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SUMMARY

This report describes a method and a digital computer program for
prediction of the distributions of fluid velocity and properties in
axial-flow pump configurations. A mathematical model of the flow is
developed for calculation planes in which the flow is assumed to be
steady and axisymmetric, Flow patterns in these planes are determined
by an iterative numerical procedure. The calculation planes are
located at the configuration entrance and exit, and between blade rows.
Correlated results of pump configuration experiments are used to gener-
ate alternative methods for estimating the turning and loss character-
istics of the blade elements intersected by approximate steam surfaces.

Detailed descriptions of program logic and use are followed by
example input and output data sets, plus typical computed results.
Strengths and weaknesses of the method are outlined. 1In general, it is
found that the flow model and computational procedures are satisfactory.
The results are useful for both qualitative and quantitative purposes.
Limitations are related to the quality of the empirical estimation of
blade section performance. These limitations are characteristic of all

axial-flow compressor and pump performance prediction systems described
in the literature to date.



INTRODUCTION

This report reviews an extended study of the problem of prediction
of distributions of fluid velocity and properties in axial-flow pump
configurations. This study was begun in 1960 as one response to the
need for fundamental improvement in performance levels and reliability
of turbopumps for liquid-propellent rocket systems and has been carried
on in cooperation with the research staff of the NASA Lewis Research
Center. Principal objectives were to select a satisfactory flow model
and a logical sequence of steps for computation of the required flow
patterns, and to incorporate these steps into an efficient digital com-
puter program. In addition, necessary correlations of experimental
information were to be developed to support the program.

In the first part of the report, the scope of the project is out-
lined and compared with related investigations in the fluid mechanics
of turbomachinery. The second portion is a detailed description of a
method and computer program for axial-flow pump performance prediction.
The method and program are based on numerical solution of equations
representing a model of the real flow in an axial-flow turbomachine.
The third part reviews the results of utilization of the program for typical
axial-flow pump geometries.

Computed results are compared with experimental measurements from
NASA research involving water tunnel tests of these geometries. These
comparisons are useful in defining areas in which the performance pre-
diction method is successful and valid. It is also possible to identify
characteristics of the method which are not satisfactory at present.

The performance prediction problem for turbomachinery, as it is
defined in this report, is one of the most difficult unsolved problems
in applied fluid mechanics. It is, therefore, a primary objective of
this review to provide a foundation for future studies in performance
prediction and related areas.



PERFORMANCE PREDICTION FOR AXIAL-FLOW TURBOMACHINERY

Two fundamental problems occur in selection of a geometrical con-
figuration for a turbomachine. The first is the design or indirect
problem and is concerned with the determination of a satisfactory pas-
sage and blading configuration. For this problem, the given information
includes the nature and characteristics of the working fluid, the fluid
properties at the entrance to the turbomachine for the design operating
point of the system, the flow rate and a required change in one or more
fluid properties between the entrance and exit. In addition, there may
be other initial requirements or limits, related to rotational speed,
size, efficiency, and other operating characteristics of the machine.

After a possible design point configuration is determined, it is
essential to consider what will happen to the performance of the config-
uration when it is operated at flow rates or rotational speeds, or with
entering fluid conditions other than those used as design point values.
This second problem, called the analysis or direct problem, can be, for
reasons which will be made evident in the report, considerably more dif-
ficult than the design problem. The level of difficulty is, however,
substantially dependent on the nature of the information to be provided
by the solution. Some of the methods which have been proposed will be
reviewed briefly in the following paragraphs to indicate clearly their
character.

Performance Prediction Systems Background

Although this section considers some work related to the most gen-
eral forms of solution of the analysis problem, primary emphasis is on
turbomachines in which energy is transferred from the rotor to the work-
ing fluid and in which the result is an increase in the fluid pressure
or head, that is to compressor and pump configuration analysis. In addi-
tion, because of the objectives of the current program, detailed consid-
eration is restricted to work applicable to the class of turbomachines
(axial-flow) in which the main flow is essentially parallel to the rota-
tional axis. Within these limits, there is a considerable volume of
information available on methods for solution of the analysis problem.
These methods may best be classified by reference to the scope and nature
of the results obtained.

One category of performance prediction systems produces only over-
all performance characteristics. This class is exemplified by references
1-4 and its use is discussed by Robbins and Dugan in reference 5. Ordi-
narily, these methods are based on one-dimensional (e.g. mean radius)
calculations, on "stacking' of the estimated performance curves for



individual stages, or on assumed analogous behavior between the config-
uration of unknown performance and previously-tested configurations.
Such methods are useful for component-matching and systems studies, and
to a limited extent can be used for locating mismatches between stages
in multistage compressors and pumps.

A second and far more difficult type of performance prediction
method is based on computation of the fluid velocity and properties at
selected points in the flow path of the turbomachine. A mathematical
model of the flow is developed and solution of the resulting equations
permits determination of flow patterns in the turbomachine and, by
appropriate averaging techniques, the overall performance characteristics.
The solutions are iterative and, for all practical cases, are feasible
only if accomplished using a large-scale digital computer.

The significance of such methods can readily be understood, 1If
the local velocity and properties could be calculated with some accuracy
at desired points in a proposed configuration, alternate geometry choices
could be evaluated during the design process without experimentation,
Furthermore, the availability of both overall performance and detailed
velocity distributions for off-design operating conditions would contrib-
ute substantially to reducing required design and development time for
the system in which the turbomachine is a component.

The performance prediction method described in this report is of the
second type and all subsequent uses of the term "performance-prediction
method" herein refer to methods of this type. As background information
for the work discussed, it is appropriate to review some of the related
prior studies.

Some of the earliest reported work on the analysis problem was done
by Serovy (refs. 6 and 7) and by Swan (refs. 8 and 9) for axial~flow compressor con-
figurations. Bothinvestigationswerebased<x1afinite-differencesolution
of the nonisentropic radial equilibrium and continuity conditions at
stations between blade rows. The steady, axisymmetric model of the flow
used has been described and justified thoroughly in references 10, 11
and 12, 1In each method, correlations of experimental data were developed
and used for predicting the radial distribution of the fluid turning
angle and of the total-pressure loss for each blade row. Trial solutions
were presented for single-stage geometries, and comparison with experi-
mental data was not good. Principal discrepancies appeared to be the
result of inadequate data correlations for flow angle and loss, Never-
theless, the two studies demonstrated the feasibility of numerical solution
systems in generating both detailed flow passage distributions and over-
all compressor performance.

Jansen and Moffatt (ref. 13) used a similar approach in developing a
program for computation of multistage axial-flow compressor performance.



The steady, axisymmetric model was again used as formulated by Novak
(ref. 14), and this formulation included improved schemes for iterative loca-
tion of the axisymmetric stream surfaces and for computation of local
values of stream surface slope and curvature. Example solutions for

two multistage compressor configurations were, as in the earlier inves-
tigations, less than satisfactory. It is likely that experimental data
correlations and computed annulus wall boundary layer displacement thick-
nesses were responsible for much of the observed difficulty.

Davis (refs. 15 and 16) has described a program and data correlations for
compressor analysis and design problem solutions. This program was pri-
marily based on the flow model of Novak (ref. 14), combined with correlations
available from earlier studies. Davis provides extensive flow diagrams
and descriptions of program logic, together with explicit definition of
the correlation equations used. Creveling and Carmody (ref. 17) also have
developed an analysis program for multistage axial-flow compressors.

Again, the documentation of the program is reasonably complete for both
data correlations and the flow model,

More recently Daneshyar (ref. 18) and Grahl (refs. 19 and 20) used flow
models similar to Novak (ref. 14) and their own data correlations to predict com-
pressor performance. Daneshyar discusses in somewhat more detail than
any earlier work, the numerical problems which are encountered in flow
passage solutions. This useful discussion is supplemented by papers of
Marsh (ref. 21) and Wilkinson (ref. 22), who give a good deal of insight into some
of these numerical difficulties. These stability, convergence, and loss-
of-solution problems are important, and this will be made evident in the
discussion of the current analysis program development,

All of the preceding referenced work is concerned with analysis
for axial-flow-compressor geometries. The methods are also similar in
that they assume a steady, axisymmetric flow. All reported calculations
are at stations located in the axial spaces between blade rows. The
basic flow model is, therefore, that identified as the blade-element
model and described in reference 10. Fundamental differences in strat-
egy exist between these methods in the numerical solution techniques
applied, including the means for estimating local values of stream sur-
face pesition, slope and curvature. It is clear, even in those instances
where program documentation is not included, that program logic is not
similar in the various systems. Finally, there is evidence in all cases
that the experimental data correlations required are a major source of
program trouble. Because these correlations, which permit calculation
of blade row relative exit flow angle and blade row relative total-
pressure loss as a function of spanwise location, are present in every
method, they may be isolated as a possible source of difficulty in the
work reported herein,

A somewhat different means for formulation of the analysis problem
for axial flow turbomachines has been proposed and used by Marsh,



Gregory-Smith and others (refs.23 and 24). The matrix through-flowmethod has
been reasonably well documented, but unfortunately has not been tested
by application to an adequate number of realistic flow situations. It
does not avoid the requirement for input of key empirical data correla-
tions and in example solutions currently available, does not appear to
offer a clear improvement in any area of performance calculation.

Additional examples of related research on turbomachine analysis
are contained in references 25 to 28. A procedure and computer program
for axial-flow turbine analysis is described in reference 25. Another
is discussed Renaudin and Somm (ref, 26), Anovel method for avoiding
solution convergence problems is used in reference 26, which should be
applicable to other turbomachine cases. Novaket al, (ref. 27) have attempted
adaptation of the earlier system reported in reference 13 to the esti-
mation of effects of inlet flow distortion on axial-flow compressor per-
formance. Ribaut (ref. 28) has outlined a system for a very general analysis
of the through-flow field, but unfortunately, the problems of applica-
tion appear to be substantial,

The analysis system described in this report differs essentially
from earlier efforts in a few areas. First, the blade-element model is
applied to axial-flow-pump analysis. As a result, it avoids problems
that derive from changes in fluid density and from the loss phenomena
associated with shock waves where acoustic velocity levels are reached
or exceeded in compressor blade passages. Second, the influences of
stream surface slope and curvature on the radial distribution of velocity
are omitted. Third, a program logic is used that is believed to be some-
what unique and very efficient. Finally, some new ideas in data corre-
lation are developed, which can only be proven by comprehensive applica-
tion and testing. In every area, it is the intent of the report to disclose
the reasoning leading to choices among alternate options and to expose
the segments of the program that presented the greatest difficulty.

Problem Analysis For Axial-Flow Pump Configurations

Figure 1 is a typical plot of the experimental performance of an
axial-flow pump stage. The data points were obtained by measuring fluid
properties and velocities at the pump inlet and downstream from the stage
at stations as shown in figure 2. Operating at constant rotational speed,
while controlling the flow by means of a downstream throttle, data sets
were measured at specified volume flow rates. The actual points plotted
were obtained by averaging the radial distributions of measured proper-
ties. Corresponding to each data point on figure 1 are radial distribu-
tions of various flow parameters and reduced data such as those shown
in figure 3.

Because most system analysis and design evaluation requirements
are based on the use of curves such as those in figures 1 and 3, it is



logical to make generation of such curves a major goal in a performance
prediction method. It is less apparent, but equally important to note
that the mode of operation and data acquisition for the pump is based
on the assumption of certain characteristics of the flow that are in
keeping with the nature of the flow model described in the following
paragraphs. These considerations have an important influence on the
development of procedures and logic.

Flow Model

The analysis method described here is directed toward the problem
of prediction of the flow patterns in axial-flow pump configurations.
In proceeding toward this objective, a number of decisions were made
which called for the use of parameters or techniques drawn from estab-
lished axial-flow compressor and pump technology. Wherever possible,
attention will be called to these decisions and to the limitations which
they might place on the method.

All calculations are made in planes perpendicular to the rotational
axis of the configuration. These planes must be located in the axial
spaces between blade rows and are analogous to measuring stations shown
in figure 2. Aside from the computational convenience resulting from
use of such stations, the computed velocities and properties may readily
be checked against experimentally measured data obtained from the radial
survey probes., The local flow in all of these calculation planes is
assumed to be steady and axisymmetric. Again, this is consistent with
data acquisition methods, in which most rotor data have been taken using
steady-state instrumentation located at a limited number of circumferen-
tial positions. .ehind stationary blade rows, circumferential property
surveys have typically been made at constant radius values and averages
have been taken at each radius to compute velocity diagram quantities
for that radius. The result for rotor and stator measuring planes is a
series of local velocity diagrams for selected radial positioms.

A coordinate system which is consistent with typical data acquisi-
tion is used for the analysis program. The system is a cylindrical type
with r, §, and z coordinates. The z axis is coincident with the rota-
tional axis of the pump and is positive in the direction of inlet flow.
Local velocity diagrams for all calculation planes follow the sign con-
vention shown in figure 4, The reason for omission of the radial compo-
nent of velocity will be given later.

The flow through all blade rows is assumed to follow stream surfaces
of revolutions which are fixed by the flow continuity condition at the
calculation planes upstream and downstream from the blade row. No attempt
is made in the performance prediction method to trace the assumed stream
surface within the blade row. For calculation purposes, these surface
of revolution may be thought of as shown in figure 5. These surfaces



intersect the blades to form a cascade of blade sections. A "cascade
plane'" view of the intersection surface, as seen by an observer looking
along a radial line, is the basis for estimation of changes in flow
angle and total pressure through each blade row (ref, 29). Figure 6 repre-
sents such a cascade plane projection and defines a number of blade
section geometry and cascade flow parameters,

For the calculation system, radial components of local velocity in
all calculation planes are assumed to be negligible. At the same time,
all stream surface slope and curvature effects are eliminated in estab-
lishing the equations governing the flow. This aspect of the flow model
differs from the treatment of flows in most axial-flow compressor analysis
systems, in which stream surface slope and curvature influences may be
significant factors. In the current study, examination of experimental
data from a large number of axial-flow pump geometries showed that stream
surfaces for a range of flow conditions were very nearly cylindrical,
with near-zero radial velocity components.

For all calculations, local effects of fluid shear stress are
neglected in setting up the equations representing the flow model. This
does not mean that the cumulative effects of shear stresses do not affect
the local flow, because upstream total-pressure losses are accounted for
in determining the flow patterns in each calculation plane. This is an
important distinction, because it will become evident that the accumu-
lated losses in total pressure which occur on the assumed stream surfaces
are among the most significant factors in influencing velocity distribu-
tions.

The equations representing the flow are all formulated for a fluid
with a constant density. Nowhere in the analysis system is provision
made for two-phase flow or for effects of cavitation.

For a steady, axisymmetric flow neglecting local fluid shear stress
terms, the radial component of the differential equation of motion is

2
\Y v ov
sh 8§ _ r _ T
Ear~ T Vr or Vz oz (1)

For constant-density fluid flows, a historically significant parameter
has been the local total head defined as
2
H=h4+ L, 2)
2g
Differentiating equation (2) with respect to radius and substitut-
ing in equation (1), gives

2

1 v vV v
oH_ 8. 0 zZ _y _I
B Tt Ve o TV V. 5% - (3)



This is the radial equilibrium condition and is the equation used to
determine the radial variation of axial velocity component in each cal-
culation plane. The last term is omitted as a result of the assumption
of negligible radial components of velocity.

In each calculation plane, the flow must also be consistent with
the designated pump entrance flow rate., For an axisymmetric flow of a
constant-density fluid, the flow rate equation in integral form is

L9

tip
q= Zﬁf v, rdr . (4)

“hub
For flow through a rotating blade row, in which energy is added to
the fluid, the change in total head along a stream surface between en-
trance and exit calculation planes is
Hy=Hy + UV , = UV = Hy og (5)
For a stationary blade row, in which no energy transfer occurs, the
corresponding equation is
Hy = H - Hloss ' (6)
These equations, together with equations defining the various pas-
sage and cascade flow parameters, are those which represent the flow in
the calculation planes for the axial-flow pump analysis system. 1In the
following section, these equations will be written in finite difference
form as they have been programmed for digital computer solution.

With the exception of the assumptions concerned with radial velo-
city components and stream surface shape effects, the flow model proposed
is essentially the same as that presented in reference 10 and used in
numerous axial-flow compressor design and analysis situations. The equa-
tions presented are particularly adapted to the study of constant-density
fluid flows. It should also be noted that no arbitrary factors are de-
fined to account for passage wall effects. Specifically, no boundary-
layer blockage factor enters the continuity condition. This point should
be recalled in connection with comparison and interpretation of experi-
mental and computed results as presented in later sections of this paper.

Computing Sequence

As described in the following section, the performance analysis
program computes fluid velocities and properties for discrete values of
inlet flow rate at a constant pump rotational speed for fixed and speci-
fied passage and blade row geometries. Beginning at a base flow rate,
the program marches up and/or down in flow rate in much the same way
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the pump configuration would be experimentally evaluated. Results avail-
able to the user include those which would be most significant in design
evaluation.

Numerical Solution of Governing Equations

The simple radial equilibrium equation for determination of the
radial distribution of axial velocity V, in the leaving flow from a
blade row is given in equation (3). Solution of this equation for arbi-
trary blade row geometry and operating conditions has to be performed
numerically in conjunction with requirements of the continuity equation
and empirical approximations for head losses and leaving flow angle
deviation in the flow., The development of a finite difference approxi-
mation to equation (3) for the numerical solution is given below.

Consider the meridional section through a blade row as shown in
figure 5. A finite number of finitely spaced streamlines given by the
traces of the axisymmetric stream surfaces in the meridional plane are
used; intersections of these stream surfaces in the blades are the blade
elements defined by the flow through the blade row. The computing stations
just upstream and downstream of the blade row are constant z-planes iden-
tified as 1 and 1 + 1, respectively. As seen in figure 5, two adjacent
streamlines in the analysis are called streamlines j and j + 1, with the
streamline j = 1 the hub streamline, and j = j1im the tip or outer casing
streamline.

The flow conditions satisfying radial equilibrium and continuity at
the upstream axial station i are known. To be determined, of course, is
the radial equilibrium and continuity solution for the flow leaving the
blade row at station i + 1, and the radial positions there of the stream-
lines used in the solution.

The finite difference approximation to equation (3) is obtained by
integration of the equation between streamlines j and j + 1 at axial
station 1 + 1. Note again that the final term in equation (3) is omitted
because of the assumption of negligible radial velocities. Thus,

Ve 141, 31 Hib1, 541 Ti4l, 341 Vg 441,541
i~ f
Vdez =g dH - - dr - VBdV6 7N
Vy 141, Hirt,g Ti41,3 Vo 141,
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2 2 2
Vo i41, 541 'z i+1,4 15 141, 341
2 = g(H; j+1 Hi1 j) AN
? ’ i+1, j+1
2
A .
+ _6 i+1,3 (r 1 1" r. 1 )
ri+1,j i+1, j+ i+l,j
1 /.2 2
2 (Ve i+1, 541 Vg i+1,j) (8)

Solving this equation for the velocity V, j;1 441 in terms of the known
velocity V; 141,j on the adjacent streamline an& remaining variables yet
to be determined, we obtain,

2 2

- .. -H
Ve i+1,§+1 Ve i+1,] * 28(Hi+1,1+1 i+1,3)
v2 v
0 1i+1,i+1 + g i+1,3 (r LT i )
. i+1, j+ +1,]
Tiel, 341 Tit1, ] ] ]
2 2
© Vg se1, 341~ Vo 141, 5 (9

The head difference term in equation (9) can be written in terms
of the ideal head rise and head loss for the (j+1)th streamline or blade
element as,

Hien, 11 " Birt,3 ™ B T Bidear’ 41
" Hioes,i+1 - Bie1,5 ¢ (10)
This, with substitution of the ideal head rise from equation (5), along

with the velocity triangle relation

- - 1
Vo 41, 41 " Vi1, 141 7 Vz 141, 41 5% Py g1 (11

for the leaving whirl velocity component, becomes

11
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1
H, | ... -H, . = = [u,
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tan 8,

1+1,j+1) B

-V ., .
z i+1,j+1 Ui, 5417 i,j+1]

- H1oss,j+1 - Hi+1,j (12)
Finally, with substitution of equations (11) and (12) into equation (9)
it is readily apparent that the unknown velocity V, ;.9 ;;7 1s reintro-
duced on the right-hand side of the equation. With further extensive
but straight-forward rearrangement of the equation, the following qua-
dratic equation for V, i+1, j+1 results:

2

AV, g1, 41t BV 1,41 F OO (13)
where
_ 2, Tivl, 341 ~ Tigl,
A =1 + tan Bi+1,j+1[1 + < . ' , (14)
i+1, j+1
r - T
i+1, 941 ~ Titl,]
B=-2U, . ., . tan B! < 1+, 2 ) (15)
1
i+1, j+1 i+1, j+1 ri+1,j+1 >
C = -y - 2g(H - H - H )
z i+1,5 ~ B 341 T V441,35 T loss, j+1
r
2 i+1, i
+2U, .,V P O T A
i,j+1 "0 i,j+1 i+1, j+1 (fi+1,j+1)
2 Titl, 41
+V L L I (16)
6 i+1,] r. .
it+1, ]

Solution of equation (13) is iterative due to the fact that Vv, i1, 41
is dependent on the leaving streamline radial positions, the blade element
head loss and flow deviation, and on the leaving flow total head Hy.;

. . 1+1,]
and velocity components V, i+l,§” Ve f+1.3 °on the adjacent streamlines
as well. A plot of the left-hand side of equation (13) as a function of
Vz i+1,j+1 is a parabola; the correct root of equation (13) is at the
intersection of the parabola with the V, axis yielding the greatest V,.
The iteration process to obtain the V, distribution leaving a blade row
continually revises the coefficients in equation (13) for any one stream-
line, and hence the solution, until convergence is obtained. 1In the case
of divergent iterations, the parabola is altered and readjusted until an
intersection of the parabola (for the streamline) with the V, axis fails
to exist.



Initialization of head losses at zero and streamline radii at con-
stant radial increments are therefore used at an initial flow rate assign-
ment. Also, the axial velocity component at a starting or base streamline
in the leaving flow (Vg i+1,jbase) is assumed for the initial flow rate.
With this starting information, deviation angle can be calculated in
order to determine relative leaving flow angle B{+1’-+1, and leaving flow
total head and whirl velocify on the adjacent streamline. This incremen-
tal procedure is followed to solve for the blade element radial distribu-
tion of axial velocity, working adjacent streamline to the next, from the
base streamline outward to the outer casing and inward to the hub.

With the V; j¢1 distribution known, the continuity requirements
from the assigned flow rate can be checked to revise the base streamline
velocity and iterate as necessary. This is done using simple quadrature
across the annulus to obtain a measure of the flow rate according to

iy, -1

lim

D DA + v ) (x2 -2 )
1,0 14m z i+1,3+1 z i+1,37 Y Ti+l, §+1 i+1,37 °

=1 (17)

Upon convergence of the base streamline axial velocity value, radial
positions of the leaving streamlines are determined according to conti-
nuity and the entering streamline radii; the leaving radii are revised
and iterated on until convergence is obtained. Finally, exterior to the
radial equilibrium and continuity iterations, head losses are estimated
on the basis of the determined flow., This procedure for solution is
followed, of course, at the exit axial station for each blade row through
the pump, with the determined leaving flow for a blade row becoming the
known inlet flow for the following blade row. (Details of the radial
equilibrium and continuity solution are given in the later discussion

of subroutine RADEQC of the pump performance computer program. The basis
of blade element head loss and deviation angle calculations is in the
following section.)

13



BLADE-ELEMENT LOSS AND DEVIATION ANGLE PREDICTION

As will be illustrated in the RESULTS section, the method for pre-
dicting axial-flow pump off-design performance proposed in this report
caa only be as successful as the blade-element total pressure loss and
deviation angle estimation procedures required. The simplifications
that led to the tractable mathematical formulation of the axial-flow
pump off-design analysis problem nust eventually be compensated for via
realistic loss and deviation angle prediction.

To date, totally satisfactory general means for obtaining axial-
flow pump or compressor losses and deviation angles, even in terms of
empirical correlations, are not to be found in the literature. Several
options for loss and for deviation angle prediction in pumps have been
made available with the present computer program. The background asso-
ciated with each technique is described in the following paragraphs.
Stationary plane cascade results are discussed first followed by an
explanation of how these results were extended to apply to three-
dimensional pump flow.

Because of the short time available for developing general three-
dimensional pump flow blade-element loss and deviation angle calculation
procedures, an empirical approach using reasonably orthodox ideas was
pursued. Realizing that completely satisfactory loss and deviation
angle estimation procedures would probably not result from empiricism,
the goal established was to seek procedures that represented improvement
over use of Carter's rule for deviation angle estimation and two-
dimensional cascade data for loss calculation. Correlations are based
on axial-flow pump rotor blade-element loss and deviation angle data.
For stationary blade rows, pump configuration data were not available in
sufficient quantity to permit correlation studies.

Stationary Plane Cascade Flow

In view of the widespread use of the blade-element method, it is
not surprising to find that most current loss and deviation angle pre-
diction methods are traceable to stationary two-dimensional cascade flow
ideas. In many instances, more or less empirical "correction factors"
have been used to make two-dimensional methods applicable to turboma-
chinery flows. Thus it seems appropriate to discuss briefly some of
the two-dimensional cascade loss and deviation angle research relevant
to the options available with the present performance prediction method.

Loss prediction. — As fluid flows over the suction and pressure
surfaces of an airfoil representing a cross-section of a turbomachine
blade, boundary layers develop on these surfaces and meet at the trailing
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edge to produce a wake. Consequently, a decrease or '"loss" of relative
total pressure is suffered by the fluid as it flows past the airfoil,
Depending mainly on the surface pressure gradients involved, large or
small wakes and consequent losses may occur. Large losses are generally
related to boundary layer separation on either the airfoil suction or
pressure surface.

Results of the two-dimensional cascade loss-related research con-
ducted by S. Lieblein and co-workers (refs. 30 to 34) in the 1950's remain
influential today. Three data correlating parameters, namely, diffusion
factor, blade-wake momentum thickness to chord ratio, and equivalent
diffusion ratio that evolved from this work form the basis for many cur-
rent axial-flow turbomachine loss prediction techniques,

Diffusion factor: Chronologically, the diffusion factor was devel-
oped first (ref. 30). It wasmainly intended and developed as a limiting-
blade-loading or separation criterion for design point operation that
could be easily calculated from blade row inlet and outlet velocity dia-
gram values., The Buri shape factor (ref. 35),

du {ug\"
r=3<0 (;9> : (18)

was selected as the fundamental basis for the diffusion factor. Applica-
tion of the Buri shape factor to the blade suction-surface velocity dis-
tribution of a blade element operating at minimum loss in a two-dimensional
cascade led to the derivation of the diffusion factor or parameter

\Y AV
D=1--24-08 ,4 (19)
Vi eV

where a is empirically determined to be equal to 2.0 and b is considered
to be negligibly small, This diffusion factor was used with data for
NACA 65-series compressor blade sections in two-dimensional low speed
cascade and found to be satisfactory in terms of defining a limiting
value of diffusion. The diffusion factor was also applied to selected
conventional (65-series and circular-arc blade section) single stage
compressor rotor and stator data. No significant variation of minimum
(design) loss coefficient with diffusion factor was noted for the hub
and mean radius regions of the rotors and the hub, mean and tip regions
of the stators over the range of data considered. A marked and practi-
cally linear variation of minimum (design) and even off-design (positive
incidence) loss coefficient with diffusion factor was noted for the tip
region data of the rotors for a relative inlet Mach number less than
0.75.

Momentum thickness to chord ratio: Further developments by Lieblein

and co-workers (ref. 32) appeared to be motivated by the idea that low-~speed
two-dimensional cascade losses are mainly attributable to the blade
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suction and pressure surface boundary layers. It was pointed out by

"Lieblein (ref. 36) that according to the results of references 32, 37, and

38, the contribution of conventional blade trailing-edge thickness to
the total loss is not generally large for compressor sections. He also
observed, on the basis of the data of references 37 and 39, the effect
of blade thickness is small for conventional cascade configurations.
The approach to developing a viable loss prediction method consisted of
developing a relationship between loss and blade wake characteristics
and then identifying parameters that significantly influence these wake
characteristics. The following relationship between total-pressure
loss coefficient and blade wake characteristics was developed (ref. 32) for
the outlet measuring plane (up to 1.5 chord lengths downstream of the
blade trailing edge) of a constant density flow two-dimensional cascade
of compressor blades:

2H
8.\ A 2
_ 0 o <°°S 1) 2~
w = 2(— (20)
c/cos B, \cos B 3
08 Py \CO0S ¥y [ 3 ofl,
" ¢ cos 52

The important assumptions associated with this equation are that

1. the cascade outlet flow can be divided into a wake region where
total pressure varies and a free stream region where total
pressure remains constant,

2. the inlet flow is uniform across the blade spacing,

3. the outlet static pressure and flow angle are constant across
the entire blade spacing,

4. the outlet free-stream total pressure is equal to the inlet
total pressure,

The term involving shape factor
2H2
3H2 -1

- )]

was judged to be essentially equal to 1,0 for conventional unstalled
configurations. The parameters primarily influencing the boundary layer
growth and subsequent losses on low speed cascade blade sections were
identified (ref. 36) as a) blade surface velocity gradients, b) blade-chord
Reynolds number, and c) the free-stream turbulence level.



Considering the suction surface boundary layer and thus the suction
surface velocity distribution as being the major contributor to wake
momentum thickness and consequently loss, Lieblein (ref. 36) successfully
correlated some two-dimensional cascade minimum-loss data with (6/¢)
and D. Recalling that the shape factor term in the relationship between
loss coefficient and wake characteristics is secondary, it was also
determined that approximate values of 8/c¢ calculated from

cos 62 cos Bz 2
20 cos Bl

€l

and

w cos 62
20

resulted in strong correlation of the cascade minimum loss data of ref-
erence 40.

Equivalent diffusion ratio: Subsequently, Lieblein (refs. 33 and 34) showed
that two-dimensional cascade data for minimum-loss incidence angle, as
well as incidence angles greater than the minimum loss value, could be
generally correlated with §/c and Vinax s/V2 freestream 88 correlating
parameters. Since the diffusion ratio, Vma; s7V2 freestream 18 diffi-
cult to evaluate for turbomachine flow, an e&uivaient diffusion ratio,
that could be calculated in terms of blade row inlet and outlet charac-
teristics, was sought. The following semi-empirical relationship was
developed for two-dimensional cascade flow:

cos 8 . Cq (21)
DEQ = <53 BI ¢, + ¢, (1 -17) 7+ C,(C.P.)
where
= L
C.P, = oy, cos Bl’
1
C1 = 1,12,
C2 = 0.0117 for NACA 65(A10) blades,

= 0,007 for C.4 circular-arc blade,
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c, = 1.43,

3
C4 = 0.61,
and
*
i = minimum loss incidence angle.

Reynolds number effect: As shown by Lieblein in reference 36,
laminar boundary layer separation associated with low Reynolds number
flow significantly affects the blade element losses involved. At low
Reynolds number, turbulence level markedly influences the laminar bound-
ary layer and thus loss. As Reynolds number increases, the extent of
laminar boundary layer separation decreases and the influence of Reynolds
qumber and turbulence level on loss diminishes. Schlicting and Das (ref. 41)
suggest that "low" Reynolds numbers are of order 105, while "high"
Reynolds numbers are of order 105. The evidence presented by Lieblein
(ref. 36) supports these numbers. Because the NASA axial-flowpump data
used for determining loss correlations involved minimum blade-chord
Reynolds number of the order of 106, Reynolds number and turbulence
effects on loss were not considered further during the present study.

Deviation angle prediction. — The average flow angle of the fluid
leaving a cascade of identical blades differs from the blade outlet
angle by an amount defined as the deviation angle. Cascade geometrical
and flow parameters thought to influence stationary plane cascade devia-
tion angles are as follows:

blade setting angle,

solidity,

profile shape,

total camber,

maximum blade thickness,

thickness and camber distribution,
trailing-edge thickness,

surface finish,

jincidence angle,

axial velocity ratio,

inlet velocity level (Mach number) ,
Reynolds number,

turbulence level,

unsteadiness, and

cavitation.

Two-dimensional geometric parameters: Two-dimensional cascade
results, and to a lesser extent potential flow theory, have been used
to establish the values of deviation angle for various two-dimensional



cascade geometries. The plausibility of the dependence of deviation
angle in two-dimensional flow on geometric parameters can be established
by considering the cascades drawn in figure 7. The cascades in figure 7a
each have the same chord length, solidity and camber, but the cascade on
the right has a higher blade setting angle than the other cascade, and
hence has a significantly shorter length of passage bounded on both
sides by blade surfaces. Thus, for a fixed incidence angle, increasing
blade setting angle tends to decrease guidance of the flow and hence
tends to increase deviation angle. Decreasing solidity, g, also tends

to decrease guidance of the flow and increase deviation angle as seen

by the difference in channel length of the two cascades in figure 7b.
Although it is not so graphically obvious (figure 7c) deviation angle does
increase with increasing camber, and according to Lieblein (ref. 36) the
relationship between deviation angle and camber is linear for potential
flow.

One frequently-used deviation angle prediction equation, Carter's
rule (ref. 42) reflects these ideas as

mc¢P
8=73 (22)
O

where m, is a function of blade setting angle and the position of maxi-
mum camber. Curves of m as a function of blade setting angle that are
based on theory and expe%imental data are given by Carter and Hughes
(ref. 43) for circular arc and parabolic arc (maximum camber at 40% of the
chord from the leading edge) camberline blades. Howell (ref. 44) ascribed
to Constant (ref. 45) an early version of equation (22) in which m. = 0,26
was used. Equation (22) applies specifically to the '"nominal" incidence
angle which Howell (ref. 44) defines as the incidence angle for which the
turning angle, (€), is equal to 0.8 of the turning angle at which the
loss is twice the minimum value, however, it is frequently applied
throughout the low-loss incidence angle range under the assumption that
deviation angle does not change appreciably with incidence angle in the
low-loss range.

Lieblein's method: A deviation angle prediction method, which
includes more geometric parameters, was presented by Lieblein (ref. 36).
The method was based on two-dimensional cascade data for NACA 65-series
compressor blades which were presented by Emery et al. (ref, 40). Correla-
tions were made for performance at a reference incidence angle (ireg)
defined to be midway between the incidence angle at which the total
pressure loss across the cascade was equal to twice the minimum-loss

value (see figure 8). At the reference incidence angle, irefs devia-~
tion angle is expressed as
o
§ = 60 + mg (23)
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where &, is the reference deviation angle for zero camber, ¢° is camber,
and m is the slope of the deviation angle function with camber. Curves
are presented by Lieblein (ref. 36), giving the slope factor m as a function
of inlet air angle and solidity for circular-arc-mean-line blades.

Inlet air angle was used instead of blade setting angle because the cas-
cade date of Emery et al, (ref. 40) were obtained at a constant inlet air
angle rather than a constant blade setting angle. The zero-camber devia-
tion angle is given by Lieblein (ref. 36) as

§o = (Ké)sh(KE))t (%)10 (24)

where (08y)10 represents the zero-camber deviation angle for a 10% thick
NACA 65-series distribution, (Ké)sh is a correction for blade shapes

with thickness distributions different from the 65-series, and (Kg)¢ is

a correction for maximum blade thickness other than 10% of the chord.
Empirical curves are given for (8p)10 as a function of inlet air angle
and solidity and for (Ké)t as a function of maximum thickness ratio,

tn /c. A value of 1.1 for (Kg)gh is recommended for C-series circular-
arc blades and 0.7 for double-circular-arc blades. Both of these values
were based on limited data. Plots of deviation angle versus camber,
comparing values from equation (23) with cascade data of Emery et al.
(ref.AO),aregivenbylieblein(ref.36). Equation (2%4) approximates the data
quite well. However, at high cambers where D-factors exceed 0,62, the
experimental data tend to fall above the predicted values. Blade sec-
tions operating at D-factors greater than 0.62 evidently have blade
surface boundary layers thick enough at ipef to cause the flow to differ
significantly from the potential flow for which a linear relation between
deviation angle and camber angle is predicted. A quantitative evaluation
of deviation angle as a function of camber for D-factors greater than
0.62 is currently lacking.

Both methods previously described assumed the incidence angle to
be fixed at some "design" value. In the following paragraphs, methods
to predict the deviation angle at "off-design' values of incidence angle
are reviewed.

Tncidence angle effects: The deviation angle of a plane cascade
is a function of the incidence angle in addition to blade geometry. A
typical curve of deviation angle as a function of incidence angle for a
cascade with a fixed inlet flow angle is shown in figure 9. The devia-
tion angle curve can be roughly divided into two parts, one corresponding
to the so-called low-loss incidence angle interval and the other corre-
sponding to incidence angles outside the low-loss interval, When the
incidence angle is in the low-loss interval, the blade surface boundary
layers are probably quite thin, so that the flow closely approximates
potential flow., Therefore, in the low-loss region, the functional rela-
tionship between deviation angle and incidence angle for a two-dimensional
cascade is quite similar to the relationship for potential flow. Lieblein



(ref.46)concluded,basedcnlcalculationsusingthepotentialflatplate
flow theory of Weinig (ref. 47), that(%f—)ref is positive for potential flow

and that it is a function of solidity and blade chord angle. Smith (ref. 48) ,

. A d .
in a discussion of reference 46, indicated that .—§>ref is also a strong

. di
function of camber.

Using the low-speed cascade data for 65-(A10)10 blades of reference
40, Lieblein developed an empirical method to estimate the variation of
deviation angle in the low-loss incidence interval. He assumed that
since operation could be considered to be in the low-loss region for
only a small incidence angle interval, the following linear function
could be used to compute deviation angle:

. . ds
6= éref + (1 ) lref)(di (25)
ref

waere 6ref and (é$> g are determined at i = i Lieblein presented

di Jre

ds ref’
a family of curves from which values of (EI)

ref MY be obtained for

solidities ranging from O to 1.8, and for inlet air angles ranging from
0 to 70°. These correlations are also presented in reference 36.

Because the 65-Series cascade data (ref. 40) were obtained with inlet
air angle fixed, the (%f)ref obtained from Lieblein's curves is appli-

cable to a constant inlet air angle cascade, while, as Smith (ref. 48) pointed
out, in practical applications the blade setting angle, vs is fixed and
the inlet air angle varies. Smith (ref. 48) developed relations to obtain

(gf)ref applicable to fixed-y blade rows from Lieblein's correlations

and gave a numerical example in which the fixed-y derivative was larger
than the fixed-B) derivative by a factor of three for NACA 65-(12)10
blades with g = 1,0 and B; = 60°, Figure 10 shows the variation of
deviation angle with incidence angle from reference 40 for the NACA
65-(12)10 blades of Smith's (ref, 48) example at a constant inlet air angle,
B1 = 60°. Date from reference 40 were crossplotted to obtain a second
curve shown in figure 10 for the same blades with a constant stagger
angle of 47.6°, which is the stagger angle of a cascade of NACA 65-(12)10
blades with B1 = 60°, 0 =1.0, and i = i,ef computed using the cor-

relations of reference 46. Graphically determined values of (%f)ref

are compared with values fromLieblein's (ref. 46) correlation and Smith (ref. 48)
calculation. Based on the differences in this example, it appears that

the fixed-y derivative should be used in preference to fixed-B; deriva-
tives in analysis applications when computing the change of deviation

angle for a change of incidence angle in the low-loss incidence angle
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interval. Smith (ref. 48) also pointed out that because the fixed-Y derivative
was strongly dependent on camber, the fixed-g; derivative should be also.

Howell (ref. 49) presenteda single curve for (8- %,0m) /€nom @s 2 func-
tion of (i - inom>/€nom where the nominal conditions occur at 0.8 of the
turning angle at which the loss is twice the minimum value.

Apparently no method (empirical or analytical) has been published
as yet to predict the functional relation between deviation angle and
incidence angle outside the low-loss incidence angle interval, even for
a plane two~dimensional cascade flow.

Axial velocity ratio effects: It is well known that the deviation
angle in a rectilinear or plane cascade depends on the ratio of the
leaving to the entering axial velocities (AVR). Katzoffetal. (ref. 50)
among others reported the phenomenon in 1947. Because of this effect,
discrepancies exist between deviation angle data measured under two-
dimensional conditions in cascades with side and end wall suction and
data measured in similar cascades with solid walls. The leaving axial
velocity in a solid wall cascade is usually higher because of the general
increase of boundary layer thickness and particularly because of regions
of separation in the corner where the blade suction surface intersects
the side wall. These regions of separation reduce the effective flow
area, which raises the general level of axial velocity leaving the blade
row. Elimination of these regions of separation and establishment of a
constant axial velocity through the cascade can be accomplished by con-
tinuous boundary-layer removal through porous walls, as described in
Erwin and Emery (ref. 51). A constant axial velocity is a consequence of
continuity for the two-dimensional flow of an incompressible fluid.

The changes in flow through a cascade as axial velocity ratio
changes may be described by considering the accompanying change in
pressure distribution. 1f the losses are assumed constant for a small
change in AVR, then the static pressure rise across a blade in a cascade
decreases (increases) as AVR increases (decreases), assuming incompres-
sible flow. The resulting change in pressure distribution is illustrated
in figure 11. 1In general, the airfoil circulation may also be expected
to change as AVR varies. The magnitude of the change in circulation has
a direct effect on the change in deviation angle. Evaluating circula-
tion using the path EFGH of figure 12, assuming 81 = S2, yields the
result

r= s(vg A 2) ) (26)

From the velocity diagrams in figure 12 it is apparent that the devia-
tion angle will decrease as AVR increases, if circulation increases
(i.e. VG,Z decreases) or decreases less than an amount that allows VG,Z
to increase by more than d units. Similarly if circulation decreases



or increases less than a critical amount, deviation angle will increase

as AVR decreases. 1In fact, available experimental results (refs. 50 to 53) indi-

cate that deviation angle does decrease with increasing AVR and increases
with decreasing AVR, although the data of reference 51 indicate that
circulation decreases slightly as AVR increases. A reasonably complete
summary of empirical, semi-empirical and potential flow methods for cal-
culating axial velocity ratio effects is presented in reference 54,

Thickness and camber distribution: Factors are presented in refer-
ence 36 which compensate for the differing thickness distributions of
65-series, C-series circular-arc, and double-circular-arc blades,

Though this correction is rather small, the data of reference 55 (e.g.,
figure 57 of that reference) indicate that camber distribution may have
significant effects on deviation angle, at least at off-design incidence
angles. For double-circular-arc blade sections, however, predicting
this effect does not seem especially important,

Trailing-edge thickness effect: Minor geometric parameters, such
as trailing-edge thickness, apparently have negligible effect on devia-
tion angle for normally specified values (refs. 37, 55 and 56).

Miscellaneous effects: The effect of fluctuation of circulation
and other unsteady flows on deviation angle is unknown. Cavitation and
Mach number effects are listed for completeness, but are beyond the
intended scope of the present method and will not be considered further.
Surface finish, turbulence level and Reynolds number did not signifi-
cantly affect the pump data available for correlation and hence were not
considered in detail.

Extension of Stationary Plane Cascade Methods and
Results to Pump Rotor Flow

If the previously mentioned two-dimensional cascade loss and devia-
tion angle prediction methods are to be extended to serve usefully in
axial-flow pump design and analysis, the significant differences exist-
ing between stationary cascade and axial-flow pump flows need to be
identified and considered. Many of the complicated features of pump flow
are inherently absent in the cascade environment. Whereas the flow
through a typical axial-flow pump blade row is three-dimensional and
unsteady, the flow through plane cascades is mainly steady and two-
dimensional. The three-dimensionality and unsteadiness associated with
typical pump flow stem mainly from blade divergence and twist and rotor
relative motion with respect to the fluid and stationary annulus walls
and blades, features usually not found in plane cascades. At constant
speed, a typical pump rotor blade section operates with unchanging blade
setting angle as incidence changes with flow rate. Most plane cascades
have been operated with incidence variation accomplished by changing
cascade blade setting angle while maintaining constant relative inlet
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angle. In a large portion of the plane cascade work, end wall boundary
layer effects on the resulting flow were minimized by fluid removal.

The flow through an axial-flow pump blade row on the other hand is appre-
ciably influenced by end wall boundary layers.

Within the time available for developing loss and deviation angle
prediction methods, it was decided that axial-flow pump experimental
data correlation would be most practical and therefore should be pursued.
Available for this purpose was a substantial amount of axial-flow pump
rotor experimental data obtained at the NASA Lewis Research Center (ref. 57).
Pertinent information related to these rotors is given in Table I. To
minimize analysis time and cost, five rotor configurations were selected
as representative of the range of geometry and design variables present
in the twelve rotor configurations for which data were initially avail-
able. The five selected, indicated by asterisks in Table I, were used
exclusively to obtain the correlations explained below. Configurations
07 and 09 differ only in the number of blades and the chord length.

The hydrodynamic design is identical for configurations 5, 6, 8, 9 and
10, but configurations 5 and 6 have 9-in. diameters while configurations
8, 9, and 10 have 5-in. diameters. The only other differences among
these five configurations are the tip clearance values. Configurations
13 and 16 have the same blade angles but different blade section pro-
files. The double-circular-arc profile of configuration 13 is the more
conventional profile and thus configuration 13 was chosen instead of
configuration 16. Configuration 15 data were reserved to 'test' the
resultant correlations. Although the two-parameter correlation philos-
ophy served well in working with plane cascade data, the minimum number
of axial-flow pump data correlation parameters necessary was felt to be
three. An explanation of the development of the various parameters
agsociated with the three-parameter loss and deviation angle correlation
options available with the present off-design analysis computer program
follows.

Loss prediction. — Swan (refs. 8 and 9) claimed reasonable success in corre-
lating axial-flow compressor blade-element profile and secondary losses
using Lieblein's DEQ (modified slightly for use with compressor rotor

® cos B

flow) and g/c as calculated from % =5 as correlating para-

meters. Additionally, spanwise location was used as a third correlating
parameter for minimum-loss data and inlet relative Mach number was used
as the third correlating parameter for off-minimum-loss data. In view
of this fact, it was felt that appropriately modified versions of
Lieblein's DEQ and §/c relationships, plus at least one other independent
correlating parameter, might serve as the base for an axial-flow pump
blade-element data correlation method. The modification of DEQ for use
with pump rotor and stator flows is outlined in Appendix A. The results
are:
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Several parameters related to Lieblein's (§/c) parameter for plane
cascades were identified as possible candidates for use with the axial-
flow pump data. These were;
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Note that (g/c)A and (e/c)D are abbreviated forms of Lieblein's rela-
tionship for a8/c for plane cascade flow that was shown earlier (equation
20) to be suitable for correlating plane cascade minimum loss data (ref. 36).
Derivations of (G/c)B and (6/c)C have been included in Appendix B. The
derivation of (Q/C)E is given in reference 58.

A "blade -loading" parameter used extensively in compressor design
and sometimes for correlating compressor off-design loss data is the
D-factor modified for 3-dimensional flow, as shown in Appendix C:

' t _ l
_ 22 T¥e,1 " Ta¥s
. T Ay e (34)
1 av( 1 2) 1
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2 2°6,2 16,1
D =1--"4+ o (35)
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In order to "test' the various relationships for blade wake momentum
thickness parameter for suitability as experimental data correlators,
each was used with the pump data provided by NASA, DEQ and D as expressed
by equations (27-28) and (34-35), respectively, provided an indication
of blade loading level. In order to ascertain possible effects associated
with spanwise location that are not strongly reflected in the expression
for wake momentum thickness and loading, suitability tests were performed
on data from similar spanwise locations only. As indicated in figures 13,
(8/¢)p and (B/c)y appeared to be about equally more suitable than the
other 3/c relationships as experimental data correlators. Similar trends
were indicated when D-factor was used as the abscissa variable. Neither
(8/e)p or (e/c)E seemed to be entirely satisfactory. Nevertheless, since
(e/c)A is the simpler relationship, it was selected as the wake momentum
thickness parameter to use in constructing the three-parameter loss
tables involving (8/c)p, spanwise location and DEQ or D. The tables
are represented graphically in figures 14 and 15. The curves shown are
indicative of the trends demonstrated by the NASA axial-flow pump rotor
data in figures 16 and 17.

In order to ascertain the worth of the three-parameter loss tables
mentioned above, with respect to a two-dimensional cascade data related
method for calculating losses, an option involving equations (27) or (28)
for DEQ, equations (20) for loss coefficient and the two-dimensional
cascade loss data indicated in figure 18 was made available.

Deviation angle prediction. — In addition to those items influencing
deviation angle previously discussed in the Stationary Plane Cascade
Section, the following can be identified for the three-dimensional flow
through a typical axial-flow pump rotor:




corner stall,

tip clearance,

annulus wall boundary layers,

radial gradients of circulation,

radial flow of blade boundary layer fluid,
blade row interaction parameters, and
blade sweep and dihedral angles,

Corner stall and tip clearance flow, while important locally, pro-
bably directly affect the deviation angle for only a small percentage
of the total span. For this reason, and because data are lacking for
empirical correlations, the influence of corner stall and tip clearance
flow was not directly accounted for in the present correlation,

curved channels in reference 39 and for two-dimensional cascades in
reference 60, It is also included in the more general analysis of ref-
erence 61. However, in all cases, the flow model ig highly idealized,
and the theory does not appear to be directly applicable to real flows
where skewed boundary layers and tip clearance flows exert significant
influence on flow Patterns. In any case, the percentage of fluid
involved is small and the errors involved in neglecting cascade secon-
dary flow are not expected to be large (see data presented in reference
60).

The effects of radial gradients of circulation on deviation angle
have been considered in reference 62 for inlet guide vanes and in a more
general context by reference 61. A conclusive evaluation of this effect
was not completed, but it may be worthwhile in the future to apply the
analysis of reference 61 to a typical pump rotor for a quantitative
indication of the magnitude of the effect,

Radial flow of boundary layer fluid may have both a direct and
indirect influence on deviation angle. Deviation angle would be directly
affected when radial movement of the boundary layer either triggers or
retards flow separation from a particular blade section. Indirect

low momentum fluid moving radially in the wake behind the blade. In both
cases, the movement of boundary layer material could be expected to be
reflected in the downstream axial velocity profile. This suggests that
an empirical correlation based on three-dimensional data, which accounts
for axial velocity ratio effects, might also partially account for the
effect of radial boundary layer flows.
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yields a quadratic equation in Vé,c. The corrected diagram can then
be computed from the appropriate root V, ., Uy, and V, {. The expecta-
tion was that 3. from either of the iterative approachés would more
closely approximate the measured deviation angle than a value computed
directly from Carter's rule using the actual blade section camber. How-
ever, the comparison of results in figure 22 shows that the corrected
deviation angles are generally smaller than the deviation angles from
Carter's rule which are in turn much too small over most of the blade
span for the high loaded rotors in figures 22b and 22c. These results
are typical for all the rotor configurations and for other flows. Based
on these results these correlation approaches are also discarded.

An approach similar to the iterative, constant circulation one dis-
cussed above with a variable exponent on the camber term in the function
used to compute §., namely

b
5, = m(2) /01/2 : (43)

was tried next. In this case, the exponent was chosen so that
5 = & . (44)

Values of b computed at all radial positions for operation at reference
incidence angle are given in figure 23. The exponents show a consistent
trend except at the hub and tip for configuration 02. This configura-
tion is a low hub-tip ratio, lightly loaded rotor intended to typify a
transition rotor, located between a lightly loaded inducer and high
loaded main stages. With the subsequent development of higher loaded
inducers (ref. 65), this type of rotor is not likely to appear inamultistage
pump. Therefore, the fact that the exponents from configuration 02 fall
outside the band in figure 23 is not considered a major deficiency in the
method, although it indicates a lack of generality.

As another approach, the method just described was simplified by

using the actual blade camber instead of a corrected camber in the func-
tions for &::

b
6. = m(¢°) /01/2 . (45)

The exponent was again chosen so that the following expression was
obtained:

8 =06 . (46)



The resulting exponents are shown as a function of percent passage height
in figure 24. The band of data is about the same width as that in figure
23, except at the tip section where the exponent for configuration 07
shows more scatter. This was considered the most promising approach for
predicting deviation angles at reference incidence angle operation. A
preliminary check on the method was made by calculating deviation angles
for the five configurations using equation (45), where b was obtained as

the mean line of the band in figure 24. The results are given in Table ITI.

Excluding configuration 02, the deviation angles, &., computed from
equation (45) are within + 2.6° of the measured angles, which is a sig-
nificant improvement over Carter's rule. Note that because the camber
of configuration 07 is small at the 10% station, the large scatter in
the exponent (figure 24) resulted in only a 1.3° discrepancy in deviation
angle. However, this is still a large percentage of the relative turn-
ing angle.

Incidence angle: Prior efforts to predict deviation angles at off-
reference incidence angles are mainly represented by Lieblein's correla-
tions (ref. 36) of two-dimensional low-speed air cascade results. In this
correlation, values of d§/di are presented as a function of solidity and
inlet flow angle. The d§/di is always positive and only applies to inci-
dence angles near i g- However, in the analysis problem it is necessary
to predict deviation angles over the entire range of operation and not
just near i,.¢. Furthermore, as illustrated by data in figure 25, the
slope d§/di is not always positive for pump rotor blade sections even
at iref. The incidence angle corrections of reference 36 are clearly
inadequate and the characteristics of data in figure 25 preclude any
possibility of a simple functional relationship of the form

6 - 6ref = f (i B iref) ‘ (47)

The method involving equations (43) and (44) described earlier was
also applied at off-reference conditions to obtain values of camber
exponent b, The results are shown in figure 26 for five spanwise posi-
tions. If configuration 02 data are excluded, a consistent trend is
exhibited near the tip and hub but considerable scatter exists in the
midspan data at low incidence angles.

Very similar results were obtained when the camber exponent was
computed using the actual camber equation (equation 45). These results
are presented in figure 27. At the tip section the exponents for con-
figuration 07 fall above the others, which is consistent with results
in the previous section. 1In spite of the greater scatter in figure 27
as compared to figure 26, the simplicity of using actual blade camber
instead of an equivalent camber obtained by an iterative calculation
suggests its use. Lines fitted through the data of figure 27 are shown
in figure 28. These variations of the exponent b and the relationship
expressed by equation (45) together form a method for calculating devia-
tion angles that is available as a program option.
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Reference incidence angle. — Associated with the loading parameter,
DEQ, and the three-parameter off-design deviation angle correlation
method involving the camber exponent b, i - i,.f and spanwise location
(fraction of passage height from the tip), is a reference incidence
angle, iyef. Two possible reference incidence angles were considered:
(1) a reference incidence angle based on the experimental rotor data
for a given blade element; and (2) the reference incidence angle which
would be predicted for the given geometry using the two-dimensional cas-
cade correlations of reference 36. Basing the reference angle on the
experimental rotor data seems attractive at first, but is not possible
because of the complicated nature of flow in rotors. For example, the
loss coefficients measured for blade elements at 50, 70 and 907% of pas-
sage height from the tip often are very low and change very little over
the entire test incidence angle interval, making it impossible to deter-
mine a reference angle as defined in reference 36. Typical examples of
flat loss-coefficient distributions for these blade elements are shown
in figure 29. Sometimes the loss coefficients increase or decrease as
a function of incidence angle with no minimum value defined, as illus-
trated in figure 30. 1In either case, the reference incidence angle
cannot be defined as in reference 36. Even in the few cases where the
experimental loss coefficient curves allow the reference incidence angle
to be defined (figure 31), the incidence angle so obtained may be mis-
leading because the loss indicated from measurements downstream of the
rotor is probably a distorted indication of the loss generated by that
element. It may be more or less than the actual loss generated by the
flow around the blade section because of the migration of low momentum
fluid along the blade and annulus surfaces (ref. 66). For these reasons a
reference incidence angle based on the experimental rotor data was not
used,

Instead, a reference incidence angle based on the correlations of
reference 36 was chosen. These correlations were derived from cascade
data obtained with fixed inlet flow angles, i.e., the incidence angle
was varied by re-setting the blades, and hence the correlation incor-
porates inlet flow angle as a parameter rather than stagger angle.
Since rotor blades have fixed setting and variable inlet relative flow
angles, the correlations of reference 36 do not directly yield a single
reference incidence angle for rotor blade elements. However, a unique

reference angle can be obtained by an iterative procedure as follows
(ref. 67):

1. an initial estimate of i, ¢ is made;

2. from the known blade angle and the estimated i, ef, a corre-
sponding inlet relative flow angle is calculated;

3. using the calculated relative flow angle and the correlations
of reference 36, a new value of ipof is obtained and compared
with the estimated value; and

4. if the calculated and estimated values of i, . ¢ are different,
the estimated value is revised and steps 2, 3, and 4 are re-
peated until convergence is obtained.
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This procedure contains the implicit assumption that the same
reference incidence angle would be measured in a constant blade setting
angle cascade (y = constant) and a constant inlet flow angle cascade
[B1 = ﬁref)8'+ aj, where ¢y is the inlet blade angle corresponding to
v = constant]. This assumption is not strictly correct as noted in
reference 36 and illustrated by cross-plotted data (ref. 40) in figure 32.
For this example, the reference incidence angle for a constant setting
angle cascade is 1.2° less than for a constant inlet flow angle cascade,
Applying the reference incidence angles obtained from reference 36 also
involves the assumption that the reference incidence angle is not depen-
dent on the axial velocity change across the cascade because the axial
velocity ratio was about 1.0 for the data correlated in reference 36,
while axial velocity ratios ranging from 0.55 to 1.40 were measured
across the rotor blade sections. No attempt has been made to evaluate
the possible change of reference incidence angle caused by the change
in diffusion accompanying axial velocity ratio changes. While the
assumptions involved were recognized, the iref Obtained from reference
36 was considered to be the most consistent and best estimate available
for the reference incidence angle.

Specific experimental data correlations. — A less general data
correlation method for individual pump rotors was also determined. As
mentioned previously the blade chord Reynolds numbers associated with
the axial-flow pump experimental data were high enough to justify
neglecting Reynolds number effects. It seems reasonable then to assume
that the experimental data blade-element non-dimensional velocity dia-
grams (all velocities non-dimensionalized with tip speed), and therefore
loss coefficients and deviation angle, will be mainly dependent on aver-
age flow coefficient in addition to spanwise location and blade row
geometry. Based on this assumption, tables of experimentally determined
loss coefficients and deviation angles as functions of exit streamline
spanwise location (radius) and effective average inlet flow coefficient
can be constructed for specific rotor configurations. In such loss and
deviation angle correlations, appropriate effective inlet flow area to
annulus area ratios as a function of flow rate are required. These
ratios permit the calculation of effective average flow coefficients
from theoretically computed ones determined in a radial equilibrium
solution.

In all of the other loss correlation methods discussed, the result-
ing predicted loss is strongly dependent on the calculated exit flow
conditions via the loadingparameter D or DEQ. 1Inherent with the speci-
fic loss correlation method presently described is a weak relationship
between predicted loss and calculated exit flow conditions via exit
radius. This difference accounts partly for the solution stability
associated with using the specific loss correlation method.
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COMPUTER PROGRAM CAPABILITY AND UTILIZATION

As already outlined in the solution method, the performance pre-
diction program is based on numerical solution for radial equilibrium
and continuity requirements in the meridional flow at axial stations
between blade rows in a given pump configuration. Blade-element head
losses, deviation angles, and reference incidence angles are estimated,
based on available correlated data tables. Simple radial equilibrium,
accounting for streamline shift across a blade row but ignoring stream-
line slope and curvature at computing stations, is employed. Blade
elements in a blade row defined by streamlines as determined in the
solution are the basis for the computed blade-element performance.

Input to the program includes pump annulus and blade geometry,
rotational speed, flow rate, and reference data tables for head loss
and deviation angle calculations. Number of streamlines at which the
numerical solution is made is also prescribed by the user. The geometry
data describing the annulus inner and outer radii and blade element
geometric parameters are inputed in tabular form for between blade-row
stations. Flow rates are also given in the form of tables assigning
radial distributions of flow velocity and total head at the inlet
station to the pump. Using these input tables for the flow at the inlet
station, the program computes flow rate and establishes streamlines
which are followed in calculation of the flow solution through the blade
rows. Extensive use is made of interpolation procedures in the program
to obtain blade-element results from the various data tables. Both
blade-element and mass-averaged rotor or stage performance is computed
and outputed by the program.

Overall operation of the program for a given pump performance
problem is formed in two nested iteration loops. These are a head
loss iteration loop, and a radial equilibrium and continuity iteration
loop nested within, both of which require initializations. Blade-
element head losses are initialized zero prior to solution at the be-
ginning flow rate for a given rpm, while a base streamline velocity is
assigned an approximating average value corresponding to the beginning
flow rate. The same basic calculation scheme is used for any blade
row, rotating or stationary, for any given rotational speed and flow
rate of the pump. However, the program input and calculations are
arranged so that successive values of flow rate are computed along lines
of constant rpm. (Beginning flow rate for a constant rpm line is
generally high relative to the design flow, since loss of radial
equilibrium solution may be encountered at lower assigned flow rates),
In this process, the solution, including head loss distribution ob-
tained at the preceding flow rate,is used as initialization of iterations
at the next flow rate.
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In the following sections, explanation of program input load prepara-
tion is given along with a detailed discussion of the program. Descrip-
tions, including flow diagrams and glossaries, are given for the main
program and each subroutine. A complete listing of the program and
sample program loads and outputs are contained in Appendices D and E.

Input Load Description

In this section a working description of input load preparation is
given to enable the program user to estimate off-design performance for
arbitrary pump configurations and operating conditionms.

Input is identified by card packets which carry an identification
number (ID) in the first two columns of each card. The ID is read by
the program as the data are loaded into the computer to check the ordering
of input cards. If incorrect ordering is detected, an error message is
printed and calculations terminated.

The card packets and their arrangement in particular card packet
sets are described below. The numerous options that exist within an
input data load are explained. Also sample data loads are presented
for purposes of illustration,

Card packet sets. — Input is ordered in terms of six basic sets of
card packets. These card packet sets, referred to for convenience by the
initial card packet in each set, are as follows:

a) Card packet set 10 — limit specifications card for pump con-
figuration

b) Card packet set 18 — head loss and deviation angle specifica-
tions per blade row of configuration

c) Card packet set 30 — geometry data per blade row of con-
figuration

d) Card packet set 50 — assigned rotational speed (rpm) per
blade row of configuration

e) Card packet set 70 — base streamline axial velocity initiliza-
tion card corresponding to first flow
rate
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f) Card packet set 80 — assigned flow rate, inlet conditions, and
axial station effective flow area factors

Card packet sets 18 for all the blade rows of the pump configuration
are loaded before proceeding to packet sets 30, The same is true for
packet sets 30, before proceeding to packet sets 50. Multiple rpm
calculations are made by successively loading packet sets 50, each
followed by packet sets 80 for the appropriate flow rates. Finally,
multiple pump configurations may be loaded, each starting with packet
set 10, followed by sets as described above.

Card packets:

ID Card Col. Format Data Input
10 1,2 12 identification number, ID
3,4 12 number of blade rows plus 1, ILIM
5,6 12 number of streamlines, JLIM; > 3, < 20
7,8 I2 base streamline number, JBASE; > 1, < JLIM
(but generally taken near mid-radius of the
annulus)
9-14 16 problem run identification, IRUN
15-20 F6.4 tolerance value for head loss iteration, THL

(ratio of change in computed head loss to
previously computed head loss)

18 1,2 12 ID
5,6 12 blade row number
7-13 F7.4 blade row reference radius, RSTAR, ft
19 1,2 12 ID
3,4 12 blade row option for head loss calculation,
IEXLOS
5,6 12 blade row option for deviation angle calcula-

tion, IEXDEV
20 1,2 12 1D

3,4 12 number of elements in PHIBB array (packet 21)
for blade row; > 3, < 20
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21

22

23

24

25

26

Card Col. Format
5,6 12
1,2 12
3-7 F5.4

68-72 F5.4
1,2 12
3-7 F5.4

68-72 F5.4
1,2 12
3,4 12
5-9 F5.4

70-74 F5.4
1,2 12
3,4 12
5-9 F5.4

70-74 F5.4
1,2 12
3,4 12
5,6 12
1,2 I2

Data Input

number of elements in XPB array (packet 22)
for blade row; > 3, < 20

ID

reference table of inlet flow coefficient for
blade row, PHIBB

ID

reference table streamline radius at outlet
of blade row, XPB, ft

ID
card identification (visual checking only)

reference table (for blade row) of head loss
coefficient, OMEGBB, function of PHIBB, XPB

ID
card identification (visual checking only)
reference table (for blade row) of flow

deviation angle, DEL2B deg., function of PHIBB,
XPB

ID

number of elements in XDBB or DEQBB array
(packet 26) for blade row; > 3, < 20

number of elements in RPBB array (packet 27)
for blade row; > 3, <7

ID
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27

28

30

31

32

38

Card Col. Format
3-8 F6.4
69-74 F6.4
1,2 12
3-8 F6.4
69-74 F6.4
1,2 12
3-8 F6.4
69-74 F6.4
1,2 12
3,4 12
1,2 12
3,4 12
1,2 12
3,4 12
5,6 12
7-13 F7.4
14-20 F7.4
21-26 F7.4
27-33 F7.4
34-40 F7.4

Data Input

reference table of D-factor or equivalent
D-factor, XDBB or DEQBB, for blade row

ID

reference table of fraction of passage height
from outer casing, RPBB, for blade row

D
reference table (for blade row) of wake momentum

thickness/chord, THACBB, function of XDBB or
DEQBB and RPBB

ID
blade row number
ID

number of elements in geometry arrays (packet
32) for blade row

1D

blade row identification (visual check only)
number of radial position, J

reference radius at blade row inlet, X, ft

blade element leading edge camberline tangent
angle, ALFB, deg., function of X

reference angle radius at blade row exit, XP, ft

blade-element trailing edge camberline
tangent angle, ALFPB, deg., function of XP

blade-element solidity, SGMAB, function of XP



1D

50

70

80

81

82

Card Col. Format
41-47 F7.4
48-54 F7.4
55-62 F7.4
63-69 F7.4

1,2 12
3-8 F6.4
1,2 12
3-8 F6.4
1,2 12
3-8 F6.4
1,2 12
3,4 12
1,2 12
3-8 F6.4
9-14 F6.4
15-20 F6.,4
21-26 F6.4
27-32 F§.4
45-50 F6.4

Data Input

blade-element maximum thickness/chord, TMXCB,
function of XP

blade-element reference incidence angle minus
cascade rule incidence angle, FI2DB, deg.,

function of XP

blade-element wake form factor, FHB, function
of Xp

Shape correction factor, FKSHA, function of XP
ID

blade row rotational speed, rpm

ID

initializing base streamline axial velocity,
ft/sec

ID

flow rate calculation identification number,
PHIRUN

ID

number of elements per array (packet 82),
>3,<20

ID
reference radius at inlet station, X1, ft

fluid axial velocity at inlet station, VZB,
ft/sec, function of X1

fluid whirl velocity at inlet station, VUB,
ft/sec, function of X1

total head at inlet station, HB, ft, function
of X1

reference radius at inlet station, X1, ft
total head at inlet station, HB, ft, function

of X1
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ID Card Col. Format Data Input

51-56 F6.4 reference radius at inlet station, X1, ft
69-74 F6.4 total head at inlet station, HB, ft, function
of X1
83 1,2 12 ID
3-8 F6.4 effective flow area/annulus area, ARFAC, per
. successive axial calculation station
69-74 F6.4

Blade rows are numbered sequentially through a pump configuration,
starting with the first blade row as blade row 1. Axial stations are
also numbered sequentially through the configuration, starting with the
inlet station to the pump as station 1.

Card packets 20-24 (optional) constitute user supplied reference
tables of head loss coefficient and flow deviation angle as a function
of inlet flow coefficient and leaving streamline radius for the blade
row. This is true also regarding packets 25-28, in which tables of wake
momentum thickness/chord are inputed as functions of D-factor (or
equivalent D-factor) and fraction of passage height from the outer casing.
As many cards as necessary are used in packets 21-24 and 26-28 to fill
out the specified arrays.

In packet 21, the reference flow coefficients given are te
be consistent with flow coefficients based on blade speed computed
by the program using the supplied reference radius in packet 18 and the
given rotational speed. For a stationary blade row, the reference
blade speed is based on the reference radius for the blade row and the
rotational speed of the rotor of the pump. In the case of no rotor,
reference blade speed is taken as unity, and reference radius is ignored.

Radius values given in packets 22, 27, 32, and 82 should range
across the entire annulus at the axial station considered to include
hub and casing locations.

User supplied blade-element geometry data in packet 32 are to

conform with the sign convention previocusly noted. Wake form factor
and blade section geometry correction factors are as presented in the

section BLADE-ELEMENT LOSS AND DEVIATION ANGLE PREDICTION.

In packet 50, rotational speed - 1 indicates a new pump configura-
tion follows immediately (starting with packet 10).
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Packet 70 accompanies only the first flow rate to be calculated
for a pump configuration.

Packet sets 80 for all assigned flow rates for a given rotational
speed follow packet 50 (or 70). PHIRUN < 0 in packet 80 signals new
rotational speed follows immediately (starting with packet 50).

PHIRUN = O in packet 80 signals termination of calculations.

Calculation options for head loss and deviation angle. — A total of
six program options are available for calculation of blade-element
head losses. These options involve correlated wake momentum thickness
parameter and diffusion factor or equivalent diffusion factor, and
blade-element radial location; or they involve correlated loss and
flow coefficients and radial location. Three options are available
for deviation angle calculations. These involve Carter's rule, a
camber exponent modification of Carter's rule, or correlated deviation
angle with flow coefficient and blade element radial location.

The options are specified by the user per blade row of the pump
configuration in terms of input values of IEXLOS and IEXDEV (card

packet 19) as follows:

TEXLOS = 1 specifies that the user is supplying a reference table
of loss coefficient as a function of flow coefficient and radial posi-
tion (card packets 20-23) for basis of head loss calculations. Card
packets 25-28 for head loss are omitted.

IEXLOS = O specifies that reference table of wake momentum thickness/
chord as function of equivalent D-factor from the BLOCK DATA routine is
used for basis of head loss calculation., Card packets 20-23 and 25-28 for

head loss are omitted.

IEXLOS = - 1 specifies reference table of wake momentum thickness/
chord as function of equivalent D-factor and fraction of passage height
from outer casing from the BLOCK DATA routine is used for basis of head
loss calculation., Card packets 20-23 and 25-28 for head loss are omitted.

IEXLOS = - 2 specifies reference table of wake momentum thickness/
chord as function of D-factor and fraction of passage height from outer
casing from the BLOCK DATA routine is used for basis of head loss
calculation. Card packets 20-23 and 25-28 for head loss are omitted.

IEXLOS = - 3 specifies that the user is supplying a reference table
of wake momentum thickness/chord as a function of equivalent D-factor
and radial position (card packets 25-28) for basis of head loss calcula-
tions, Card packets 20-23 for head loss are omitted.
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IEXLOS = - 4 specifies that the user is supplying a reference table
of wake momentum thickness/chord as a function of D-factor and radial
position (card packets 25-28) for basis of head calculations. Card
packets 20-23 for head loss are omitted.

IEXDEV =1 specifies that the user is supplying a reference table
of flow deviation angle as a function of flow coefficient and radial
position (card packets 20-22, 24) for deviation angle calculations.

IEXDEV = O specifies that Carter's deviation angle rule based on
reference table from BLOCK DATA routine is used for basis of deviation
angle calculations. Card packets 20-22, 24 for deviation angle calcula-
tion are omitted.

IEXDEV = - 1 specifies that reference table of deviation angle
rule camber exponent as a function of incidence angle minus reference
incidence and fraction of passage height from outer casing from BLOCK
DATA routine is used for basis of deviation angle calculatiomns. Card
packets 20-22, 24 for deviation angle calculations are omitted.

Sample input loads. — Two sample input loads are given in Appendix E.
Listings of the input card decks are shown, with the ID numbers in the
first two card columns for identification. These two sample problems
were run on the Iowa State University IBM 360 Model 65 computer Operating
System Release 21, Running time, including input and output, was less
than one minute for each problem. The program outputs for each are in
Appendix E. Discussion of program output is given in the following
section,

The first sample load is for a single stage composed of a rotor
followed by a stator row. The annulus has constant hub and outer casing
radii of 0.1500 and 0,3750 ft, respectively. The input load is set up
to calculate performance for one rotational speed (3910 rpm) at two
flow rates. As can be seen in packets 82, inlet data for each of the
flow rates are given in terms of nine different radial positions across
the annulus. Geometry data for the two blade rows are given in packets 32,
each involving seven radial locations, No head loss or deviation angle
calculation reference tables are inputed, since the IEXLOS and IEXDEV
specifications in cards 19 show that reference tables from BLOCK DATA
are to be used,

The second sample is for a single rotor blade row in a straight
annulus with hub and outer casing radii of 0.2625 and 0.3750 f¢t,
respectively., With this input, performance is to be computed for two
rotational speeds. The first is 3620 rpm as indicated by the first 50
card, followed by the 70 card for base streamline velocity initialization
and two 80 packet sets for the assigned flow rates at this speed. A
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third 80 card follows, carrying the value -~ 1 and signaling that a
second rotational speed follows. This rpm value (2890) is shown on the
second 50 card. One more flow rate is then indicated by the one 80
packet set. The final 80 card indicates termination of the calculations.
The IEXLOS and IEXDEV head loss and deviation calculation options in
card 19 for the second sample load are each indicated as 1. The cor-
responding user supplied reference tables are included in packets 20-24.

Program Output Description

Sample program outputs. — Sample output listings from the program
are given in Appendix E. These were produced using the two input
loads just described.

An output listing from the program begins with identification of
the problem run, designated base streamline, and number of streamlines
used in the solution. Data tables for reference incidence angle analysis
(from BLOCK DATA routine) are printed out next, The additional data
load to the problem is printed out at the starting flow rate for a rpm
line on a blade row by blade row basis. This includes blade row rpm,
reference radius, deviation angle and head loss calculation options
specified, blade row geometry, and specified deviation angle and head
loss reference data tables (these tables are printed whether obtained
from input cards or from BLOCK DATA). Variables can be identified by
referring to the glossaries contained in the program descriptions of
subroutines INOUT or INPUT.

Output of computed results for a given flow rate begins with the
listing of the inlet conditions. Flow rate identification (PHIRUN NO.)
is based on the combined IRUN (card packet 10) and PHIRUN (card packet
80) numbers. Calculated flow rate and entering and leaving blade-element
radial equilibrium results follow, blade row by blade row. Blade-element
results are printed in order from the outer casing in toward the hub,
Mass-averaged results for a rotor or for a stage, and blade row identi-
fication (I) follow the blade-element results.

Column heading identifications in the input are the following (refer
also to LIST OF SYMBOLS).

BETA flow angle, B

BETAP relative flow angle, B'
CMBR camber angle, ¢°

DEV deviation angle, 6
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EFFIC efficiency, 71

EQ D-FAC equivalent D factor, Deq
HD LOSS head loss, H
loss
INCID incidence angle, i
J streamline or blade element number, j

L0OSS DIFF head loss relative difference, HLDP (see subroutine OUTPUT)

OMEGABAR loss coefficient,

%PH F T percentage passage height from tip
PHI1 flow coefficient, ¢i

PHI2 flow coefficient, ¢b

PSI head coefficient, ¥

PHI I ideal head coefficient, ¢1
R/R(TIP) radius ratio, r/rt

R/RT(I) radius ratio, r/rt

REF INC reference incidence, iref

STAG blade setting angle, v

STAT HD static head, h

(THTA/C) wake momentum thickness to chord ratio, (8/c),
TMAX/C maximum thickness ratio, tmax/c
TOT HD total head, H

V(REL) relative velocity, V'

vu velocity, Ve

vz velocity, VZ

In the first sample output given, the results are shown for a stage
(a rotor, followed by a stator row) for one rpm and two flow rates,
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Twenty streamlines were used in the solution, and as indicated by the
IEXLOS and IEXDEV parameter values, reference data tables from BLOCK
DATA were used in computing blade element head losses and deviation
angles in the rotor and in the stator. The extrapolation warning mes-
sages given in the output are due to high stagger angle (> 70 deg.) in
the rotor near the outer casing, and to high Deq (> 2.2) toward the
hub in the stator.

In the second example in Appendix E, the results are for a single
rotor blade row, Two values of rpm were computed for, with two flow
rates at the first rpm and one at the second. According to IEXLOS
and IEXDEV, user supplied reference data tables for head loss and devia-
tion angle calculations were read in from cards.

Abnormal problem completions. — The following error or warning
messages may be produced by the program in the case of abnormal problem
completion:

"Error in input data card order, MAIN program'

An error has been detected by MAIN in checking ID on input
cards., Problem is terminated. Refer to Section, Input Load
Description to correct error.

"Error in input datacard order, subroutine INPUT, ID = xx I = xx
K=xxL=2xxJ= xx"

An error has been detected in subroutine INPUT in checking
ID. Current values of ID, I, K, L, J are printed out to help
in correcting error. Problem is terminated.

"Error in input — xx must be greater than 2 for interpolation,
I =xx, ID = xx"

Number of elements in an input data table has been detected
as too small, The table delimiter and values of I, ID are
printed out. Problem is terminated.

"Warning — FIT1D called in xx — extrapolation of table xx"
An extrapolation of a reference data table has occurred in
FITID. The calling routine and table involved are identified.
Problem calculation continues,

"Warning — FIT2D called in xx — extrapolation of table xx"
An extrapolation of a reference data table has occurred in

FIT2D. The calling routine and table involved are identified.
Problem calculation continues.
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"IREF at streamline xx required extrapolation of tables because
BTPl = xx deg"

Analysis in subroutine IREF required extrapolation of reference
incidence angle data tables from BLOCK DATA. Relative entering
flow angle BTP1l exceeds 75 deg. Problem calculation continues.
"ALF1 = 0 not allowed"
Entering blade tangent angle ALF1 has been computed as zero
for a blade element in subroutine RADEQC. Problem calcula-
tion continues with next inputed flow rate.
"Radial equilibrium solution failed"
Negative radicand encountered in iterations for radial equil-
brium solution in subroutine RADEQC. Head loss iterations
prior to failure are repeated and results printed out,
Problem calculation resumes with next inputed flow rate.

"golution failure due to negative radicand during loss iteration'

Message following ''Radial equilibrium solution failed".
Failure encountered during head loss iteration as indicated.

"golution for several loss iterations preceding failure are printed
next"

Message following radial equilibrium solution failure,.
ngolution for the loss iteration preceding failure is printed next"
Message following radial equilibrium solution failure.
"Loss solution not achieved in 40 iterations"
Convergence of head loss iterations not achieved in limit of
40 iterations. Problem calculation continues with next

blade row or inputed flow rate,

"Radial equilibrium and streamline radial adjustments not achieved
in 10 iterations"

Iterations for blade element leaving streamline positions in
subroutine RADEQC did not converge in limit of 10 iterationms.
Problem calculation continues.



"Radial equilibrium at continuity not achieved in 20 iterations"

Convergence not attained in continuity loop in limit of 20
iterations in subroutine RADEQC. Problem calculation
continues.

Computer Program Description

The complete calculation procedure for off-design performance estima-
tion is under the control of program MAIN. Several subprograms or sub-
routines (as shown in Flow Chart 1) are called upon by MAIN to accomplish
certain specific tasks or calculations in the overall program execu-
tion. Flow Charts 2-5 give a detailed outline of MAIN. Additional
description of MAIN is given below, along with the Fortran symbol
definitions. The same procedure is repeated, involving Flow Charts 6-21,
in the sections following for the subroutines.

In the Flow Charts, program segments have been identified by
horizontal dashed lines for convenient reference. These segments are
identified in the program listing (Appendix D) by inserted comments in
the appropriate locations. 1In those instances where program calls of
fitting routines FIT1D and FIT2D are made, the purpose of the call is
indicated in the Flow Charts by the parameter returned from the sub-
routine, with those parameter(s) it is a function of in parentheses.
Purposes of other subroutine calls are evident in the description and
Flow Charts for the particular subroutine.

Program MAIN. — The subprogram BLOCK DATA has been included
here as a part of the description and symbol definitions, and as a part
of Flow Chart 2 for program MAIN. This subprogram initializes blade
element standard reference tables for head loss, deviation angle and
incidence reference angle analyses.

A direct responsibility of MAIN is the initialization of the radial
equilibrium solution at all axial computing stations for head loss and
streamline radii (at equal radial increments) according to the assigned
number of streamlines for the solution through the pump. Also MAIN
initializes the base streamline axial velocities at all axial computing
stations according to the inputed base streamline value at the inlet.

(It should be noted here that input card identifications (ID) are checked
by the program, in MAIN or in subroutine INPUT during read operations.
This checking has not been showm, however, in the Flow Charts. Also,
checking of IWARN, and print out of warning messages in MAIN and the
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subroutines noting extrapolation in fitting procedures (IWARN = 2)
have not been included in the Flow Charts.)

Also program MAIN is responsible for identifying the Run No. for
the pump operating point. Pump inlet flow conditions are set up for
the solution according to the given pump operating point conditions and
number of streamlines; flow rate, average flow coefficient, and stream-
function values are computed by simple quadrature of the inlet station
axial velocity profile. Effective flow coefficients per axial computing
station for loss and deviation analyses are computed from given effective
area factors and blade speeds,

Successive axial calculation stations through the pump are controlled
by MAIN; loss and deviation angle reference tables are set up according
to the input options per station. TFlow conditions entering a blade
row are set up prior to the head-loss and radial equilibrium solution
for the flow leaving the blade row. Iterations (with a maximum of 40)
for head losses are monitored by MAIN with actual loss calculations
performed in subroutine LOSS. Convergence of head losses according to
a given tolerance value, and revised head loss distribution per head
loss iteration are determined by MAIN. Radial equilibrium, continuity
and streamline radial adjustment calculations are performed in subroutine
RADEQC interior to the head loss iteration loop.

In case of loss of radial equilibrium solution during any one head
loss iteration, iterations are re-initialized and then repeated, but
only up through the head loss iteration immediate to the unsuccessful
one. The calculated results for the final repeated iterations (maximum
of three, for four iterations and beyond) are outputed, even though a
valid converged solution has not been obtained,

Program parts of MAIN in the accompanying Flow Charts 2-5 are
identified as follows:

Flow Chart 2 Program segments ''Input problem geometry and reference
tables,'" "Initialize streamline radii, head loss and base
streamline velocity" and "Input pump inlet conditions,
axial station blockage factors and compute stream function
distribution" of program MAIN.

Flow Chart 3 Program segments ''Compute station annulus area and effec-
tive flow coefficient," and "Transfer loss and deviation
angle reference tables per loss and deviation angle op-
tions" of program MAIN (continued).

Flow Chart 4 Program segments "Compute blade row inlet conditions,"
"'Save blade row initial head loss," "Interpolate profile
maximum thickness and incidence angle correction factor,
compute radial equilibrium and continuity solution and
determine head loss" of program MAIN (continued).
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Flow Chart 5

Fz

ID

I1

IL

ILIM

10

IRUN

IWARN

17

JBASE
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Program segments '"Check head-loss convergence and output

computed results," "Revise head loss," "Output message
head losses not converged, and output computed results,"
"Initialize head loss to zero," Reassign head loss and
repeat iterations to loss of solution and'Output intermediate
iteration results prior to loss of solution' of program MAIN

(concluded).

Program MAIN variables:

fraction of annulus passage
height from hub to initial
streamline radius

axial station; blade row
number, determined by inlet
station to blade row

input card identification
number

card read reference number
ILIM-1

maximum value of I, the
number of blade rows plus
one

printer reference number

problem run identification
number

fitting extrapolation
warning indicator (- 1, no
extrapolation; = 2,
extrapolation of reference
data table)

index

streamline number (= 1 at hub)

base streamline number from
which radial equilibrium

calculations proceed outward

to casing, or inward to hub

JL

JLIM

KHLOSS

KLK

KI1LIM

L

LINDEX

LL

LOK

LOK1

LOKLIM

JLIM-1

number of streamlines, casing
streamline

index

loss of radial equilibrium
solution indicator (= O,
solution not lost; = 1,
solution lost)

index delimiter

head loss iteration loop
index

number of elements in ar-~
ray X1

index

head loss calculation option
indicator (IEXLOS + 5)

index delimiter
KLK

LOK-3, or LOK-1, with loss
of radial equilibrium solu-
tion occurring on head loss
iteration number LOK

LOK-1, with loss of radial
equilibrium solution oc-
curring on head loss itera-
tion number LOK



PHIB

PHIRUN

QRUN

average flow coefficient at
inlet station

flow rate calculation identi-

fication number
computed flow rate

tolerance value for conver-

gence of head loss iteration

Program MAIN arrays:

ALF1

ALPHZ

ANGSTB

AREA

ARFAC

BTAP1

CS

DEL2B

DEQBB

EMB

EXPBB

leading edge blade-element
camberline tangent angle

diagnostic alphameric word

reference table of blade
setting angle (YANGS)

axial calculation station
annulus area

axial station effective
flow area/ annulus area

blade-element relative
entering fluid flow angle

product of blade-element
wheel speed and fluid whirl
velocity

reference table of deviation

angle (DEL2), function of
PHIBB, XPB

reference table of blade-

element equivalent diffusion

factor (DEQ)

reference table of deviation

XJOE

XR

ZL

FIDIFB

FI10GB

FNC1

HLOB

HLOSS

HLOSS1

angle rule slope factor (EM), IEXDEV

function of YANGSB

reference table of camber ex- TEXLOS

ponent (EXPB) in deviation
angle rule, function of
FIDIFB, PPHB

damping factor in reas-
signment of head loss

IRUN
J

JL

reference table of blade-
element incidence angle minus
reference incidence angle
(FIDIF)

reference table of blade-ele-
ment zero-camber incidence angle
(FI010G), function of YANGSB,
SGMGBB

blade-element incidence angle

blade-element total head

total head at inlet station,
function of X1

blade-element total head
at inlet station

computed blade-element head
loss

computed blade-element head
loss in preceding head loss

iteration

initiagl value of blade-
element head loss

option designation for
deviation angle calculation

option designation for head
loss calculation
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KLZ

K2LM

LLZ

L21LM

OMEGBB

PHIBB

PHIEFC

PPFT1

PPHB

QB

RPBB

RPBB1

52

number of elements in
reference table PHIBB, XDBB,
or DEQBB

number of elements in
reference table PHIBB

number of elements in

reference table XPB or RPBB
number of elements in
reference table XPB
reference table of head loss

coefficient (OMEGB), function
of PHIBB, XPB

reference table of PHIEFC

blade row inlet average
flow coefficient

streamline location at inlet
to blade row as percent of
passage height from outer
casing

reference table of percent
passage height from outer

RPBB2

SGMGBB

SLP1GB

SLP2GB

THACBB

THCBB1

THCBB2

casing at blade row exit (PPFT2) TMAXC

blade-element quadrature
value of flow rate (from hub)

streamline radius
blade row rotational speed

reference table of percent
passage height from outer
casing at blade row exit
(PPFT2)

reference table of percent
passage height from outer
casing at blade row exit
(PPFT2)

USTAR

Ul

vul

vZ

reference table of percent
passage height from outer
casing at blade row exit
(PPFT2)

reference table of blade
element solidity (SGMA)

reference table of
camber coefficient
function of YANGSB

linear
(SLOP1G),
and SGMGBB

reference table of quadratic
camber coefficient (SLOP2G),
function of YANGSB and SGMGBB

reference table of wake momen-
tum thickness/chord (THAC),
function of DBB or DEQBB, and
RPBB

reference table of wake momen-
tum thickness/chord (THAC),
function of YXDBB and RPBBl

reference table of wake momen-
tum thickness/chord (THAC),
function of YDEQBB and RPBB2

blade-element maximum profile
thickness/chord

blade tip speed or reference
speed

blade-element velocity at in-
let to a blade row

reference table of VU1,
function of X1

blade-element fluid whirl
velocity at inlet station

blade-element fluid axial
velocity



VZB

vzl

XDBB

XPB

X1

YANGSB

YDEL2B

YDEQB

reference table of Vz1,
function of X1

blade-element fluid axial
velocity at inlet station

reference table of R at
inlet to blade row

reference table of blade-
element diffusion factor
(XD)

reference table of R at
outlet of blade row

reference table of R at
outlet of blade row

reference table of R at
inlet station

reference table of blade-
element stagger angle
(ANGST)

reference table of DEL2B

DEQBB

YDEQBB

YFKIB

YOMGBB
YPHIBB
YRPB

YTHACB

YTMACB

YTMAXC

YXDB

YXDBB

YXPB

reference table of blade-
element equivalent diffuser
factor (DEQ)

reference table of blade-
element incidence angle
connection factor (FKI),
function of YTMACB

OMEGBB

PHIBB

RPBB

THACBB

reference table of blade -
element maximum thickness/
chord (TMAXC)

TMAXC

XDBB

reference table of blade-
element diffusion factor

(XD)

XPB
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1 Flow Cheart 2.

BLOCK DATA

-

ANGSTB(1, J) = YANGSB(J

CALL INPUT

7= . ! :
ZL=JL i

R (50 1.i0m] |
ROLIM, J) = FZx XP(L,KLIM |

- XPOL, 1S+ XPAL, ) i
HLOSS{ILIM, 1Y - O ! |
|

o
RO, DY - FZX(,KLIM) - X{1, 1)+ X[, 1) L
| HLOSS(I,J) = 0 DOI- 1t
T

R S |
@Lti—_ae@ |

et———

[Vz(,JeasE} T VZ(1 JBASE)]

mljz,lum ‘
L. N |

— T _ ” i

(l[) - l
_ )

= % >0 - —{CATI)

PHIRUN-=-XR + PHIRUP\*

[READ: KILIM] WRITE:_PHIRUN

TO!
Y - |
READ: X1(1,K},vZB0 K}, VUB(1,K),HB(1, K} (Do k-1 KILiM

—

0

. 1
[WRITE: X1{1,K),VZ8(1 K},VUB( K),HB(1,K]] [co »j,mm

CALL FITID to interpolote:
VZ1R(Y
VUIR()]

HTR(1)]

QB(1,J) =QB(1,] - 1) +705.0217 x|VZ(1,) - N+vZa, Nl
JR(1,J<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>