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SUMMARY

A Fortran computer program fordeslgn 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 axlsymmetrlc analysis at between-blade-

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

radial shift. A Runge-K_tta 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/r t

diffusion factor, Eq. (Ta)

equivalent diffusion ratlo_ Eq. (7b)

force-mass conversion factor

static head

total head

blade wake form factor

number of streamllnes for radial equilibrium solution

meridional streamline coordinate

normal coordinate

radius of curvature of meridlonal 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 llne and axial

direction (see Fig. 2)
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whirl coefficient, Vg/U t

stream function, Eq. (6)

radius ratio, r/r t

blade solidity, c/s

flow coefflcien_, Vm/U t

blade camber angle (see Fig. 2)

head rise coefficient gc(H2- HI)/U2

totalheadlogscoefflcie=t,2_c(H_,i- _)/(v{)2

Subscripts

h

i

L

m

t

e

I

2

inner casing

ideal

loss

meridional component

reference value, outer casing

tangential component

blade row encerlng station

blade row leaving station

Superscripts

' relative to blade row

* nondlmenslonal

- mass-averaged

i
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AXIAL-FLOW PUMP -DESIGN DIGITAL COMPUTER PROGRAM

INTRODUCT ION

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 axlal-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 pas_ I0 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 pumps _e. Concurrent with these programs, the .......

Engineering Research Institute a= Iowa State University has conducted

investigations in the blade-element approach to performance prediction of

axlal-flow pumps for off-deslgn, as well as for design operating conditlons 2.

As a result of these research efforts, a considerable amount of £heoretlcal

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 wh£eh computes design velocity diagrams and

performance parameters for multistage axlal-flow pumps. Development of this

programhas been partially supported by NASA through Grant NGL 16-002-005.

Flow determination is based on axisymmetrlc analysis at between-blade-

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

radial shift. All calculations are made using nondlmensional parameters,

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

I

#Superscript numbers refer to references at end of report.
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_adial equilibrium equation. Program input for single or multiple blade row

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

radii at computing stations, blade row design speclflcat_ons_ and loss cor-

relations. 0u=put in the form of vel_c£ty diagram and mass-averaged flow

resnlts is obtained. Parametric var£ations for design studies can be nade

by supplying variable design speclf_catlons and loss correlations per blade

rOW.

An outline of the flow analysis method, a program listing, and examples

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

given.

i
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BASIS OF THE PROGRAMMED FLOW KNALYSZS AND DESIGN METHOD

The basis for the flow analysis con_alned in the prosrammed procedures

is the so-called blade-element flow model 3. This model for the flow in

rotating or stationary blade rows is chaTacterized by that found in _wo-

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

used to accoun_ for head losses _hrough a blade row is based on correlat_._

procedures for real f[%id effects in law-speed, 2-D stationary casted6

experimental results. Similar notations for the flow charaeterlstlc_ and

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

Radial equilibrium and continuity requirements are applied in the

analysis a_ between-blade-row stations in the merldlonal plane. _Steady,

axlsyumetrlc, noncavltatlng flow across a blade row is assumed. Also, Che

flower computln8 stations is considered locally luvisGid. The intersection

of merid_onal-plane streamlines with the blades, as shown in F_8. I, define

the blade-elements for a blade

row. Figure 2 shows a set of

blade elements and correspondlng

cascade notation. The blade-to-

blade f_ow thus implied in Fig. 2

is on s_ream surfaces of revolu-

tion senerated by rotating the

merld_onal streamlines about the

machine axis. This approach forms

the basis for Incorporation of

empi_ical loss correlations in

._he anal_sis.
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Fig. 2. Typical blade elemenCs and

accompanyin$ velocity diagram
rotation.

It is seen, then, that the

meridional-plane analysis provides

the detailed radial distribu_ions

of the leaving flow, given the

enterlng flow patterns along with

stipulated desisn requiremeuto for

Cheblade row. _.,£s analysts

provides _h_ design velocity

diagram rcqulre_ents which must

be met _n the next step, namely

the design or selection of blade

elements which actually form the

blades.

At a computing station, and

for each determined streamline,

the equation for radial equilibrium

mlsC be satisfied. This equation

is obtained from Eulerts equation

for steady flow_Ithout body

forces. In terms of coordinates

(8, m, n), in which %-constant Is

the merldionalplane, and n- and

_-surfa_:_ are scream surfaces

and surfaces orthogonal, respectively,

the radial iequilibrlum equation is4:
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v8 _rgc r "
m

Here h is static head, V0 and Vm

(t)

are flow velocity components, r and r are
m

respectively machine radius and merldlonal streamline 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 by continuity co_slderations (as explained

later), in this situation Eq, (I) reduces to a simplified form, and the

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

Furthermore, to eliminate _ctual size and speed of the pump from consldera-

, _ch

tion, dimensionless static head coefficient, h = _-_-, whirl coefficient,

V8 Ut
A = , and radius ratio, _ = r_..can be defined in terms of reference

rt

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. (I) becomes

N-- • (2)

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

equation with the right-hand Side a complicated functionof the blade-row

design specifications, loss estimation, flow continuity requirements, and

streamline shift. The integration of Eq. (2) for static head distribution

across the annulus requires numerical procedures, including interpolations

of various data tables and _teratlve computing loops for losses and

continuity requirements. Further _Iscussion of these numerical procedures

is giveD__er when de,ells of the computer program are presented.
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Selection of blade row design specifications as functions of leaving

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

(or work) coefficient, _i ; and for stators, radial distribution of leaving

angle, _2 " In addition, blade-row radial distribution of solidity, u, 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

12 = _2 (3a)

in the case of stators, .the leaving whirl is expressed as

A2 = @2 tan _2 ' (3b)

Vm_2. is local leaving flow coefficient.

in which 02(= Ut )

Total head coefficient on a streamline inleaving flow is found from

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

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

past the blade element:

= Hi + " HL " (4)

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

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

streamline value of s=atic he_d, which in turn satisfies the flow continuity

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

value

!

m
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v(attip) = (6)

J _2,h

must match that determined for the flow entering the blade row. Also, £he

snream 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 cot-

relations_(independent of solidity, inlet angle, and camber) in

terms of blade wake momentum thickness, (8/c)2, or in terms of loss

parameter, _ cos _/20, which is an approximation of blade wake

momentum thickness are used.

The three sets of correlations

shown in Fi_. 3 were obtained from

5
available experimental rotor ,

stator 3 and two-dimensional cascade

data 6. The data are most valid

for NACA 65-Series, double circular-

arc, and similar sections. Such cor-

relations contain some uncertainty

in particular applications; there-

fore good Judgment should he

exercised in interpreting results

obtained using them. Two loading

6,7 estah-
parameters, D and Deq ,

lishing equivalent diffusion ratio

values and expressed in terms of the

design velocity triangles and

Z 0.00&LI

DIFFUSION FACTOR, D

• , . -I . ,. -I • _ . _ .. ,I
_- 1.4 1.6 1.8 2.0 2.2

EQUIVALENT DIFFUSION FACTOR, Deq
FiB. 3. Empirical loss correlations.

solidity were used:.

.y"A,



rlV I- r2V ,2
D= I - ,-;r+ ' t

V I -- (rI + r2)o V 1
(7a)

and

cos B2

Deq cos 8i .12 + 0.61

2 !

• tan ' - tan
_31 vl v,2

(7b)

The _ signs in Eq. (7) apply to rotors or stators, respectlvely. 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

-I V8 -I V_"

= tan _- , or _' = tan _--
m m

In using plane cascade correlations the loss coefficient, _, needed in

the loss calculations is computed from the re!ation 6

2 2_(2 cy_2

= 2( )2cos_---_c°s2 _

Here the blade wake form factor, H2, is taken as 1.08.

,)'_,in Eq. (8) is defined by

The loss coefficient,

_ 2gc_H_
,IJ = -- (9)

2
(V i)

from which dimensionless head-loss can be expressed as

HL= 2 '
(I0)

°.

...,.._,

Additional calculations and definitions, not essential to the radial

equilibrium solution:

blade-row reaction, R =
h 2 - h 1

q¢ *

tl 2 - It1

(R = 0 for stators) (II)

q_



actual head rise coefficient,

,--,i- HL

hydraulic efflciency_ _ =

(_i = 0 for stators)

(_ = 0 for sta_ors)

(12)

<la)

f

/.,,'%.

mJ_
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COMPUTER PROGRAM CAPABILITY AND UTILIZATION

A Fortran IV program based on the blade-element procedure just presented

was written with the capability to provide design parameter studies. (A

listing of the program is given in Appendix A.) The program allows arbitrary

assignment of design flow coefficient, blade-row design specifications, and

blade-row head-loss reference data fo_ either single or multiple blade-row

configurations. Blade-row designspeciflcations consist of prescribed radial

variation of s_lidity and ideal head-rlse 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 configu=ation 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 deslgn conditions for a blade-row

serves as inpuI: 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 total head coefficient are input

data. Also, if it is desired to introduce prewhirl into the first blade row

(along with attendant flow coefficient distribution satisfying radial

equilibrium), a zero-loSs "pseudo" sta=or 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 easing at suecesslve blade-row

b_
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computing stations through the machine. A brief overview of the program

given in Fig. 4. Adetailed description of the program is given in the

"Computer Program Description" section of this report.

is

Read radial disrrlbutla_s of flow

and total head co_ffi¢ier_ts at pump
inlet station, and number of stream-.

lines to be used.in radial equili_ium
ca lculations

Is there another axial station

or new set of design specifications?

1N°t
I 1

Reod axial station numbee, bklde--fow type ,
loss reference table (i/ necessary), and

bkgle-row design speclflcations

Calcuk|te static-he_l d_s_ril_tlon for

flow leaving blade row by mclioi eclui-

libeium and stTimml_ne acliuslment

Calcukzte kmving flow-coefficient
d|s_rlbutlon, b continuity _tisfied ?

iYm

Est;mate head-lott d;stribution

and com_re with previous distribution.

is comparlton _tisfac_ary?

l os

Print mJt retu_

Fig. 4. General scheme of computer
method.

program radial equilibrium solution

.P.

,, L-_4
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INPUT LOAD DESCRIPTION

The following describes the input data cards 1-9 required. All data

are read under format specification FORIC_kT (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 r t and blade speed Ut! is

used in all nondimensional definitions. Caution should be taken to use

these reference values consistently in preparation of input data for single

or multiple blade-row configurations. Normally rt, U t would be those

values a_ 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 describe the desired

functional relationship. This requirement arises because these data are

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

nondecreas ing.

Limit values: Jlim' T_, TllL

Card I. JLIM, TPIII, THL (Restriction:

In]et station: _(_), Tl*(_)

Card 2. KLIM (Restriction; 3 "-kli m __ II)

Card(s) 3.

3 < JLIM < II)

Xl(1), Pill(l), IITP(1),..., XI(KLIM), PHI(KLIH), HTP(KLIM)

(Restrictions; XI(1) = _h,lnlet' XI(KLIM) = _L_inlet )

i

i
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Blade-row identification (firs T identification made): station no.; type no.;

type loss

' Card 4a. ST&NO, TYPNO, TYPLOS IRestrictions; STANO = I, TYPNO = I (rotor),

.2 :o c:: 1,
0 [elc = f (Deq)]}

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

if loss, type loss

Card 4b. ST&NO, TYPNO, IFLOS, TYPLOS [Restrictions; STANO _ I;

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

Loss table: (D, % Pass. Hgt.)

Card 5a. KLIMP, LLIMP. (ReStrictions; 3 ..<KLIMP < 12, 3 < LLIMP < 6)

Card(s) 6a. DFACB(1), PPHFTB(1), OMGB(I,I), DFACB(1), PPHFTB(2),

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

Loss table: @/c (Deq)

Card 5b. KLIM (Restriction; 3 _< KLIM < Ii)

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

/

Rotor blade-row design specifications: $i(_), o(_):

Card 7a. KLIM (Restriction; 3 _ KLIM _ Ii)

Card(s) 8a. YXI(1), Y(1), YSIG(1),...YXI(KLIM), Y(KL!M), YSiG(KLIM)

[Restrlctlons; YXI(1) = 5h' YXi(KLIM) = _t]

Stator b!ade-ro _ desisn specificatlons: _2(_), deg., o(_):

Card 7b. KLIM (Restriction; 3 _ KLIM _ 11)

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

[Restrictions; ¥Xl(1) = _h' YXI(KLIM) = _t ]

_. " I, - " _ q- - _*-4,=*-.- .,.m..,.,_...... _ ' '_ _'_'_i,_..... _.,,, ° ° , , 2r- - , .... /

• ...... ............... _;-......._--_--.-_------r_-- _ - ............. /

I_-----_-.--------_ ' - "
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•Sentinel card <end of input).:

Card 9. (Blank card)
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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 definition_.):

Limit values Jlim' T@, THL used in the problem solution.

Inputed inlet station @(_), H*(_) data tables.

Computed inlet station average flow coefficient, _.

Blade-row computing station identification [per each input parametric

card set 4, (5, 6), 7, 8].

Inputed loss coefficient reference data tab_

or 0/c (Deq).

!

cos 8 2

2_ (D, % Pass. Hgt.),

Total number of lo3s computation and contlnulty-radial equilibrium

cempu_ -1=ion iterations made.

Cumputed_stremmltne results for blade-row entering flow: % Pass. Hgt.,

_i' _I' gl' _I' _{' HI" \' (normalized).

Computed streamline results for blade-row leaving flow: % Pass. Hgt.,

g2' ¢2' k2' 82' _2' H27 h2" _ (normalized).

Computed streamline results for blade-row leaving flow: % Pass. Hgt.,

, _ _ cos 8_

_2' _' _i.' R, _, HL, _, 20 , D, Deq.

Annulus mass-averaged computing station values: _2' _' _i '-_"

The blade element results are printed out following a streamline through

each blade row. In a multl-blade-row configuration, however, the same

streamlines are not used for every blade row. (A given streamline could be

traced through the machine Ly uslng_a co:tstant value of stream function v at

"z

!

each calculation station.) '-_
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Abnormal Problem Completions

/
Abnormal problem completions are noted by printing out the following

messages (refer also to the "Computer Program Description" section, Flow

Charts 4, 5, II and 12, and to p/ogramlistlng, Appendix 4):

"EPS(1), EPS(2), EPS(3), YS(1), YS(2), YS(3) Cont. Failed" (last 3 sets

,
of continuity errors and best estimate h_ hub values; continuity

requirements not satisfied within 5 radlal-equiiibrium, continuity

iterations)

'_I' _2''"Vjlim (last best solution after 5 radial-equilibrium,

continuity iterations for normalized stream function distribution

across annulus)

"Stalled Flow-Abort" (at least one streamline flow coefficient @2 _ 0;

program operation aborted)

"Loss failed HLOSSP(1), YHLOSS(1).,..., HLQS_P(JLIM), UHLOSS(JLIM)"

(loss solution failed to converge within 25 iterationS; last

2 distributions across annulus of blade-element head losses)

"Incorrect array size in FITID, JP = XXX"

"Incorrect array size in FIT2D, IP = X/X, JP = XXX, JL = XXX"
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COM_.UTERPROGRAMDESCRIPTION

l The computer program comprises a F_IN program and additional subroutines

RUNGKI, RUNGK2, LOSS, OUTPIIT, MAVE, FITID and FIT2D operating under the

control of MAIN. A program listing is presented in Appendix A. Also

graphic description of the program is given in the followingElmw 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.

ProsramMAIN

\:

Inputing of data (limit parameters, inlet station flow conditions, blade-

row design specifications and loss reference tables) is accomplished in MAIN

(see list of program variables and arrays and Flow Charts I - 5, pp. 23 - 27).

The inlet flow conditions PHIIB(K), XLMIB(K) = 0, HTPIB(K), XIIB(K) and

stream function distribution PHIIBB(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 zow, PSI(J) [orBTA(J)],

PHI(J), HLOSSP(J), PHIBB(J), SlG(J) are initialized, and start value for

static head at the hub HP(1) is obtained. The radial equilibrium solution

is arranged in terms of two iteration loops: (I) head-loss calculation, and

nested within, (2) radial e!_iiibrium and flow continuity calculation. The

continuity-requlrement and head-loss revision calculations are performed in

MAIN, with dependent calculatlons made in subroutines RUNGKI, RUNGK2, LOSS,

and FiTID.

1
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To satisfy continuity, up to five sets of three tries for HP(1) with

corresponding radial equilibrium solution and normalized stream function

error,

EPS(K) = YYB(JLIM) - I

are attempted. The no_aiized stream function YYB is obtained by quadra=ure

of the local flow coefficient using trapezoldalrule 8. (Trapezoldal 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(1) for. the next set of

three tries is interpolated for zero stream function error (XEPS = 0) in

FITID.

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 TH ._ To revise the loss distribution for the next

loss calculation iteration the following equation is used: .........

HLOSSP(K) = HLOSSP(K)ol d + XJOE [YHLOSS(K) - HL06SP(K)ol d] (14)

in which XJOEis 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:

i

XIIB(1) = XI(1), XLMIB(1) = XLM(1), PHIIB(1) = PHI(1), }{TPIB(1)

= HTP(1), PHIIBB(J) _ PHIBB(1). (15)

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

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

corresponding to the blade exit streamlines is determined in the course of
I
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radial equilibrium solution for the next blade row by reference to the data

in Eqs. (15).

l

ProgramMA. IN Variables

A

D

DD

EPSP

I

fIN

lOUT

J

JLIM

JPX

JQ

K

KK

KLIM

KLIMP

KN

KNCT

LJ

LL

LLIMP

LLK

leaving whirl coefficient at rotor hub, or difference between ideal

leavlngtotal, head coefficient and whirl dynamic head coefficient

at rotor hub

the radial distance between stremmlines leaving blade row, d

D/2

increment in _s_imated static head coefficient at hub

a streamline index ....

card reader reference number

printer reference number

input table index

number of streamlines, Jlim

number of pairs of hub static head coefficient and streamline

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

stated dimension size of all computed blade-e!zment arrays

e.n index

JLIM-I

number of radii at which blade design specifications are given

number of.D-factor or Deq values in loss correlation
tables

radial equilibrium and continuity solution index

radial equilibrium and qontinuity _otal iteration counter

input table index

input table index

number of spanwlse positions at which loss correlations are supplied

LOK
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LOK

PHIBBS

PJLIM

STANO

THL

TIFLOS

TPHI

TYPLOS

TYPNO

X

XEPS

XJ

XJOE

XPHI

X_

t

YSTANO

loss iteration index

machine average inlet flow coefficienz

machine nondimensional flow rate

axial computing.station number

head-loss iteration tolerance, TH.L

head-loss correlation table input indicator

flow continuity iteration tolerance, T@

head-losa correlation cable type indicator

blade row type indicator

read and call list variable

interpolate to determine estimated hub static head coefficient for

zero stream function error

JLIM - I

damping factor for estimated head loss revision

initialized value of leaving flow coefficient

read and call llst variable

interpolated estimate of hub static head coefficient for zero

stream function error .

axial computing station number

,...%,

Program MAIN Arrays

BTA leaving absolute flow angle, 82

BTAP leaving relative flow angle, _.

BTAI entering absolute flow _.ngle, _I

BTAIP entering relative flow. angle, 8{ _

DEQ D
eq

DEQB input table of D
eq

DFAC. dlffusion factor, D
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DFACB

EPS

HLOSSP

HP

HTP

HTPI

HTPIB

OMG

OMGB

P

PHI

PHIBB

PHI1

PHIIB

PHI 1BB

PPHFTB

PSI

SIG

THACB

VPUT

VUT

VlPUT

VIUT

XI

XII

XIIB

input table of D

normalized stream function error

h 2

input table of _

reference tabIe of tI 1

input table of
2o

at machine inletstation,or H2

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

input table of @I at machine inlet station, or 42

blade row exit station stream function, v

_I_

reference table of _I

blade row inlet station stream function, v

input table of % Pass. Hgt.

(Y

input table of (8/c)2

V_/ut

V2/U t

v_/ut

vl/ut

input table of _ at machine inlet station, or _2

referenc_ table of F
"i

J

!



XI_

XLMP

XLMI

XLMIB

XI_IP

Y

YIILOSS

YS

YS IG

YXI

YYB

k2

kI

22

reference table of k1

read var£able for _i and _2

latest estimate of HL .

.

estimates of h2, h

input table of

input table of _2

blade row exit station stream function, v



23

,#"

i,,N...x.,:1lOUT XEPS - 0
JQ "' 11 P(t) - 0

PHI|11(1) -

i

t

I"ITP(K), K -1, KLIM_I

!
J--TP(K),K .1'Kt._ _l

" _ IT1

l

x..(., x.(t) i
XIII(JLIM) = XI(KLIM) J
XLMIB(t) - 0 I
XL_II(JLIM) • g. J
XJ • JLIM - 1 I
O = [,XI(KUM) - XI(1)]/XJI

_D. o_ I
,<K.xj i

DO K = 2o KK
XIIII(K) * XItI(K - 1) 4 D

XLMII(K) = 0

II

l X • XItB(K)

CALL FIT1D

PHI1B(K) = XX
CALL FITID
NTPII(K) - XX

I i

DO K - I, JU!l

_ ii TI I |

,_,.,_,.,._,,,_,.,,_,1i .I I
'*'Xl11(k. - I) x PHIII(K - I)] x DO DO K -2, JU/_-m

I[ I tl I i JP

!

- WRITEsPJLIMPHIIllS."_'2PHIBsP(JLIMI_KII|IlI]z)XP(J LIb_ ([XI 1|(JLIM)_ l

L_

-- ,,|,7 , I

•I''''''('"'''_''_'', 1 l°°'"'."g
--.--.i__,_ -J
;e _Idm_Ify tint blade m"

Flow Chart i. Program segment "Input limit parameters and calculate inlet

station flow conditions" of program MAIN.
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from "lnlt_ limit po_motern..."

®
READ: STANO, TYPNO,.

TYPLOS_ TIFLOS - 0

WRITE: STANO

(Ret_,)

i0o

®

,t
J " 1, KLIMP I

t

'0

WRITE: PF'HlrrI(J),
J- I, LLIMIP

WRITEn I)FACI(J),
[OMGI(J, K),

K " I, LLI/V_1

o

READx KUMP, I_'DEQI(LL) t
THACI(LL), LL *' 1, KLIMP

WRITE_ DEQ|(LL), LL "1_ KLILAF
I'HAC|(LL), LL 1, KUM/'

II "(::o+_eUte blode ro_. dlmllln
etmdltllml..,"

I

t

Flow Chart 2.. ProEr_ segments "Identify first blade row" and "Input loss

tables, blade-row design condition tables" of prosrsm MAIN.

,+

>
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from "Identify first blade row"...

D= ["YXI((KLI/_) - YXI(1)]/XJ
DD = D/2
XI(JLIM) ,= YXI(KLIM).
xi(1) ,, Yxt0)

-i • I

looJ.,_,MI

Xl(J) - XI(J - I) + D

1
J. 2,KKJ

J

2 x PJLIM

[XI(JLIM)] z -..[XI(I')i 2

CALL FITID
J ,,,.

i i

IPs,_J_._x1 i_T,c_xx,,7.3!,.
,,, y-= J

CALL FITID
SIG(J) = XX
PHI(J) = XPHI
H LOSSP(J) -_ 0

i JJ_ I

,_ PHIBB(J - 1) ._ [XI(J) x PHI(J) + Xl(J* 1) I
x PHI(J - 1)] x DD/PJLIM I

2__"
to "Radial equilibrium solutlon.._."

Flow Chart 3. Program segment' ||Compute blade-row design conditions and

inltla_Ized lea:.'_,'£1ow condL_£ons" of progren_ F_IN.

9 p '" I t ,,

.,,"'*,
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I

©

,, ;]DO KN = 1,

I°°_-,,_!

CALL RUNGK1

EPS(K)., YYB(JLIM) -

YS(K) - HP(1)

HP(1) ,: HP(1) + EPSP

EPSP - .04

CALL t:IT1D
HP(1) ,- YHP - EPSP

CA LL

flora "COml)ut, blode _ dmlgn condlt!om...=

I

CALL

WRIT_:. final stream

fcn. distribution obtained

to '_ompute Iotsm and revise I_
dhtributlon" ...

Flow Chart 4. Program segment "Radlal equilibrium solution for blade row

leaving flow with existing loss distribution" of program MAIN.

I '
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"RQdial equilibrlum ioluttan...=

ImmD +llmi _ 1 i

-

__J W,,TE,.STA,.t+O_
_'"O'T"r _ I°G,'+"

' >0 , +_ i, >0_,

["?"'(_)-Y'+(_)l

--t---
I_/RITE: LLK, KNCT
c_,,L_OUTPUTI

i i r

I READ.' YSTANO, TYP,NO, ITIFLOS, TYP LOS
ii i i i

I i

WRITEz Josstolutlon !

_il,d to c_v,_g, l

•_5:_:'_v_°_,il-_0_.,,_1
,I

DO I." I, JLIN_ 'J_

q

,_o

I_

l-x,_(,)-_,(,,I I
I x_lB(l)-xt_(O I '' ' au-II PH.B(I) - PHIO) i
I HTPIB(1) = HTP(1) l
i p,,i_B(,),pH,nn(m)j 1D°''i'

Flow Chart 5. Program sescnents "Compute losses and revise loss dlstributlon,"

"Compute additional results and print answers," and "Read

nex_ problem and transfer leaving flow results (if necessary)

as input to ne_t blade row'"of program MAIN (co_cluded).

,. ":';,,

I
,.,....,,

i

t
i
.I
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Subroutine RUNGKI

f

This subroutine 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 ULOSSP(J), prior continuity solution stream function distribution

PIIIBB(J), and initial__valuc 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 method 8, 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 value XPX are made_ followed by interpolations XIIS at XPX

and XLMIS, HTPIS at XIIS. Leaving whirl _JMS is computed from Eq. (3a).

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

Y and YY cOrreSpond respectively to h 2 and @2' and YYB is tentative normalized

stream function v2 (until continuity is satisfied).

Note that YY on a strea_iline is arbitrarily set equal to Zero if flow

reversal tendency is indicated by the square of YY being negative. Also, as

is necessarily the case, the Runge-Kutta procedure must satisfy the

continuity requlrement (as a boundary condition) exterior to the integration

process itself. This in effect linearizes Eq. (2) during any onp integration

across the annulus; in this case the Runge-Kutta form is analogous to

Simpson's rule 8.

RUNGKI Variables

Cl

C2

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

coefficient in Runge-Kutta fom,_¢la for.integration of Eq. (2)
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C4

D

DD

I_PIS

1OUT

J

.ILIM

N

PSIS

X

XIIS

XLMS

XIMIS

XPX

YYYB

Z

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

d

D/2
J.

tt 1

printer reference number

streamline index

number of streamlines, j
lim

branching index

"2

F

X2

)'1

normalizing factor for stream function

right-hand side of Eq. (2)

RUNCKI Arrays

HLOSSP lIT,

IITP tl 2

IITP1 1l1

IITP]". reference table of It
1

PIIIBI_ blade row exit station stream function, v

PtlI1BP, blade row inlt't station ,_Lr(,am I,mction,. V

l',q I ,I,t

XI.
"2

X]I gl

- • ! _ e g
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/

XIIB

XLM

XLMI

XLMIB

XPX

Y

YY

YYB

reference table of _
el

_2

reference table of k 1

s,-

h 2

82' or cb2

v2

h
f*
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I

Flow

<

E

HTPI(J) - HI"P1S.
Xll(J) - Xll$
XL.MI(J) - XUvl1$
XI.M(J) - XL_$
HTP(J) ," HTPI$ * P$15

- H LOSSP(J)
Yy(j)- 2 x [HTP(J)- Y(J)]

-°@
1

!_[-°1
I

qr--

I CALl.F6TID _ i_tmish_,

xPx(x)
xlts(xex)
x LM1S('X115)
Hte_s(xl_s)

XLM$ - _SL$ 4. XII_ • XL_ISVX.
Z, (XI._SWX

?
C2-DIZ 1
x - xl(J) _ o
e.,6

®

Chart 6. Subroutine RUNGKI.
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Subroutine RUNGK 2

This subroutine determines the radial equilibrium solution for a stator.

The same approach to the solution is made as in RUNGKI with the following

exceptions:

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

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

3. additional interpol_tion PHIS is required [from previous solution

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

RUNGK2 Variables (for remaining variables see RUNGKI)

BTAS _2

K streamline index

PHIS _2

RUNGK2 Array

S previous solution _2

'7

J

,.,..%.

¢

J
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I YY(J) ,,

[.

y(J .I- 1) .I. y(J) .I. _1
4 , C2 , C4)/6

J+J+l

[

HTPI(J) ,, _-TP1S
xn(J) = xiis
XLMI(]) = XLMIS
XLM(J) = XLMS
PSI(J)- 0
HTP(J) ,_ ,,!TP1S - HLOSSP(J)
YY(J) - 2 x [HIP(J)- Y(J)I

- (XU_S)2

oi

!
iJ-1 I

YYB(I) - 0
i

i_,- _, 1
_I
-!

CKLL FilIO to interpolate:
DI_s(x)
rH_s(x)
xPXCX)
xns(xrx)
x L_IS0<IIS)

HIPlS(XIIS)
Xl.htS ,, PHL_ x TAN (BIAS)
z - (XLMS)Z/X

DO K

C2"D w Z I
X - Xi(J) ÷ D Ia"6

1
= I, JLIM I

I

I/_YYB_/) : YYI_(J- 1).)[X|(J) x YY(J)
I) * YY(J - l,)_x Oo/YYY_v E

• _ J

®

# JLIM I1

I x - xi(J}zoo
aa4

Flow Ch_lrt 7. SubrouLin_, RI_CK2.

¢ ,

'-- . _ ,,Irl,_ -. 4.m,%

?

!

|

I
|
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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 radfal

equilibrium and continuity requirements. Head losses are computed using either

Eqs. (8) and (I0), involving interpolations (FITID) Y at X, i.e., (0/c)2

as function of Deq , or using Eq. (i0), involving interpolations (FIT2D)

OMO(J) at DFAC(J), PPHFT(J). To obtain X and DFAC(J), using Eqs. (7a)

and (7b), additional velocity-triangle results [i.e., interpolations

PHIl(J), angles BTAI(J), BTA(J), BTAP(J), relatiye whirl coefficients,

XLMIP(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, _espectively.

LOSS Variables

coefficient in Eq. (7b)

coefficient in Eq. (7a)

intermediate result in evaluating Eqs. (8) and (I0)

intermediate result in evaluating Eqs. (8) and (I0)

intermediate result in evaluating Eqs. (8) and (I0)

CX

CY

C3

C4

C5

_{2

1OUT

J

JL.[M

I,

I'IIL1S

'IYPLOS

blade element wake shape factor

printer reference number

streamline index

nunnber of stre_nline_, Jlim

'[_PNO

¢1

head-loss correlation table type indicator

,,,.'_,
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TYPNO

X

XIIS

XX

Y

blade-row type indicator

Deq,Or (_l,t

(_ -
2,t _2,h )

- Cl,h)

LOSS Arrays_

BTA,

BTAP

BTAI

BTAIP

DEQ

DEQB.

DFAC

DFACB

PHI

PIIII

PHI IB

OMG

PP_IIFT

PPHFrB

PPHFfl

TILACB

VPUT

V_F

VIPUT

V IUT

_2.

D
eq

reference table of D
eq

diffusion factor, D

reference table of D

_2

el

reference table of _i
_Lcos 8'

( 20 2), or li_

70 Pass. Hgt. for blade-row exit station

reference table of % Pass. Hgt.

7o Pass. Hgt. for blade-row inlet station

reference table of (O/c)2

v_/" t

V21[l L

v_lu t

Vl/U t

_'.
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Xll

XIIB

XLM

XLMP

XLMI

XI241P

YHLOS S

reference table of _I

_2

11

q

HL

...,.%.

.

°



37

DO J -

!°° I

T

J XIIS - Xl1(J) 1 ]

CALL FITID /

PHII(._) = PH[IS |
iI

t Loo,:,,.'','J
ITAI(J) - lan "I XL_I(I)

PHIl(J.

JTA(J)- to.'_
PHI{J}

VlUT(JI - PN_(J)/COS [_TAI(J)]

VUTO) " PH_(J)/CO$ [lrAO)l

I ii I i

CX " .61 .
-- CY-1

XLMtP(J) - X_I(J) - XLMt(J)
CX - - .61 XU_P(J) ,. XI(J) -_ XLM(J)
CY'-I

XLMIP(J) - - XLMI(J) IbTAIP(J) " ton "1 XLMIP(J)
XLMP(J) ,,, - XLM(J) PHIl(J)
ITA|P(J) ',' - |T&I (J)
ITAP(J) - - |TA(J)
V1PUT(J) ,' VIUT(J) |TAP(J) " m_ ''I X._P___.._
VPUT(J) - VUT(J) PHI(J1

Vl'UT(J) ,, PHI(J)/COS _TAP(J)}

__ V

r

PPHFTI(J) ," j'xn(JLIM) - XlI(J)_'XII(ILIM) - Xll(I)_
PPHF_'(J) - I"XI(JLIM) - XI(J)]_XI(JLIM) - Xl(1)]

DEQ(J) ,, _ (1,12 • CX xCOS_t'A1P(J)] 2 [ XII_ _U'_IP(J) - XLMP(J)'I)
VPUT(J) _'IG(J) _ PHIl(J) "'XI[J) " "

VPUT(J), cY _-'_--(J) " x_
DFAC(J) --1 - V-_U-_ I_XI(J) + Xl[(J)'J x SIG(J) _ VIPUI"(J)

i

Ix -'oEQO) ' , J
CALL FITID

z F._ _Yx sIG(J]_'l

Y.HlOSStj_, =, 2 x FH2 x Y x$1G(J) x [pHIl(J)] _{I - • = hi'_

" ' ' (3 x FH2 - 1) CO$[.|I'AP(J;J :j _'S[IITAP(JI| /

I

...... I

, JLIM J

J

• i i

I ...... 2. s,,_J , o_ao) I

I _'_'" ,CO_C.TA,(_i_ J
l YI"ILOSS(J) "l , OMG(J)xtVlfuT(j)11

/

I, JLIM ]

Flow (:hart 8. SubrouLine LOSS.

]

I*
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Subroutine OUTPUT

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

blade row. Reaction, actual head-rise coefficient and hydraulic efficiency

are computed from Eqs. (Ii), (12), and (13) i Also loss parameter is computed

for printout.

Subroutine MAVE is called to obtain mass-averaged results.

OUTPUT Variables

DD

lOUT

J

JLIM

K

TYPNO

one half the radial distance between streamlines leaving blade row

printer reference number

"streamline index

number of streamlines, Jlim

streamline index

blade-row type indicator

 yeUT Atrats

BTA

BTAP

BTAI

BTAIP

DEQ

DFAC

92

D
eq

diffusion factor, D

EFF I]

IILOSSP IIL

liP _ 112

;,¢

IIPI IJ I

IITP 112

h q"
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f

HTPI

OMG

PHI

PHIBB

PHI1

PPHKf

PPHFTI

PS

PSI

REACT

SIG

Xl

XII

XIM

XLMI

XLPAR

H1

$2

% Pass. Hgt. at blade-row exit

% Pass. Hgt. at blade-row inlet

R

_2

k2

kI

cos _
2_

, , ,j

bL_
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WRITE. h,.adlng

K - JLIM - J ÷ I / ,fXLMI(K)]2HPI(K) • HTPI(K)- .5 x _JPHII(K)I 2 .t

XLPAR(K) " OMG(K) xCOS[BTAP(K)]
2 x SIG(K)

&TAt(K) - 57.3 x BTAI(K)
BTAIP(K) • 57,3 x BTA1P(K).

BTA(K) = 57.3 x BTA(K)
BTAP(K) = 57.3 x B,IAP(K)

ill im i i i |i il Hi

PS(K) - PSI(K) )
- MLOSSr(_)

REACT(K) ,=0

• EFF(K) - 0 , i

, _- . .... . _] ,
r ii _I

I-K-;JuM- J*
I WRITE, PPHFT(K) .... ]

-- i ]

IooJ. ,,J_I

l

I

WRITE| h_ding

K =. JLIM - J + I
WRITE. PPHFT(K),...

l

CALL MAVE

RETURN

Elow Chart 9, Subroutine OUTPUT.

i

,.,'%,
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/

C4

D

DD

I_fPIS

lOUT

J.

JLIM

N

PSIS

X

XIIS

XLMS

XIMIS

XPX

YYYB

Z

coefficient in Runge-Kutta formula for integration of Eq0 (2)

d

D/2

J_

tt 1

printer reference number

_treamline .index.

number of streamitne_, Jlim

branching index

*i

02

F
"I

X2

X1

normalizing factor for stream function

right-hand side of Eq. (2)

RUNCKI Arrays

q¢

ttLOSSP 1tL

IITP II2

ITTP1 111

II'fPIB reference ta!:.,le of It
1

Pill BB blade row exit gtation stream function, v

PHI1BH blade row .inlc, t station stream I'.nction, v

l'S I ,1,t

Xl
_2

Xl 1 _
_1-

a,
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!

XIIB

XLM

XLMI

XLMIB

XPX

Y

YY

YYB

reference table of _I

12

•k 1

reference table of k 1

h)

h 2

q52, or _2

_2

, P.

J
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y(j 4. _) • y(j) + 1C1 .
• 4 • C2 t C4)/6

J,,e-J ÷ 1

[ _
CALL FITID te k_ttcpelmte_

PSIS(x)

XPX(X)
XHs(xPx)
XLM1S(XII$)
HTP1S(XIt$)

XI.MS ,, (PSL$ • XIIS x XL_I$),/X

z , (xu_,)z/x

? ?
XlIIJ) - XliS X - XIIJ)Zo

XLM(J)= XLM$
HTP(J) " HTP1$ • PSIS

- H LOSSP(J)

YY(J)., 2 e (HTP(J) - Y(J)]

. _xu_s_

.o@
I,, I[ ' I 'U - 0 YY(J) "_CCYUI]I,_ i

I LIY_u) - Y'_(J- _1• (x,lJi,.YYmI
_'/_-1" x.J - t) ,, ,,v(J. m. oo/Y,r_i

i

i

JUM ,.

E "-'1 :::'"°°

Flow Chart 6. Subroutine RUNGKI.
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F _

Subroutine RUNGK 2

This subroutine determines the radial equilibrium solution for a stator.

The same approach to the solution is made as in RUIqGKI with the following

exceptions:

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

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

3. additional interpolation PHIS is rec_ired [from previous solution

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

RUNGK2 Variables (for remaining variables see RUNGKI)

BTAS _2

K streamline index

PHIS _2

RUNGK2 Array M

previous solution _b2
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?
C4"DxZ

Y(J + 1) ,t y(J) 4, ((_1
÷ 4 _C2 _ C4)/6
J <'- J + I

HTPI(J) - :,.TP1S
Xll(J) .. XI1S
XLMI(J) s XLM15 .
XLM(J) = XLMS
PSI(J)., 0
HIP(J} .. _sTP1S - HLC)SSP(J)
YY(J) ,, 2 x [HIP(J) -- Y(J)}

- (xuas)2
i

.o@

I
J-I !
Y','B(1) t 0 J

i

i_,-_, !
I

• __I
I x - _,(,)i
i ".3 I

C_LL FIIlO to interpolate:
STAS(X)

PHIS(X) .
xPX(X)
XHS(XPX)
x LMIS(XlIS)
HIPIS(XI|S)

XL/_S ,,PHI_ x TAN (BIAS)
z ,.(XL_S}_/X

l

I_)OK-1, JLIMI

i1

Ic2.o, _ II x - xKJ) o

a*6

i

J YY(J) = 0

I

I

<
E

# JUM

I ,JLIM

X - Xl(J) * DO
am4

J YY(J) ..- [YY(J)ll/2 J

__1
-I#

I/_, _..] YYB(J) - YYS(J - I) 4 !xl(J) x YY(J) J

-, J.

Flow Chart 7. SubrouLin(, RUHCK2.

®

1

t
-!

:i

i

!
l
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Subroutine LOSS

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

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

equilibrium and continuity requirements. Head losses are computed using either

Eqs. (8) and (I0), involving interpolations (FITID) Y at X, i.e., (e/e)2

as function of Deq , or using Eq. (I0), involving inteKpolations (FIT2D)

OMG(J) at DFAC(J), PPH_f(J). To obtain X and DFAC(J), using Eqs. (7a)

and (Tb), additional velocity triangle results [i.e., interpolations

PHIl(J), angles BTAI (J), BTA(J), BTAP(J), relative whirl coefficients,

XLMIP (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 TYPN0 and TYPLOS, respectively.

LOSS Variables

CX coefficient in Eq. (7b)

CY coefficient in. Eq. (7a)

C3 intermediate reBult in evaluating Eqs. (8) and (I0)

C4 intermediate result in _valuating Eqs. (8) and (I0)

C5 intermediate result in evaluating Eqs. (8) and (I0)

FII2 blade element wake shape factor

lOUT printer reference number

J streamline index

JL.LM number of strcLunlines, Jlim

!. '['YPNO

l'IIilS ¢I

'I_fPLOS head-loss correlation table type indicator
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TYPNO

X

XIIS

XX

Y

blade-row type indicator

(_2,t " _2,h)

(o/c) 2

LOSS Arrays

BTA

BTAP

BTAI

BTAI P

DEQ

DEQB

DFAC

DFACB

PHI

PHI1

PHIIB

OMG

PPIIFT

PPIIFTB

PPHFIq

TIIACB

VPUT

VUT

VIPLIT

VIUT

_2

Deq

reference table of D
eq

diffusion factor, D

reference table of D

¢2

reference table of ¢I
cos _'2

( 20 ),or I_

% Pass. llgt. for blade-row exit station

reference table of % Pass. Ilgt.

% Pass. Hgt. for blade-row inlet station

reference table of (8/c)2

v_./u c

V21U [

Vl/U t

Vl/U t

i
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f

XII

XIIB

XLM

XLMP

XLMI.

XLMIP

YHLOSS

reference table of _I,

12

11

J.#,

HL

r
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00

I DO J " I, JLIM

t

J '- I, JLIM I

T ..

CALL

i L . i |

I ^, ,_,., 2x sl_.;(J)x OMG(J) J

I _'nn _'' J, e" -CO5 [ITAp(j_)} J

J_LOSS(_)-._ • OMG(J)x_V=PUT(J)I1

t ......

_

T-

lx x ,]CALL FIt tO

PHIl(. _) " PHII$

ITAllJ) - ion "I XL_I__(IJ
PHi 1(J.

#TA(J) = tQn"1
PHI[J)

VIUT(J) - PHII(J)/CQ$ ['BTAI(J)_,

VUT(J) *, PHI(J)/COS LirA(J))

T' ,

2

CX " .61
CY•I

i XU_le(j) - Xll(J) - XLMI(J)

cx - - ;61 xLMe(J)- xl(J) - xU_(J)

j XLMP(J) " -,XLM(J) ......... --'" '_H_'.j|I}TAIP(J) " - |TAt(J) " -

ITAP(J) - - IITA(J) I X " P'J"
V1PUT(J) • VIUT(J) IITAPqJI = _n" At.Mrt, J_].

-J vieuT(j)- PNIl(J)AZosI_TA|P(J)'I

VPUT(J) • PHI(J_./COS _TAP(J)]
|

PPHFTI (J) ,, _Xll (JLIM) - Xl 1(J)V_'XI1(II.1M) - X11(l)]
PPHFT(J) ,, rXI(JLIM)- XI(J)]/_XI(JLIM) - Xl(1)]

DEQ(J) ,' _ (1.12 + C X e_O_[BTA1P(J)_ 2 f XII_I.1_ XLM1P(J) - XLp_(J)l)
VPUT(J) $1O(J) x PHIl(J) "'XI(J)

DFAC(J) = 1 - VP_UT(J___)• CY _d__ (J) - XII(J)_
VIPUT(J) _XI(J) + Xll(J)J x _.IG(J) x VIPUf(J)

=1 °,o_
X • DEQ{J) ' J

CALL FIT ID 1yI.ILOSSrj_,. 2 x FktZ LY x SlG(.J,), = [PHIl(J)) z {1 - FH2 x Y x $iG(J)_

•" (3 x FH2- I) COS[.BTAP(JI} -_ _, CO$[BTAP(JI] JJ

..... .2 • _.LO_,S(S.) /OM_.,I.0 [%,lPUl (j)lZ

r i i _ ii :
,, , ,

]

I-
. ±

i '"°'_ I

Flow (:hart 8. SubrouLine LOSS.

i, ix_ M ,_, e • .r

l T

J = I, JLIM J

L!0J.,,J,,MI

!

!

...,.,;,.
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Subroutine OUTPUT

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

blade row. Reaction,. actual head-rise coefficlen= and hydraulic efficiency

are computed from Eqs. (II), (12), and (13)i Also loss parameter is computed

for printout.

Subroutine MAVE is called to obtain mass-averaged results.

OUTPUT Variables

DD

lOUT

J

JLIM

K

TYPNO

One half the radial distance between Streamlines leaving blade row

printer reference number

"streamline index

number of streamlines, Jlim

streamline index

blade-row type indicator

OUTPUT Arrays

BTA

BTAP

BTAI

BTAIP

DEQ

DFAC

_2

D
eq

diffusion factor, D

EFF 11 __

.,¢

III,OSSP Ili.

liP 1_2

;o¢
llI'l h 1

.,,¢

IlTP 112

f

!
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!

HTP1

OMG

PHI

PHIBB

PHI1

PPHFT

PPHFTI

PS

PSI

REACT

SIG

Xl

XII

XIM

XLMI

XLPAR

HI

_2

V

% Pass. Hgt. at blade-row exit

% Pass. Hgt. at blade-row inlet

R

_2

k2

kI

cos _
2G

1

"' 7-:
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WRII'E : heading

K =' JLIM - J ÷ I.

HPI(K) - HTPI(K) - .5 x -(,IPHII(K)I z ,} _XU_AI(KI_] 2'.,

XLPAR(K) " C)MG(K),xC_C)S[B_ TAP(K).._..__!

2 x SIG(K) .

ETAI{K) -, 57.3 x ETAI(K)

ETAIP(K) ,, 57'.3 x BTAIP(K)
ETA(K) • 57,3 _ ETA(K)

ETAP(K) = 57.3 x E,TAP(K)

PSI(K) =, 0
PS(K) ,, PSI(K)

- HLC)SSP (K)
REACT(K) ,=--0

EFF(K) - O

" L _

I

REACT(K) - HP(K) - HPI(K)
HTP(K) - HTPI(K)

PS(K) " PSI(K) - HLOSSP.(K)

EFF(K) - PS(Ky'PSI(K)

WRITE: PPHFTI(K), ..,

1, JLIM J

WRITE: head|ng

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

DE

I_T

J

JLIM

K

PJLIM

TYPNO

U

V

W

X

Z

one half the radial distance between streamlines leaving blade row

printer reference number

streamline index

number of streamlines, Jlim
p

branchi:_ index .._

machine nondlmensional flow rate .......

blade-row type indicator

;2

I/PJLIM

MAVE Arrays

= quantity to be mass-averaged

PHI @2

PS

PSl _i

S quadrature result

x_ _2

l
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/

,/

[;o

I DO • JLIM I

I 2

P(J) " P${J) P(J) - PSi(J)

[
J • 2, JIIM

i

I Z=O

[

DOK-I, 2

Flow Chart I0. Subroutine MAVE.

!
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Subroutine FITID

l

Interpolation for Y(X) is made based on 3-point Lagrange polynomials 8.

Reference data are tables YB, XB, where _ 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•

FITID Variables

IOUT

J

JP

L

WARN

X

X0

Xl

X2

Y

printer reference number

sCremmiine index

number of point pairs (XB, YB)

streamline index

extrapolation indicator

interpolate

XB value bracketing X

XB value bracketing X ......

2B value bracketing X

interpolated answer at X

J.

!

l

FiTID Arrays

XB reference data table

YB reference data table

L. •

I

i

L
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I WRITE. error
message I

<X [_WA'N''I
i

= ! ,DO L 3, JP J

_X
, i

[

xo_ x_(Lx, x,c_:,_l
x2 = XB(L) .

y. (X - Xl)(X - X2)
_XO .. X1)(XO .- X2)

+ (x-x2)(x - xo)
(XI - X2)(Xl - XO)

i I

YB(L- 2)

YB(L- 1)

(X - XO)(X - Xl) YBCL)

r I
j ,ETU,n J

Flow (;hart II. Subroutine FITID.

1

, .,.%,
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Subroutine FIT2D

Interpolations for Y(X, Z) are made, JL in number, based on 3-point

Lagrangian polynomials 8. Similar procedures are used for bracketing and

interpolating, end like restrictions are placed on elements of XB and ZB as

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

i

/
/

FIT2D Variables

I

lOUT

IP

J

JL

JP

JQ

K

L

M

N

WARN

• XO

XI

X2

YO

YI

Y2

index

printer reference number

number of elements in XB array

index

number of interpolations requested

number of elements in ZB array

dimension size of Y array

index

index

index

interpolation index

extrapolation indicator

XB or ZB value bracketing X or Z

XB or ZB value bracketing X or Z

XB or ZB value bracketing X or Z

YB element

YB element

YB element

at b_acket point (XB, ZB)

at bracket point (XB, ZB)

at bracket point (XB, ZB)

f

i
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l

FIT2D Arrays

X

XB

Y

YB

YST

Z

ZB

interpolate

reference data table

interpolated answer

reference data table

intermediate interpolated Y

interpolate

reference data table

!
'2

L

L_
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!
WRITE: eww--,. ]

I WAJ

D

P

>
>
=3

>

,>
x_l)

,'1

!ooN.,._1

DO J-3, JP

z(N)

I DO K - I_ 31

i .

V'_T('K). • [Z(N) -Xl ][Z(H, - X2]y 0 , [Z(l_)- X21[Z(N)- X0]y 1
(xo - xt)(xo ; x_ (xl - x_)(xt - xe)

• [Z(N_- X0lCZ_)- xJj
(X2 - XO)(X2 - Xl)

X0-XI(] - t2iXl .. Xg(I -
X2 - XB(I)

Y(N) - _X=,_(_N)-X., 1]_(h_! ,,;. X2].ySf(i) _. IX(N).. -X.._2]F(N } - X01 Y'ST(_)
(xo - xl)(xo • x2) (xl - x2)(xt - x0)

. rxc.n)- xo_F..(N}--_x!_Yst(_
(X2 - xo)r(2 - Xl)

i,'[owCl_art 12. Subroutine FIT21).

t_ • . 0 '
t
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C
C

C

C

C

C

C

C

C

C
C

C

C
C.

C

C

MAIN PROGRAM

APPENDIX A

Fortran Computer Prosrmm Listing

COMMON
IJLIM,D, IIN,IOUT,KP,LP,YHLOSS(II|,YS(B),YSIG[II#,

2YXI(IIJ,XI(IX.I,XILB(IIb,PSIBB(IL|,XLMIB(II|,HTPX&II), .

3HLOSSP(III,PSI(III,XII(III,XLMIIII,DFAC(LII,EPS[B),

4HP(llI,HTP(III,HTPLB(III,P(III,PHI(llI_PHIBB(I_I,
5BTA(III,PHILB(II|,PHIIBB(EII,SIG(III,XLMI(II|_PHII(II|

COMMON OMG_[12,6|

DIMENSION

IY(III,BTAP(III,BTAI[II|,BTAIP(III,DFACB(12|,OMG(II|.,

2THACB(12|, PPHFT(II|,PPHFTI(ll|tPPHFTB(6},XLMP(II),
3XLMIP(III,VUT(II}tVIUT(II.|.tVIPUT(/II,VPUT(II_tYYB(LI)_ .

40EQ(III,OEQB(I2!

INPUT LIMIT PARAMETERS AND. CALCULATE INLET STATION

FLOW CONDITI.ONS
SET UP TABLES QF RADIUS VALUES AND ZERO WHIRL

ITERPOLATE FOR TABLES OF-RADIAL DISTRIBUTIONS
OF FLOW COEFFICIENT,TOTAL HEAD; CALCULATE

TABLE STREAM FCN. DISTRIBUTION

I IN=I
IOUT=3
Jq=ll
JPX=B
XEPS:O
P(I)=O
PHIBB( 1|=0
READ( I INgllX,TPHI,THL
JLIM=X
WRITE (IOUTt20)
WRITE [IOUT.,21I Xt TPHI =THL

READ( IIN, II_X
KLIM=X

READ(I IN,II[XI
WRITE( IOUT,221

WRITE [IOUT,231

WRITE( IOUT,241

XIIB(LI=XI(I)

X liB( JL[ M) =XI (

XLMIB (I )=0
XLMIB( JL IMI=O
XJ=JLIM-I
D=(XI ( KL IMl-XI [ I | )/XJ
DD=.5_D
KK=XJ

(KI,PHI(K|,HTP[KItK=I_KLIM)

(XI(KI,PHI(K|,HTP(K|,K=I_KLIM|

KLIM|
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C
C
C
C

C
C
C
C

DO 2 K=2 tKK
XIIB(KI=XIIB(K-I I("O

2 XLM[B(K)=O
O0 60 K=ltJLIM
X=XI ],B(K]
CALL FITID(X tXXtXI,PHI t KL INtWARN_ IOUT)
PHI1B(K|=XX
CALL FITID(Xt XXt XI tHTP_ KL IM,WARN t [OUT|

60 HTPLB(K)=XX
DO hi, K=2,JLIM

61 P|KI=P(K-I}÷(XI1B(K|*PHI1B(KI÷XI1B(K-'II*PHIIB(K-III*DD
PHIBBS=2.*P(JLI M|/(X[ [B(JLIM) *Xl 1B(JL IMJ-XI IB( ],l*XI ZB

l(II)

PJLIM=P(JLIM|
WRITE (.IOUTt 2401 PHI BBS
jc? 6Z K=IIJLIM

62 P,-;_ ].BB ( K I =P ( KI./PJL IM

202
26

27

IDENTIFY FIRST BLADE ROW

READ( I IN, I )STANOvrYPNOt TYPLOS
T IFLO$=O

IF(TYPNO-I. |27_26_27
WRITE(IOL'T,Z5I STANO

GO lro zo9
WRITE(IOUTt2g) STANO

INPUT LOSS TABLES,BLADE RON DESIGN CONDITION TABLES

209 IF(TIFLOSI203_ZOOt203

203 IF(TYPLOS)288,28_288

20.0 IF(TYPLOSi312t301t312
301 READ(IIN_I| X,XX

KLIMP=X

LLIMP=XX

DO 601LL=I,KLIMP
601 READ(IIN,I| OFACB(LLII{PPHFTB(LJItOMGB(LLtLJ|tLJ=It

ILLIMP|

28 WRITE(IOUT,421

WRIIE(IOUT,43|

WR.ITE(IOUTt44)(PPHFTB(JI,J=ItLLIMPJ
DO 445 J=ItKLIMP

445 WRITE(lOUT,45| OFAEB(Ji_IOMGB(JtKI_K=I,LLIMP)
GO TO ZOL

312 READ(|IN,fIX

KLIMP=X

READ(IINtIIK.DEQBILLI,THACB(LL|tLL=I,KLIMPI
288 WRITE(IOUTt42|

WRIIE(IOUI,43OI(DEQB(LLD_LL=I,KLIMP|
WRKTE(IOUT,431)(THACB(LL)tLL=ItKLIMPI

201 _EAO(IINtl)X
KLIH=X

REAO(IIN,IIIYXIIKI,Y(K|,YSIG(KItK=I_KLIM)
[F(TYPNO-|.I4B,5?p48
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/

C

C
C

C

C
C

C

C

C

C

C

C

C

C.

C

C

C

C

C

C

C

C

C
C

C

C.

C

C

C
C

C

59 WRITE(IOUTt46I
GO TO 49

48 WRITE(IGUT,5_)
49 WRITEIIOUT,47IIYX[IK|,Y(KItYSIG(K|,K=l,KLIM)

COMPUTE BLADE ROW DESIGN CONDITIONS. AND INITIALIZED

LEAVING FLOW CONDITIONS

COMPUTE STREAMLINE RADII AND AVERAGE FLOW

COEFFICIENT
INTERPOLATE STREAMLINE DESIGN CONDI.TIONSt
INITIALIZE STREAMLINE FLOW COEFFIC_ENTStLOSSES
AND STREAM FCN, VALLIES

D=(YXI( KL IM),YXI ( 11 I/XJ
DO=, 5==,D
X I(JL[MI =YXI ( KL I.M I
Xl(ll=YXI II)

D0 65 J=2,_K
b5 XI(JI=XI (J-].l÷O

XPHI=2._PJLIM/(XI ( JLIM| wcXI ( JL IMI-XI ( ].I w_XI ( I | I
D.O 66- J=I,JLIM
X--XI(J)

CALL FITID(X,XX,YXItYo KLIMtWARN_IOUT)

IF(TYPNO-I. 163,64_63
64, PSI(J)=XX

GO TO 67
63 BTA( JI=XX/57.3
67 CALL FIT].D(X,XX_YXI,YSIGvKLIM,WARN_IOUTI

S [G( J I=XX
PHI (JI=XPHI

66 HLCSSP(JI=O
DO 666 J=2_JLIM.

66(:> PHIBB(JI=PHIBB(J-II÷(XI(.JI_'PHI(JI÷XIIJ-EI_PHIIJ-1))w_
[DDIPJLIM

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(II VALUE AT.

INNER CASING STREAMLINE

ITERATE RADIAL EQUILIBRIUM SOLUTION WITH

EXISTING LOSSES AND VARYING HP(II UNTIL CONT.

REQUIREMENT IS SATISFIED (15 OR LESS TRIES)

COMPUTE RADIAL EQUILIBRIUM SOLUTIONIROTOR OR

__.STATOR| AND COMPUTE STREAM FCN. ERROR AT OUTER
CASING STREAMLINE I3 OR LESS TRIESI

IMPROVE HPIIIEST_ FOR ZERO STREAM FCN. ERROR
BASED ON THE 3 PRECEDING RADIAL. EQUILIRIUM AND
STREAM FCN. ERKOR SOLUTIONS

COMPUTE FINAL BEST RADIAL EQUILIBRIUM SOLUTION

WITH CONTINUITY CONDITION UNSATISFIED

,;N..

A
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/
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C

C

C

C

C

C

C

IF{ TYPNO-I. |70 t69v 70

69 A =(PSIKI;+XLMIB(L|_XIIB(1)JlXI(!}
A--HTPIB( I} +PSI (I |-. 5_A_A

70 KNCT=O

DO 302 LOK=[,25
LLK=LOK
EPSP= ° I
IF( TYPNO-I. | 170, Ib9t 170

169 HP[ I )=A-HLOSSP (1 ;-EPSP-.Sw_PHI (I|_PHI ( l|
GO TO 171

170 HP(LI=HTPIB(LJ-HLOSSP(I|-EPSP-,5_PHI[II=PHI(I|/

I(COS( BTAK1] I._COSIBTA( l! |;
l?l DO BO KN=I,5

KNCT=KRC1+I
00 Bl K=I,3

IF( TYPNO-I. | 72,71,72
72 CALL RUNGK2[ YYBtDDt_ PJLIM|

GO TO. 73

71 .CALL RUNGKI{ YYB,DD, PJLIMI
73 EPS(K)= YYB[JLIM)-I.

IF{ABS(EPS(K| )-TPHI }40,41t_l
41 YS( K I.=HP( Il

31 HP( l |.=HP(IJeEPSP

EPSP= ,04.

CALL FITID(XEPS,YHPIEPS,YStJPXtWARNvIOUT)
30 HP[I|=YHP-EPSP

HP( I l =HP( l| +EPSP
WRITE (lOUT( 501EPSt YS

IF( TYPNO-I. | 8Z,BI,BZ
82. CALL RUI_C,KZ( YYBtDDtPJLIM|

GO ,TO 140

81 CALL RUNGKI.[ YYBtDDvPJLIM;

140 WRITE(IOUT,85]LOK,[YYB(J|tJ=I_JLIM)

COMPUTE LOSSES AND REVISE LOSS DISTRIBUTION
CHECK FOR ANNULUS STALL--IFSTALL HAS OCCURRED

THEN BRANCH TO READ IN NEXT PROBLEM IN INPUT
LOAD

40 YYB(JLIM)=I

DO 4IB J=ItJLIM

IF(PHI(JI; 83183,_[8

83 WRITE(IOUT,8_|
GO TO 404

418 PHIBB(J|=YYB[J|

CALL LOSS(BTAP,BTAI,BTAIP,DFACB,OMG, PPHFT, PPHFTI,PPHFT

1BtXLMP,XLMIP, VUT,VIUT,VIPUTtVPUTtTYPNOtKLIMPtLLIMP_DE

2Q,DEQB,THACB,TYPLOSwJQ|

DO _00 I=I,JLIM

IF(ABS(HLUSSP(II-YHLOSS(III-THL|4OO,_Olt401
400 CONTINUE

GO TO 403

L ;_ '_
./"

I

.i
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I

C

C

C

C

C
C
C
C
C

401 GO TO(SLI,511tSI2,514|,LOK
GO TO 5£4

511 XJQE=. 5

GO TO 410

512 XJOE=.85

GO TO 410
514 XJOE=I.

[F(LOK-25) 410,303,303

410 DO 302 I=I,JLIM
302 HLOSSP(I|=HLOSSP(I)÷XJOE_(YHLOSS(I)-HLOSSP(I)|
303 WRITE(IOUT,599I |.HLOSSP(II_YHLOSS(II,I=ItJLIM|

COMPUTE ADDITIONAL RESULTS AND PRINT ANSWERS

403 WRITE (lOUT,52 )LLK, KNCT

CALL OUTPUT(PPHFTI,PPHFT,BTAI,BTAIP,DD_ BTAP,OMG,DEQ,

ITYPNO,PJLIM!

READ NEXT PROBLEM AND TRANSFER LEAVING FLOW RESULTS

IIF NECESSARYI AS INPUT TO NEXT BLADE ROW

404 READIIIN,I|YSTANO, TYPNO,TIFLOS,TYPLOS

IF(YSTANO)405,406,405
40b STOP

405 IF(STANO-YSTANOI4OTe202,407

407 STANO=YSTANO

DO 408 I=[,JLIM

XIIB(I)=XIIII

XLMXB(I;=XLM(I|
PHIIB(II=PHI(1).

HTPIB(II=HTP(I|

408 PHIIBB(II=PHIBB(1)

GO TO 202

I FORMAT(IOF7,O|

20 FORMAT(IHI,= INPUT DATA'|

21 FORMAT( /' JLIM=ttFg-O, '

I t LOSS TOLER.='_F9.4|

22 FORMAT( /' INLET'I
23 FORMAT( /SX_eR/RT'_OXt'PHI't2X,tHD COEFtl I
24 FORMAT(3F9.41

25 FORMAT(IHI,' STA. NO. (ROTOR ROW|=',F9,O)

29 FORMAT(IH£,' STA. NO. (_TATOR|=',F9.O|

42 FORMAT( /5X,'LOSS COEF. TA3LE'!

43 FORMAT( #IbX,'PERCENT PASSAGE HEIGHT FROM TIP'|
44 FORMAT( /4X,' DFACI,IOF9.2|
45 FORMAT(I3F9.4|

46 FORMAT( /' DESIGN CONDITIONS: R2/RT

I' SOLIDITY'/ I
47 FORMAT(19X,Fg.3_FLZ.3tFIO.3|
50 FORMAT(IHI,6FI4.bt' CONT. FAILED t)

CONT. TOLER.=',Fg._t

PSII' ,
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5[ FORMAT( /' DESIGN CONDITIONS: R2/RT BE.TAZ(DEGI't
L' SOLIDITY'/ I

52 FORMAT( II' NO. LOSS ITERATIONS=',I3t5Xt

['NO, CONTINUITY [TERAT.|ONS=ItT3,11)

84 FORMAT(' STALLED FLOW-ABORT')

85 FORMAT(* LOSS LOOP==tl3t m FINAL BEST EST STR FCN==_.LIF
=

17.4)
240 FORNAT(/J INLET FLOW COEF=ItF?.3).
4.30 FORMAT(. /SXt_DEQB=',I2Fg.3)
431 FORMAT ( 15XvtTHACB=e,12F9.3)

599 FORMAT(/ _t LOSS FAILED'_LOFT.N)
END

;

I
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SUBROUTINE RUNGKX

I[YYB_DD, YYYB).
COMMON

IJLIMtD, IINtIOUItKPtLPtYHLOSSI.IIIvYS(3ItYSIG(II)t

2YXI(II)tXII£I),XI£B(II)tPSIBB(XI)tXLMIB(I£)tHTPX[XIIt
3HLOSSP(£L),PSI(XL),XI.I(II)tXLM(£LI,DFAC(X£|,EPS[3|t

4 Y(II),HTPILL),HTPLB(III,PIIII, YY(£II_PHIBB[II|v

5BTA[II),PHIIB(II|_PHIIBB(I£|tSIG[II),XLMX|LIItPHII(££)

COMMON OMGB(£2,6)

DIMENSION YYB(_I)

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

PROCEDURE AND DETERMINATION OF ROTOR LEAVING FLOW

COEFFICIENT AND STREAM FCN, DISTRIBUTIONS(HUB-TIPI
START VALUE IS HUB STREAMLINE STATIC HEADIYIJ=II)

XNITIALIZE STREAMLINE.NUMBERIAT HUBI AND SET
BEGINNING STREAM FCN. VALUE

SET WORKING RAOIUSIXI FOR RUNGE-KUTTA SOLUTION

CORRESPONDING TO STREAMLINE RADIUS IN ROTOR

LEAVING FLOW

J=l

YYB(I|=O

X:XIIJI

N=I

INTERPOLATE SPECIFIED WORK COEFFICIENT AND

EXISTING STREAM FCN. DISTRIBUTIONS AT RADIUS X

CALL FITID(XtPSIStXI_PSItJLIM_WARNtIOUT|

CALL FITID(X_XPXtXItPHIBBtJLIMtWARN_IOUT|

INTERPOLATE ENTERING STREAMLINE RADIUS AT
DETERMINED STREAM FCN. VALUE

CALL FITID(XPX,XILSvPHIIBB, XIIBtJLIM_WARNtIOUT)

INTERPOLATE ENTERING WHIRL AND TOTAL HEAD

AT .DETERMINED ENTERING FLOW STREAMLINE RADIUS

CALL FITIOIXIIS.tXLMLStXIIBtXLMIBtJLIMtWARNtIQUT)

CALL FITID(XILStHTP£StXIIBtHTPIB_JLIMtWARNvIOUTI

IlL

d
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C
C.
C
C

C.

C
C
C

C
C
C
C.
C

COMPUTE LEAVING WHIRL AND DIFF. COEFFICIENT(If

CORRESPONDING TO RADIUS X

XLMS=(PSIS÷XIES_XLMIS)/X

Z=XLMS_XLMS/X

GO TO(3t4t6|tN

SAVE ENTERING FLOW STREAMLINE DATA, COMPUTE NEW.

LEAVING FLOW STREAMLINE FLOW SOEF, AND STR,FCN

3 HTPI(J)=HTPIS

XIl(J)=XIIS

XLMIIJ|=XLMIS

XLM(J)=XLMS

HTPIJI=HTPIS+PSIS-HLOSSP(J)

lO YY(J)= 2._(HTP(JI -Y(J|I-XLMS_XLMS

IF(YY(JI)20,21,2I
20 YY(.JI=O

GO TO 22

21 YY(J)=SQRT(YYIJII

22 IF(J-l)24,23t26

24 YYBIJI=YYBIJ-IJ+(XI(JI_yY(JI+XI(J-I)_YY(J-1II*DO/YYYB_

CHECK FOR OUTER CASING STREAMLINEIJLIM|

COMPUTE COEFFICIENTS AND INCREMENT X PER RUNGE
-KUTTA METHOD

23. IF(J-JLIMIll,7,1I
11Cl=O_Z

X=XI(J)eDD
N=2
GO TO 2

4 C2=D_Z

X=XI(JI+D
N=3
GO TO 2

6 C4=D_Z

COMPUTE STREAMLINE STATIC HEAD VALUE, INCRE-
MENT STREAMLINE NUMBER

YlJ+l I=Y(-J )÷(Cl*4._'C_÷C4) 16.

8 J=J+l

GO TO 1
7 RETURN

END

I

I

t'
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SUBROUTINE RUNGK2.

I(YYB,DD,Y%YB;
COMMON

LJLIM,D, IIN,IOUT,KP_LP, YHLOSS(IL)tYS(3;tYSIG(II|,

2YXI(I1),XI(III,XIIB(III,PSIBB{III,XLMIB(III,HTPI([I),

3HLOSSP(II),PSI{II}_XIZ(IIItXLM(III,OFAC(II)tEPS(3),

4 YIlII,HT_illI,HTPIBIlII,P(II_I YYIlII,PHIBBlll|,5BTA(ILI,P [IB(ll),PHlIBB(ll;t G(lliwXLMl.(ll|ePHIl(ll)
COMMON OMGB(I2,6)

DIMENSION YYB(II),S(II)

INTEGRATION OF RADIAL EQUIL. O.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

INIT.IALIZE STREAMLINE NUMBER(AT INNER CASING;

AND. SET BEGINNING STREAM FCN, VALUE

J=l
YYB(1)=O

SAVE EXISTING FLOW COEFFICIENT DISTRIBUTION
SET WORKING RADIUS(XI FOR RUNGE-KUTTA SOLUTION

CORRESPONDING TO STREAMLINE RADIUS IN STATOR
LEAVING FLOW

DO 30 K=I,JLIM
30 S(K)=VY(K)

i X=XI(J|

N=I

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

2 CALL FITIO(X,BTAStXI,BTA,JLIM,WARN,IOUT)
CALL FITID(X,PHIS,XItS,JLIMsWARN,IOUT|

CALL FITID(X,XPX_XI,PHIBB_JLIMtWARNtiOUT|

INTERPOLATE ENTERING STREAMLINE RADIUS AT
DETERMINED STREAM FCN. VALUE

CALL FITID(XPX,XIISfPHIIBB,XIIB, JLIM,WARNtIOUT)

....,_.,

L ,

=--

............ _ :'-....... _'--"_sz_.,,. e'_, J I
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INTERPOLATE ENTERING WH[&L AND T.OTAL HEAD AT
DETERMINED ENTERING FLON STREAMLINE RADIUS

CALL FITID(XIISIXLMIStXIIB_XLMIBIJLIMvWARN_IOUT).

CALL FITZD(XI[StHTPIS_XIIBtHTPLBIJLIMtWARNtlOUT)

COMPUTE LEAVING HHIRL ANO. OIFF, COEFFICIENT(ZJ

CORR_SPONOING TO RADIUS X

XLMS=PHIS_TAN(BTAS)

Z=XLMS=XLMS/X

G.G TO(.3t4_6|tN

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

3 HTPliJ|=HTPIS

XIZ(JI=XIIS

XLMI(J)=XLMIS

XLM(JI=XLMS

PSI(JI=O

HTP(J)=HTPIS -HLOSSP(J)

tO YY(J)= 2.=(HTP(J! -Y(JII-XLM$_XLMS

IF(YY(JIIZOe21,21
20 YY(J)=O

GO TO 2Z

2[ .YY(JI=SQRT(YY(JI|

22 IF(J-I)24,23_2_
2_ YYB(.J|=YYB(J-[I÷(XI(JI*YY(JJ÷XI(J-II=YYtJ-III=DDIYYYB

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

23 IF(J-JLIM)II,7,_[
ik CI=D_Z

X=XI(J)eOD

N=2

GO TO 2

4 C2=DmZ

X=XI(J|÷D
N=3
GO TO 2

6 C4=O_Z

COMPUTE STREAMLINE STATIC HEAD VALUE, INCRE-

MENT STREAMLINE NUMBER

Y (J÷ I I=Y( J i +IC I÷4. _'C2_'C_.)/6.
8 J=J÷l

GO TO 1
7 RETURN

END

i
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SUBROUTINE LOSS

L(BTAPtBTAItBTAIPtDFACBtOMGtPPHFT,PPHFTZtPPHFTB

2,XLMPvXLMLP, VUTtVLUItVIPUT,VPUT,TYPNO_KLIMPvLLIMP_DEQ

3,OEQB,THACBtTYPLOStJQ)

COMMON

IJLIM,D, IIN,IOUTtKP,LP,YHLOSS(IIIoYS[3),YSIG{LX|v
2YXI[IIIeXI(IIIeXIIB(IIItPSIBB(IL)vXLMIB(LL),HTPLiLIIt

3HLOSSP(LIJ,PSI(III,XIIIILI,XLM(LL),DFAC(IL)_EPS[3|,.

_HP(III.gHTP(II),HTPLB(II|,P(IX|,PHI(III,PHIBB(II|,

5BTA(III,PHIIB(ll},PHIIBB(LII,SIG{II),XLMI(III,PHII(ll)

COMMON OMGB(L2,6)

DIMENSION BTAP(I;,BTAI(I|,BTAIPIL)tDFACBIIJ,OMG(I|,

IPPHFT(I|,PPHFTI(1),PPHFTB(1),XLMP(II,XLMIP[I),VUT(1),

2 VPUT(1),DEQ[I),DEQB(I|,THACB(IItVIUT[1)_VLPUT(1)

DETERMINATION OF LOSS DISTRIBUTION(HUB-TIP,ROTOR OR

STATOR) USING DEQ OR D-FACTOR CALCULATION AND COR-

RESPONDING TABLE REFERENCELOSS CORRELATION

INTERPOLATEENTERING STREAMLINE FLOW COEFFI-

CIENTS. COMPUTE BLADE ROW ENTERING ANO LEAVING

STREAMLINE ABSOLUTE FLOW ANGLES AND DIMENSION-

LESS VELOCITIES

00 I J=I,JLIM.
XILS=XI1(J|

CALL FITLDIXIISIPHIIStXIZB_PHIIBtJLIMgWARNtIOUT|

PHIL(J)=PHILS

BTAL(J)=ATAN2(XLMX(JI,PHIIIJ)|
BTA[JI=ATAN2(XLM(J|tPHI(J||
VLUT(J|=PHIL(J)ICOS(BTAL(J|}

VUT(JI=PHI(JJ/COS(BTA[JI)

CHECK FOR STATOR(2) OR ROTOR ROW

COMPUTE ENTERING AND LEAVING STREAMLINE REL.

FLOW ANGLES AND DIMENSiONLESS.VELOCITIES(STA-

1OR OR ROTOR)

L=TYPNO

IF(L-2)5,3,5

3 DO 30 J=ItJLIM
CX=-.61

CY=-I

XLMLP(JI=-XLMI(J}

XLMP(J)=-XLM(J)
BTALP[JI=-BTAL[J)
BTAP(J|=-BTA(J)
VIPUT(JI=VIUT(J)

3_ VPUT|JI=VUT(J|

,y_,
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GO TO 31
00 _. J=I_JLIM
CX=_-.61
CY=l
XLM1P(J) =XI], (J }-XLM].(J I
XLMP ( J)=XI [J I-XLM(J|
BTA1P (J ] =ATAN2 {XLMLP( J ) ,PHI }, (J,| |.
BTAP( JI=ATAN2[ XLMP( J| tPHI (J] I
V1PUT(J) =PHI 1 (J }/COS( BTA1P(J | ]
VPUT (,JI=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)

X=XII[JLIMI-XIL

XX=XI(JLIMI-XI(

DO 2 J=I_JLIM

PPHFTI(JI=(XII[
PPHFT(JI=[XI(JL
DEQ(J]=VLPUT(J)

ICQ$(BTAIP(J]|*[

(1l
I)

JLIM)-XIL(JI)/X.

IMI-XI(JII/XX

IVPUT(J)*(1.12eCX_COSIBTAIP(J|)=

(XIL(JI_XLMIP{JIIXI(JI)-XLMP{J)]I
2(SIG(JI=PHIL{JI||

2 DFAC(J)=I.-VPUT[J|IVIPUT(JI-CY=(XI(JI*XLMP[JI-XII(J)_

IXLMIP_LJ)II((XI(JI+XII(JIItSIG(JItVIPUT(JI|.

CHECK TYPLOS(=O,D-FACCALCo]. COMPUTE DIMEN-
SIONLESS HEAD LOSS AND LOSS COEFFICIENT VALUES

PER STREAMLINE(STAT_K OR ROTOR] AS FCN.[DEQ,

OR D-FAC AND PERCENT PASSAGE HEIGHTI

I F [TYPLDS) 20,2L, 20 .
20"FH2=1,08

C_=2,/( 3. =FH2-L, I
DO 7 J=LtJLIM .....
X=OEQ(J]
CALLFITLD[XtYIDEQB_THACBIKLIMPtWARN,IOUT)
C3=SIG(JI_Y_FHZ/COS[BTAP(J||
CS=PHII[JI/COS(BTAP(J||
YHLOSS(J|=C3_C_CS_CS/((L.-C3|_*3|

70MG(J]=2**YHLOSS[JiI(VIPUT(J|_VLPUT(J||

RETURN

21 CALL FIT2D[DFAC,OMG,PPHFT,DFACBtOMGBtPPHFTBtKLIMP_

I LLIMPtJLIMtJQtWARN, IOUT|

00 6 J=I,JLIM

OMG(JI=Z._SIG(JI._OMG(J|/COS(BTAP(JI|
6 YHLOSS(JI=,5_OMG(J|_ VLPUT[JI_VLPUT(J]

RETURN
END

.,,,. _,
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SUBROUTINE OUTPUT

].(PPHFT ItPPHFTo BTAI• BTALP• uO• BTAPtDMG•DEQ•TYPNO_.PJLIM)

COMMON

IJLIMI D, IIN• IOUTtKP•LPt YHLOSS{ Ill •YS( 31 _YSIG(L L I

2YXI{ IL )iX| ([.L) _XIIB( L[ l•PSIBB( II| tXLMLB( Ill • HTPI( Lt| •.

3HLOSSP (lI) •PSI ( Ill •XI [Ill I •XLM( III ,DFAC( Ill • EPS(3I •
4HP(LL )_HTP(ll) _HTPEB( III •P( ILl IPHI(If )_PHIBB[ [II •
5BTAI L[ )•PHILB( II l•PHI LBB(It) tSIG(III tXLMI(If) _PHI I(LL)

COMMON (_MGBIL2t6)

DIMENSION PPHFTL(I.I,PPHFT(II,OMG(_ItBTALP(I|,BTAP(I)
1 t DEQ(L) tPS(LL| vHPI(LI | tXLPAR( LL | •REACT(I1) tEFF( 11| •
2BTAI{ L| )

21

2O

PRINTOUT OF CDMPUTEO RESULTS

COMPUTE ADDITIONAL STREAMLINE RESULTS AND

CONWERT ANGLES TO UNITS OF DEG.(REACTION

AND EEFICIENCY FOR STATOR ROW=Of

WRITE(IOUT_II

DO 3 J=I,JLIM

K=JLIM-J+I

XLPAR(KI=OMG(K)*COS(BTAP(K|II(2._SIG(K))
BTAl(KI=ST.3_BTAl(KI
BTA1P|KI=ST.3_BTAIP(K)
BTA(K|=ST.3_BTA(K)
BTAP(KI=ST.3_BTAP(K|
HPI(KI=HTPI(KI-.5*(PHILKKI*PHII(KI+XLMI(KI_XLMI(KI)
IF(TYPNO-I.|20,21_20
REACT(KI=IHP(K|-HPliKI|/IHTP(KI-HTPI(KII
PS(KJ=PSI(KI-HLOSSP(KI
EFFIK|=PS(KIIPSI(K)
GO TO 3
PSI(KI=O
EFFIK|=O
REACT(K)=O
PS(KI=PSI(KI-HLOSSP(KI

PRINT OUT STREAMLINE RESULTS FOR FLOW

ENTERING BLADE ROW

PRINT OUT STREAMLINE RESULTS FOR FLOW

LEAVING BLADE ROW

3 WRITE(|OUT,21PPHFTI(KI_XII(KItPHIL(KI_XLMLIK)_BTAL(KI_
IBTA1PIK)_HTPI(KI• PHIBB(KI

WRITE(IOUTv[O|
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C
C

C
C

C.

D0 1.1 J=i,JLIM
K=JL|M-j+I

1l WRITE(IOUT,12|PPHFT(K|,XI(K|tPHI,(KI,XLM(KItBTA(K|t
I.BTAP(K|eHTP(KJeNPIKI_PHIBB(K)
WRITE(IOUTtI3)
DO l_ J=IwJLIM

K=JLIM-J*I

L4 WRITE(IOUT,I51PPHFT(KI,XI(KItPS(KI,PSI(KI,REACT(KI_EFF

I(K)gHLOSSP(KItOMG(K),XLPAR(KI_DFAC(K|,DEQ(K|

CALL SUBROUTINE MAVE TO COMPUTE AND PRINT OUT

MASS-AVERAGED RESULTS

CALL MAVE(PS,TYPNO,DD,PJLIMI
CONTINUE
RETURN

I FORMAT( I' _PASS HT FR TIP RI/RT PHIl LAMOAI e,

I' BTAI(DEGI BTALP HTP[ STR. FCN'I I
2 FORMATIFlb.3t3FT.3tFII.2fFS,2,FT.3tF9,3|

lO FORMAT( /LSXtZRZ/RT PHI2 LAMDA2 BTA2IDEG| =t
IZBTA2P HTP2 HP2 STR FCNe/ I

12 FORMAT(F16.3,3FT.3tFL1,2,FB,Zt.2F7°3,F9.3|
13 FORMAT( /L6X,'RZIRT PSI PSII REACTION

I ' HLOSSP OMEGAB LOSS PARAM OFAC OEQ'I i
L5

EFF=,.

FORMAT(FI6.3,3FT.3tFII°3,FS,3tFT.4tFB._FL2._t2F6.3)
END

//

/
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SUBROUTINE MAVE

I(PS,TYPNO,DDtPJLIM)
COMMON

IJLIM,Ot[IN,IOUT,KP,LP,YHLOSS(IIItYS(3I,YSIG(III,

2YXI(II|,XI(II),XIIB(II},BSIBB(II),XLMIB(II|,HTPI(II),

3HLOSSP(II),PSI(IZ),XlI(II|,XLM(II|tDFAC(IIJ,EPS(3),

4HP(II),HTPill),HTPIB(II),Y(LI|,PHI(III,PHIBB(II),

5BTA{III,PHIIB(III_PHI_BB(III,SIG(III,XLMI(II)tPHII(_I)

COMMON eMGB(12,6)
DIMENSIQN PS(I|,.S(II|,P(I_)

COMPUTION OF MASS-AVERAGED VALUES FOR FLOW LEAVING

A BLADE ROW

X=I,IPJLIM

U=2._PJLIMI(XI(JLIMI_XI(JLIMI-XI(II_XI(I}I

DO 5 K=I,2

TRANSFER ARRAYS TO P-ARRAY

00 I J=ItJLIM

GO TQ (3t4),K.

3 PKJ)=PS(J)
GO TO I

4 PKJ)=PSI(J|

i CONTINUE

COMPUTE P-ARRAY INTEGRAL{FROM INNER TO OUTER

CASING| AT COMPUTING STATION FOR FLOW LEAVING

BLADE ROW

• ..,"

6

S(II=O
DO 6 J=-_JLIM
S(J.I=S(c-II+(XI(JI_PHI(JI=P(JI÷XI(J-II_PHI(J-I|=P(J-[I|*DD

FORM MASS-AVERAGED

AND IDEAL HEAO-RISE

GO TO (8,91,K
8 V=X_S(JLIM)

GO TO 5

9 W--X_S(JLIM)
5 CONTINUE

FLOW COEFFICIENT, ACTUAL

COEFFICIENTS

,

//

..... _ _ - : ,.. ....... _ ....... ._._T-,.,,-,,L -- _

..._--,.... ........... %: .... ........... _i_-'-t_ .. _ff"---_',.wiI
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C
C
C
C
C

COMPUTE HYDRAULIC EFFICIENCY FOR BLADE ROW

(=0 FOR STATOR ROW)
WRITE OUT COMPUTED MASS-AVERAGED RESULTS

IFlTYPNO-l.|ll,12,11

ll Z=O.

GO TO 13

12 Z=V/W
13 WRITE(IOUTIIO)U_VtW_Z

RETURN

10 FORMAT(/ ' MASS-AVERAGED:. PHI2=mtFT,3_'

I' PSII=',FT-3t I EFF=m,F7o31

END

PSI=mtF7,3,

I

i
!,
I

i



C
C

C

C

C

C

C

C

C
C

C

C

C

C

C

C

C

C

C
C

C

C
C.

C

C
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SUBROUTINE FITID

1 [ X, Y_XBtYB, J.PtWARNt |OUT|
REAL XB( II,YB[ ].l

3-POINT LAGRANGIAN INTERPOLATION FOR Y=FCN(X| FROM
DATA TABL.ES XB_YB. XB-ARRAY VALUES ARE ARBITRARILY
SPACED, MONOTONE NON-DECREASING. JP IS GI.VEN NUMBER
OF XB- OR YB-ARRAY ELEMENTS

CHECK COMPATIBILITY GF JP VALUE WITH.LAGRANGE
FORMULA REQUIREMENTS

WARN=O

14 IF(J P-3| 12, J,5, ],5

I2 WRITE (lOUT, 500.| JP
STOP

BRACKET INTERPOLATE X WITH THREE NEIGHBORING

XB-ARRAY VALUES(WARN=I INDICATES EXTRAPOLATION

OUTSIDE OF RANGE OF XB-ARRAYI

15 IF( XB(II.-X116,16,17

17 WARN=I

16 DO I J=3,JP
L=J

IF( X-XB(L )12,2_I
1 CONT INUE

WARN= 1

COMPUTE INTERPOLATEO.Y USING LAGRANGE FORMULA

2 XO=XB(L-2)
XL=XB(L-L|
X2=XB(L!
Y=(X-XII_(X-X2I_YB(L-2I/I(XO-XII=(XO-X2|I+(X-X2|=

I(X-XOI_YB(L-II/((Xl-X2)_(×L-,XOII÷(X-XO|=(X-XlI_YB{LI/
2((X2-XOI_{X2-XI)|

RETURN

500 FORMAT(IOX_' INCORRECT ARRAY SIZE IN FITIOt JP==_I2I
END

i

I

....... " .......... _" ..... .. "...... ,:.... Al_-'_,T,--_.,;d_"_--'...... ._---'I--" ,_I'L,
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C

C
C

C
C

C

C

C

C
C

C

C
C

C

C

C

C

C

C

C

C

C

C

C

C

C
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SUBROUTINE FIT2D

I{X,Y,Z,XBtYB,ZB, IP,JP,JL,JQ,WARN,IOUT)

DIMENSION X(1),Y(I),Z(1),YST(3),Xfi(I),ZB(II,YB([2,1)

3-POINT LAGRANGIAN INTERPOLATION FOR Y=FCN(XtZ|
FROM DATA TABLES XB_YB,ZB. XB-AND ZB-ARRAY VALUES
ARE ARBITRARZLY SPACEDt MONOTONE NON-DECREASING.

[P,JP ARE NUMBER OF ELEMENTS IN XB,ZB ARRAYS,RE-

SPECTIVELY. JO IS OIMENSION SIZE OF Y-ARRAY.

JL IS NUMBER OF INTERPOLATIONS Y REQUESTED FOR

INTERPOLATE PATRS{X,Z|

CHECK COMPATIBILITY OF JL WITH Y-ARRAY DIMEN-

SION (JQ}

CHECK COMPATIBILITY OF IP,.JP VALUES WITH

LAGRANGE FORMULA REQUIREMENTS

WARN=O

IF|JL-JQ)20,20,|.5
20 IF{IP-3)I5,10,[O

[0 IF(JP-3)L5,12,[2

15 WRITE(IOUT ,500)IPtJP,JL
STOP

12 O0 6 N=ItJL

BRACKET INTERPOLATES X,Z EACH WITH THREE
NEIGHBORING XB-AND ZB-ARRAY VALUES(WARN=I

INDICATES EXTRAPOLATION OUTSIDE RANGE OF XB-

AND/OR ZB-ARRAYI

IFiXB{[|-X(NII[6,16,1?

[7 WARN=I

16 DO [ M=3,.IP

I=M

IF(X(NI-XB(II)2,2,[

[ COhTINUE
WARN=[

2 IFIZBII|_Z(N||[B_IB_19
I9 WARN=[

18 DO 3 _-_.3_JP
j=M
IF(Z(NI-ZB(J||_v_3

3 CONTINUE
WARN=[

4 XO=ZB(J-2I
XI=ZB{J-I)
X2=ZB(JI

................ ? .....
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C
C COMPUTE INTERPOLATED YST(3-TIMES| AND Y USING
C LAGRANGE FORMULA
C

C

DO 5 K=It3
L=IeK
Y0=Y8
Y I=Y B
Y2=YB

5 YST(K
I+(Z(N
2+(Z(N

XO=XB
XI=XB
X2=X_

6 Y(N|=
I+(X(N
2+

R

500 F
l*

(L-3_J-21
(L-3tJ-l;
(L-3,J|
I=(Z(N|-XL|_IZ[NI-X21=YO/{(XO-XI|_(XO-XZI)
)-X2I=(Z(N)-XOI_YII((XI-XZI=(XI-XOII
)-XOI*(Z(NI-XII=YZ/((X2-X0)*(X2-XI)I
(I-2)
(I-ll

(I!

(XINI-XII_(XINI-X2)*YST(II/I(XO-XII_(XO-X2ll

|-X2I_(X(NI-XOI_YST(2I/(IX1-X2I_(X1-XOII.

(X(NI-XOI_(XINI-XII_YST(3I/((X2-XOI_IXZ-XI|i
ETURN

ORMAT(1OX_ t INCORRECT
JP==,I2_ I JL=I_i2I

END

ARRAY SIZE IN FIT20, IP==,I2,

..,'%,

L
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APPENDIX B

Listing of Example Data Load

The input data cards for an example desig. 9 of a single-stage pump are

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 _he parametric

capability discussed in the section "Computer Program Capability and Utilization."

As mentioned previously, all.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

rY_____m

1
2
3
4a
5a
6a
6a
6a
6a
6a
6a
6a

6a
6a
6a
6a

6a
6a

6a
7a
8a
8a
8a
4b
7a
8a
8a
8a
4b
5a
6a
6a
6a
6a -
6a
6a
6a
7b
8h
9

7. .00t .O0t

3.
.8 .69 ,5 .9
I. t. 0.
7. 5.
O. 0. 0. .25
0.

.2 O. .0072 .25
,0023
.t, O. ,0L82 ,25
.005
• 5 O, .0269 ,25
,007
• 6 0. .0378 ,25
,0105
• T O. ,_0503 .25
.0155
.8 O. °0666 .25
.0218
7_
.8 .433 .8?5 .833
._33 .778 °933 ,456
,7
I, I, I, O°
7,
.8 .437 1.250 .833
.427 l. LLt .933 ,,656
1,
2, 2. ,0 ,0
7, 3,
• 0 ,0 ,003 .S
.2 .0 .004 .S
.4 .0 .008 ,5
• 5 ,0 .0L25 ,5
._, ,0 .OL7 ,$
.7 .0 ,0275 .5
.8 .0 .0425 ,5
B,
o8 ,0 1.25 .9

(Blank card)

.69 .5 l.O °69 .5

O_ °50 0,, ,75

.0049 .50 ,OOl ,75

• 0125 .SO .002 ,75

o019 *50 .0028 .75

.0271 ._0 ,0061 .75

• 038 ,50 ,OObl .75

,0508 .50 .009 .75

O* le

•001 .I,

,003 A,

,0041 I,

,0065 I,

,01 I,

,01_ I,

,633 ,86 ,867 ,633 ,807 °9
•.751 ,967 .4T8 .726 Lo .498

,633 1.2 ,867 .626
1.011 ,967 .481 1.035

• 003 1, ,003
,004 1, ,004
,008 1. ,OOB
• 0125 1. ,0125
• OIT 1. ,OIT
,0275 L. ,0275
,0425 h, ,0625

.0 I.ILL |. .0 |.

1.152 .9
lo .698.
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Li_ting of Example, Computer Program Output

INPUT DATA

JLIN- 7. CONT. TOLEP.= 0.0010 LOSS TOLER.= 0.0010

INLET

R/RT PHI HD COEF

0.8000 0.4900 0.5000
O.qO00 0.4900 0.5000

l.O000 0,_900 0.5000

INLET FLOM COEF= 0,490

STA. NO. (ROTOR RONI= L.

10$S COEF, TABLE

PERCENT PASSAGE HEIGHT FROM TIP

OFAC 0.0 0.25 0.50 0.75 1.00
0.0 0.0 0.0 0.0 0.0 0.0

0.2000 0.0072 0.0049 O.OOIO 0.0010 0.0023
0,4000 0,0182 0,0125 0,0020 0,0030 0.0050
0.5000 0.0269 0.0190 0.0028 0.0041 0.0070
0,6000 0,0378 0.0271 0,0041 0,0065 0,0105
O. TO00 0°0503 0.0380 0.0061 0,0100 0.0155

0.8000 0.0668 0.0508 0.0090 0.0160 0.0218

DESIGN CONDITIONS= R21RT PS[I SOLIDITY

0.800 0.433 0.8_a
0.833 0.433 0.840
0.867 0.433 0.807
0._00 0.433 0.778
0.933 0.456 0,751

0.967 0.478 0.724
1.000 0.6?8 0.700

NO. LOSS ITERATIONS = 6 NO. CONTINUITY ITERATIONS = 12

ZPASS HT FR TIP EI/RT PHI1 LAMDA1 BTAIIOEG)

0.0 1.000 0.490 0.0 0.0
0.155 0.969 0,490 0,0 0.0
0.315 0.937 0.490 O. 0 0.0

0.483 0.903 0.490 0.0 0.0

0.658 0.868 0.490 0-0 0.0
0.831 0.834 0.490 0.0 0.0

1.000 0.800 0.4?0 .0,0 0,0

R2/RT PHI2 LAMOA2 BTA2(OEGI

0,0 I;O00 0,454 0,498 47.b8

0.167 0.967 0.455 0.494 47.38
0.333 0.933 0.482 0.489 45.38
0o500 0.900 0,5[5 0.481 43.07

0.667 0.867 0.517 0.500 44.01
0.833 0.833 0,504 0.520 45,90
I.O00 0.800 0.495 0.541 47.55

R21RT PSi PSI[ REACTION

0.0 1.000 0.43L 0._98 0.753
0.[67 0,961 0.422 0._78 0.750
0.333 0.933 0.624 0._56 0.727
0.500 0.900 0._28 0,433 0.700

0.667 0.861 0.429 0.433 0.617
0.833 0.833 0.422 0.433 0.664

|,o00 0.800 0.418 0.433 0.643

MASS-AVERAGEO: PHI2= 0,490 PSI = O,425 PSI[ =

8TALF HTPL STR FCN

63.90 0.500 L.O00
63.18 0.500 0.831
62.40 0.500 0,663
61.53 0.500 0.490

60.57 0.500 0.318
59.56 0.500 0.154
58.52 0.500 0.0

BTA2P HTP2 HP2

47,9.1 0,931 0,705
66.09 0.922 0.696

42,66 0.924 0.688
39.15 0.928 0.679
35.36 0.929 0.670

31.92 0.922 0o660
27.59 0.918 0.649

EFF HLOSSP OMEGAB

O.866 0.0665 O,L08_
0.883 0.0559 O.09bO

0.929 0.0326 0.0586
0.987 0,0055 0.0104
0.990 0.0042 0.008_

0.974 0.0111 0.0237
0.965 O.0153 0.0346

0.450 EFF= 0.944

STR.FCN

1.000
0.831

0.663
0,490
0.318
O. 154
0.0

LOSS PARAM DFAC OEQ

0,0519 0.712 2.126
0.0460 0.713 2.143
0.0287 0.692 2.090
0.00-52 0.659 2.009

0*0042 0.676 2.055

0.0120 0.707.2,149
0.0175 0,734 2,233

/
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I

STA. NO. (ROTOR ROW)= 1.

LOSS CHEF. TABLE

PERCENT PASSAGE HEIGHT FROM XIP

DFAC 0.0

0.0 0.0

0.2000 0.0072

0.<,000 0.0182

0.5000 0.0269

0.6000 0.037R

0.7000 0.0503

0.8000 G. 06_,8

0.25 0.50 0.75

0.0 0.0 0.0

0.00_,9 O.COIC 0.0010

0.0125 0.0C20 G.0030

0.0190 0.0028 0.0041

0.C271 C.0041 0.0065

0.0380 0.0061 O.OlO0

0.0508 0.0090 0.0140

1.00

O.O

0.0023

0.0050

0.0370

0.0105

0.0155

0.0218

DESIGN CONDITIONS: P2/RT PSII SOLIDITY

0._00 0.437 1.250

0,833 C.433 1.200

C.867 C.426 1.152

O.gO0 0.427 1.111

0.933 0.456 1.071

C.9_7 0._81 1.035

1.0C0 0.498 1.000

NO. LOSS ITERATIONS= 7 NO. CONTINUITY ITERATIONS= 14

tP&SS HT FR TIP RIfRT PHIl LAMDAI BTAIIOEG) BTAIP HTPl STRFCN

O.C 1.900 0.490 G.G 0.0 63.90 O.SO0 I.OCO

C.152 0.970 0.490 0.0 0.0 63.20 0.500 0.895

C._11 0.938 0.490 0.0 0.0 62.42 0.SGC G.6o6

C.480 0.904 0.&90 O.C. 0.0 61.55 0.530 0.493

0._54 0.969 0.490 0.0 0.0 60.59 0.500 0.321

6._28 0.834 C.490 0.0 O.u 59.58 0.500 0.156

I.¢00 0,800 0.490 O.C O.O 58.52 O.SO0 0._

R21RT PHI2 LAMOA2 8TA2iDEG| 81A2P HTP2 HP2 STR FCN

C.C I.OCC 0.436 0,498 48.82 49.04 0.921 0.702 1.300

C.157 0.967 _.454 0.447 47.69 45.97 0.92C C.694 0.835

C.393 0.933 0.486 0.4P9 45.17 42._W 0.925 6.68_ 0.666

C.SCC C.gCO 0.514 0.474 42.71 39.62 0.922 C.e77 0._93

C.667 0.@_7 0.517 0.492 43.57 85.97 0.923 0.608 C,321

C._73 0.8_3 C.50q 0.520 4_.60 _1.06 C.o29 0.658 C.156

I.CCC C._O0 0.505 C.546 47.36 26.77 0.g22 9.6_6 O.O

R21RT PSI PSll _EACTION EFF HLOSSP OHEGAB LOSS _ARAM

C.C 1.0_0 C.421 0.448 0.765 C.846 0.0768 C.I25G 0.0410

0. i_7 O. g67 0.420 0.481 0.747 0.874 O. Ob04 3.1029 0.3346

C.:_3 0.933 0.423 0._56 0.722 C.927 0,_334 3.C597 0.0206

G. tCO 0.900 0.422 0,427 0.704 C.987 0,005_ 0.0102 0.0935

C,_, 7 0.967 0.420 0.420 0.682 0.992 O, OCDO 3.0072 0.3025

C._3 0.9_3 0.42_ 0._33 0.658 0.q76 C.0104 0.0222 0.0079

l. COC C._CO 0.422 0,497 O.bDl C.966 0.9_48 0.03_5 0.0120

WASS-AV_RAGEn: PHI2= 0.490 pqT= 0.422 PSI,- 0,448 EFF- 0,941

OFAC OEQ

0.627 2.077

0.623 2.06g

0.597 1.999

0.562 1.915

0.576 1.952

0.607 2.037

0.632 2.t12
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5TA, NO,. (STATOR|= 2.

LOSS COEF. TA8LE

PERCENT PASSAGE HEIGHT FROM TIP

OFAC 0,0 0.50 1.00

0.0 0,0G30 0,0050 0,0030

0,2000 0,0040 0,0040 0,0040 -

0.4000 0.0080 0.0080 0.0080
O.SO00 0.0125 0.0[25 0.G125

0,b000 0,0170 0,OiTO 0,0170

0,7000 0,0275 0,0275 0,0275
O,8000 0,0425 0,0425 0.0425

DESIGN CONOITIONS: R21RT BETA2tOEG) SOLIOITY

0,800 0,0 1,250

0,900 C,0 l,llt
1,CC0 C,0 1,000

NO. LOSS ITERATIONS = 5 NO. CONTINUITY ITERATIONS = I0

tPASS HT FR TIP RIIRT PHil LAMDAI BTAI(OEG) 8TAIP HTPI STR FC_f

0,0 1,000 0,43b 0,w98 48,82 -48,82 0,921 1,000
0,184 0,963 0,457 0,497 47,38 -47,38 0,921 0.318
0.357 0.929 0.492 C.h85 44.60 -44.60 0.923 O.b_l

0,521 0.896 0.515 O.&?6 42.75 -42.75 0.922 0.471

0,680 0.864 0,51b O,_ga 43.75 -43.75 0.923 0.307

0.840 0.852 0,509 0,521 45.67 -45.67 0,923 C,150.

I.C00 0.800 0,503 0.5_ %7,36 -47,3b 0,922 0,0

R21RT PHI2 LAXOA2 BTA2IDEG) BTA2P HTP2 HP2 STR FCN

O.O 1.000 0.492 O,O 0.0 O.C 0.912 0.792 1.000

0.157 0.967 0.490 0.0 0.0 0.0 0.912 0.792 0.818

0.333 0.933 0,493 O,C 0.0 0.0 0.913 0.792 0.641

¢.500 0.900 0,491 0,0 0.0 O.C 0.912 0.7q2 0.471

0.667 0.867 0.491 0.0 0.0 0.0 0.912 0.792 0.307

0.833 0.833 0.487 G,O 0.O 0.0 0,910 0.792 0.150

l. OOO 0.800 0.482 C,O 0.0 O.G 0.908 C.792 0.0

R2/RT PSI PSll REACTION EFF HLOSSP O_EGAB LOSS PARA_ OFAC OEQ

0.0 1.000 -0.009 C.G O.O 0.0 0.0087 C._397 0.019S 0.633 1.915

C. Ib7 C.967 -0.00_ 0.0 0.0 0.0 O.COq2 0.C_03 0.0i95 0.630 1.947

O.33_ 0.q33 -0.009 O.0 O.0 0.0 0.0092 3.0385 0.0180 0.6L2 1.964

0,500 0.900 -O,OO9 O,O 0,0 0,0 0,0095 0,0385 0,0173 0,604 1.988

C.667 0.867 -0.011 0.0 0.0 O.O 0.0106 0.0415 0.0180 0.612 2.014

G.833 0.833 -O.Ol_ 0,0 0.0 0,0 0.0123 O.O_b5 0.0194 0.628 2.0_2

l. O00 0.800 -0.014 0.0 0.0 0.0 0.0143 C,0524 0.0210 0.6%5 2.099

WA$S-AVERAGEO: PHI2- 0.490 PSI- .'O.OlO PSI!= 0.0. EFF-_-- 0.0

h.




