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SUMMARY
A Fortran computer program for design of axial-flow pumps based on
conventional radial equilibrium blade-element analysis is presented. A
program listing and examples of computed results obtained on an IBM System

360/model 65 computer are included.

Flow determination is based on axisymmetric analysis at between-blade~

row stations, accounting for blade-element head losses and for streamline

radial shift, A Runge-Xutta procedure is used for numerical integration of
the simple radial equilibrium equation. The program input for single or
multiple blade row configurations consists of machine flow coefficient,
annulus inner and outer radii at computing stations, blade row design
specifications, and loss correlations, Computed results consist of blade
element velocity diagram and mass-averaged flow parameters. Parametric
variations for‘design studies can be made by supplying variable design
specifications and loss correlations per blade row.

An outline of the flow analysis method and a complete documentation

of the program are given.
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NOTATIONS

blade chord

nondimensional streamline radial spacing, Ar/rt
diffusion factor, Eq. (7a)

equivalent diffusion ratio, Eq. (7b)

force-mass conversion factor

static head

total head

blade wake form factor

number of streamlines for radial equilibrium solution
meridional streamline coordinate

normal coordinate

radius. of curvature of meridional streamline
reaction, ratio of static to total head rise
blade spacing

flow continuity iteration tolerance

head-loss iteration tolerance

blade tangential speed

flow velocity

percent passage height measured from outer casing
flow angle (see Fig. 2)

blade stagger angle, angle between chord and axial direction (see Fig. 2)

hydraulic efficiency
blade-wake momentum thickness

blade angle, angle between tangent to blade camber line and axial
direction (see Fig. 2)
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iv

A : whirl coefficient, Ve/Ut :
v stream function, Eq. (6)
3

radius ratio, r/rt

blade solidity, c¢/s

4
-
Q
et IR0 A W s &

- ® flow coefficient, Vm/Ut
| ¢° blade camber angle (see Fig. 2) é
Y head rise coefficient g (H, - H1)/U§ é
® total head loss coefficient, 2gc(H§’i— Hé)/(V'l)2 ;
Subscripts S
h inner casing
i ideal -
L loss
f m meridional component
t reference value, outer casing "
% e . tangential component
1 blade row entering station
2 blade row leaving station
Superscripts

' relative to blade row

nondimensional

- mass-averaged




AXIAL-FLOW PUMP -DESIGN DIGITAL COMPUTER PROGRAM

INTRODUCTION

Blade-element methods of design and analysis have been successfully

-

~ used in the axial-flow compressor field for many years, The increasingly
| higher performance of the axial-flow compressor in response to the continuing
efforts spent in developing practical design procedures based on blade-
element methods has been most rewarding, particularly in the field of aircraft
gas turbines,
During about the past 10 years the Lewis Research Center of the National
Aeronautics and Space Administration (NASA) has conducted research on the
application of similar blade-element methods to the hydrodynamic design of
- blade rows for axial-flow pumpslk. Concurrent with these programs, the
Engineering Research Institute at Iowa State University has conducted

investigations in the blade-element approach to performance prediction of

LY t\, F

axial-flow pumps for off-design, as well as for design operating conditions‘.
As a result of these research efforts, a considerable amount of theoretical

and experimental information has been obtained regarding the design of

highly loaded stages. Based on this information a FORTRAN IV computer
program has been written which computes design velocity diagrams and
performance parameters for multistage axial-flow pumps. Development of this
program has been partially supported by NASA through Grant NGL 16-002-005.
Flow determination is based on axisymmetric analysis at between-blade-
row stations, accounting for blade-element head losses and for streamline

radial shift. All calculations are made using nondimensional parameters,

A Runge-Kutta procedure is used for numerical integration of the simple

*Superscript numbers refer to references at end of report.




radial equilibrium equation. Program input for single or multiple blade row ) B

configurations consists of machine average flow coefficient, hub and casing )

-~

' radii at computing stations, blade row design specifications. and loss cor- .

relations, Output in the form of velzcity diagram and mass~-averaged flow.

results is obtained. Parametric variations for design studies can be made

by supplying variable design specifications and loss correlations per blade

row,

An outline of the flow analysis method, a program iisting,

oo pent S

and examples

of computed results obtained on an IBM System 360/model 65 computer are

given.

AR TE R,




5 : BASIS OF THE PROGRAMMED FLOW ANALYSIS AND DESIGN METHOD

o omeewl

The basis for the flow analysis contained in the programmed procedures
/
) is the so-called blade-element flow mode13. This model .for the flow in
rotating or stationary blade rows is characterized by that found in two-

dimensional (2-D) stationary blade cascades. The form of the empiricism

odkr

used to account for head losses through a blade row is based on correlati-n
( procedures for real fI:i.id effects in low-speed, 2-D stationary cascade

experimental results. Similar notations for the flow characteristics and

L ol e B

geometries in 2-D cascade and in blade-element flows are obviously employed.

: Radial equilibrium and continuity requirements are applied in the

i

analysis at between-blade-row statione in the meridional plane, .Steady,

é
é axisymmetric, noncavitating flow across a blade row is assumed. Also, the
A o
2 flow at computing stations is considered locally iuviseid. The intersection 4
ﬁ of meridional-plane streamlines with the blades, as shown in Fig. 1, define H
4 ) ‘
& b
o the blade-elements for a blade '
OUTER CASING ‘
. row. - Figure 2 shows a set of ;
Lo CP @ < staror row j
b , » " blade elements and corresponding ;
—t> cascade notation. The blade-to- ;
W Wa VWW blade flow thus implied in Fig. 2 ]
' STREAMLINE j LR
. HUS- is on stream surfaces of revolu-
ROTOR 1.
- MACHINE AXIS tion generated by rotating the ,
:;. . -\\\‘_ - - meridional streamlines about the { T
MERIDIONAL PLANE SECTION i
- , ' machine axis. This approach forms
= Fig. 1. Meridional plane section and
. streamlines for typical main the basis for incorporation of e
%', pressure-producing stage in
% an axial-flow pump. empirical loss correlations in

-l B . .the analysis.
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It is seen, then, that the

meridioaal-plane analysis proﬁides

H
4
§
3

3
pe

~

the detailed radial distributions
of the leaving flow, given the
entering flow patterns along with
stipulated design requirements for
the blade row. T.is analysis
provides ‘¢ design velocity

diagram requirements which must

be met in the next step, namely
the deaign or selection of blade

elements which actually form the

blades, .

ool bEEcEar | R

At a computing station, and
for each determined streamline,

the equation for radial equilibrium

wust be satisfied, This equation

is obtained from Euler's equation
for steady flow without body
forces. 1In terms of coordinates
(6, m, n), in which 6-constant is

the meridional.plane, and n- and !

m-gurfacss are stream surfaces

and surfaces orthogonal, respectively, $
Fig. 2, Typical blade .elements and :

accompanying velocity diagram

the radial}equilibrium equation 134:
rotation,
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Here h is static head, Ve and Vm are flow velocity components, r and x,, are
respectively machine radius and meridional streamliﬁe radius of curvature.
In the usual case for main pressure-producing stages in axial-flow pumps,
the effects of streamline slope and curvature are of secondary importance

and are hence neglected. However, streamline radius change across a blade
row is. accounted for simply enough byrcontinuity considerations (as expl#ined
later). 1In this situation Eq. (1) reduces to a simplified form, and the

calculation station across the annulus may be taken as a radial line.

Furthermore, to eliminate actual size and speed of the pump from considera-

x B
tion, dimensionless static head coefficient, h = —%—, whirl coefficient,
v, N Ve
A= 54 » and radius ratio, § = T can be defined in terms of reference
t ' t

radius and blade speed values (rt, Ut)' With these coefficient definitions,
and with the assumption of zero streamline slope and curvature, then at the

blade-row leaving station 2,Eq. (1) becomes

i. % 2
\ i @)
®, ",

‘f This equation for radial equilibrium is, in general, a nonlinear differential

equation with the right-hand side a complicated function of the blade-row

design specifications, loss estimation, flow continuity requirements, and

streamline shift, The integration of Eq. (2) for sta;ic head distribution
{ across the annulus requires numerical procedures, including interpolations .
of various data tables and iterative computing loops for losses and
continuity requirements, Further discussion of these numerical procedures

is given later when details of the computer program are presented.’ 3
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Selection of blade row design specifications as functions of leaving

radius are made as follows: for rotors, radial distribution of ideal head-rise

(or work) coefficient, ¢i ; and for stators, radial distribution of leaving
angle, 62 . In addition, blade-row radial distribution of solidity, o, is
specified., With Euler's turbine equation, relating angular momentum change

for a particular streamline across a rotor, leaving whirl for use in Eq. (2)

can.be expressed as

(3a)
2

In the case of stators, the léaving whirl is expressed as

in which ¢2(= -%?2) is local leaving flow coefficient,
' t

Total head coefficient on a streamline in leaving flow is found from

the head value for entering flow, the ideal head-rise coefficient (zero for

stators), and the total head loss coefficient as determined for the flow

past the blade element:

% % % .
d2 = H1 + wi - HL . (4

i * i LRI e AN
YT

The local leaving flow coefficient is, according to the Bernoulli equation:

8, = [20 - ny) - A2L/2 (5)

The boundary condition imposed upon integration of Eq. (2) is the hub =

streamline value of. static head, which in. turn satisfies the flow continuity

requirement. Here, with definition of a stream function V, the particular
value




~

S2,¢

Vat tip) = 8,848

$2,n

must match that determined for the flow entering the blade row.

Also, the

stream function values at various radii, §2, ranging from the hub to outer

casing (or tip) serve to identify particular blade elements and thereby
provide means of radial adjustment of streamlines across the blade row.

To determine head losses in the flow past blade elements, loss cor-

relations. (independent of solidity, inlet angle, and camber) in

terms of blade wake momentum thickness, (G/c)z, or in terms of loss

parameter, O cos 65/20, vhich is an approximation of blade wake

momentum thickness are used,.

The three sets of correlations

shown in Fig. 3 were obtained from

available experimental rotor5 ,

3 . .
stator™, and two-dimensional cascade -

dataé. The data are most valid

for NACA 65-Series, double circular-

arc, and similar sections, Such cor-

relations ¢ontain some uncertainty
in particular applications; there-
fore good judgment should be

exercised in interpreting results
obtained using them. Two loading

6,7

parameters, D and Deq , estab-

lishing equivalent diffueion ratio

values and expressed in terms of the

design velocity triangles and

solidity were used:.

2

w cos A!

0.06

20°
£
T

ROTORS
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2
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1 1 - 1
V2 . I:IVe'1 rZVGLZ

[ 1
V1 (r1 + rz)c V1

D=1 - (7a)

and

2
cos B! cos” B! 1 v \Y
-2 [1.12 + 0.61 -——5———1- (-—l tan ) - M2 paq B')] Sl

Deq cos Bi r, Vm,l 2 Vﬁ’z ‘
(7b)
The + signs in Eq. (7) apply to rotors or stators, respectively.  These
signs comply with adopted sign conventions that wheel speed U is always .
positive, absolute whirl is positive in the direction of U, relative whirl

is positive in. the direction opposite U, and that

- Ve -
B=tan T , or B' = tan

T,
178
v
m

In using plane cascade correlations the loss coefficient, W, needed in
the loss calculations is computed from the relation6

/ 2 ay -3
' _ .8 g o8 81 23(2 L. (9) 0‘2[2
¢, cos Bé 2 Bé 3&& -1 o €08 B! :

(8)

¢
cos
Here the blade wake form factor, Hy is taken as 1,08, The loss coefficient,

W, in Eq. (8) is defired by

281y,

| ©)
wh?

W=

from which dimensionless head-loss can be expressed as

*

B/

HL _— (10)

Additional calculations and definitions, not essential to the radial

cquilibrium solution:

blade~-row reaction, R = ———7x (R = 0 for stators) (11)

Pl — TN provs— i — g O i
. .
?ﬁ‘ ot i Tt — [
v ) —~— A- ,: e — -
—— - e ; st — e - m’(“




actual head rise coefficient,

% .
V= l.lﬁi - H‘L (1111 = 0 for stators) (12)
hydraulic efficiency, T = v (M = 0 for stators) (13

=¥
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COMPUTER PROGRAM CAPABILITY AND UTILIZATION

A Fortran 1V program based on the blade-element procedure just presented
was written with the capability to provide design parameter studies., (A

;o listing of the program is given in Appendix A.) The program allows arbitrary
assignment of design flow coefficient, blade-row design specificatiomns, and
biade-row head-loss reference data for either single or multiple blade-row
configurations. Blade-row design specifications consist of prescribed radial
variation of solidity and ideal head-rise coefficient (rotors) or leaving
flow angle (stators). .

Variation of annulus hub and outer casing radius through the pump is
possible (remembering, of course, that streamline slope and curvature are
neglected) through the blade-row design specifications which are inputed as
functions of blade-row leaving radii, ranging from hub to outer casing.

An arbitrary number of sets of blade-row design specifications for a given
flow rate and annulus configuration can be supplied as input at a given
blade-row calculation station., In multiple blade-row configurations the

’ leaving flow for the last supplied set of design conditions for a blade-row

serves as input flow for the following blade row. At the inlet to the machine,

the radial distributions of flow coefficient (setting the design flow for a
given rotational speed) and dimensionless to;al head coéfficient are input
data. Also, if it is desired to introduce prewhirl into thé first blade row
(along with attendant flow coefficient distribution satisfying radial
equilibrium), a zero-loss "pseudo" stator row may be inserted in front of the
first rotor row and considered like any other blade row in the machine,

The numerical calculation of the flow proceeds on a streamline-by-

streamline basis from the hub to outer casing at successive blade-row

S R
. . -

P, o ——— WL

- aman s\ AT s . -Srmee g
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computing stations through the machine. A brief overview of the program is
given in Fig. 4. A detailed description of the program is given in the

""Computer Program Description' section of this report.

Read radial distributions of flow ] .
and total head coefficients at pump Read axial station number, blade-row type,
inlet station, and number of stream= g ul loss reference _'°b|° (’{ Q‘C'_’WY): and
lines to be used.in radial equilibrium blade-row design specifications
calevlations

! )

Calculate static-head distribution for
flow leaving blade row by radial equi=
librium and streamline adiustment

\ i

Calculate leaving flow=coefficient N Révise statice
distribution., s continuity satisfied 7 head start value
Yo ‘
KL
Is there another axial station Yesl Eﬁn::;::d;f:hs ::::rilob:s":;rrtuﬁon. N Revise -
or new set of design specifications? is comparison satisfactory ? head=losses

No - lYm

Print.ovt results

Stop

Fig. 4. General scheme of computer program radial equilibrium solution
method.

—m-ﬁ;—‘; )
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INPUT LOAD DESCRIPTION

The following describes the input data cards 1-9 required. All data
are read under format specification FORMAT (10F7.0).. Note that cards 5a, .
6a, or cards 5b, 6b are read only when new tables of reference loss data
are inputed, Card parametric sets 4, (5, 6), 7,8 are read for each blade-
row computing station or new set of blade-row design conditions. (Refer to
the "Computer Program Description' section. of this report for Fortran variable
definitions., See also example input. load, Appendix B.)

Note that a single reference pair, radius . and blade speed Ut’ is

used in all nondimensional definitioms. Caution should be. taken to use
these reference values consistently in preparation of input data for single

or multiple blade-row configurations. Normally T Ut would be those

values at the inlet to the first rotor blade row of the machine,

Precautions should be taken that independent variable elements of data

.

reference tables inputed are spaced to adequately cdescribe the.desired o

functional relationship. This requirement arises because these data are

. et

interpolated in the course of the problem solution. Roughly, where rapid
function variation is indicated, closer spacing of independent variable
elements should be used, These independent variable elements should cover

the expected range of the independent variable and are required to be monotone
nondecreasing.

Limit values: jlim’ T¢, TH

L
Card 1. JLIM, TPHI, THL (Restriction:; 3 < JLIM < 11)

A

Inlet station: ¢(), 1 (§)

Card 2. KLIM (Restriction; 3 < klim < 11) 1.

Card(s) 3. XI(l), PHI(1), UTP(1),..., XI(KLIM), PHT(KLIM), HTP(KLIM) '

’ = £
XT (KLIM) ;;,inlet) i |

(Restrictions; XI(1l) == §h,inlet’




Blade-row identification (first identification made): station no.; type no.;

type loss

Card 4a. STANO, TYPNO, TYPLOS {Restrictions; STANO = 1, TYPNO = 1 (rotor),

20

W cos Bé
= 2. (stator), TYPLOS = 0| — = £. (D, % Pass, Hgt.)|,
#0[0/c=¢f (Deq)l}

Blade-row identification (not first identification): station no.; type no.;

if loss, type loss
Card 4b, STANO, TYPNO, IFLOS, TYPLOS [Restrictions; STANO > 1,

IFLOS (= 0, cards 5, 6 follow; # O cards 5, 6 do not follow)]

w cos Bi
Loss table: o (D, % Pass. Hgt.)

Card 5a. KLIMP, LLIMP. (Restrictions; 3 < KLIMP <12, 3 S LLIMP < 6)
Card(s) 6a. DFACB(1l), PPHFTB(1), OMGB(1,1), DFACB(1), PPHFTB(2),

OMGB(1,2),..., DFACB(KLIMP), PPHFTB(LLIMP), OMGB(KLIMP, LLIMP)

Loss table: 8/c (Deq)
Card 5b, KLIM. (Restriction; 3 < KLIM < 11)

Card(s) 6b. DEQB(1l), THACB(1),..., DEQB(KLIM), THACB (KLIM)

Rotor blade-row design specifications: wi(g), c6(€):
Card 7a. KLIM (Restriction; 3 < KLIM < 11)
Card(s) 8a.. YXI(1), Y(1), YSIG(I),...YXI(KLIM), Y (KLIM), YSIG(KLIM)

Restrictions; YXI(1l) = & , YXI(KLIM) = € ]
h t

Stator bladé-row design specifications: sz(g), deg., o0(8):
Card 7b, KLIM (Restriction; 3 < KLIM < 11)

Card(s) 8b. YXI(1), Y(1), YSIG(1),..., YXI(KLIM), Y(KLIM), YSIG(KLIM)

[Restrictions; YXI(1) = §h, YXI(KLIM) = §t]. _
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Sentinel card (end of input):

Card 9, (Blank card)

(ST VN
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PROGRAM OUTPUT DESCRIPTION

Computed Output

The computer program prints output in the following arrangement, (See.
example listings, Appendix B. Refer also to the "Computer Program Description"
section for Fortran variable definitions,):

Limit values Mim? T¢? TH used in the protlem solution.

L
Inputed inlet station ¢(§), H*(E) data tables,

Computed inlet station average flow coefficient,.a.
Blade-row computing station identification [per each input parametric
card set 4, (5, 6), 7, 8].

T cos B;

Inputed loss coefficient reference data tableg, ———p—>=

3 (D, % Pass, Hgt.),

7
or 6/c (Deq)'
Tetal number of loss computation and continuity-radial equilibrium
compr-t ation iterations made.
Computed streamline results for blade-row entering flow: % Pass. Hgt.,
*
gla ¢19 )¥1’ Bl’. Bis Hl’ v (normalized),
Computed streamline results for blade~row leaving flow: % Pass. Hgt.,
* %
gz, ¢2, kz, Bz, Bé, H,, h2? VvV (normalized).
Computed streamline results for blade-row leaving flow: % Pass. Hgt.,

- W cos 65 _
gzs \|J, ‘bi_’ R, Tl’ HL’.U% "T s D, D_ .

eq
Arnulus mass~-averaged computing station values: ¢2, W, Wi"ﬁ'
The blade element results are printed out following a streamline.tﬁrough
each blade row, In a.multi-blade-row configuration, however, the same
streamlines are not used for every blade row, (A given streamline could be

traced through thé machine Ly using a coistant value of stream function V at

each calculation station.)
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Abnormal Problem Completions

Abnormal problem completicns are noted by printing out the following

-~

messages (refer also to the "Computer Program Description" section, Flow
Charts 4, 5, 11 and 12, and to program listing, Appendix A):

"EPS (1), EPS(2), EPS(3), YS(l), YS(2), ¥YS(3) Cont. Failed" (last 3 sets
of continuity errors and best estimate hz hub values; continuity
requirements not satisfied within 5 radial-equilibrium, continuity
iterations)

nV1% Vv

2""\Elimn (last best solution after 5 radiagl-equilibrium,
continuity iteratioms for normalized stream function distribution
across annulus)

"Stalled Flow-Abort" (at least one streamline flow coefficient ¢2‘5 0;

program operation aberted)

e

"Loss failed. HLOSSP(1), YHLOSS(1),..., HLOSSP(JLIM), UHLOSS(JLIM)'-
(loss solution failéd to converge within 25 iterations; last
2 distributicns across annulus of blade-element head losses) i
"Incorrect array size in FITID, JP = XXX" .

"Incorrect array size in FIT2D, IP = XXX, JP = XXX, JL = XXX"
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COMPUTER PROGRAM DESCRIPTION

The computer program comprises a MAIN program and additional subroutines
RUNGK1, RUNGK2, LOSS, OUTPUT, MAVE, FITID and FIT2D operating under the
contrel of MAIN. A program listing is presented in Appendix A, Also

graphic description of the program is given in the following Flow Charts 1 — 12,

In the following, the primary objectives and the major aspects of the
numerical procedures involved in the main program and subroutines are

presented,

Program MAIN

Inputing of data (limit parameters, -inlet station flow conditioms, blade-
row design specifications and loss reference tables) is accomplished in MAIN
(see list of program variables and arrays and Flow Charts 1 — 5, pp. 23 — 27),
The inlet flow conditions PHI1B(K), XLMIB(K) = 0, HTP1B(K), XI1B(K) and
stream function distribution PHI1BB(K) to the first blade row are computed
for the assigned number of streamlines from the given inlet station flow,
PHI(K), HTP(K).

‘Next, leaving flow conditions from the blade row, PSI(J) [or BTA(J)],
PHI(J), HLOSSP(J), PHIBB(J), SIG(J) are initialized, and start value for
static head at the hub HP(l) is obtained, The radial equilibrium solution
i3 arranged in terms of two iteration loops: (1) head-loss calculation, and
nested within, (2) radial equilibrium and flow continuity calcéulation., The
continuity-requirement and head-loss revision calculations are performed in

MAIN, with dependent ¢alculations made in subroutines RUNCKI, RUNCK2, LOSS, .
and FIT1D. z

‘ -
m ek - oF p—
INE. Ao

)

e e hamm ame B e
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To satisfy continuity, up to five sets of three tries for HP(1l) with
corresponding radial equilibrium solution and normalized stream function
error,

EPS(K) = YYB(JLIM) - 1
are attempted, The normalized stream function YYB is obtained by quadracure
of the local flow coefficient using tnapezoidal.rnles. . (Trapezoidal rule is
also used to obtain other quadratures wherever required in the program.)
Each EPS(K) is compared with the given tolerance value, T¢. On the basis
of three solutions within a set, the best estimate HP(1l) for. the next set of
three tries is interpoiated for zero stream function error (XEPS = 0) in
FIT1D.

In the head-loss calculation loop, the absolute value of the difference
in previous HLOSSP(K) and YHLOSS(K) loss distributions is compared with the
given tolerance value T, . To revise the loss distribution for the next

i

loss calculation iteration‘the following equation is used:
HLOSSP(K) = HLOSSP(K) ;4 + XJOE [YHLOSS(K) - HLOSSP(K) ,,] (14)

in which XJOE is a variable "'damping" factor.
Finally, for multiple blade row calculations, the determined leaving
flow parameters are transferred streamline by streamline as reference tables

for the flow entering the following blade row:

XI1B(I) = XI(I), XLMIB(I) = XLM(I), PHI1B(I) = PHI(I), HTP1B(I)

= HTP(I), PHI1BB(J) = PHIBB(I), (15)

Note that these data tables act only as reference for the inlet flow [as

functions of the PHILBB(J) table] to the next blade row. The inlet flow

corresponding to the bladé¢ exit streamlines is determined in the course of

by et Al Ty AR P

* o vty A 3w
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radial equilibrium solution. for the next blade row by reference to the data

in Egs. (15).

r Program MAIN Variables

A - leaving whirl coefficient at rotor hub, or difference between ideal
_ leaving total head coefficient and whirl dynamic head coefficient
= at rotor hub

D . the radial distance between streamlines leaving blade row, d
DD D/2
EPSP increment in estimated static head coefficient at hub
I a streamline index - »
IIN card reader reference number -
) I0UT printer reference number :
J input table index %
JLIM number of streamlines, j1im ; P
JPX number of pairs of hub static head coefficient and streamline I

function error interpolated.to. obtain improved estimate of hub
static head coefficient

JQ stated dimension size of all computed blade-el:ment arrays ;

K. 2n index |

KK . JLIM-1

KLIM number of radii at which blade design specifications are given

KLIMP numbgr of .D-factor .or Deq values in less correlation ;
tables : :

KN radial equilibrium and continuity solution index . v ' ?

KNCT radial equilibrium and continuity total iteration counter :

LI input table index ;

IL input table index ‘

LLIMP number of spanwise positions at which loss correlations are supplied

LLX LOK %

. g e e i S - - il iiiiinaiiinhind - Pt ————y gl
jow A - it [y sy N i - ey

i Wi , — [
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LOK

PHIBBS .

PJLIM
STANO
THL
TIFLOS
TPHI
TYPLOS

TYPNO

XEPS

XJOE
XPHI
XX

YHP

YSTANO

Program MAIN Arrays

20

loss iteration index

machine average inlet flow coefficient
machine nondimensional flow rate

axial computing. station number

head-loss iteration tolerance, T

head-loss correlation table input indicator
flow continuity iteration tolerance, Ty
head-loss correlation table type indicator
blade row type indicator

read and c¢all list variable

interpolate to determine estimated hub static head coefficient for
zero stream function error

JLIM - 1

damping factor for estimated head loss revision | aat
initialized value of leaving flow coefficient

read and call list variable

interpolated estimate of hub static head coefficient for zero
stream function error .

axial computing station number

BTA
BTAP
BTAL
BTALP
DEQ
DEQB

DFAC

PTSR

leaving absolute flow angle, Bz
leaving relative flow angle, Bé
entering absolute flow angle, Bl
enterirg relative flow angle, Bi
D 1

€q

input table of D

eq

diffusion factor, D

AR
. - .
-,

e T e o mm———— g, e



DFACB
' EPS
HLOSSP
HP
HTP
HTP1
HIPIB
oMG

OMGB

PHI
PHIBB
PHI1
PHI1B

PHI1BB

PPHFTB.

PSI
SIG
THACB
VPUT.
vuT
V1PUT
V1uT
XI
XI1

XI1B

— ""‘7”’=£¢““
IR -t

L
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input table of D

normalized stream function error

h*
2
3
input table of H at machine inlet station,or H

*
1

%
reference table of H{

*
2

H

EJ —
W cos Bé
2c

nondimension flow rate between hub and given radius at machine inlet
station .

input table of

input table of ®; at machine inlet station, or 4,
blade row exit station stream function, v

%

reference table of ¢1

blade row inlet station streéam function, v

input table of % Pass. Hgt.

wi

o

input table of (G/c)2

Vé/Ut

Vol Ue

Vi/Ut

v1/Ut
input table of £ at machine inlet station, or §2

51

reference table of §1




X1LM1
XLM1B
XLM1P
Y
YHLOSS
YS
YSIG

YXI

22

reference table of kl
1
kl
read variable for ¢1 and BZ
#
latest estimate of H{

%*
estimates of hz,h
input table of ¢
input table of §2

blade row exit station stream function, Vv

i X TP e PR

e~ Mot .

i
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IIN = X a3
OUTs XEPSewo.
Q=1 =0

PHIBM(T) = © X » Xt

L FIT
! PHIB(K) = XX 0O K =1, Jum
CALL FITID .
EEAD: JUM, TPHI, THL | HTPIB(K) & XX

PIK) = P(K = 1) + IXIIBK) x PHITY
et 'k B 3y 0O K =2, JUM

[warte, i, Thhr, AL ]
1

READ; KLIM [XIK), PHI(K).
P(K), K = 1, K LMl

PHIBS ¥ 2 x ruufw(ouum.wn’

‘ : PILIM = P(JLIM)

MTE:  XI(K), PHI(K), WRITE: PHINS
HTMK), K = 1, kLM —

i - ) i B . 1
PHIBN(K) = P(K)PILIM DO K = 1, JUM

XI18(1) = XI(1) .
Xn8uM) = ? XIKUM) )
XUMIB(1) =

XlMIl(JLIM) ..
XJ = JLM =

D -m(xum) - XI()YxJ te "kentify first biade row"
A

1
-y

m X18(K) = XIII(K -1)+D
XlMll(K)

Flow Chart 1. Program segment ‘'Input limit parameters and calculate inlet
station flow conditions'" of program MAIN.

g
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-

from “input limir parameters..."”
———1————

READ: STANO, TYPNO,
TYPLOS, TIELOS = 0

WRITE: STANO WRITE: STANO
(Roter) (Srator)
— . ,3

WRITE:  PPHETB(J), READ: KUMP, (DEGB(LL) READ: KUM®, LLIMP '

I=1, LLive THACHAL), LU= 1, KLIMP) ey

| ____.._...‘ L e |
1 — READ: DFACA(LL),

WRITE; DEACH(J), WRITE: DEQB(LL), LL = 1, KLMP [PPHFTB (L), <

[OMGH(J, K), THACMLY, LL = §, KLimp OMGMLL L)) O L= 1, Ki :

Ke1, Llime] . I L =1, Llwme - N

READ: KLIM, CYXI(K), Y(K), ,
YSIG(K), K = 1, KLIM}

’

nODE! 2
L
'f[

! .

WRITE: design conditions WRITE: dovign conditions K

(Retow) (Stator) ;

T ) T ¢

-—*r——-—

te "Corwuts hinde row design .
sonditions ... " '

Flow Chart 2. Program segments '"Identify first blade row" and "Input loss
tables, blade-row design condition tables" of program MAIN. )
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from "Identify first blade row"..,

D = [YXI{KLIM) =
05 =[Yo/§ ) = YXI{(1)1/XJ

XI(JLIM) = YXI(KLIM).
XI(1) = YXIi(1)

)
XI(J) = X§(J = 1) + D DO J =2, KK
" )

XPHI = 2 x PJUM )
XIUUMITZ = [XI(1)]2: s

X = XI(J)
CALL FITID

#1
TYPNO T

1

DO J =1, JLIM PSI(J) = XX BTA(J) = XX/57.3

T _F -

CALL FITID
. SIG() = XX

: PHI(J) = XPHI
HLOSSP(J) = 0

‘ 7 - — -
PHIBB(J) = PHIBB(J = 1) + [XI(}) x PHI(J) + Xi(J - 1) - ; '
x PHI(J = 1)] x DD/PJILIM DO J =2, JIIM {

o o—

to "Radial equilibrium solution,.." - H

Flow Chart 3. Program segment "Compute blade-row design conditions and M
initialized lea:tr. flow conditions" of program MAIN,

k2 e A
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from “Compute blade fow design condltions,,."

h___.‘ !
LOK = | - A1
KNCT = 0 JYPNO
/ < C 'L !
- LLK = LOK A = (PSI(1) + XLMIB(1) x XI18(1 )
EPSP = 1 A‘E{TPI(BzI;«\ psm§ 113(/2 M/

W HP(1) = HIPIB(1) ~ HLOSSP(1)
HP(1) = A - HLOSSP(1) - EPSP ~ [PHI(1)/COS(BTA(1§12/2
~ EPSP = [PHI(1)]4/2

- ]

KNCT <« KNCT + |

)
TYPNO e

CALL RUNGK! CALL RUNGK2
1

!
EPS(K) = YYB(JLIM) = 1}

. — 0
DOK=1,3 N N ’” —_—

DOKN=1,5

20 . !
YS(K) = HP(1) EALL RUNGK! CALL RUNGK2
HP(1) = HP(1) + EPSP

1

WRITE: final stream
fen, distribution obtained

~1

to "Compute losses and revise loss
distribution”, .

EPSP = 04
CALL FITID
HP(1) = YHP = PSP

HP(1) = HP(1) + EPSP
WRITE: continuity
failed

Flow Chart 4, Program segment "Radial equilibrium solution for blade row
leaving flow with existing loss distribution" of program MAIN.

'3 e - Riaagr=tar -~
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from "Radial equilibrium solution. . * .
YYB{JLIM) =1
1 24
[T 2
/ WRITE: *sTALLED| , <O A0~ ‘ 3
- FLOW = ABORT" ' 00 J =1,
>0 JLIM XIOE = .5 XJOE = 7 XJOE = 1
‘ L 3
PHIBB(J) = YYB(J) ‘ )
. ——————<25 LOK
< 25
CALL LOSS
HLOSSP () = HLOSSP
/ + ) JOE 13 [YHLOSS(I) - HLOSSP(I)]
— IHLOSSP(1)~
DO t=1, JIIM YHLOSS (I DO L= 1, JLIM
= - THL ”
<0 . " L
. WRITE; 1oss solution LOK <+ LOK + 1. i
SRR S, failed to converge ] i 3
T WRITE: LiK, KNCT -
CALL OUTPUT g
-.-— — X X 3 5‘
Y
37
READ: YSTANO, TYPNO, :
v TIFLOS, TYPLOS Z
N i
SN :
i

e ke

YSTANO

STANO = YSTANO

X1s(1) = Xi(1)
XIMIB(I) = XLM(1)
PHITB(I) = PHI{ DO 1 =1, JLUM.
HTP1B(1) = HIP(l)
PH{1BB(!) = PHIBB(I)

.

©

Flow Chart 5. Program segments "'Compute losses and revise loss distribution,"
"Compute additional results and print answers," and "Read
" next problem and transfer leaving flow results (if neccessary)
as mput to next blade row" of program MAIN (concluded)

.—-‘.(n_-. iy e — ‘-"I"
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Subroutine RUNGK1

This subroutire determines the radial equilibrium solution for a rotor,

-

i,e., Y(J), HTP(J), and YYB(J), given the entering flow conditions, head-loss
distribution HLOSSP(J), ﬁrior continuity solution stream function distribution
PHIBB(J), and initial_wvalue static head Y(1). This solution is obtained. by
integration of Eq. (2), using constant streamline radial spacing, d, across
the annulus and a fourth-order Runge-Kutta methodB, and by accounting for
streamline shift across the blade row.
A total of jlim streamlines is used, equally spaced .from hub to outer
casing at station 2 (blade row leaving flow). In the integration process, -
a '"working’ radius X is used; interpolations. at X for PSIS and prior solution
\ stream function valuc XPX are made, followed by interpolations XI1S at XPX
‘ and XIM1S, HTP1S at XI1S. Leaving whirl XI.MS is computed from Eq. (3a).

Z is the "working" right-hand side of Eq. (2) during the integration process.
2

stream function Vv, (until continuity is satisfied).
& .

Y and YY correspond respectively to h and @2, and YYB is tentative normalized

Note that YY on a streamline is arbitrarily set equal to zero if flow ?
reversal tendency is indicated by the square of YY being negative. Aalso, as
is necessarily the case, the Runge-Kutta procedure must satisfy the
continuity requirement (as a boundary condition) exterior to the integration
process itself. This in effect linearizes Eq. (2) during any one integration
across the annulus; in this case the Runge-Kutta form is analogous to

. 8
Simpson's rule

RUNCK1 Variahles

e

c1 coefficient in Runge-Kutta formula for integration of Eq. (2)

cocefficient in Runge-Kutta formula for .integration of Eq. (2) 1

R . .
e a s el M — iy A
—

JaVE N ——



coefficient in Runge-Kutta formula for integration of Eq.

d

.

W
1

printer reference number

streamline index

number of streamlines, jlim

branching index

normalizing factor for stream function

right-hand side of Eq. (2)

RUNCK1 Arrays

HLOSSP

HTP

HTP1

HIP1

PHLIBRE

PHI1BB

ISl

Xl

reference talle of HI

blade row exit station stream function, V

blade row irnlcet station stream hmetion, V

e
- .
———

PRI
-

s g
P D LTS SR SRS RN s SPIe - ma— (o - -.-";

™

(2)




reference table of El
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M

reference table of Xl
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!

Jm=t
YY8(l) = 0
CamD x2Z a
Y(J ¢+ 1) e YU) + €1 |
¢4 xC2¢ CAYS 1
Je) s+ X = Xi0)
a=
L r —)
2
' CALL FITID re interpeiates
SIS
XPX
X1S{XPX)
XLMI15(X115)
HTP1S(XITS)
XLMS @ (PSS + XIS x XEMISW/X.
T+ (XIMSH/X
HTPI(J) = HTPIS . C2mDx2
XII(JS - XIS X = Xi(J) + D
XLMI(J) » XLM1S a=é
XLM(J) = XLMS

HTP(J) = HIP1S + PSIS
- HLOSSPSJ)
YYU) = 2 x (HTP(S) - Y(J)]

~_(xums)2
O
=0
i i
YYuy =0 Yr() - (ryp V2 _ %
L =— :
. ! ’i 1) = YYBQ = 1) ¢ (XI(J) x YY) *
A et <P "mu(u)- 1 -(wu ! m -(r)n;/wv; 4
T ‘
4 JUM
JuMm

e

CleaDx 2
X = Xi{J) ¢ DD _.®

i

MY
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Subroutine RUNGK2

This subroutine determines the radial equilibrium solution for a stator.
The same approach to the solution is made as in RUNGKl with the following
exceptions:

1. leaving whirl XLMS is computed from Eq. (3b);

2. design specification is BTAS (instead of PSIS);

3. additional. interpolation PHIS is required [from previous solution

PHI(K) with continuity satisfied (array S)].

7
RUNGK2 Variables (for remaining variables see RUNGK1) §
BTAS 5, f
K streamline index 3
PHIS ¢2 }
i
RUNGK?2 Array :
S previous solution ¢2 .
v g—-m;" m — ' bﬁ — oA, >
- .. " . . .- 'f-‘““ﬂ ' v L] . . . . . "
) Ul L T Ll o e e e e e s N :',‘.,-..:_,-; o : \
v v — s b . . --Lu-r e M‘

oo St AR B @ o gt



I

I =

YYB() = 0

Cé=DxZ
YO + 1)+ () + (€1 .
MR O $(K) @ YY(K) DO K =1, JUm
Je )+ ‘

H

|
X = XI(J)
a =)

CALL FITID to interpolate:
BTAS(X)
PHIS(X)
XPX (X}
XNS(XPX)
XLMIS(XI1S)
HIPIS(XI1S)
XLMS = PHIS x TAN(BTAS)
Z = (XIMS¥/X

HTPI(J) = + TP1S C2eD x 2

X1(J) = X|1§ X = Xi(J) + D

XLMI{J) = XLMIS a=é

XIM(J) = XLMS

PSI(J) = 0

HIP(J) » «(TP1S = HLOSSP(J)

YY(J) = 2 x (HTP(J) - Y(J))
- (XLMS)2

<0

1 0
YYU) » 0 YY(J)otYY(m‘ﬁJ
L

P A Wty e din . KA it 812 s okl . oa

A1 | yya()) e YYB( = 1) 4 TXHJ) x YY(J)
+ X1 = 1) x YYU = 1)} x OD/YYYB

J

J\f JUM

UM, )

Cl=Dx 2
RETURN X = XI(}} + 0D ——@
a=4

Flow Chart 7. Subroutine RUNGK?2.
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Subroutine 1.0SS

This subroutine estimates the new blade-element head-loss distribution,

YHLOSS(J), based on flow solution for the blade row satisfying radial

equilibrium and continuity requirements. Head losses are computed using either

Egqs. (8) and (10), involving interpolations (FIT1D) Y at X, i.e., (G/c)2
as function of Deq’ or using Eq. (10), involving interpolations.(FIT2D)
OMG(J) at DFAC(J), PPHFT(J). To obtain X and DFAC(J), using E&é. (7a)
and (7b), additional velocity -triangle results [i.e., interpolations
PHI1(J), angles BTAl(J), BTA(J), BTAP(J), relative whirl coefficients,
XIMIR (J), XLMP(J), and diwmensionless velocities V1UT(J), VUT(J), VIPUT(J),
VPUT(J) are computed by the subroutine.

Blade-row typé (rotor or stator) and head-loss type calculation are

indicated by TYPNO and TYPLOS, cespectively.

1.0SS Varigbles

CcX - coefficient in Eq. (7b)
CY coefficient in Eq. (7a)
C3 intermediate regult in.evaluating Eqs. (8) and (10)
C4 intermediate result in evaluating Eqs. (8) and (10)
C5 intermediate result in evaluating Eqs. (8) and (10)
FH2 blade element wake shape factor
10UT printer reference number
J streamline index
JLIM nuiber of strcamlines, jlim
L TYPNOQ
PHL1S ¢1
TYPLOS head-loss correlation table type indicator
o
N e s o ";’2'; laal T '

PR PO




blade~row type indicator

- F
oF By ¢ 7 5w

D
€q
§1

F -

(°2,t g2,h.)

/ey,

LOSS Arrays
BTA.

BTAP

BTAl

BTA1P

DEQ

DEQB. reference table of Deq
DFAC diffusion factor, D
DFACB reference table of D

PHI

S Lo B e i o

PHT1 ¢l

FERISUEE

PHI1B reference table of ¢l
o cos B!

OMG ( =), or

260
PRHFT 7% Pass. llgt. for blade-row exit station
PPHFTB reference table of % Pass. Hgt.

PPHFT1 7 Pass. Hgt. for blade-row inlet station
THACB reference table of (9/c)2

VPUT Vé/Ut
vur VZ/UL
viruy v‘llut
viut




~

XTIl

XI1B

XLM

XLMP

XIM1

XIM1P

YHLOSS

36

51

reference table of §1
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"

S

XNS = X1
CALL FITID
PHII() = PHIS

!

BTAL() = tan~! XWMILY)
PHITU.

BTA(J) ® tan~! XMU
PHI{J)
VIUT() = PHIT())/COS BTAI(I)]

VUT()) » PHI{HACOS (BIA(N)]

oouv,uwl

|DO J=1, LM I

TYPNO £ —~' -
2] X = 60 .
CY =1
XUMIPU) = XI(J) = XLMI())
8; °c i“ XIMPLY) = XI(J) = XLM(J)
XUMIPL) = = X1 STAIP(J) = ron”! XUMIPU)
XUMP(J) = « X))

DO S=1, JUM I nup((}) .= AT PR 50 J=1, Jum
VIR O = VIONE) -1 XUMP()
VPUT(J) = VUT() . BTAPL) = tan ™ =5

VIPUT()) = PHITQ)ACGS BTAIMI)Y
VPUT(J) = PHI())/COS [BTAP(J)}
- | |
PPHFTI(J) » [XI1(JLIM) = X VIXT LMY ~ X11(1))
PPHET(J) = XI(ILIMY = XH{J)IAXI(ILIM) = XI(1)]
- m.ng ) + CX_x2osrap()) 2 E .
oAU = Tagrry (-1 SIG[) x PHIT(D Uiy FWMIPE) = XLa)
DFACL) =1 « YPUTU) | ey XIU) x XEMPL) = XIT() x XUMIPE))
VIPUT() DALY + Xat(3)] % SIGUY x VIPUL(Y)
—Q\vnos
gl:ALL mzol /o
X = DEQ(J) .
CALL FITID 2 -
YHLOSS(J) = 2% FH2 X Y % SIGU) x (PHN())" (| | FHZ x ¥ x SIG()
(3 x FH2 = 1) COS{BTAP(NIY COS{BIAP()) DO J =1, Jum

omG(

2 x YHLOSS(J)
e
I N2V (F3))

oMG()e 2

YHLOSS(J) =,

x SIl;(J) x OMG(J !

TCOLMAP(]
3 x OMGUI(VIPUT()

DO J ' s LM l
N

Flow Chart

8. Subrout

ine LOSS.

RETURN

L Ew -
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Subroutine OUTPUT

This subroutine prints out the computed blade-element results for a

-~

blade row, Reaction, actual head-rise cocefficient and hydraulic efficiency
are computed from Egs. (11), (12), and (13). Also loss parameter is computed
for printout,

Subroutine MAVE is called to obtain mass-averaged results,

‘ QUTPUT Variables

DD one half the radial distance between streamlines leaving blade row
IOUT printer reference number
L
J . ‘streamline index . 7
JLIM number of streamlines, j s
lim ;
K streamline .index '
_ TYPNO blade~row type indicator

OUTPUT Arrays

e A ot N s

BTA 82‘

t o
BTAP ) 2 O U — ‘
BTAL Bl ' :
BTALP Bi
DEQ Deq
DFAC diffusion factor, D ,
EFF i
HLoSS® 1

1P

el

HTP

- AN " .

C
- . L e . ek — gy e
- —

e v o ol e L el o
7

B s T (R A | B s 2 A ot S (A . ey -
. "




% Pass. Hgt. at blade-row exit

PPHFTL % Pass, Hgt. at blade-row inlet
PS Y

PsI : llli

+ EwgeriEph s W
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WRITE: heading

K e JUM = J 1
HPI(K) = HTPI(K) = .5 x (IPHIT(K)T? + (XLMI(K)) )
XLPAR(K) = QMG(K) xCOS(BTAP(K)]
2 x SIG(K)
8TAI(K) = 57,3 x BTA1(K)
BTAIP(K) = 57.3 x BTAIP(K).

BTA(K) = 57.3 x BTA(K)
8TAP(K) = 57,3 x BFAP(K)

1

rsi(x),- 0 HP(K) ~ nm(x)
- REACT(K) =« 2 = T71AR)
PS(K-) - ;Sl,’é)KS)SP(K) HTP(K) = HTPI(K)
REACT{X) = 0 PS(K) = PSI(K) ~ mossp(x)
EFF(K) = 0 EFF(K) = PS(K}PSI(K)

T —

[]
WRITE; PPHFT1(K),...

heading

d

K= JLIM =~ J+} .
WRITE: PPHFT(K),... PO J =1, JLIMJ
)

heodind

- ]
Ko JLIM=J4+1 ‘1 a
WRITE: PPHFT(K), ... DO J =1, Jum

)

RETURN

Flow Chart 9. Subroutine OUTPUT.




C4

DD

HTP1S

I0UT

XI1s

XLMS

XIM1S

XPX

YYYB

29

coefficient in Runge-Kutta formula for integration of Eq. (2)
d

D/2

Hl

printer reference number
streamline index.

number of streamlines, j_ .
lim

branching index

normalizing factor for stream function

right-hand side of Eq. (2)

RUNCK1 Arrays

HLOSSP

HTP

HTP1

Hereip

PHLIBB

PHIIBR .

PS1

X1

X1l

pn?

HL

ats
w

H2

| [7':
1

reference tahle of HI

blade row exit station strean function, V

blade row inlet station stream function, V

T e st oo s e -




XI1B

X1M

XML

X1LM1B

XPX

YYB

30

reference table of El

by

A

1

reference table of )\1

2
¢y » or &

vV

2

SR W s s Ko B, R £




Cd=D x2

Y{(Je))e
¢ 4xC2
Je) e

Y(J) + €1

31

!

=i
Y‘.(l(!)-VO

C4)/8

L

HTP!SJ) - HTPIS

XHN(J) = X115

XLMT(J) » XiM1S
XIM(J) = XLMS
HTP(J) = HIPIS + PSIS
- mosspsj)
YY(U) =2 & [HYP)(ZJ - )l

X

M$

=

Yyi)=o

YY{) -

trvun\2

X = Xi{J)
awd

le

CALL FITID te interpelate;

SIS

XPX

X115 (XPX)

XLMIS{XI18)

HIPIS(XITS)
XLMS = ('.555 * XIS x XIMS/X |
T (Xums)é/x

51 hyvas) » Y@ - 1) ¢ DUW) x YYU)
, i ¢ xn(u)- 1 -‘wu . m -( t)w'mw

J

A
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Subroutine RUNGK2

This subroutine determines the radial equilibrium solution for a stator.

The same approach to the solution is made as in RUNGK] with the following
exceptions:

1. leaving whirl XLMS is computed from Eq. (2b);

2, design specification is BTAS (instead of PSIS);

3. additional interpolation PHIS is required [ from previous solution

PHI(K) with continuity satisfied (array S)].

RUNGK2 Variables (for remaining variables see RUNGK1)

BTAS B

2
K streamline index
PHIS ¢2

RUNGK2 Array

S previous solution ¢2




Cd=Dx 2
Y(J+ 1)+ Y2+ 1
+ 4 xC2 1 Ca)e

Je)a

33

=1

YVail) = Q

${K) = YY(K) DO Kk =1,

JUM

T

o |
I

X = XI{J)
ac=l

CALL FITID to interpolate:
BTAS(X)

XIS (XPX}
XLMIS(XI15)
HTPIS(XIS)

XEMS = PH ‘( TAN (BTAS)

HTIPI(J) = +TP1S C2=0D«x 2
XY = XS X = XI{J) + D
XLM1(1) = XLMIS . a=é
XLM{J) = XLMS
PSI(J) = O
—. HTP(S) » +(TP1S ~ HLOSSP(J)

YY(4) = 2 x [HTP(J) - Y(J)]

- (xLms)?

<0
x0
YUy - 0 YY) - vy '/ I
L
! J A1 1 yva() = YYB(S = 1) @ OXICH) x YY()
+ XIS =~ 1) x YY) < 1)] x DO/YYYD

T

J

RETURN

IFlow Chart 7.

Subroutine RUNGCK2.

Ctl=Dx 2
X = Xi{J) + OD ——@
ae=4 -

PORIRI < PRI

R B e v tlinr s 20 el + o et
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Subroutine LOSS

This subroutine estimates the new blade-element head-loss distribution,
YHLOSS(J), based on flow solution for the blade row satisfying radial
equilibrium and continuity requirements. Head losses are computed using either
Egs. (8) and (10), involving interpolations (FITID) Y at X, i.e., (Blc)2
as function of Deq’ or using Eq. (10), involving inte:polatipns‘(FITZD)
OMG(J) at DFAC(J), PPHFT(J). To obtain X and DFAC(J), using Eéé. (7a)
and (7b), additional velocity triangle results [i.e., interpolations
PHI1(J), angles BTAl(J), BTA(J), BTAP(J), relative whirl coefficients,

XIMIP (J), XLMP(J), and dimensionless velocities VIUT(J), VUT(J), VIPUT(J),
VPUT(J) are computed by the subroutine. ..
Blade-row type (rotor or stator) and head-loss type calculation are

indicated by TYPNO and TYPLOS,. crespectively.

3
1.OSS Varigbles i
CX coefficient in Eq. (7b)
cY coefficient. in. Eq. (7a) ;
c3 intermediate regult in evaluating FEqs. (8) and (10) |
C4 intermediate result in evaluating Eqs. (8) and (10)
Cc5 intermediate result in evaluating Eqs. (8) and (10)
FH2 blade .element wake shape factor
I0UT printer reference number
J streamline index
JLIM number of streamlines, jlim
L "TYPNO

PHILS ¢1

TYPLOS head-loss correlation table type indicator
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TYPNO blade~row type indicator
: - F
X Deq % 1 ¢ = 51,1
/ XT1s. §l
XX (’éz,t - gz,h)
Y (6/c),

LOSS Arr ays

BTA 52,
1
- BTAP B
BTAL Bl
BTALP gl .-
1 .
DEQ Deg
DEQB reference table of Deq
DFAC . diffusion factor, D % Py
DFACB reference table of D ¢
PHI ¢2 é
1
PHIL Q‘)l 1\
PHILB reference table of ¢1 A
W cos Bé ' g
OMG (T) »or
PPHFT 7% Pass. llgt. for blade-row exit station

|
%
3
?

PPIFTB reference table of % Pass. Hgt.

PPHFT1 7 Pass. Hgt. for blade~-row inlet station

THACB reference table of (Slc)2
. '

VPUT VZ/Ut

vuT V2/UL
LI 1

Viput VI/Ut

viur V. /U




X11

XI1B

XLM

XLMP

XIM1.

XIM1P

YHLOSS

51

reference table of §1

Ay

'
X2

M

1
Xl

ate
W

fy

36
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|

y |

XS = X11(J)
CALL FIT1D
PHII() = PHIIS

STAI() = ton™! XU |oo Je, am I
PHITL) —

STA(J) = tan”! XMU)
PHII)

VIUT() = PHIT(J)/COS (BTAT(N].
VUT(J) « PHI()ACOS [BTA()))

ea

-

& i -
2 CX = 81 )
CY el R
XURIP(J) = XI(J) = XLMI(J) . )
g’; ao XIMPLJ) = XI(J) = XUM(J) -
XLMIP() = = XLMI(J) MIAIP(L) = ton”) XLMIPU)
XIMP(J) ® = XWMm())
0O J=1, JUm N’AIP((J)) - - BTAT() PHI(J) DO J =1, JUM ‘
\'ITIAPPU(TJ()J). -\’{31(‘(,1)) -1 XUMP()) -
VPUT(U) = VUT() BTAPU) = ton " S :
VIPUTL)Y = PHITUACGS TBTAIN()Y A
VPUT(J) = PHI(J)/COS [BTAP(J))
L |
!
PPHETI(J) = [XI1(JLIMY = XET(VAXN(ILIM) = X11(1)] 4
PPHET(J) = [XI(JLIM). = XHJ)IAXIQEIM) = XI(1)] ; n
» YIPUT() Cx 2205 BTAIPUY) T - X1 . ;
l°° J=1, Jum PEAM) = Thorar 1 * TG0y x PAD Uy TWIPOY = Xuveu i
DFAC()) = 1 - YPUTU) oy XILJ) x XEMP() = XI(H x XLMIP(]) !
VIPUTOY 0 gy + Xit(d)] x SIGU) x VIPUTL) .

LOS,

A\

CALL FIT20 /o g
X = DEQ(J) . :

CALL FITID 2 - {

YHLOSS()) = LA FHZ XY % SIGU) x [PHIL())" () | FN2 x Y x SIG()) {

(AxfH2 = 1) COS[IIAP(J\]3 COS[BTAP(.)) DO Js 1, JUM

2 x YHLOSS() -

OMG(J)) = .___7_(.1 .

@ = Nwoion 3

i

2 x SI3(J))_x OMG())

COS5(8T1AP(J)) lDo a1, LM I : '

YHLOSS(J)) =.5 x OMG)x (VIPUT(I))

OMG()) e

RETURN

Flow Chart 8., Subroutine LOSS.
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Subroutine OQUTPUT

| This subroutine prints out the computed blade-element results for a
blade row, Reactiomn,. actual head-rise coefficient and hydraulic efficiency
are computed from Eqs. (11), (12), and (13). Also loss parameter is computed
for printout,

Subroutine MAVE is called to obtain mass-averaged results,

; CUTPUT Variables

DD one half the radial distarice between streamlines leaving blade row
I0UT printer reference number
J -streamline index E
JLIM number of streamlines, j.,

lim
K streamline index

R Y

TYPNO blade~row typeé indicator . Ve

N L
-k’

QUTPUT Arrays

BTA B,
BTAP . B} | :
BTAL Bl :
BTAL? N
DEQ Deq
DFAC diffusion factor, D
EFF n ..
HLOSSP u;
i} up h; ‘A
npl h'lj
P n'2

€ . . ; - - [
- 1] L .

- ]

NN
i i L e e sl . - -x-%--s‘_ - —

——— ol

" ™
e il o T (O e o gt g i e S (A - v ooy
. W

!./ s N LA
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HIP1
oMG
PHI
PHIBB
PHI1
PPHFT
PPHFT1
Ps
PSI
REACT
SIG

XI

39

% Pass. Hgt. at blade-row exit
% Pass, Hgt. at blade-row inlet

v
i

g
g
A
A
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!

WRITE: heading

K® JLIM = J + 1. 2 2
HPI(K) = HTPI(K) ~ .5 x (IPHIT(K)I® + (XLMI(K}1*)
XLPAR(K) = OMG(K) xCOS{BTAP(K)]
) 2 x SIG(K)
BTAI(K) = 57,3 x BTA1(K)
BTAIP(K) = 57.3 x BTAIP(K)
BTA(K) = 57,3 x BTA(K)
BTAP(K) = 57.3 x BIAP(K)

DO J=1, JLIM

)

PSI(K) = 0 ' HP(K) = HP1(K) '
- REACT(K) =
PSfK_) - oS Y= ety = e ) ,
REACT(K) = 0 PS(K) = PSIK) = HLOSSP(K) |
EFF(K) = 0 EFF(K) = PS(KYPSI(K) ;
T -

-1 g

WRITE: PPHFT1(K),...

WRITE: heading

- |
K= JLIM ~ J 41 .
WRITE: PPHFT(K), ... DO J=1, JLIMJ
]
WRITE: heading
— B
K= JLIM = J+1
WRITE: PPHFT(K),... 00O J =1, Jum
‘ .
i
CALL MAVE
I RETURN

i

Flow Chart 9. Subroutine OUTPUT.
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Subroutine MAVE

' Local mass-~averaged values of blade-element results across the annulus

are obtained for actual head rise, ideal head rise, and hydraulic efficiency.

MAVE Variables

-

DD one half the radial distance. between streamlines leaving blade row
IQT printer reference number
J streamline index j
JLIM number of streamlines, j :
lim L
K branching index :
PJLIM machine nondimensional flow rate .
i
TYPNO blade-row type indicator 3
- -
U ) :
2 ]
v Y !
W ¥y :
X 1/PJLIM
z M
- MAVE Arrays
by quantity to be mass-averaged
B PHI ¢2
PS U
PSI ¢i
S quadraturc reésult

X1 §2
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r

/ &
) U = 2 x pam/(Dxioum? - (xam?)
1 2
K ks
. DO J=1, JUM ’
PUY = PS(J) PL) = PSI(J)
- DOK =1, 2
() = 0 :
[ ] -
DO J =2, JUM SQ) = S(1 = 1)+ D) x PHIUY x P(J) & XI(J = 1). X PHI(J) xP{J - 1)] x DD
‘ .
' 2
o
» 1
V = X x SULIM) W o= X x S(JUM) ‘ |
ﬂ\\',
£l AN !
\
I=0 2=V i
1 !
!
- WRITE: U, V, W, Z :
3 ‘.
. RETURN
i |
; i .
‘ Flow Chart 10. Subroutine MAVE, - s
.3‘
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Subroutine FITLD

Interpolation for Y(X) is made based on 3-point Lagrange polynomialss.
Reference data are tables YB, XB, where XB elements are monotone nondecreasing
and JP is the number of point pairs (XB, YB). The interpolate X is
bracketed .(if possible) by three neighboring elements of XB, WARN = 1

indicates extrapolation of XB array.

FIT1D Variables

I0UT printer reference number

J streamline index

JP number of point pairs (XB, YB)
L streamline index

WARN extrapolation indicator

X interpolate

X0 XB value bracketing X

X1l XB value bracketing X

X2 XB value bracketing X

Y interpolated answer at X

FIT1D Arrays

XB reference data table

YB reference data table

SN SR A G e

RS-

,!




es—@

-~

\» WARN = O

A ]

WRITE: error
message

»B(1) s |
<X WAR:I =\

‘x DO L =3, JF

WARN = 1

|

X0 = xséL -2
X1 = XB(L =~ 1
X2 = XB{L)
- (X = X)X = X2) -
Y=o X=Xy ok
¢ X=XDX = X0 ygy oy

(X1 = X2)(X1 = X0)
+ X = X0 (X = X1)

X7 = XOZ = KTy TV
. 1
. |

RETURN

I'low Chart 11. Subroutine FIT1D.
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Subroutine FIT2D

Interpolations for Y(X, Z) are made, JL in number, based on 3-point
Lagrangian polynomialss. Similar procedures are used for bracketing and
interpolating, »nd like restrictions are placed on elements of XB and ZB as

in FITID. WARN = 1 indicates extrapolation of XB and/or ZB array.

FIT2D Variables

I . index
I0UT printer reference number
1P number of elements in XB array \
J index
JL . number of interpolations requested B
JP number of elements in ZB array ,
JqQ dimension size of Y array ;
/ K index N
/‘é‘ L. index E
// - M index :
=4
N interpolation. index
WARN extrapolation indicator
- - X0 XB or ZB value bracketing X or Z
X1 XB or ZB value bracketing X or 2
X2 XB or ZB value bracketing X or Z
Y0 YB clement ar bracket point (XB, ZB)
Y1 YR eleme&t at bracket point (XB, ZB)
Y2 YB element at bracket point (XB, ZB)

Phdhh A L
- « N
g R LA e eem e y—
N R gy u
g * - ™y g
- o e - el B . -
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FIT2D Arrays

X

XB

Y

YB

YST

ZB

interpolate -
reference data table
interpolated answer
reference data table
intermediate interpolated Y
interpolate

referénce data table

~

-
- W

s e v AN . - ¢ rmtd— cnwtt .. B !
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WRITE:  orrar
monage

—

xo-ZI)J-Z) ‘
X1 = 201 = 1) i
X2 = 2() i
o] '

i | 3
Le|+K 4
vo--vm-s.;-z; t
'l . YRl -3, J- 1 i
Y2 « V(L = 3, N) 2

00 K113

o« GRS g G0 syl

o [Z(N) = X0NZMN) = X1] vq
= {X2 ~ XO)X2 =~ X1}

q
1
’ 1
| . N
L - 1
X0 ® XB(l = 2)
X » X!%l -1 [
. B x2 = xa{) 3
iy o XN = XUIXUN) 2 X2] ygqqy o [RON) = X2)XIN) = X0 oy
X0 = XT)(X0 - X2) X1 = X2)(X1 - X0) j .
o TXIN) = XOIXIN) = X1 oy g,
(X2 - X062 = X0

L 1

RETURN

: Ylow Chart 12, Subroutine FIT2D.
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APPENDIX A

Fortran Computer Program Listing

MAIN PROGRAM
T T T I I T T

OO0

COMMON _
L1JLIMeDsIIN, TOUTKP¢LPyYHLOSS(11),YS(3),YSIG(11D,
2YXI(11) yXI{(11)gXILB(11)¢PSIBBCLL) ,XLMIB(LL) 4HTPLELL),y
3HLOSSP(LL)PSTC(1L) yXI2(1L)sXLM(LL) DFACCLL),EPS(3),
4HP(L1L1)4HTP(L1) 4HTPLB(LL)4P(11)4sPHI(11)4PHIBB(1L),
SBTA(L11)¢PHILB(11)yPHILIBB(LL) ¢ SIGELL) o XLML(LL) 4PHIL(11)
. COMMON OMGB(12,6)
) DIMENSION
= ’ 1Y(11) 4BTAP(11)¢BTAL(11),BTALP(11),0FACB(12)OMG(11),
2THACB(12)y PPHFT(L1) 4PPHFTL(11)4PPHFTB(6),XLMP(LL),
3XLMLP(L11) yVUT(11) ¢ VIUTC(11),VIPUT(LL) VPUT(LL)4YYB(1L),y
4DEQ(11),DEQB(12)

INPUT LIMIT PARAMETERS AND CALCULATE INLET STATION
FLOW CONDITIONS
SET UP TABLES OF RADIUS VALUES AND ZERO WHIRL
ITERPOLATE FOR TABLES OF RADIAL DISTRIBUTIONS
OF FLOW COEFFICIENT,TOTAL HEAD; CALCULATE
TABLE STREAM FCN. OISTRIBUTION : g

OCOOOOOOOOO0

IIN=1

10UT=3

JQ=11

JPX=3

XEPS=0

P(1)=0

PHIBB(1)=0
READ(IINGL)IX,TPHI o THL
JLIM=X

WRITE(IOQUT,20)
WRITE(IOUT921) Xy TPHI,, THL
READ(IINs1)X

KLIM=X
READ(IINGLI(XI(K)gPHI(K) sHTP(K) gK=1,KLIM)
WRITE(IQUT,22)
WRITE(IQUT,23) .
WRITE(IOUT$24) (XI(K)oPHICK) ¢HTP(K) 4K=14KLIM)
XI1BC(1l)=XI(1)
XI1BCJILIMI=XTICKLIM)
XLMLB(1)=0

XLMLIBCJILIM)=0

XJ=JLIM-1
D=(XI(KLIMI=-XTIC(L))/XJ
DD=.5%D

KK=XJ

|
i

' . R Il -
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D0 2 K=24KK
XI1B(K)=XI1B(K-1}+D
2 XLM1B(K)=0

D0 60 K=14JLIM
X=XI18(K)
CALL FITID(X ¢XXoXI¢PHIKLIMyWARN,IOUT)
PHIL1B(K)=XX
CALL FITID(X o XXgALyHTPoKLIMaWARN,IQUT)

60 HTPLB(K)=XX
DO 61 K=2,.JLIM

61 PIK)=P(K-13+(XI1BIK)*PHI1B(K)+XI1B(K-1)*PHI1B(K~-1))*DD
PHIBBS=2.%P(JLIM)/(XILB(JLIM) XTI IB(JLIMI-XIL1BC(1)*XI1B
e
PJLIM=P(JLIM)
WRITE(IOUT,240)PHIBBS
d7 62 K=l,JLIM

62 PwilBB(KI=P(K)L/PJLIM

[DENTIFY FIRST BLADE ROW

READ{IIN,1)STANG,TYPND,TYPLOS
TIFLOS=0
202 IF(TYPNO-1.027426,427
26 WRITVE(IOUT,25)STANO
GO TO 209
27 WRITE(IOUT429)STANC

INPUT LOSS TABLES:BLADE ROW DESIGN CONDITION TABLES

209 IF(TIFLOS)203,200,203
202 IF{TYPLOS)288,28,288
200 IF(TYPLOS)312,301,312
301 READ(IINgl} XyXX
KLIMP=X
LLIMP=XX
DO 601 LL=1,KLIMP
601 READ(IINyL1) OFACB(LL)¢{(PPHFTBILI),OMGBILL LI LI=1,
1LLIMP)
28 WRITE(IOUT,42)
WRITE(IOUT,43)
WRITE(IOUT 144) (PPHETB(J) 4 J=19LLIMP}
DO 445 J=1,KLIMP
445 WRITE(IGUTy45) OFACB(J),(OMGB(J oK) oK=1,LLINP)
GO TO 201
312 READ(IIN, 11X
KLIMP=X
READCIIN; 1) (DEQBILL) ¢ THACB(LLI JLL=1KLIMP)
288 WRITE(IOUT,42)
WRITECIGUT ,430) (DEQBI(LLY yLL=1 ¢KLFMP)
WRITECIOUT,431) (THACB(LL) yLL=1,KLIMP)
READ(LINg L)X
KLIM=X
READCEIN, LICYXEC(K) o YAKD oYSTGUKD oK=L oKLIM)
IF(TYPNU=1.)48459,48

™
o
[

P L N

D o et L M

R i e
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OOOOOOOOOO

59

48
49

65

&4
63
67
66

666

51

WRITE(IQUTY 4461}

GQ TO 49

WRITE(IGUT,51)

WRITE(IOUT 94 7) (YXIU(K) o Y(K)oYSIG(K)yK=1,KLIM)

COMPUTE BLADE ROW OESIGN CONDITIONS AND INITIALIZED
LEAVING FLOW CONDITIONS
COMPUTE STREAMLINE RADII AND AVERAGE FLOW
COEFFICIENT
INTERPOLATE STREAMLINE OESIGN CONDITIONS,
INITIALIZE STREAMLINE FLOW COEFFICFENTSyLOSSES
AND STREAM FCN. VALUES

O=(YXI(KLIM)=-YXI(1))/XJ

DD=.5%D

XICJLIM)=YXI(KLIM)

XI(l)=Yxitl)

DO 65 J=2,F"

XI(JI=X1{J-1)+D
XPHI=2%PJLIM/(XT(ILIMIXXIC(JILIMI=-XTC(L)*XI(1))
D0 66. J=1,JLIM

X=X1(J)

CALL FITIDAX¢XXs¥XI9Ye KLIMyWARN,IOUT)
TF(TYPNO-1.)63464463

PSI(J)=XX

GO TO 67

BTA(J)I=XX/57.3

CALL FITID(XaXXeYXIoYSIGyKLIMyWARN, IOUT)
SIG(JI=XX

PHI(J)=XPHI

HLOSSP(J)=0

DO 666 J=2,JLIM
PHIBB(J)=PHIBB(J-1)+(XI(J)}*PHI(J)+XI(J-1)*PHI(J-1) )%
100/PJLIM

RADIAL EQUILIBRIUM. SOLUTION FOR BLADE ROW LEAVING
FLOW WITH EXISTING LOSS DISTRIBUTION
PREPARE FOR RADIAL EQUILIBRIUM SOLUTION,
INITIALIZE LOSS LOOP INDEX AND RADIAL EQUIL.
- ITERATION SOLUTION COUNTER
COMPUTE BEST EST. STATIC HEAD HP(1l) VALUE AT
INNER CASING STREAMLINE
ITERATE RADIAL EQUILIBRIUM SOLUTION WITH
EXISTING LUOSSES AND VARYING HP(1l) UNTIL CONT.
REQUIREMENT IS SATISFIED (15 OR LESS TRIES)
COMPUTE RADIAL EQUILIBRIUM SOLUTION(ROTOR OR
__STATOR) AND COMPUTE STREAM FCN. ERROR AT OUTER
CASING STREAMLINE (3 OR LESS TRIES)
IMPROVE HP(1)EST. FOR ZERO STREAM FCN. ERROR
BASED ON THE 3 PRECEDING RADIAL EQUILIRIUM AND
STREAM FCNe ERROR SOLUTIONS
COMPUTE FINAL BEST RADIAL EQUILIBRIUM SOLUTION
WITH CONTINUITY CONOITION UNSATISFIED
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69

70

165

170

171

12

11
13

41
31

30

82

81
140

OO0

40

83

418

400

52

IF(TYPNO-14370,69,70

A =(PSI(L)+XLMIB(LI*XILB(1))/XI(1)
AzHTP1B(1)+PS[(1)-,5%A%A

KNCT=Q

DO 302 LOK=1,25

LLK=LOK

EPSP=.1

IF(TYPNO-1.0170,169,170
HP(1)=A-HLOSSP(1)-EPSP-oS*PHI (1) *PHI (1)
GO 70 171
HP(1)=HTP1B(1I-HLOSSP(1)=EPSP=o5*PHI(1)}%PHI(1)/

1{COS(BTA(L) } *COS(BTA(1)))

DO 30 KN=1,5

KNCT=KNCT+1

DO 31 K=1,3
IF(TYPNO-1.)72,71,72

CALL RUNGK2( YYBeDDy PJLIM)
GO TO. 73

.CALL RUNGKL( YYB4DDyPJLIM}

EPS(K)=  YYB(JLIM)=-),
IF(ABS(EPS(K))=TPHI 40441441
YS(K)=HP(1)

HP(1)=HP(1)+EPSP

EPSP=.,04.

CALL FITID(XEPSsYHP,EPS+YSyJPXeWARN,IOUT)
HP(1)=YHP-EPSP

HP{1)=HP(1)+EPSP
WRITE(IOUT¢SCIEPS,YS
IF(TYPNO-1.)82,81,82

CALL RUNGKZ( YYB4DDyPJLIM)

GO TO 140

CALL RUNGK1( YYB4DD,PJLIM)
WRITECIOUT 985)LOKy (YYB(J) ¢J=1JLIM)

COMPUTE LOSSES AND REVISE LOSS DISTRIBUTION
CHECK FOR ANNULUS STALL--IFSTALL HAS OCCURRED.
THEN BRANCH TO READ IN NEXT PROBLEM IN INPUT
LOAD

YYB(JLIM)=1

DO 418 J=1,JLIMN

IF(PHI(J)) B3,834418

WRITE{IOUT,84)

GO TO 404

PHIBB(J)=YYB(J)

CALL LOSS(BTAP+BTALsBTALP¢DOFACByOMGy PPHFTyPPHFT14PPHFT

1BoXLMP o XLMLPy VUT,VIUTVIPUT,VPUTsTYPNOoKLIMP4LLIMP, DE
2Q,DEQB,THACB, TYPLOS,J4Q)

DO 400 I=l,JLIMN
TF(ABS(HLUSSP{I)-YHLOSSCI))~-THL)400,4014401
CONT INUE

GO TO 403
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401 GO TO(511,511,51245141,L0K
GO YO 514

511 XJOE=.5
GO TO 410

512 XJOE=.65
GO TO 4l0

514 XJOE=1.
IF(LOK-25)4104303,303

410 DO 302 I=1,JLIM

- 302 HLOSSP(I)=HLOSSP(I)+XJOE*(YHLOSS(I)-HLOSSP(I)!,

303 WRITE(IOUT599) {HLOSSP(I),YHLOSS(T) s I=1,JLIM)

COMPUTE ADDITIONAL RESULTS AND PRINT ANSWERS

OO0

403 WRITE(IOUT52)LLK,KNCT
CALL OUTPUT(PPHFTL,PPHFT,BTAl,8TALP,DD, BTAPyOMG+DEQ)
LTYPNO,PJLIM)

READ NEXT PROBLEM AND TRANSFER LEAVING FLOW RESULTS
(IF NECESSARY) AS INPUT TO NEXT BLADE ROW

OO0

404 READ(IIN,L)YSTANG, TYPNO,TIFLOS,TYPLOS .
[IF(YSTANO) 40544064405

406 STOP .

405 [F(STANO-YSTANO)14075202,407

407 STANO=YSTANOC
DO 408 I=Ll,JLIM
XI1BCI)=XI(1)
XLMIBCI)=XLM(I)
PHI1B(I)=PHI(I).
HTP1B(I)=HTP(I)

408 PHI1BB(I)=PHIBB(I)

60 TO 202
C
1 FORMAT(1OF7 .9)
20 FORMAT(1HL,* INPUT DATA?)
21 FORMATC /¢ JLIM='4F9.0s* CONT. TOLER.='yF9e4,
1t L0SS TOLER.=',F9.4)
22 FORMAT( /° INLET®)
23 FORMAT( /5Xe*R/RTY4CXe "PHI ' 22X, *HD COEF'/ )
24 FORMAT(3F9.4) :
25 FORMAT(1H1,' ~ STA. NO. (ROTOR ROW)=',F9.0] i
29 FORMAT(1H1,* STA. NO. (STATORI=?,F9.0) ‘
42 FORMAT( /5X¢'L0OSS COEF. TADLE®)
43 FORMAT( {16X*PERCENT PASSAGE HEIGHT FROM TIP!)
44 FORMAT( /4Xy* DFAC®,10F9.2) ,
45 FORMAT(13F9.4)
46 FORMAT( /° DESIGN CONDITIONS: R2/RT PSILY,
1' SOLIDITY'/ )
47 FORMAT(L9X¢F9.3¢FL2.3,F10.3) §
50 FORMAT(LH1,6F14.64* CONT. FAILED') T
g
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51 FORMAT( /¢ DESIGN CONDITIONS: R2/RT BETA2(DEG)',
1* SOLIDITY*Z )
52 FORMAT( //* NO. LGSS ITERATIONS=t',13,+5X,
1*NO. CONTINUITY ITERATIONS=',13,//)
84 FORMAT(* STALLED FLOW-ABORT')
85 FORMAT(' LOSS LOOP=',13," FINAL BEST EST STR FCN=',11F
17.4)
240 FORMAT(/' INLET FLOW COEF=',F7.3)
430 FORMAT(. /5X,'DEQB=',12F9.3)

. 431 FORMAT ( /5X¢THACB='412F%.3)
599 FORMAT{/ ' LOSS FAILED®*,;10F7.4)
END
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SUBROUTINE RUNGK1
gk AR ol Rk ok

1(YY8,0D,YYYB)
COMMON
1JLIMyDe IINy IOUT+KPoLP,YHLOSS(11),¥YS(3),YSIG(11),
2YXIC11) o XIC(11) o XILB(11)¢PSIBB(11)¢XLMLIB(1L),HTPL(LL),
3HLOSSP(11)4PSI(11),XT1(11),XLM(11),0FAC(LIL),EPS(3],
4 Y(11),HTP(L1l) HTPLB(11)eP(11l)y YY(Ll1l),PHIBB(11l),
5BTA(11)+PHILB(11),PHILBB(LL)SIG(LL1)y XLMECLL)PHIL(1L)
COMMON OMGB(12,46)
DIMENSION YYB(11)

INTEGRATION OF RADIAL EQUIL. D.E. BY.RUNGE-KUTTA

PROCEDURE AND DETERMINATIGON OF ROTOR LEAVING FLOW
COEFFICIENT AND STREAM FCNe. DISTRIBUTIONS(HUB-TIP)
START VALUE IS HUB STREAMLINE STATIC HEAD(Y(J=1))

INITIALIZE STREAMLINE NUMBER(AT HUB} AND SET
BIEGINNING STREAM FCN. VALUE

SET WORKING RADIUS(X) FOR RUNGE-KUTTA SOLUTION
CORRESPONDING TO STREAMLINE RADIUS I[N ROTOR
LEAVING FLOW

(1)=0
104}

NN <<

Zx <G
> ® -

INTERPOLATE SPECIFIED WORK COEFFICIENT AND
EXISTING STREAM FCN. DISTRIBUTIONS AT RADIUS X

CALL FITLID(X¢PSISeXI4PSI9JLIMyWARNIOUT)
CALL FITID(XyXPXoXI,PHIBBoJLIMsWARN, IOUT)

INTERPQLATE ENTERING STREAMLINE RADIUS AT
DETERMINED STREAM FCN. VALUE

CALL FITLO(XPX,XILS,PHILBByXI1ByJLIM,WARN,IOUT)

INTERPOLATYE ENTERING WHIRL AND TOTAL HKEAD
AT DETERMEINED ENTERING FLOW STREAMLINE RADIUS

CALL FITID(XILS¢XLMLIS,XI1ByXLMIByJLIM,WARN, IQUT)
CALL FITID(XILS+HTPLS XI1BoHTPLBJLIMyWARN, 10UT)
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COMPUTE LEAVING WHIRL AND OIFF. COEFFICIENT(Z)
CORRESPONDING TO RADIUS X

XLMS=(PSIS+XILS®HXLM]1S)/X
Z=XLMS%®XLMS/X
GO TO(3,44,6) 4N

SAVE ENTERING FLOW STREAMLINE DATA,COMPUTE NEW.

LEAVING FLOW STREAMLINE FLOW COEF. AND STR.FCN

HTP1(J1=HTP1S

XI1(J)=XI1S$

XLM1(J)=XLM1S

XLM{J)=XLMS
HTP(J)=HTPL1S+PSIS-HLASSP(J)

YY(J)= 2.5 (HTP(J) =Y (J)L)-XLMS*XLMS
IF(YY(J))20421,21

YY(J)=0

GO TO 22

YY(J)=SQRT(YY(J))
[F(J-1)24,23,24
YYBUJ)I=YYBUJ-L )+ XT(JI*YY(JI+XI(J=-1D2YY(J-1)})*DO/YYYB.

CHECK FOR OUTER CASING STREAMLINE(JLIM)
COMPUTE COEFFICIENTS AND INCREMENT X PER RUNGE
-KUTTA METHOD

IF(J-JLIM)11,7,11
Cl=0%2

X=XI(J)+DD

N=2

GO 10 2

C2=0%Z

X=XI(.t)+D

N=3

GO 70 2

C4=D%2

COMPUTE STREAMLINE STATIC HEAD VALUE. INCRE-
MENT STREAMLINE NUMBER

Yid+1)=Y(J)I+(Cl+4.*CR+C4) /6,
J=d+l

GO TO0 1

RETURN

END
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SUBROUTINE RUNGKZ.
e o e e e g e ek ek e

1(YYB4DD,YYYB)

COMMON

LILIMys Dy IINo IOUT s KP L Py YHLOSSCLL) 4 ¥YS(3)4YSIG(LL),
2YXICIL) s XT(R1D o XI1BCLLD o PSIBBALL )Y o XLMLB(LL)gHTPL(LL]),
3HLOSSP(1L1)4PSI{1Ll)oXI1C1L)yXLM(LL),OFAC(LL)4EPS(3),
4 Y(11) ¢HTP(L11),HTPLB(LR),P(11)y YY(11l)4PHIBBI(1ll},

SBYACLL) yPHILB(LL) ¢PHILBB(11)4SIG(1L)¢XLMLI(11)¢PHIL(LL)
COMMON GOMGB(12,6)

DIMENSION YYB(11),5{(11)

INVEGRATION OF RADIAL EQUIL. De.E. BY RUNGE-KUTTA
PROCEDURE AND DETERMINATION OF STATOR LEAVING FLOW
COEFFICIENT AND STREAM FCN. DISTRIBUTIONS(INNER-
OUTER CASING)

START VALUE IS INNER CASING STREAMLINE STATIC HEAD

INITIALIZE STREAMLINE NUMBER(AT INNER CASING)
ANR- SET BEGINNING STREAM FCN. VALUE

J=1
YYB(1)=0

SAVE EXISTING FLOW COEFFICIENY DISTRIBUTION
SET WORKING RADIUS(X) FOR RUNGE-KUTTA SOLUTION
CORRESPONDING TO STREAMLINE RADIUS IN STATOR
LEAVING FLOW

D0 30 K=1l,JLIM
S(K)I=YY(K)
X=X1(J)

N=1

INTERPOLATE SPECIFIED LEAVING FLOW ANGLE 4AND
EXISTING LEAVING FLOW COEFFICIENT AND STREAM
FCN. DISTRIBUTIONS AT RADIUS X

CALL FIT1D(X¢BTASsXIoBTA,JLIM,WARN,IOUT)
CALL FIT1D(XePHIS¢XI9SyJLIMsWARN,IQUT)
CALL FIT1D(X¢XPXyXIoPHIBBJLIMyWARN,IOUT)

INTERPOLATE ENTERING STREAMLINE RADIUS AT
OETERMINED STREAM FCN. VALUE

FITLO(XPXsXI1S¢PHILBByXILB, JLIM¢WARN,IOUT)
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. -

INTERPOLATE ENTERING WHIRL AND TOTAL HEAD AT
DETERMINED ENTERING FLOW STREAMLINE RADIUS

s EeNaNel

CALL FITID(XI1S,XLM1SyXI18sXLML1B,JLIM,WARN,IOUT).
CALL FITID(XILlS+HTP1SyXI1B4HTPLB JLIM,WARN,IOUT)

COMPUTE LEAVING WHIRL ANO. OIFF. COEFFICIENT(Z)
CORRESPONDING TO RADIUS X

ONHOO

- XLMS=PHIS*TAN(BTAS)
: Z=XLMS®XLMS/X
GO TO(3,446),4N

SAVE ENTERING FLOW STREAMLINE DATA,COMPUTE. NEW
LEAVING FLOW STREAMLINE FLOW COEF. AND STR.FCN

OO0

3 HTP1(J)=HTPL1S
XI1L(J)=XI1$
XUM1(J)=XLMLS
XLM{J)=XLMS
PSI(J)=0
HTPCJ)=HTP1S ~HLOSSP(J)
10 YY(J)= 2.%(HTP(J) =Y(J))=XLMS®XLMS .
IF(YY(J))20,21,21 -
20 YY(J)=0 '
GO TQ 22
21 .YY(J)=SQRT(YY(J))
22 1F(J=1)24,23,24
24 YYBLJI=YYB{J=L)+(XICJIDXYY(JI+XI(J=12%YY{J=1))%DD/YYYB

CHECK FOR QUTER CASING STREAMLINE(JLIM)
COMPUTE COEFFICIENTS AND INCREMENT X PER RUNGE
-KUTTA METHOD :

SO0 0

23 IF(J=JLIM)I11,47,11
\ 11 Cl=D*2
X=XI1(J)+DD
N=2
GO 10 2
4 C2=D%*Z
X=XI(J)+D
N=3
GO TGO 2 i
6 C4=D%2

COMPUTE STREAMLINE STATIC HEAD VALUE. INCRE-
MENT STREAMLINE NUMBER

OO0 N

Y(Jel)=Y(J)4(CLl+a.%C24C4) /6.
8 J=J+1

GO TO 1
7 RETURN

END
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SUBROUTINE LOSS
Rk R R R ROR R Rk

OO D

29 XLMP 4 XLM1Pe VUToVIUToVIPUT VPUT, TYPNO,KLIMP,LLIMP,DEQ

3¢0DEQB+THACBTYPLOS,JQ)

COMMGN

~ LJLIMyDs TIN, IOUT ¢KPyLPoYHLOSS(11),YS(3),YSIG(11),
2YXI(11) g XI(11) o XILBC(11),PSIBB(LL),XLM1B(L1L)HTPL(LL),
3HLOSSPCLL) yPSI(12),XT2€11D2oXLM(LL) DFAC(1L),EPS(3),
4HP(11)4HTP(11) 4HTPLB(LL) 4P(1L1)oPHI(L1),PHIBB(11),
SBTA(11),PHELB(L1)},PHILBBCLY),SIG(LL1)XLML(LL1),PHIL(1])
COMMON OMGB(12+6)

DIMENSION BYAP(1),B8TAL1(1),B8TALlP(L),DFACB(L)OMG(1),

1PPHFTAL) yPPHFTL(L)  PPHFTB(1) o XLMP (1) 4 XLMLP( 1) VUT(1),
2 VPUT(1),DEQ(1)4DEQB(1),THACB(L),VIUT(1),VLPUT(1)

-

L{BTAP,BTAL,BTA1P4DFACB,0MG,PPHFT PPHFT1+PPHFTE
\

DETERMINATION OF LOSS DISTRIBUTION(HUB-TIP,ROTOR CR
STATOR) USING DEQ OR D-FACTOR CALCULATION AND COR=~
RESPONDING TABLE REFERENCE LOSS CORRELATION

INTERPOLATE ENTERING STREAMLINE FLOW COEFFI-
CIENTS. COMPUTE BLADE ROW ENTERING AND LEAVING
STREAMLINE ABSOLUTE FLOW ANGLES AND DIMENSION-
LESS VELOCITIES

OO0
]

00 1 J=1,JLIM.
XILS=XI1{(J}
CALL FITID(XI1S,PHILS,XI1B8,PHI1B¢JLIMyWARN,ICUT)
PHIL(J)=PHILS
BTAL(J)=ATANZ2{XLML{J] PHIL(J))
BTA(J)=ATAN2(XLM(J),PHI(J))
VIUT(JI=PHIL(J)/COS(BTAL(J))

1 VUT(J)=PHI(J}I/COS{BTA(J))

CHECK FOR STATOR(2) OR ROTOR ROW

COMPUTE ENTERING AND LEAVING STREAMLINE REL.
FLOW ANGLES AND DIMENSIONLESS VELOCITIES(STA-
T0R OR ROTOR)

QOO0

L=TYPNQ
IF(L-21543,+5
3 DO 30 J=1.JLIM
CX==-,61
Cy=-1
XLMLP(J)==XLML(J)
XLMP(J)==XLM(J)
BTALP(J)=-BTAL(J)
BTAP(JI=-BTA(L)
VIPUT(JI=VIUT(J)
30. VPUT(JI=VUT(J)

St sl I g
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60

Ga 70 31
5 DO & J=1,JLIM
CXs+.61
cy=1
XLMLP(J)=XI1(J)=XLML1(J)
XLMP (J)=XI(J)=XLM(J)
BTALP (J)=ATANZ2(XLMIP(J)}PHIL(J))
BTYAP(J)=ATAN2(XLMP(J) ,PHI(J))
V1IPUT{J)=PHI1(J)/CAS(BTALP(J))
- 4 VPUT (J)=PHI(J)/COS(BTAP(J))

~

COMPUTE ENTERING AND LEAVING STREAMLINE PER-
CENT PASSAGE HEIGHT(FROM OUTER CASING) , DEQ
AND D-FAC VALUES FROM VELOCITY TRIANGLES AND
BLADE ROW SOLIDITY DISTRIBUTION(STATOR OR RO~
TOR)

OO0 O

- 31 X=XIL1(JLIM)-XIL(1)
XX=XI(JLIM)=-XI(1)
DO 2 J=1,JLIM
PPHFTL(J)=(XIL(JLIMI-XIL(JID/X
PPHFT(J)=(XI(JLIMI-XI(J))/XX
DEQCJ)I=VIPUT(JI)/VPUT(J)*(1.12¢CX*COSIBTALIP(J))* _

- LCOS(BTALP(J DI x((XIL{JDIRXLMIP(JII/XT(I))=XLMP(J))/ .

7 2(SIGLJI*PHIL(JI )}
2 OFAC(J)=1.-VPUT(J)/VIPUT(J)I-CY*(XI(JI*XLMP(J)-XIL(JD*

LXLMLIPCIN )7 COXT(JI+XTL(ID I 2SIGLII*VIPUT (I ).

C
C CHECK TYPLOS(=0,D-FAC CALC.). COMPUTE DIMEN-
C SIONLESS HEAD LOSS AND LOSS COEFFICIENT VALUES
c. PER STREAMLINE(STATOR OR ROTOR) AS FCN.(DEQ,
C OR DO—-FAC AND PERCENT PASSAGE HEIGHT)
C
[F(TYPLOS)120+21,20 .
20 FH2=1.08

C4=24/(3.%FH2-1.])
0O 7 J=l,JLIM. __
X=DEQ(J)
CALLFITID(XsYoDEQByTHACB, KLIMP,WARN, IOUT)
C3=SIG(J)*Y*FH2/COS(BTAP(J})
C5=PHI1(J)/COS(BTAP(J))
YHLOSS(J)=C3%C4*xC5%C5/((1.~C3)*%3)
7 OMG(J)=2.%*YHLOSS(J)/(VIPUT(JI*VLPUT(J))
RETURN
21 CALL FIT2D(DFAC,0MGPPHFT 4DFACB0MGB¢PPHFTB KL IMP,
1 LLIMPLJLIM,JQeWARN, IQUT)
D0 6 J=1,JLIM
OMG(J)=2.%SEG(J)*OMG( 2D /COS(BTAP(JI))
6 YHLOSS(J)=.5%0MG(J)* VIPUT(JDI*VIPUTLJ])
_ RETURN '
END
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SUBROUTINE OUTPUT
Ao RO R ROk ROK

1(PPHFT1sPPHFTBTALyBTALPeuDyBTAP¢OMG,DEQsTYPNG,PILIM)
COMMON
1JLIMy D+ TINsIOQUT ¢KPoLP, YHLOSS(11)oYS(3),YSIG(111),
2YXICL11) oX3(LL) ¢ XELB(L1)4PSIBB(L1L)oXLMLIB(11)oHTPL(L1D,.
3HLOSSP(11)sPSI(11)oXILC1L)gXLM(12),DFAC(11),EPS(3),
4HP(LL) +HTP(LL) 4HTPLB(L11)oP(LL),PHI(LL) PHIBB(1L),
SBTACL1) ¢PHILB(11),PHILBB(1L),SIG(LIL) XLML(LL),PHIL(1L)
COMMON OMGB(1246)
DIMENSION PPHFTL(1),PPHFT(1),0MG(1),8TALP(1),BTAP(1)
190EQUL) 4PS(LL) yHPL(LL) s XLPAR(LL) 4REACT(11)4EFF(11),
2BTAL{11)

PRINTOUT OF COMPUTED RESULTS

COMPUTE ADDITIONAL STREAMLEINE RESULTS AND
CONVERT ANGLES TO UNITS OF OEG.(REACTION
AND EFFICIENCY FOR STATOR ROW=0)

OO0 OOO00

WRITE(IQUT,1)
00 3 J=1,JLIM
K=JLIM=-J+1
XLPAR(K)=OMG(K)*COS(BTAP(K) I/ (2. *SIG(K))
BTAL(K)=57.3%BTAL(K)
BTALIP(K)=57.3*%BTALP(K)
BTA(K)=57.3*%BTA(K])
BTAP(K)=57.3%BTAP(K)
HPL(K)=HTPLIK)=oS*(PHIL(K)*PHIL( K)+XLML(K)*XLML(K))
IF(TYPNO~1.120,21,20

21 REACT(K)=(HP(K)-HPLIK) )/ (HTP(K)~HTPL(K]))
PS(K¥=PST(K)-HLOSSP(K)
EFF{K)=PS(K)/PSI(K])
GO T0 3

20 PSI{K)=0
EFF(K)=0
REACT(K) =0
PS(K)=PST(K)=HLOSSP (K]

PRINT OUT STREAMLINE RESULTS FOR FLOW
ENTERING BLADE ROW
PRINT OUT STREAMLINE RESULTS FOR FLOW
LEAVING BLAOE ROW

OO

3 WRITE(IOUT 22 )PPHFTL(K) ¢ XEL(K) ¢PHEL(K) s XLMLIK)¢BTAL(K)
1BTALP(K) 4HTPL(K)y PHIBB(K)
WRITE(IOUT,10)




OO0

62

DQ 11 J=1l,JLIM
K=Ji.IM=J+1 ‘
11 HRITE(IOUTolZlPPHFT(K),XI(KI,PHIIK)oXLM(Kl'BTA(KIv
L1BTAP(K) ¢ HTP(K) oHP(K) s PHIBB(K)
WRITE(ICUT,13)
DC 14 J=1,JLIM
K=JLIM=J+1
14 WRITECIOUT +15)PPHFET(K) ¢XI(K)ePS(K)4PSI(K) REACT(K]) ;EFF
1(K)-HLOSSP(KI,OMG(K).XLPAR(KlgDFAC(KI.DEQ(K!

CALL SUBROUTINE MAVE TO COMPUTE AND PRINT OUT
MASS~-AVERAGED RESULTS

CALL MAVE(PS,TYPNO,0D+PJLIM)
CONTINUE
RETURN

1 FORMAT( /' $PASS HT FR TIP R1/RT PHI1 LAMDALl®,
1* BTAZ(DEG) BTALP HTYPL STR.FCN'/ )
2 FORMAT(F164393F7e3+FLl1a2,F8.2¢FT7239F9.3)
10 FORMAT( /L8X,*R2/RT PHIZ LAMDA2 BTA2(DEG) “y
19B8TA2P HTP2 HP2 STR FCN'/ ) ’
12 FORMAT(Fl64343F7.34F11e2¢F8.242F7234F9.3)
13 FORMAT( /18X,*R2/RT PSI PSII REACTION EFFY .,
1 * HLOSSP OMEGAB LOSS PARAM DFAC DEQ*/ )
15 FORMAT(F16.343FTa3¢F1l1la39F8.3¢FTo4¢FBe4sFL2.492F6.3)
END

o "
¥ e, .
e T e e e b AL e
s i e

R ’ -
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SUBROUTINE MAVE
RO R Rk R

L(PSyTYPNQ+DO4PJILIM)

CCMMON

LJLIMyOy IINsTOUT4KP2L P, YHLOSS(11) 4YS(3)4YSIG(LL),.
ZYXI(lllyXI(ll)-XIIB(II!'PSIBB(llloXLMlB(llD:HTPl(ll)v
3HLOSSP(11’19$I(11)'X11‘11,1XLM(11)’UFAC(11,vEPS(3,v
4HPCLL) oHTPCLL) ¢HTPLB(LL) s Y(LL1)4PHICLL) yPHIBB(11),

SBTACLL)4PHILB(L1) gPHILBB(1L) ySIGCLL) o XUML(LL)PHIL(LL)
COMMON OMGB(12,6)

DIMENSION PS(1)4S(11),P(13)

COMPUTION OF MASS—-AVERAGED VALUES FOR FLOW LEAVING
A BLADE RQW S ‘

X=1./PJLIM

U=2 c*PJLIM/(XTCILIMI®XT(JLIMI-XE(1)*XI(1)) :
00 5 K=1,2 .

TRANSFER ARRAYS TO P~ARRAY

D0 1 J=1,JLIM

GO TQ (344),K.

P(JI=PS(J) }
P(J)=PSI(J) ‘
CONT INUE

COMPUTE P-ARRAY INTEGRAL(FROM INNER TQ QUTER

CASING) AT COMPUTING STATION FOR FLOW LEAVING
BLADE ROW

S(11=0
DO 6 J=-,JLIM

S(JJ=S(:-1D+(XI(J!*PHI(JI*P(J)*XI(J-Il*PHI(J~1)*P(J-1))*DD

FORM MASS-AVERAGED FLOW COEFFICIENT, ACTUAL
AND IDEAL HEAO-RISE COEFFICIENTS

GO TO (8491 4K
V=X*S(JLIM)
GO T0 5
W=X*S(JLIM)
CONTINUE
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COMPUTE HYDRAULIC EFFICIENCY FOR BLADE ROW
(=0 FOR STATOR ROW) '
WRITE OQUT COMPUTED MASS—AVERAGED RESULTS

IF(TYPNO-1.411,12,11
11 Z=0.
GO TO 13
12 Z=V/W
13 WRITE(IDUT 10 Uy VWl
RETURN

10 FORMAT(/ ' MASS—-AVERAGED: PHI2=%,FT7.34* PSI='9yF7.3,
1t PSII=*4FT7e3,¢ EFF="',F7.3)
END

ww‘-a—w\‘w——-: -...“,,.,m,_‘,'
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SUBROQUTINE FITLD
Tk kR REEERE ALK

OO0 a0

1{XsYsXBsYByJPsWARN, IQUT)
REAL XB{ 1),YB( 1)

3~POINT LAGRANGIAN INTERPOLATION FOR Y=FCN(X) FROM
DATA TABLES XB,YB. XB—ARRAY VALUES ARE ARBITRARILY
SPACEDy MONOTONE NON-DECREASING. JP IS GIVEN NUMBER
OF XB- OR YB-ARRAY ELEMENTS )

CHECK COMPATIBILITY OF JP VALUE WITH .LAGRANGE
FORMULA REQUIREMENTS

WARN=0
14 IF(JP-3)12,15,15
12 WRITE(IQUT,500)4°P
sTop . i

BRACKET INTERPOLATE X WITH THREE NEIGHBORING
XB~ARRAY VALUES{WARN=1 INDICATES EXTRAPOLATION
QUTSIDE OF RANGE OF XB—-ARRAY)

OO0

15 IF(XB(l)=X)16416,17
17 WARN=1
16 00 1 J=3,4P
L=J
IF(X=-XB(L))2,2,41
1 CONTINUE
WARN=1

COMPUTE INTERPOLATED Y USING LAGRANGE FORMULA

2 XO=xB(L-2)

X1=XxB(L-1)

X2=X8(L)

Y=(X=X1)%(X=X2)%YB(L-2)/0(X0=-X1)*(X0~X2) )+ (X~X2)*
LOX=X0)*YBAL=1)/C(X1=X2)%(X1~XO0) ) +(X-XO)&(X-X1L)*YB(L}/ -
20{X2-X0)*(X2-X1)) i

RETURN

500 FORMAT(10X,* INCORRECT ARRAY SIZE IN FITLD, JP=',12] f
END
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SUBROUTINE FIT2D
R RXREBREEEEXKE

9

1{XeY 1 ZyXByYB22BsiP+JPoJL+JQyWARN, IQUT)
DIMENSION X(1)eY(1)2ZC€1),YST(3),XB(1)oZB(1) YB(L2y1)

3-POINT LAGRANGIAN INTERPOLATION FOR Y=FCN(X,2)
FROM DATA TABLES XBsYBeZB. XB-AND ZB-—-ARRAY VALUES
ARE ARBITRARILY SPACEDs MONOTONE NON-DECREASING.
IPsJP ARE NUMBER OF ELEMENTS IN XB+ZB ARRAYS,RE-
SPECTIVELY. JQ IS OIMENSION SIZE OF Y-ARRAY.

JL IS NUMBER OF INTERPOLATIONS Y REQUESTED FOR
INTVERPOLATE PAIRS{X,Z)

CHECK COMPATIBILITY OF JL WITH Y—ARRAY DIMEN-
SION (JQ)

CHECK COMPATIBILITY OF IP,JP VALUES WITH
LAGRANGE FORMULA REQUIREMENTS

WARN=Q
IF(JL—-JQ)20,20415.
IF(IP-2)15,10,10
IF(JP-3)15,12,12
WRITE(IQUY oS00}IPJP.JL
sST0P

DO &6 N=1l,JL

BRACKET INTERPOLATES Xy9Z EACH WITH THREE
NEIGHBORING XB-AND ZB-ARRAY VALUES(WARN=1
INDICATES EXTRAPCLATION OUTSIDE RANGE OF XB-
AND/OR ZB—ARRAY)

IFIXBULI=X(N))I16416,17
WARN=]

DO 1 M=3,]P

I=M
IFCX(N)I-XB{I))242,1
CONTYINUE

WARN=1
IF(ZB(1)=Z(N))18,18,19
WARN=1

D0 3 M:3,JP

J=M
IF(Z(N)=ZB(J))4qs4+3
CONTINUE

WARN=1

X0=z28(J-2)

X1=2B(J-1)

X2=2B(J}

e = Y
A ' " 1.
. BN - N * ¥
- - ‘
A - o e e
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:
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COMPUTE INTERPOLATED YST{3-TIMES) AND Y USING
LAGRANGE FORMULA

C
c
c
c

DO 5 K=1,3
L=I+K
YO=YB(L-3,J-2)
Y1=YB(L-3,J-1)
Y2=YB(L-3,J)
, S YSTUKI=(ZIN)=XL)*C(Z(N)-X2)%YO/{ (XO—-X1)*(X0-X2))
~ 1+(ZIN)=X2)*(Z(N)=-X0}*Y1/((X1—-X2)*(X1-X0})
‘ 2+ (ZIN)=XO0)X(ZIN)-XL)%Y2/((X2-XO0)*(X2-X1))
X0=XB{(I1-2)
Xi=XB(I-1)
X2=XB(1I)
6 YIN)=(X(N)=XL)®(X(N)=-X2}xYST(L)/((XO=-X1)%{(X0-X2)})
I+ {XIN)=X2)R(XANI=-XO0)=YST(2)/7({X1-X2)%(X1=-X0)).
2H{XIN)I-XO)E(X{NI=-X1IEYST(3)/((X2=XO0)*(X2-X1))
RETURN ”

c
500 FORMAT(10X,* INCORRECT ARRAY SIZE IN FIT2D, IP=',12,
1* JP=t,12,' JL=',12)
END




The input daga cards for an example design
listed below. Each line represents a card, and the card type (as denoted in
the section "Input Load Description") is indicated at the left of each line.
Two design specifications are given for the rotor to illustrate the parametric
capability discussed in the section “Cemputer Program Capability and Utilization."
As mentioned previously, ail.input is read under 10F7.0 format for simplicity
and the decimal point must be defined either explicitly or by format convention,

Reassignment as integer variables is done in the program where appropriate.

CARD
TYPE
1 T. . 001 .
2 3.
3 -8 «49
ba l. le
Sa . Te . Se
6a O.. Q.
6a Q. .
6a «2 Q.
6a 0023
6a s Qe
6a « 005
6a 5 Qe
6a «007
6a o6 O.
6a 0105
6a o7 Qe
6a .0155
6a «8 Qe
6a 0218
7a Ta
8a «8 433
83 .633 .778
8a .7
“b l. l.
7a Te
8a -8 «437
8a <427 lelld
8a 1.
4b 24 2.
S5a Te 3.
6a . «0 .0
6a .2 «0
6a -6 «0
6a - «5 0
6a o(' .0
65 .7 .0
6a -8 «0
7b 3,
8b 8 «0

9 (Blank card)

APPENDIX B

Listing of Example Data Load

«001

«5
Q.

Q.
«0072
«0182
« 0269
«0378
«0503
<0648
«875
«933
l.

1250
«933

«0

«003
«004
<008
<0125
«017
«Q275
« 0425

1.25

9

25
25
25
«25

«833
« 456

0.

+ 833
« 456

(SRS RV WU RN

.
b

49

Qe

« 0049
«0125
«019
<0271
«038
«0508

«433
« 751

«433
1.071

«003
«004
«008
«0125
«0L7
+0275
+ 0425

«0

5

«50
«50
«50
«50
50
«50
«50

+84
«967

1.2
0967

|
le
l'
1.
le
1.
le

1.111

9

of a single-stage pump are

l.0

Q. .

«001
«002
0028
<0041
<0061
«009

« 867
<478

« 867
481

003
«004
«008
«0125
<017
«0275
« 0425

49

«15
«715
75
« 75
75
o 75
«75

«433
«T24

%26
1.035

«Q

5

0.

«001
+«003
« 0041
« 0065
«01

« 014

« 807
Lle

1.152
l.

le

1.
le
le
1.
l.
l.
la




INPYT. DATA

JLIM=
INLET
R/RT
0.8000

0.500¢C
1.0000

p

0.49

6

9

Listing of Example Computer Program Output

7. CONT. TO

HI HD COQEF
Q0 0.5000

0.49C0 ¢.500¢C
Q.4900 0.5000.

INLET FLOW COEF= 0,490

STA. NO. (ROT

LOSS COEF, T

DFAC
0.0
0.2000
0.4000
0.5000
0.6000
0.7000
0.8000

OR RQOWI=
ABLE

LER .=

ll

0.0010 LOSS TOLER.=

PERCENT PASSAGE HEIGHT FROM TIP

0.0
0‘0
0.0072
0.0182
0.0269
0.0378
0.0503
0.0648

0.25
0.0
0.00Q49
0.0125
0.019¢
0.0271
0.0380
0.0508

DESIGN CONDITIONS: R2/RT

0.800
0.833
0.867
0.900
0.933
0.967
1.000

NO. LOSS ITERATIONS= & N

XPASS HY FR TIP

0.0

0.155
0.315
0.483
0.658
0.831 .
1.000

0.0
0.167
0.333.
0.500
0.667
0.833
1.000

0.0

0.167
0.333
0.500
0.667
0.833
1.000

R1/RT PHIL

1.000 0.4990
0.969 0Q.490
0.937 0.490
0.903 0.490
0.868 0,490

0.834 0.490.

0.800 0.490
R2/RT PHI2

1.000 0,454 .

0.967 0,455
0.933 0.482
0.900 0.515
0.867 0.517
0.833 0,504
0.800 0.455

R2/RY PSi

1.000 G.431
0.967 0.422
0.933 0.424
0.900 0.428
0.867 0.429
0.833 0,422
0.800 0.418

MASS—-AVERAGED: PHI2= 0,490

o. 50
0.0
0.0010
0.0020
0.0028
0.0041
0.0061

.0.0090

0.75
0.0
0.0010
040030
0.0041
0.0065
0.0100
0.0140

PSII SOLIDI

G.433 0.8
Q.433 C.8
0.433 0.8
0.433 0.7
0.456 0.7
0.478 0.7
0.498 0.7

1.00
0.0
0.0023
0.0050
0.0070
0.0105
0.0155
0.0218

TY

)
@0
o7
78
51
24
00

O+ CONTINUITY [TERATIONS= 12

LAMDAL

Q.0
0.0
C.0
0.0
an
C.0
0.0

LAMDA2

0.494
Q.489
0.481
0.500
0.520
Q.541

PSIt

0.498
0.478
0.456
0.433
0.433
0.433
0.433

PSl=s 0.

0.498 .

BTAL(DEG)

0.0
0.0
0.0
0-0
0.0
0.0
0.0

BTA2 (DEGI

47.68
47.38
45.38
43.07
44.01
45.90
47.5%

REACTION

0.753
0.1750
0.727
0.700
0.677
Oa 664
0.643

425 PSIL

BTALP

63.90
63.18
62.40
61.53
60457
59456
58452

BTA2P

47.91
46409
42.66
39.15
35.3¢%
31.92
27.59

EFF

0.866
0.883
0.929
0.987
0.990
0.97¢

0.965.

= 0.450

HTPL

0.500
0.500
0.500
0.500
0.500
0.500
0.500

HTP2

0.931
0.922
0.924
0.928
0.929
0.922
0.918

HLOSSP

0.0665
0.0559
0.0326
0.0055%
0.0042
0.0111
0.0153

EFFa

0.0010

STR FCN

1.000
0.831
0.663
0.490
04318
0.154
0.0

HP2

0.705
0.696
0.688
0.679
0.670
0.660
C.549

OMEGASB

0«1084
0.0960
0.0586
0.0104
0.008+4
0.0237
00346

0. 944

STR.FCN

1.000
0.831
0.663
0,490
0.318.
0.154
0.0

LOSS PARAM

0.0519
0.0460
0.0287
0.0052
0,0042
0.0120
0.0175

DFAC

0. 712
Q. 713
0,692
0.659
0,676

Q. 707.

0.734

DEQ

24126
24143
2.090
2.009
24055
24149
24233

PR
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STA,

NO. (ROTOR ROW)=

LOSS COEF, T

DFaC 0.0

0.0 0.0 c.

0.2000 0.0072 .

0.4000 c.0182 0.

0.5000 0.0269 0.

0.6000 0.02378 0.

0.7000 0.25¢C3 C.

0.30CC C.C648 O.
DESIGN CONDITIONS:
NO. LNSS ITERATIONS=

TPASS HT FR TIP RI1I/RT

C.C 1.20¢

C.152 C.970

C.211 0.938

C.«80 0.904

0.654 C.8%69

G.728 (,834.

1.0CC C.8CO

R2/RT

C.C 1.9CC

C.167 0,967

€.323  (.933

C.5CC C.9C0

C.he? 0.34617

C.223 (¢.873

1.2CC C.30Q2

R2/RT

T8 1.2002

C.1%7 0.967

C.*23 0,933

G.LCD 0,900

Cone.T 04867

Ce®23 D0D,233

1.20C  €.84Q
MASS=AYCERAGEN: PHIZ=

ABLE

70

PERCENT PASSAGE HEIGHT FROM TIP

c.25 0.50 0.75 1.00
(¢} 0.0 0.0 0.0
0049 0.C01C 0.0010 0.0023
cl25 0.GC2C ~© C.0G30 0.0050
0190 0.0028 0.C041 2.0370
Cc271 . C.0C4l C.0C65 0.0105
o3sc C.0061 0.01G60 0.0155
5086 0.0090 Q.0140 0.G218
P2/RTY PSII sOLIDITY
0.£00 0.437 1.250
0.833 Ce.433 1.200.
C.867 C.426 1.152
0,900 0.427 l.111
0,933 0.456 1.071
C.9e7 0.481 1.C35
1.CC¢C C.498 1.000
7 NDO, CONTINUITY ITERATIONS=
PHI1 LAMDA1 BTAL(DEG) . B8TaAlP
C.48C GC.C 0.C 63,9GC
0.49C 0.0 0.0 €3,20C .
0.490 0.0 0.0 62,42
0.49C o0.C 0.0 61,55
G.4%0 0.0 0.0 60.59
C.49C 0.0 Q.0 59.58
0.49C 0.C Qe 58.52
PHI2 LAMDA2 BTA2(DEG) BTA2P
Ge436 0,498 “8.82 49,04
Teh54 0.497 47.62 45,97
G.486 0.4R9 45.17 42444
C.516 C.4T74 42471 39,62
«517 0.492 43,57 35.97
C.509 0.520 45.60 31.66
0.5C3 C.546 47,36 26,77
PSI PSII REACTION EFF
C.421 C.498 0.76% C.B48
C.420 G.48i C. 741 0.874
0,423 G.456 0.722 C.927
N.622 C.427 G.704 C.987
N.423 (.426 C.682 0.952
0.422 0Q.633 0.658 0.976
Ce422 0,427 0.631 C.3066
0,490 PSt= 0,422 PSll= (.448

la

HTP1

0.500
C.500
0.5CC
0.530
0.5CC
0.500
0.500

HTP2

C.921
0.62¢C
C.525
0.922
0.923
C.022
0.922

HLOSSP

0.0768
0.0604
0.9334
0.0054
C.0C36
C.Clce
.Gy 0148

EFFx

STR.FCN

1.0C0
0.825
C.666
0,493
0.321
0.156
0.3

HP2

0.702
Ce 664
C.e8°%
C.677
J.668
2.658
Nebsb

OMEGAB

c.125C
3.1C29
3.€597
C.C102
2.0072
c.0222
00335

0.941

STR FCN

1.3GC
0.835
C.666
0.493
C.321
C.15%
0.0

LOSS PARAM

0.0410
0.2348
0.0206
9.0935
C.0225
9.0C79
Q.C120

OFAC

0.627
0.623
0.597
C.562
0.576
0.607
0.632

DEQ

2.077
2.069
1.999
1.915
1.952
2.037
2.112
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STA. NO.. (STATOR)=

LOSS COEF. TASLE
~ PERCENT PASSAGE HEIGHT FROM TIP

DFAC C.0 0.5C 1.00
0.0 0.0G30 0.0050 0,0030
0.2000 0.0040 0.0040 0.0040 .
0.40C0 0.0080 0.008C 0.0080
0.5000 0.0125 0.0125 0.0125
0.6000 0.0170 0.0170 ¢.0170
0.7000C 0.0275 0.0275 0.0275
0.8000 0.0425 0.C425 C.0425

DESIGN CONDITIONS: R2/RT BETA2(DEG) SOLIDITY

0.800 0.0 1.25%0
0.900 C.0 1.111
1.CCO C.0 1.000
NO. LOSS ITERATIONS=: 5 NC. CONTINUITY [TERATIONS= 10

tPASS HT FR TIP R1/RT PHI1 LAMDAL .BTAL(DEG) BTALP HTP1 STR FCN

c.0 1,006 0.436 0Q.498 48,82 -48.82 0.921 1.000C

0.184 0,963 0.6457 0.497 47,38 =47.38 0.921 0.518

0.357 ©€.929 2.492 C.485 44.60 -44.60 0,923 C. 64l

0.521 C€.896 C.515 G.b14 42,75 =42.75 0.922 Oa4T1

0.680 0.864 0.516 0,454 43,75 =43,75 0.923 c.3C7 .
G.B4C C.832 0.509 0.521 45,67 ~45.67 0.923 0.150.

1.€0¢ €.8C0 0.503 0.54¢ 47,36 . =47.36 G.522 G.0.

R2/RT PHIZ2 LAMDAZ BTAZ{(DEG) B8YA2P HTP2 HP2 STR FCN
¢.0 1.0C0 GC.45%2 0.C C.0 C.C 0.912 2.792 1.000 )

0.157 C.96T 0.450 0.0 0.0 0.¢ 0.912 0.792 0.818
€.332 (0.933 C.s93 0.C 0.0 c.0 0.913 0.792 0.641
€530 0.900 GC.e91 0.0 0.¢ 0.C 0.912 0.792 0.671
0.667 0,867 0.491 ©C.0 0.0 9.0 0.912 0.792 0.307
0,833 0,833 0.487 C.0O 0.0 0.0 0.91C 0.792 0.150
1,000 0.800 G.482 C.0 0.0 - 0.0 0.9C8 0.792 0.0
R2/RY PSt PSII REACTION EFF  HLOSSP . OMEGAB LOSS PARAM OFAC.  DEQ
G.0 1.0C0 -0.009 C.C G.0 0.0 0,0087 (€.C397 0.0198 0.633 1.915
C.167 (C€.,967 -0.CC9 0.0 0.0 0..2 0.€092 J.C403 0.0195 0.630 1.947
¢.233 0,933 -C.C09 0.0 0.0 0.0 0.0692 2.0385 0.0180 0.612 1.964
0,500 G.900 -0.0069 C.O G.0 0.0 0.,0095 0.0385 0.0173 0,604 1.988
C.667 0.867 -0.Cl1 0.0 0.0 0.0 0.0106 (.0415 0.0180 0.612 2.014
C.833 0.833 -0.012 0,0 0.0 0.0 0.0123 0.0465 0.0194 0.628 2.052 4
1.000 0,800 -0.014 0.0 0.0 0.0 0.0143 C.0524 0.0210 0.645 2.099 ¢
0.0 EFF=:- 0.0

MASS-AVERAGED: PHI2= 0.49C PSI= <0.010 PSli=

p——— e







