speed at the blade tip. In Reference [2], it is shown
that values of y as high as 0.2 can be handled by a single stage axial
flow pump. On the basis of the above, a single stage axial flow pump is
selected.

From Reference [30], the specific speed of the pump indicates a
hydraulic efficiency of zpproximately 0.80. An estimate of horsepower

required and the shaft torque can now be made, where

Shaft Horsepower = Y& Sggfs) = 11,36 HP

and
Shaft Torque = Power/2nN = 9,94 ft 1lbs ,
where N is the rotational speed in revolutions per second.

6.1 Flow Fileld Calculations Through the Axial Flow Pump

The Streamline Curvature Method of through-flow analysis presented

in an earlier chapter was used to obtain the flow field solution used in
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the design of the axial flow pump. This technique assumes the flow to

be axisymmetric and requires as input the radial distribution of velocity
and energy at some station upstream of the pump, as well as the radial
distribution of peripheral turning to be placed in the flow by the blade
rows. The meridional velocity at station (1), indicated on Figure 17,
was estimated based on the Blaslus seventh~root law for turbulent flow in
smooth pipes and modified as recommended in Reference [31] to correct for
the higher Reynolds number effects incurred for this particular applica-
tion. The velocity profile is influenced by the presence of a diffuser
and bends located in the pipe upstream of station (1), but there is no
means of predicting their effect. The velocity profiles at station (1),
based on the seventh-root law for boundary layers and also modified for
Reynolds number effect, are shown in Figure 18. The modified profile was
assumed to apply in this design.

The radial forced vortex distribution of peripheral velocity
selected to impart the required energy to the flow is shown by Figure 19.
Also plotted is a distribution for a free vortex radial lcading distribu-
tion, and it 1s apparent that less turning is required near the root
gsections if the forced vortex loading is used. The reduced turning near
the blade root is desired to prevent the possibility of flow separation
from the blade surface and to ease manufacturing problems.

The axisyrmetric streamline solution derived for the :vmp is chown
in Figure 20. The velocity profiles obtained at the rotor inlet and
exit, as well as those at stator inlet and exit, are shown in Figure 21.

The integrated value of head based on a mass average equals 36 feet,

if the peripheral velocity and meridional velocities of Figures 19 and 21

are used.
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6.2 Detailed Blade Section Design

The velocity profile data developed by the Streamline Curvature
Method was used as input to the Mean Streamline Method of blade section
design. Cylindrical sections at five equally spaced radii were desig-
nated for both the rotor and stator. Preliminary consideratlons of blade
loading were used to determine the projected length of each section to
give a lift coefficient of approximately 0.7. This distribution of blade
length war modified slightly to ease problems of manufacture and the
physical constraints imposed by the duct and resulted in the blade plan-
form depicted in Figure 17. The streamline representing the pump casing
has a theoretical zero velocity. To ald convergence of the Streamline
Curvature Method, the velocity at the wall is given an initial value of
one-half the mass averaged duct velocity. In the design of the blade tip
section, the velocity associared with the streamline 2 percent inside the
casing {5 used to represent the tip flow condition.

The developed cylindricrsl sections for the rotor and stator are
plotted in Figures 22 and 23, respectively.

Once the blaae section shapes were finalized, the lofting procedure
ot Reference [32] was used to develop rectangular sections for each
blade. The rectanguliar blade sections are input to a series of computer
programs that produce data necessary to operate a numerically controlled
milling machine with the blade surfaces numerically machined. The fillet
area at the hub is machined by conventiona! methods. A photograph of the

finished pump blading is shown by Figure 24.

6.2 Axial ilow Pump Tests
The axial flow pump was installed in the ARL/PSU six-inch wa.er

tunnel. An adapting collar and nozzle mated the smaller diameter rotor
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and stator {3.78 inches) to the six-inch diameter water tunnel test
section, Orifice plates installed in the legs of the water tunnel pro-
vided the necessary pressure drop to test the pump from 50 percent to 150
percent of its design capacity. The water tunnel main drive pump was used
to control the flow rate through the pump.

Surveys of velocity and total pressure just upstream and downstrezm
of the pump were used to determine the flow rate and total head rise of
the pump. A torque cell was used to determine iuput power to the rotor.
Cavitation performance was noted using the tunnel pressure system, but the
validity of the results is limited due to the siotvr response of the tunnel

pressure system and the uncontrolled high air content in the water.

6.4 Test Procedure

The axial flow pump was installed in the six-inch water tunnel as
shown in the photographs of Figures 25 and 26. The flow field through the
pump was measured with a wedge probe installed approximately 2 inches
upstream of the rotor and a Kiel total pressure probe installed approxi-
mately 1 inch downstream of the stator. A four and one-half inch orifice
plate was installed in the downstream vertical leg. A three-inch orifice
plate was installed in the upstream vertical leg,

The upstream wedge prnbed was nulied before true readings of total
pressure were made. The downstrcam Kiel probe was designed to read total
pressure while eliminating any cffects of rotation in the flow. The data
taken over several tests indicated that over-all the data were repeatable
to within 3 percent,

The upstream and downstream probes were set at 0.7 of the blade span
and a setting of the water tunnel pump was determined that yielded the

correct total pressure -~ise for the corresponding RPM of the pump. At
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these settings, the upstream velocity profile and the downstream total
pressure profile were obtained as a function of radius,

Both profiles were integrated to give the mass-averaged velocity at
the pump inlet and the mass-averaged total pressure at the stage exit.
The upstream velocity probe and the downstream total pressure probe were
set at a radius that corresponded to the mass-averaged values. It was
assumed that the shape of the velocity and total pressure curves did not
change appreciably with flow coefficient and ths main tunnel pump was
used to systematically vary the flow coefficient, The average velocity,
average total pressure rise, and shaft torque were recorded for a range

of flow coefficients,

6.5 Test Results

The upstream velocity profile and probe location which corresponds
to the mass-averaged velocity for the rotor are presented in Figure 27,
The total pressure survey data are shown in Figure 28, With the probes
located as shown in Figurew 27 and 28, the total pressure coefficient and
powering requirements obtained are presented in Figure 29, Some care
must be used in interpreting the efficiency curves since very large (4C
percent) bearing torque values were measured, decreasing the accuracy of

the powering data,

6.6 Summary

The axial flow pump was tested in the ARL/PSU six-inch water tunnel
from 50 percent to 150 percent of its design capacity, Tests indicated
that the design placed 13 percent too much total pressure riso into the

fluid and, hence, required more power to drive than anticipated,
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Analysis of the results of the axial flow pump design and test

reveals several possible explanations for the differences hetween the

- design specifications and the test results, First, the inlet velocity
profile in the test facility was different than that anticipated for the
design application. Figure 27 reveals this difference, At the tip of
the rotor, the blade incidence was considerably higher than anticipated
and could have contributed to the increased torque and pressure rise
noted. Additionally, the original estimation of the stage efficiency
(n = 0.80) was conservatively low by at least 5 puercent for this parti-
cular application. Because of this low estimate, higher than required

blade loading would be specified. An accurate indication of the actual

} rotor efficiency could have been obtained experimentally if velocity

and angularity measurements could have been made between the rotor and

T

the stator. However, due to the proximity of the two blade rows, a
¢ probe could not be placed in a position adequate for the required
measurements, It is apparent from Figure 28 that the distribution of the

total pressure rise is correct but that a uniform increment has been

et e e e

added, supporting the argument that the estimated design value of e.fi-
ciency was too low, A modification to the trailing edge of the rotor was
necessary to bring the pump t. its design point and also indicated that
too much loading was specified in the preliminary design.
The design point efficiency as derived from powering data in Figure
29 i3 0.78. However, considerable error may be present in this figure
l due to bearing tare forces of at least 40 percent of the total shaft
torque., This situation was caused by a bearing and shaft requirement for

the test which could not be altered,

e
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It is not apparent that these test results support the use of the

design procedures described, although the performance problems seemed to
be a result of the preliminary design rather than the detailed analysis,
Because cf the boundary conditions imposed by the preliminary design, a
simplified through-flow analysis could not have been used, While agree-
ment of the theoretical and experimental flow fields was not as good as
anticipated in this case, other design examples of a more complex nature

have shown excellent agreement as can be seen in Figure 9,
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CHAPTER VII

CASCADE BLADE SECTION DESIGN USING THE STREAMLINE
CURVATURE METHOD--GENERAL STATEMENT

An empirical method of satisfying an airfoil section with a
prescribed lcading distribution was explained previously. This method,
the Mean Streamline Method, relied on correlational data to correct a
theoretical blade shape based on the mean flow streamline to account for
the effects of potential flow interactions and viscous losses encountered
in a cascade of blades. The correlations geometrically increase the
camber of the airfoil section in such a way as to compensate for the
underturning experisnced by the airfoil in actual operation. Figure 30
shows the major causes of cascade blade performance degradation.

In the Mean Streamline Method, all of the geometric and flow effects
are lumped into a single correlation or camber line curvature correction
as shown in Figure 31. A large number of airfoils were found in the
literature which had substantial test data available., New crrrelations
were developad which separated the major physical parameters in such a
way as to show how each contributed to the design of the airfoil. The
interesting results of this study were that only section lift coefficient
and cascade solidity had any important effect on the airfoll performance
or on the geometric shape of the theoretical camber line.

The direct theoretical determination of the required blade camber
line is of great practical interest, as the effect of various geometric

and fluid parameters can be determinad separately., Additionally,
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correlation data are incomplete for two-~dimensional sections and
nonexistent for conformal sections or two-dimensional sections with
variations in stream sheet thickness. Earlier investigators have
explored the problem of designing arbitrary blade sections for compres-
sors and turbines, Reference [3), some using the Matrix Through-Flow
Method, others using the Streamline Curvature Method.

The unique solution of a .lade shape for arbitrary loading and
thickness distribution requires satisfaction of a variety of physical
constraints. The majority of these are embodied in the laws of motion
and are mentioned here. Each of the three equations of motion for incom-
pressible, steady flow have several boundary conditions which nust be
satisfied.

The changes in fluid momentum through a cascade of airfoils, both
parallel to the cascade axis and normal to it, must b: balanced by blade
surface pressure forces. For a cascade that is two-dimensional with no
stream sheet thickness variation, there is essentially no net momentum
change normal to the cascade axis. However, due to the thickness and
boundary layer blockage, there are local momentum changes internal to the
blade row, Additiorally, the specification of the blade loading distri-
bution requires a scheduled change in the average momentum parallel to
the cascade axis as the fluid passes through the system. An additional
constraint is that there can be no net momentum change anywhere outside
the cascade boundaries. Local perturbations are required due to pressure
effects propagated upstream and downstream of each blade section., This
notion leads to another important requirement, that the periodic nature
of the flow through an infinite row of blades in cascade be conserved.

The flow at points on any line parallel to the cascade axis and spaced by
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an integral number of blade spaces must be identical to conserve the
periodicity of the flow field.

The momentum equation is required to satisfy all of these criteria,
as well as to account for acceleration effects normal to the streamlines
caused by the substantial streamline curvatures encountered in cascade
flows, particularly those with closely spaced, highly loaded blading.

Conservation of total pressure in a cascade flow is fairly simple
except that, for viscous flows, the losses caused by boundary layer
growth and separation play a dominant role in causing changes in the
blade row performance. These changes are usually embodied in a blade
being able to do less turning of the fluid, hence, less work than
theoretically ypossible.

Since the problem at hand is the indirect or design problem,
however, the effect of lesses is to require a blade shape with more turn-
ing than would be required for the same nonviscous flow. In a turbulent
fluid, the quantification of viscous effects is nearly impossible and,
hence, empirical data are required. The basic effects of viscosity are
felt in three ways. First, an over-all total pressure loss occurs, This
loss is distributed in some manner both through and across the blade-to-
blade channel. Secondly, boundary layers on both blade surfaces, which
are dependent on the blade surface pressure distribution, are generated,
The effect of these boundary layers is to displace the streamlines near
the blade some distance out into the flow., The final effect is that of
the blade wake., At the trailing edge of each blade, a wake of low
velocity boundary laver fluid is generated. This wake is propagated
downstream and is gradually attenuated. The presence of the boundary

layer and wake affect velocity terms in the momentum equation,
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The continuity equation is the final condition to be satisfied. The
purely two-dimensional solution for cascade flow presents little problem
so far as satisfying continuity is concerned. However, when generating
a quasi-three~dimensional solution for a blade row, account must be made
for variations in stream sheet thickness in both the chordwise and
channelwise direction., Additionally, the solution of the blade~to-blade
flow will affect the meridional plane flow, i.e., the effects of thick-
ness and boundary layers on the blade cause blockage accelerations in
the meridional plane solution.

The following chapter presents a detailed solution of the equations
of motion to determine a camber line given the blade loading and thick-
ness distribution and specified inlet and exit fluid angles. An
iterative numerical process involving the three equations of motion and
the constraints discussed here was developed to dectermine the camber line
of a cascade blade section. A test program wae conducted to help

ascertain the validity of the analysis and dezign method.
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CHAPTER VIII

CASCADE BLADE SECTION DESIGN USING THE STREAMLINE
CURVATURE METHOD--THE NUMERICAL METHOD

8.1 Development of the Numerical Method

This chapter describes an analytical method of prescribing a camber
line for blades in a cascade. The flow is basically a two-dimensional or
plane flow and is assumed steady, inviscid, and incompressible. The
blade shape which results from the analysis has prescribed inlet and
exit angles, loading and thickness distributions, and uses a correla-
tional model for the blade surface boundary layer effects and downstream
wake structure. The result of the analysis is a detailed description of
the flow field in the vicinity of the blales, and, in particular, the
velocities and pressures inside the blade channel are calculated.

The solution of the flow field requires that the three equations of
motion be satisfied. These are the momentum equation, the continuity
equation, and the conservation of total pressure. The method of solution
is the Streamline Curvature Method and the derivation of the equations is
similar to that reported in an earlier chapter. The basic difference in
their solution i3 that the specification of the boundary conditions for
the flow is considerably different.

The boundary conditions that are related to the blade-to-~blade
performance are shown graphically in Figure 32. The three most important
boundary conditions are the inflow angle (¢1), the exit flow angle (02),

and the blade projected length and spacing, Together, these flow and
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geometric properties determine the loading that is required of each biade
in the cascade.

There are additional conditions which must be met in order to obtain
a valid solution of the flow field. When a solution for the momentum
equation is obtained, the momentum averaged in the direction of the
cascade axis must be equivalent to that determined by the one-dimensional
mean flow streamline, insuring that the blade surface pressure distribu-
tion exactly balances the momentum changes that occur. Because the
cascade of blades extends to infinity in both directions parallel to the
cascade axis, the flow must be pericdic with a wave length equal to the
blade spacing. In additicn, in the flowi%xtg;ﬁai:fb the blade row, there
can be no net momentum changes, )

The momentum and continuity equations are both integral equations
and require data to start their solution. Therefore, to start the itera-
tive computation cycle, an approximate solution is required. This
approximation may be generated by specifying the angular momentum changes
as a function of location through the blade row and the continuity equa-
tion. 1In essence, the entire flow is given the properties of the mcan
flow streamline. The blade thickness and boundary layer are ignoreil in
the initial approximation. Thus, the starting solution is an inviscid,
thin airfoil theory with two-dimensional acceleration effects in the
momentum equation neglected. The initial solution 1s shown schematically
in Figure 33,

As the computation cycle progresses, blade thickness, boundary layer
and loss models, and terms in the momentum equation are "turned on"

gradually, so that each pass through the analysis represents a converged
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solution satisfying the modified equations in use for that pass. This
prevents the solution from diverging numerically, due to the introduction
of large perturbations on a single pass. In essence, the input to the
equations on any pass represents a valid solution and, hence, only small
changes in the solution are required on any particular pass. The
required velocities on the streamlines zre approximated by use of the
following equations, The velocity parallel to the cascade axis at some

point inside the blade row is

-~ %

AP(x) dx

4

1
Vy(x) = Vy; + &Vy 5—— (8.1)

AP(x) dx

where AVy is the change in velocity parallel to the cascade axis from

inlet to exit., The velocity normal to the cascade axis is calculated by

use of the continuity equation, which is written for a one-dimensional
flow with constant distance between the stagnation streamlines (i.e.,
plane flow with no accelerations due to flow field curvatures or blockage

effects). This equation is

Vx(x) = Vx, f[sst(x)] )

| . where f[sst(x)] is a function describing the average stream sheet tihick-
ness effect througa the cascade, Normally, this function is unity for

two-dimensional plane flows.
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Functions describing both components of velocity [Vx(x) and Vy(x)]
now exist, and a streamline satisfying these velocities may be con-
structed. This is the sc-ca.led mean flow streamline. The following

equation is used to geometrically construct a mean flow streamline:

X
y(x) = y(xl) + %ﬁ%ﬁ% dx . (8.2)
1

Normally, (xl) would be a value several chord lengths upstream of the
cascade leading edge, and the calculation cf [y(x)] would proceed until
{x) values several chord lengths downstream of the cascade trailing edge
were attained. This method is the construction of a streamline from its
tangents.

Taking a number of these streamlines and repeating them in the
defined spacing between adjacent blades in the cascade, as seen in
Figure 33, yields a geometric solution that can be utilized to calculate
the geometric derivatives necessary to start the iterative solution of
the momentum equation. The velocity field also allows calculation of the
required velocity derivatives. The solution as it stands satisfies the
continuity and momentum balance equations averaged parallel to the
cascade axis.

The equations of motion are now written in a manner that makes them
applicable to the flow field geometry shown in Figure 34. The equations
are solved along lines parallel to the cascade axis and that are
generally perpendicular to the direction of flow., Usually, the term
quasi-orthogonal 1is given to these solution paths; however, the angle of

the flow to that of the quasi-orthogonal can be much less than 90
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degrees. The equations are solved at a number of positions along the
axie perpendicular to the cascade axis. The sgolutions along these paths
are linked through the geometric properties of the streamlines passing by
each computing station. Euler's equation of motion applicable along each
quasi-orthogonal in the above defined geometry is

v v

L3 Ly Xy X

p 3y X 3x ydy (8.3)

This equation is modified in a manner similar .o that used in the
Streamline Curvature through-flow calculations in Chapter IV. The form

used for computation is

v 2 v

- —EL-cos ¢ +V =
m

P sin ¢ . (8.4)

|
© [
o
<

The term (Rk) is the streamline radius of curvature and is computed from

the first and second geometric derivations of the streamline traces.
aVv
These terms are shown in Figure 35. The term (3;3) is obtained from a

finite difference approximation from the velocity field and the geometry
of the streamlines,
The effect ol this equation is to calculate the pressure gradient

throughout the flow field based on the local acceleration due to stream-

va? v

R

The simultaneous application of the continuity equation and conser-

line curvature (—) and the local convective acceleration (Vm 5;5)
vation of total pressure completes rhe essential portions of the

calculation. The following equation combines the two equations used in

this analysis:
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o
=i

(x,8) d8 - V (&) - B, 1 dy . (@8.5)

y
Const = Pm(x,y) - { %- )
1

The term P(x) is the static pressure on the surface of cne blade or

on the stagnation streamline and must be solved. Once found, the static

h pressure determines the velocity field that satisfies both continuity and

the conservation of total pressure.
Once the static pressure field has been determined, Bernoulli's

equation may be used to recalculate the velocity field. The following

equation {s used to this end:

y

2 - - M - Y
Vo " Pa(6y) 3y W Ps1 , (8.6)
1

whe.e Pu(x.y) is the total upstream pressure for any streamline.

Having redefined the velocity field, it becomes necessary to re-
1 position the streamlines. This 18 accomplished by integrating the new
velocity profiles along a quasi-orthogonal and, at prescribed percentages
of the total flow, positioning a new streamline, In practice, it is
neceseary to use damping of these streamline shifts to prevent numerical
instabilities from growing at this point. Generally, only a4 small

percentage (0.1) of the calculated streamline shift {s allowed to help

! speed convergence. The above process may be repeated until changes in

veloci{ty and streamlire shape are deemed negligible, At this point, the
solution 18 converged. The entire process described is very similar to

that discussed in more detail in Chapter IV.

.ng'
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The effect of these calculations in the blade space will show an
increase in velocity near the blade suction surface and a corresponding
decrease in velocity on the blade pressure side. The effect of the
streamlire relocation will be propagated both upstream and downstream as
well. The important point to be made here is that, under the above
circumstances, the one-dimensional value; of momentum in the direction
parallel to the cascade axis will no longer be satisfied, In general,
the integrated pressure force parallel to the cascade axis derived from

the blade pressure diagram will be less thar that required to produce the

fluid deflection specified by the inlet and exit flow angles. Additional

inspection of the stagnation streamlines will show a pressure difference

between corresponding points for two successive blades. This indicates

that the required condition of periodicity has not beeu achieved,

The solution to the above inconsistency is to assure that the one-

dimensional value of average momentum parallel to the cascade axis is

maintained, balancing the specified blade pressure forces. This is

accomplished in the following manner,
Integration of the momentum along each quasi-orthogonal after each

iteration will yield the local value of total momentum, This value can

be compared to the theoretical value, which is based solely on the

desired loading distribution. After each iteration, a correction can be

made to the shape of the stagnation streamline and the blade camber line

to cause an increment of momentum equal to the difference calculated

above to be added. This {8 coused by a small change in the angle of flow

for each streamline. Figure 36 gives a geometric interpretation of the

results of this procedure. The required change in the direction of flow

can be calculated by the following equation:

L R

£ - e — -
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V. (x) + AYZFX)
A¢(X) = ¢(X) - tan vx(x) ’ (8'7)

where AVy(x) is the increment in velocity along each quasi-orthogonal
required to satisfy the one-dimensional momentum requirement. This
relationship is approximate in that it 1s used for finite size regions of
the flow. However, at convergence, the required stagnation streamline
shift or angular change is zero and, therefore, the method converges to
the exact solution.

The effect of the use of the above method is to produce a soluticn
which is consistent in the following. First, the integrated values of
momentum in the direction parallel to the cascade axis are consistent
with the design criteria, i.e., the sum of all the forces is equai to the
total momentum change through the cascade., Furthermore, the pressure
distribution is consistent with the prescribed loading distribution. The
condition of periodicity or repeated flow conditions along the cascade
axis will be met. Finally, there can be no net momentum changes anywhere
upstream or downstream of the cascade. The actual streamline pattern and
the velocity field will satisfy the three equations of motion: momentum,
continuity, and congervation of total pressure. Thus, an iaviscid, two-
dimensional, thin airfoil design is produced that has a specified loading
distribution. The effects of finite blade thickness viscosity and turbu-
lence must now be included to complete the blade-to-blade flow analysis.

The incorporation of the blade thickness distribution is straight-
forward, although care must be taken not to make the numerical method
unstable by causing large perturbations to the flow field as discussed

above. The thickness distribution {3 chosen by the designer to fit

e e e
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whatever criteria are required, i.e., cavitation resistance, low drag,
strength or maximum thickness, and so forth, For practical purposes, one
could use the method of Abbot and Von Dohenhoff [33] to add the thickness
distribution to the already defined thin airfoil camber line and subse-
quently correct the surface pressure distribution in the same manner.
However, due to effects of the blades being in cascade, the data used in
Reference [33] are not applicable, and additional potential flow effects
may be present that will cause additional perturbations to the flow field
and pressure distribution. This effect may actually require a different
camber distribution to produce the same turning. Therefore, the effect
of the finite thickness must be added to the flow field solution.

The effect of the thickness distribution is a major perturbation on
the flow field calculation. Because of this, the following procedure is
used to gradually add the thickness over a large number of iterations.
This is demonstrated graphically in Figure 37. As each iteration is
started, the maximum thickness is increased slightly from zero to its
full value after some number of iterations. In this way, the pass-by-
pass variation in the flow field is small and convergence is enhanced.

An equal portion of the thickness is added to the pressure and suction
sides of the camber line on each pass. Because of the thickness, the
stagnation streamline is separated into two separate streamlines corres-
ponding to the pressure and suction surfaces of the blade,

An area of particular difficulty is encountered with the thickness
distribution at this point. This problem is common with Streamline
Curvature Methods and is related to the leading and trailing edge
stagnation points. Figure 38 helps to clarify this problem at the

leading edge. With a finite radius thickness distribution, the
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stagnation streamline is forced into a singular point. In almost all
cages, polynomial functions that model the streamlines will fail or "blow
up" at this point. In the present method, the streamline was separated
into three segments: the upstream portion up to the leading edge, the
blade surfaces, and the portion downstream of the trailing edge., In the
integration of the momentum equaticn, the radius of curvature was neg-
lected at the leading and trailing edge points and the velocity set equal
to zero at the singular points. This procedure naglects the problems
associated with the singularities without affecting the majority of the
solution. While this method has little physical justification, no other
practical method could be found to solve the problem.

The final portion of the cascade model deals with the problems of
viscosity and turbulence. The total pressure change encountered in a
two-dimensional cascade arises from boundary layer growth on the biade
surfaces. This does not lend itself readily to theoretical treatment,
and when a calculation of the viscous effects on rotating blade rows is
necessary, the problem is intractable. The viscosity effect must then be
represented by an empirical correlation. This correlation for a two-
dimensional cascade must include the bounda._y layer on the blade
surfaces, the wake shed from the blades, and total pressure loss consid-
erations over the entire flow field. The physical nature of cascade
boundary layers is quite clearly indicated by Raj and Lakshminarayana
[}7] where the wake structure is shown by experimental data.

The cascade analysis described here incorporates the gross effects
of the boundary layers and wake in the following manner. A boundary
layer calculation due to Truckenbrodt [34} gives the displacement

thickness as a function of distance along the blade surface. This
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method, though not as accurate as modern methods, 1s quite fast computa-
tionally. This displacement thickness is used to modify the stagnation
streamline as indicated in Figure 39. This modified boundary is included
in the momentum equation calculations and results in a general accelera-
tion of the flow around the cascade trailing edge. In addition, the wake
is approximated by allowing the displacement thickness to proceed down-
stream and gradually vanish at one blade chord downstrean.

The equation for the conservation of total pressure must also be
modified to include the effect of viscosity. This 1s accomplished by use
of a distributed total pressure loss whose magnitude is determined
empirically. The energy thickness of a boundary layer is approximately
one-half the displacement thickness as given by Schlicting {35]. At each
station in the blade row, the boundary layer calculation gives the
displacement thickness, and the integrated reduction of total pressure
can be calculated. The distributed reduction of pressure is accomplished
by "smearing' the loss across the duct, weighting the loss as the square
of the distance from each blade surface, and as the square of the local
velocity, In this way, the majority of the loss is concentrated in an
energy boundary layer near each blade surface.

A major item of concern in the cascade design procedure is the
possibility of linking the blade-to-biade solution and the meridional
plane golution. At present, no analysis exists which can solve either a
true three~-dimensional solution using all the equations of motion or a
properly coupled set of two-dimensional solutions, such as proposed by
Wwu [1]. However, progress has been made in the direct or analysis

case as exemplified by Novak [23]. Novak uses a coupled set of
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two-dimensional Streamline Curvature solutions to produce a quasi-three-
dimensional analysis of compressor or turbine blade rows.

No previous attempt at coupling solutions for the indirect or design
problem is known. However, in the analysis described here, the possi-
bility of a coupled, indirect solution exists. The technique used is
essentially that of Wu. However, it is still approximate in that a
circumferentially-averaged meridional plane solution must be used. The
coupling of the solutions requires carrying the local stream sheet
thickness from the meridional plane solution to the blade-to-blade
solrtion and vice versa., In this way, effects of the blade spanwise
load.ng distribution are carried into the blade-to-blade solutiom, and
body forces generated by the surface geometry of the blading are carried
into the meridional plane solution,

The current indirect blade-to-blade analysis allows input of the
stream sheet thickness variations determined from the meridional plane
solution for purely axial flow turbomachinery. This is accomplished in
the continuity equation shown earlier. For mixed or radial turbo-
machinery, a conformal transformation of the stream surface is necessary
but 1is not pursued here.

To summarize, the analysis presented here is an indirect or design
method for two-dimensional airfoils in cascade. The method solves the
equations of motion for incompressible, steady flow by use of the
Streamline Curvature Method while satisfying a number of required
be indary conditions., An airfoil camber line is developed for given inlet
and exit angles, loading distribution, and tnickness distribution. The
solution satisfies conservation of momentum everywhere and periodicit® in

the inlet and exit flows, as well as the continuity equation. A boundary
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layer and wake model are included to accommodate the viscous and turbu-

lent flow effects found in turbomachine blawe rows.

8.2 Definition of a Cascade Design Test Case

A program was conducted to test the validity of the Streamline
Curvature Method of airfoil section design discussed in this chapter.
An airfoil design was performed using a computer program developed to
implement this procedure. The design was purely two-dimensional, i.e.,
no effects of acceleration of the through-flow were investigated. The
design was conducted on an airfoil section of high solidity and moderate
loading. The chordwise loading distribution was chosen to be elliptical.
The thickness distribution was one with maximum thickness at 60 percent
of the chord in an effort to minimize the blockage effects encountered in
a high solidity cascade. The following discussion explains the actual
design parameters in more detail.

The airfoil design parameters, Figure 40, were chosen as: the inlet
fluid angle, 45 degrees, and the exit flow angle, 26.5 degrees; hence,
the turning angle, 19.5 degrees, and the solidity as 1.0, Therefore, the

lift coefficient per blade is

= —_— \
CL 2 woC 0.707 , (8.8)

where AVy = Vy2 - Vyl as shown in Figure 40. Experience shows that this
is a moderate value of CL and, therefore, the flow should not separate.
The blade section was designed for an operating Reynolds number of
240,000 based on W_ and C, which, according to Horlock [36], makes it

unlikely to suffer from laminar separation. An elliptical loading

distribution was used to make the section more nearly conform to the
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ideal flow blade loadings employed in thin airfoil theory. The thickness
distribution used is similar to that reported in Erwin [24] and has its

maximum thickness (10 percent of chord) at the 60 percent chord position.

8.3 Results of Cascade Airfoil Design Calculatioas

The computerized blade-to-blade solution produces as output a plot
of the streamline pattern through the cascade, the camber line and blade
surface coordinates, and a comparison with the initial approximation to
the streamlines. A plot for the test case reported here is presented in
Figure 41. Additionally, the velocity and pressure profiles along each
solution station are outputed. These profiles are compared to experi-
mental data ir a later chapter for this test case.

An important observation to be made from Figure 41 is that the blade
camber line has more curvature than the mean streamline approaimation to
the camber line used to start the procedure. Second, in the upstream and
downstream flow, curvature of the stagnation streamline is required to
satisfy the condition of periodicity. The boundary layer dlsplacement
thickness can be seen on both surfaces, as well as the approximate wake
structure used in this analysis. Flow separation was predicted by the
boundary layer analysis at 70 percent of the chord in the suction side
and at 90 percent of the chord on the pressure side. This is due, in
part, to the choice of thickness distribution and the sharp curvature

and bluntness caused by it at the trailing edge.
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BOUNDARY-LAYER
DISPLACEMENT
THICKNESS

CALCULATED
BLADE PROFILE

NCTES: DASHED STREAMLINES REPRESENT
THE ONE-DIMENS IONAL APPROXIMATION
TO THE FLOW FIELD

SOLID STREAMLINES ARE THE TWO-

D IMENS IONAL ANALYTICAL SOLUTION
WITH BLADE THICKNESS AND BOUNDARY-
LAYER EFFECTS INCLUDED

Figure 41, Computer Generated Plot of the Initial
and Final Analytical Solution for the
Cascade Blade Test Case.
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CHAPTER IX

EXPERIMENTAL PERFORMANCE VERIFICATION OF THE
STREAMLINE CURVATURE CASCADE BLADE DESICN METHOL

A test program was conducted in an effort to verify the performance
of a cascede of blades designed by the Streamline Curvature Method dis-
cussed in an earlier chapter. The program consisted of the design and
fabrication of the cascade of blades, the experimental determination of
the blade surface pressure distribution, the experimental determination
of the flow field, and the direct comparison of these data with the
theoretical flow field determined during the blade section design. The
experiment was conducted in the cascade blade test facility located at
the Applied Research Laboratory (ARL).

The theoretical flow field determined by the Streamline Curvature
blade design procedure is shown graphically in Figure 42. This figure
{ndicates the geometric shape and relative position of two blades in an
infinite cascade. Also shown is the theoretical streamline distribution
and the effects of the boundary layer modeling on the blade surface
streamlines and the blade wake. As output frem the analysis, the static
pressure and velocity profiles along each indicated reference line were
obtained. The blade surface static pressure distribution and the intra-

blade velocity profiles were compared directly to data derived from the

experiment.
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Figure 42, Thecretical Streamline Distribution and
Curvature Blade Design Method.
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9.1 Cascade Blade Test Experimental Apparatus

Five blades with surfaces numerically machined to the ordinates
specified by the design analysis were manufactured and installed in the
ARL cascade test facility. The blade chord was 4.65 inches, the blade
span was 14.50 inches, and the blade-to-blade spacing was 4.65 inches.
The arrangement of these blades in the test facility is shown in the
photograph of Figure 43, The central blade was instrumented with surface
static pressure taps which are located as indicated in Figure 44, The
pressure taps were located so as to correspond to the computation sta-
tions indicated in Figure 42. 1In addition, the holes were located in a
manner that assured that wakes shed from each hule would not affect
readings taken at downstream locations., The tubing required to transfer
pressures from the blade surface to an external transducer was located
within the blade, thus eliminating the need to mar the blade surface,
possibly disturbing the flow.

The pressure in the cascade tunnel gettling section, the approach
gection to the test cascade, the blade surface taps, and the ambient
pressure were measured with a Validyne variable reluctance differential
pressure transducer and averaged for JO seconds to eliminate variations
in the output voltages. The data were repeatable to within 1 percent,
while the calibration of the transducer was repeatable to within 0,3
percent.

The ARL cascade test facility is equipped with boundary layer
suction screeus at both ends of the cascade blades. In practice, these
screens remove the boundary layer on the tunnel walls, thereby assuring
two-dimengional flow in the cascade itself. During the tesr of the

cascade, a suction setting was maintained that gave no change in static
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pressurce along the approach duct to the casczde, indicating that two-
dimensional (low was maintained,

A comparison of the flow field in the te¢st cascade with the theo-
retical flow field requires obraining the velocities (Vy) and (Vx)
parallel and perpendicular to “he cascade axis, respectively, and the
local static pressure (Psg) at various locations in the flow field. A
thrcee-hole probe was fabricate:d and calibrated for use in this experi-
ment. The mounting arrangemen. of the probe in the ARL cascade facility
is shown in Figure 43 and schenatically in Figure 45. An expanded

schematic view of the probe ti.: 18 shown in Ydgure 46, The basis for

the design and calibration of _his probe is presented in Treaster and

“Yocum [37] .

Calibration of the three-hole probe was .ccomplished in the
following manner. The probe w:s mounted in & retaining collar with the
probe tip located at the cente: of a 1,0 foot diameter, low turbulence,
open jet. This arrangement is shown schematically in Figure 47, The jet
velocity was maintained at 103 feet per seccor:, the maximum capability of
the facility. The probe Reyno ds rumber, baced on the hole diameter, was
1080. The angle of the probe was systematicilly varied in small
increments from a flow angle r--lative to the probe of -20 degrees to +20

degrees. At cach setting, the pressures (P+, P P’) from the probe were

t'
recorded,  Additionally, the scttling rection total pressure (Pf) and the
jet. farce (atmospheric) pressure PS were recorded, These pressures are

represented schematically in Figure 46, The Validyne variable reluctonce

differential pressure transducer was used so that each recorded pressure

was the pressure difference above the atmospleric referenced pressure.,
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Figure 46, Expanded View of Three-Hole Probe Tip.
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The pressures were averaged for 10 seconds to reduce variability, leading
to a repeatibility of 1 percent.

Three calibration coefficients are required to determine the two
velocity components aund the static pressure at the probe tip., To deter-
mine the flow angle, the difference in pressure between the two side
pressure tubes P+ and P is used. The angularity correlation coefficient

(C_ ) is defined as
Py

et-p)

cC = —
Py P, - 1/2(F7+P7)

’ (%.1)

where the measured pressures are defined as in Figure 46, The result of
this calibration is plotted on Figure 48 as a function of flow angle (a)
relative to the probe axis,

Determination of the total pressure that exists at the probe loca-
tion is accomplished by a correlation of the measured total pressure Pt

and the actual total pressure P During calibration, PT is measured in

T
the calibration facility settling section. The total pressure correla-

tion coefficient (CP ) is defined as
t

Py - P,
C = s
Py P, - /2(P4P")

. (9.2)

These calibration data are plotted in Figure 49 as a function of the
flow angle (a).
The final calibration coefficient is used to determine the static

pressure at the probe tip. The correlation relates the average measured
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static pressures (P++P—)/2 te the true static pressure PS' During
calibraticn, the actual static pressure PS is measured at the edge of
the open jet of air. The static pressure correlation coefficient is
defined as

ot 2 - Py

C. = . (9.3)
Py P, - 1/2(2%07)

These calibration data are plotted in Figure 50 as a function of the flow

angle (a).

All measured pressures used during this calibration are referenced
to atmospheric pressure.

Calculation of the veleocity components and static pressure at some
point in an unknown flow {leld requires use of the calibration data
summarized in Figures 48 through 50, The experimental determination of
the local fiow angle (al), the local velocity (Vg). and the local static
pressure (PSQ) is accomplished in the following manner,

Experimentally determined pressure P+. P, and Pt from the probe are
determined. Calculation of the flow angle is accomplished by using
Equation (9.1) to determine che local value of (Cp ). Once known, an

a
interpolation on the curve fit of Figure 48 yileids the local flow angle

(a).
Determination of the local total pressure is achieved by determining

the value of C, for the corresponding value of flow angle already deter-

Pe

mined. This is accomplished with the aid of the curve fit shown in
Figure 49. Having determined the lccal value of CP , Equation (9.2) is
t

rearranged to give
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P o=c_ - (P -1/2t0)| 40, (9.4)
tﬂ Pt t t

where Ptz is the desired value of the local total pressure.

Decermination of the local static pressure is achieved by deter-
mining the value of CP for the corresponding value of flow angle already
determined. This is aicomplished with the aid of the curve fit shown in
Figure 50. Having determined the local value of CP , Equation (9.3) is

s

rearranged to give
+ - + -
Pq = (P'+P )/2 - C_ Pt - 1/2(P 4P ) R (9.5)

s, Ps

where Ps is the desired value of the local static pressure,

'3
The flow may have experienced a loss in total pressure between the

upstream reference conditions and the point at which measurements are
being made. This loss of total pressure (PL) may be determined from the
difference between the indicated local total pressure and the total

pressure measured at ihe upstream reference conditions., The loss of

total pressure is

P =P_-P . (9.6)
Bernoulli's equation may now be uged to determine the local velocity

(Vz). This equation is

1/2
- 2
v {(PT'PL'PSE)E . (9.7)

S
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A reference velocity (Vl) is defined as

1/2

- 2
vy = R , (9.8)

where PS is the reference static pressure measured upstream and beyond
the influence of the test cascade. The location of PS is shown schemati-
cally in Figure 45, The local velocity ratio (vllvl) is easily deter-
mined by combining Equations (9.7) and (9.8).

The local static pressure coefficient CP is defined as

c = -, (38.9)

Using this calibration and analysis technique, a three-hole probe
can be used to map the velocity and pressure field in a cascade of
blades. Subsequent tests of the cascade of blades were run at a refer-
ence velocity of 100 feet per second and a corresponding blade chord
Reynolds number of 240,000, The Reynolds number correnponds to the
calibration Reynolds number of the three-hole probe. Results of the flow
field measurements when averaged for 10 seconds were repeatable to within

1 percent.

9.2 Comparison of the Analytical and Experimental Pressure Distribution

Blade surface presgsure distributions for the cascade geometry
designed by the Streamline Curvature Method were obtained from three

sources. The principle distribution is that shown in Figure 51 and is
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predicted by the design analysis. The design requires a fluid turning
angle of 18.43 degrees and a nondimensional flow diffusion, (V2/V1), of
0.790, where Vl is the velocity upstream of the cascade and VZ is the
velocity far downstream. The balance of blade forces to fluid momentum
changes requires that the average blade force per blade, in the direction

parallel to the cascade axis, be equal to the momentum change of the

fluid in the blade passage in the same direction. The equation

. = Q
AP + C cos(B) pSVxAVy (9.10)

expresses this balance. (AP) is the average pressure difference across
the blade, Because the force parallel to the cascade axis is required,
the pressure acts on the projection of the blade chord (C) perpendicular
to the cascade axis (C-cos{(B)). (B) is the angle of the vane relative to
the (x) direction and can be seen in Figure 42. The mass of fluid acted
on by the blade force per unit time is (pSVx), where (p) is the density,
(8) is the blade spacing, and (Vx) is the velocity across the cascade,
The fluid momentum change is embodied in the term (AVy), the change in
velocity parallel to the cascade axis, between the leading and trailing
edges. The quantities used in this discussion are depicted in Figure 42,
If the average blade pressure difference, (AP), is nondimension-

alized by the upstream dynamic pressure, as in the following relations,

<
<LX>
L <

T = aB/(1/209) %) = 2 o : (9.11)

cos B V1
a blade average lecading or pressure coefficient (Cp) is formed. The test
case gpecified a design value of (E;) of 0.6067, Integration of the

pressure distribution that is output of the design analysis yields a
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value of E; = 0.440. Ysing Equation (9.10), the flow turning angle would
be 12.5 degrees using the reduced value of E;l This angle is 5.9 degrees
less than the 18.43 degrees called for by the design.

E As a check on the design geometry, the Douglass-Neumann potential
flow analysis method of Giesing [38] was performed, The pressure dis-
tribution of Figure 52 was generated. In this case, the value of E; =

0.580, indicating a fluid turning angle of 17.4 degrees, was 1.0 degrees

less than called for by the design. Experience has shown that the
Douglass-Neumann analysis usually overestimates the turning that can be
performed by a cascade,

The Douglass~Neumann analysis indicated that the geometry was close

to conforming to the design but that the pressure distribution calculated

by the Streamline Curvature Method was in error.

A final comparison with the results from testing the design cascade
was made. The experimentally obtained pressure distribution is plotted
in Figure 53. The integrated value of E; at the design conditions was
found to be 0.504, giving a flow turning angle of 14,7 degrees, 3.7
{ ! degrees less than design and ?.7 degrees less than predicted by the
Douglass-Neumann method,

Inspection of the pressure distributicns shown in Figures 51, 52,

and 53 reveals that good agreement is obtained among the various compari-

sons for the pressure side of the blade. On the suction side, fair

(g
-

agreement is maintained for the first 50 percent of the biade surface,

"
I’

but at mid chord, the theoretical distribution from the St~zamline
B Curvature design analysis shows poor agreement with both comparison

cases. The conclusion here is that the lack of proper momentum force

Wk G o w

balance noted previously is due to this discrepancy. Examination of the

TRV, NG oyt o

[Er e - e

e o e A



0.6 -
-
" |
0.2 -
GS—‘
[~ 9
~ ey E o
o 0 4+ —t
o i
v T
S" -0.21 3
0.4 i
'0.6 ng n \J T Y T T T T
0 0.2 0.4 0.6 0.8 1.0
x/d
Figure 52. Theoretical Cascade Blade Pressure

Distribution from the Douglass-
Neumann Potential Flow Analysis.

128

e ——— s ot & A AP



129

0'4 L 3 J. 4 i 1 e A 1

1
2

%
|
\O
«
NN

Cp =P, - P
S &
N b
L
\
1\0

- 0 0.2 0.4 0.6 0.8 1.0
x/f
Figure 53, Experimental Cascade Blade

; ‘ Pressure Distribution,
|
1
|

3
3 ,

2 ~

- - e e SRR E T e




4 Swoems dn o s -

130

boundary layer calculations performed during the design indicated the
possibility of flow separation at 70 percent of the chord on the suction
surface, making the boundary layer and wake model inaccurate, Addition-
ally, experimental visual observations with tufts indicated that the
experimental blade was indeed separated In this area, possibly increasing

the observed underturning of the flow.

9.3 Comparison of the Analytical and Experimental Flow Fields

The velocity and pressure fields for the cascade design were
determined analytically upstream, within, and downstream of the blade
row. An experimental program using a three-hole probe determined the
corresponding flow field for the actual cascade., The results of the
experimental program are partially represented by the computer generated
plot of Figure 54. This figure shows the location cof each data point
acquired, with the resulting velocity and direction shown.

Figure 54 shows the more important features of the flow field in the
cascade. First is an indication of a sep.rated flow region on the
suction surface trailing edge. This region was also indicated by tufts
attached to the blade surface, The second most visible feature is an
indication of the extent and structure of the wake of low velocity fluid
shed from the blade trailing edges. Finally, the averaged fluid deflec-
tion angle at the downstream station is 13.5 degrees, agreeing fairly
well with the vylue determined by use of the pressure distribution.

More specific comparison of the analytical and experimental flow
fields are made in Figures 55 through 68. These figures are velocity

profile comparisons at each indicated reference station in Figure 42,
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Examination of the velocity profiles on each reference station
reveals the following. Agreement between experiment and analytical
results is good up to 40 percent of the blade chord. Figure 55 repre-
sents a station 20 percent of the chord upstream of the blade row, The
significant feature of this plot is that there are induced velocity
effects propagated upstream which are represented by the analysis method.
Also seen in this plot is an indication that the periodic nature of the
flow is not precisely maintained at this station, due to the required
cusping of the stagnation streamline at the blade leading edge. The
localized error, however, is only on the order of 3 percent.

Figures 56 through 59 show excellent agreement of the predicted and
experimental velocity profiles, both in magnitude and form.

Between 40 percent and 60 percent of the blade chord (Figures 60
through 67), some divergence in magnitude of the profile is seen. The
differences increase to the point where, at 60 percent of the chord, the
measured velocity is uniformly 5 percent high., This 1s due to the blade
row underturning, because the blade row design is diffusing, rather than
accelerating, the flow.

From 70 percent to 100 percent of the chord, substantial (10 per-
cent) errors in the velocity profiles are seen. A definite indication
is present of the flow separation seen both on the pressure distribution
and by the tuft metod. Again, due to the blade row underdiffusing the
flow, the indicated measured velocities are uniformly high.

Downstream of the cascade, the measured data clearly indicate the
extent of the shed wake (Figures 67 and 68). Also seen is the failure

of the analytical method to accurately model the wake structure. In
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general, thc measured velocities are 13 percent too high, due again to
the blade row underturaning.

¢ An additional investigation was performed to help gain insight into
the physical phenomenon associated with the cascade underturning. A tuft
approximately 2 feet long was attached to the trailing edge pressure side
of the central blade iun the cascade. A protractcr was used to measure
the exit flow angle of the cascade relative to the inflow direction.
These measurements were accurate to 1/2 degree and result in the plot of
Figure 69. 1In the case of the as-designed data, there are three distinct
flow regimes. Below a Reynolds number of 210,000, severe underturning is
seen. This is probably due to a laminar separation at the minimum pres-

sure point on the blade suction surface. Above this condition, the

! turning angle steadily increases to a steady value at a Reynolds number
of 300,000, indicating a partial .urbulent separation that moves toward
the trailing edge as the velocity increases., As a test of the separation
theory, a cloth tape trip, one-eighth inch wide was attached tc each

blade at 60 percent of the blade chord. Testing vielded the second curve

T e
e i et .

on Figure 69. The turning angie with the tripped boundary layer is
nearly constant, indicating that a separated boundary layer is respon~
L ‘ sible for the variation in turning angle with velocity or Reynclds
number. The test cascad> was designed to operate at a Reynolds number

of 240,000, as indicated on Figure 69. The turning angle at this

velocity agrees with that determined by the pressure distribution
measurements and by the flow field surveys.

Pressure distributions were determired in each of the major flow
regimes noted on Figure 69. These pressure distributions are plotted on

Figure 70, and their corresponding velocities noted. The most
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interesting feature of this plot involves the pressure distribution for
the lowest velocity case. Compared to the two higher velocity pressure
distributions, a severe difference in pressure on the suction side can
be seen. This indicates again the possibility of flow separation,
perhaps initiated at 40 percent of the blade chord. At the highest
velocity, the pressure distribution at the trailing edge is somewhat
fuller, accouating for the additional turning noted previously.

Because of the possibility of laminar separation affecting the
performance of the cascade, the turbulence level of the cascade test
facility was measured with a hot wire annemometer and found to be on the
order of 0.5 percent of the free stream velocity, which is quite low,
This could account for the unexpected laminar separation and for the
effect of the trip on the cascade performance. Additionally, the cor-
relations used in the development of the boundary layer model used on the
design process give no insight into the effect of the over-all turbulence

level on the shape or extent of the boundary layer,

9.4 Summary of the Analytical and Experimental Comparisons

Examination of the analytical and experimental data available points
to a major source of the problems encountered in this design. The
ability to accurately predict the boundary layer ~haracteristics on the
guction side of the blades led to serious performance degradation. 1In
addition, the wake model, influenced by the boundary layer, was unac-
ceptable. A more accurate boundary layer model usable for boundary
layers in an increasing pressure zone must be developed and included in
the Streamline Curvature blade design method before a critical judgement

of its uscfulaness can be made.
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Further examination of the output of the blade design analysis,
specifically Figure 42, shows that some refinements to the computational
scheme are in order. To assure that the {ar upstream and downstream
flow {s uniform and parallel, the calculat fons should be performed to
several chord lengths in both directions. Figure 42 indicates some
convergence of the streamliies at the last calculation station, duec to
the presence of the wake. 'his region shci:ld be extended to achieve
parallel flow. Increasing :he number of calculation stations, stream-

lines, and cycles to converence should improve the over-all accuracy of

the method.
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CHAPTER X

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
FOR FURTHER RESEARCH

10.1 Summary and Conclusions

The design and analysis of a ' :rbomachine requires a method for
predicting the three~-dimensional flows which occur, along with methods
of designing blade rows which produce the desired performance. A large
class of turbomachines operate in flows which can be considered as being
incompressible. These include axial, mixed, and radial flow pumps and
turbines and low speed fans. The intent of this study is the development
of a rational engineering solution for the analysis and design of these
turbomachines,

The over-all performance of a turbomachine is related to the axi-
symmetric through-flow field within it. Various parameters affect the
through-flow, Including the duct or casing geometry, the fluid velocity
and pressure at the inlet of the turbomachine, the geometric characteris-
tics of the blade rows which change the total energy of the fluid, and
the losses in energy due to viscous and turbulence effects. The accurate
predicting of this throvgh-flow field must consider all of these boundary
conditions and satisfy the laws of fluid motion. A computerized numeri-
cal analysis has been developed to solve the equations of motion and
satisfy these boundary conditions.

A Streamline Curvature Method is utilized as the basic solution for

the through-flow. Equations for a steady, inviscid, incompressible flow
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in an arbitrary shaped turbomachine are derived and a numerical method
developed for their solution.

The equations of motion are developed in a way that allows the
effects of blade spanwise and chordwise loading distributions to be
included in the solution. This is an improvement over some earlier
methods that treat a blade row as a thick actuator disk with uniform
chordwise loading.

The effects of the blade thickness distribution aad blade surface
boundary layers may be incorporated into the solution. This point is
important when high solidity blade rows are used.

The effects of viscosity and turbulence on the through-flow are very
difficult to determine anaiytically; therefore, correlational data for
gpecific types of turbomachines are used to correct the through-flow
solution for these effects. The effects of viscosity and turbulence are
included as a distributed total pressure loss. Determination of the
specific distribution must rely on tests of turbomachines having a
similar geometric form.

Blade rows whose surfaces are not perpendicular to the axisymmetric
streamsurfacas in the turbhomachine produce a component of blade force
normal to the streamsurfaces. In some cases, this component can produce
a significant effect on the through-flow. The magnitude of this force
may be determined from the solution of the blade-to-blade flow fields on
the individual streamsurfaces and included in the through-flow solution
as a circumferentially-averaged pressure gradient n~rmal to the stream-
surfaces,

Several examples show the through-flow solution based on the

Streamline Curvature Method to be accurate in predicting the
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axisymmetric properties of the flow in turbomachines., The design of
blade rows to provide a specified performance is difficult because of
the effects of viscosity and turbulence. 45 with the through-flow
analysis, it is necessary tc inciude these effects in an empirical
fashion. The Mean Streamline Method of Wislicenus uses correlations
developed from experimental data to specify airfoil sections with a
specified chordwise loading distribution and includes the effects on
fluid turning due to viscosity and turbulence. The original correlation
as developed by Wislicenus is based on a small number of experimental
investigations A computerized method of analyzing the data generated
by the testing of airfoils in two-dimensional cascades is developed.

A large volume of data f;r airfoil sections tested in a cascade are
analyzed, the results are compared to the original data prepared by
Wislicenus, and a new correlation is developed which extends the range
of applicability of the Mean Streamline Method.

The improved Mean Stireamline Method is adapted to the digital
computer and can be used rapidly and reliably by a designer. Due to the
complex nature of the flow between individual blades in a cascade, an
analytical approach to the solution of the blade-to-blade flow field is
desirable. This solution allows the effect of each of the geometric and
flow parameters to be determined separately, Several methods for the
analysis of the blade-to-blade flow field for defined geometries exist.
However, an indirect or design solution which prescribes a blade shape
which will provide a specified performance has been elusive,

A Streamline Curvature Method is developed to solve the indirect or
design blade-to-blade flow problem. The solution reiies or the numeri-

cal solution of the steady, inviscid, incompressibie equations of fluid
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motion, with the results corrected for the effects of viscosity and
turbulence. The sclution starts with a blade shape defined by the Mean
Streamline Method and iteratively adjusts the camber line and thickness
distribution to satisfy the prescribed boundary conditions. These
boundary conditions include the specification of the chordwise loading
and thickness distributions and the periodicity of the flow field
upstream and downstream of the cascade. An empirical correction to the
flow field is made to account for the effects of the blade surface
boundary layers and the blade wake. The result ¢f this analysis is a
cascade blade geometry and the associated flow field in the blade-to-
blade plane, which provides a specified performance.

An empirical cascade of blades was designed and tested in a cascade
vind tunnel to verify this analysis. The experimental results indicate
the potential of the design method to predict the flow field when the
effects of viscosity and turbulence are small. However, serious diffi-
culties were encountered in the boundary layer and wake regions of the
flow field and suggested that more sophisticated models of these regions
must be used,

The blade-to-blade flow solutions allow the computation of pressure
gradients normal to the streamsurfaces in a turbomachine. These terms
may be input to the through-flow solution to improve its accuracy in the
region of rhe blade row and, thus, produce a three-dimensional model of
t:e flow field in the blade row,

An axial flow pump stage was designed by the Streamline Curvature
Method and the Mean Streamline Method and tested in a pump loop. Test
results indicate that the total pressure rise through the ctage is 13

percent higher than predicted. Analysis of the results reveals that the
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experimental inflow velecity distribution is not the same as the design
inflow or that anticipated for the actual application of the pump.

Additionally, the estimated efficiency of the pump was probably too low
during the preliminary design phase, contributing to the increased value

of total pressure rise observed in the experimental results,

10.2 Recommendations for Further Research

The Streamline Curvature Method for predicting the axisymmetric
through-flow in turbomachines can be improved and extended by considering
the following areas of future research. The empirical correlations which
are employed to include real flow effects can be made more general for
axial flow units. This will require the testing and analysis of dif-
ferent configurations of axial flow pumps and turbines, Radial and mixed
flow turbomachines are more difficult to design and their internal flow
processes, especially boundary layer flows, are poorly understood. The
Streamline Curvature Method developed in this study can be used for the
prediction of the flow in a radial flow pump or turbine. Tests should be
designed to provide the analysis with the same type of correlation data
as used in the axial flow case.

The Mean Streamline Method of blade section design has been reliably
employed for axial flow turbomachinery and two-dimensional cascades. A
major improvement, including the capability to design blade sections in
conformal planes would allow the application of this design method to
mixed flow aad perhaps radial flow turbomachinery. Experimental verifi-

cation of the design method will be necessary to prove its usefulness

and accuracy.
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The Streamline Curvature Method developed in this study to design
cascade airfoil sections will require a great deal of additional effort
before reliable designs can be produced. The numerical solution of the
equations can be improved by increasing the density of the calculation
stations and number of streamlines used in the solution. The empirical
data used to predict the boundary layer and wake effects will require a
test and analysis program, along with an advanced theoretical approach
to produce useful design correlations that properly account for Reynolds
number effects. A series of two-dimensional cascade *ests with accurate
measurements of the boundary layer and wake prcfiles will help to produce
the required correlations.

The development of a three-dimensional design solution for turbo-
machinery is required if maximum possible performance is to be obtained.
An important part of this solution is the blade-to-blade flow solution.
The Streamlire Curvature Method of blade section design produces this
flow field as a part of the design process. Improvements will have to
be made, however, before the solution is reliable. Apain, experimental
comparisons of the flow fields in two-dimensional cascades will be
necessary to improve the solution. Of great importance here is the
experimental determination and comparison of the blade-to-blade flows in
a rotating blade row.

The effects of blade body forces on the through-flow solution
should be studied in greater depth. Occasionally, the blade geometry
leads to significant components of the blade force normal to the stream-
surfaces. This causes redistribution of the through-flow and, conse-~
quently, changes the performance of the turbomachine. A large rotating

blade row, which exhibits a geometry leading to a streamsurface normal
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force should be fully instrumented and its through-flow analyzed and
compared to a theoretical solution,

When the blade-to-blade and through-flow solutions have been
developed, a three-dimensional design solution can be developed by
analytically coupling the two-dimensional solutions. In this solution,
the blade row design is produced as a result of the specification of the
through-flow. Al1 effects of blade row forces, loading distributions,
blade thickness, and the effects of viscosity and turbulence will be
included and solved simultaneously. The output of such a procedure is
the three-dimensional flow field in the blade~to-blade space and a blade
geometry required to produce the flow field. If five blade-to-blade and
meridional planes are specified as a minimum, the problem will require
at least twenty times the computer power and complexity currently re-
quired. However, as testing of turbomachinery becomes more expensive
and performance is pushed to higher levels, numerical design, modeling,
and testing will become more attractive and more important. Comparison
with experimental data will always be necessary to assure that the
physical processes involved are understood and that the empirical data
necessary to refine calculated flow models are accurate.

Improvement of the performance of turbomachinery operating in steady
incompressible flow will require the continued refinement and expansion
of numerical and mathematical flow models. The basic means of analysis
and design presented in this study can be used and improved and will lead
ultimately to the design of turbomachines that are more systematic and

reliable and with improved levels of performance.
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