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SUMMARY

The present analysis is developed to calculate the com-
pressible three dimensional inviscid flow in the scroll and
vaneless nozzle of radial inflow turbines. A Fortran computer
program which was developed for the numerical solution of this
complex flow field using the finite element method is presented.

The program input consists of the mass flow rate and
stagnation conditions at the scroll inlet and of the finite
element discretization parameters and nodal coordinates. The
output includes the pressure, Mach number and velocity magnitude
and direction at all the nodal points.

The report includes the computer program, the analysis,

a description of the solution procedure, and a numerical

example.



INTRODUCTION

Existing quasi-three-dimensional turbomachinery flow field
solutions are applicable to radial inflow turbine rotors but
not to its scroll. Most analytical studies of the flow 1n the
scroll [1, 2] are based on the assumption of one dimensional
flow and the conservation of mass and angular momentum. A
two dimensional study of the flow field in the scroll and
nozzles was reported in reference [3]. Another two dimensional
study of the velocity components in the cross-sectional planes
of the scroll was reported in reference [4]. These two
analytical investigations provided insight into the influence
of the scroll and nozzle vane geometries on the flow field
but together do not constitute a quasi-three-dimensional
solution. Experimental measurements of the velocity components
in the radial turbine scroll [5] indicate that actually
the three dimensional scroll flow fields are very complex.

This work presents a method for the analysis and a
code for computing the compressible inviscid three dimensional
flow field in the scroll and vaneless nozzle of a radial
inflow turbine. The finite element method is used in the
numerical solution in order to model the complex geometrical

shape of the flow boundaries.

MATHEMATICAL ANALYSIS

The three basic steps involved in the finite element method
are the domain disretization, obtaining the integral statement
of the problem and the appropriate choice of the local approxi-
mation in each element [6, 7]. In this study, the three
dimensional flow field is formulated in terms of the potential
function and Galerkin's method is used to obtain the integral
statement.

For steady flow, the equation of conservation of mass is

expressed in terms of the potential function ¢ as follows:



Ve (pV9) = 0 (1)

The unknown velocity potential solution is approximated in

each element by

0€ = [N] {4}F (2)

where {¢}% is the column vector of the potential function
values ¢i’ at the nodes of the element e, and [N] 1is the row
vector of the interpolation functions Ni.

Galerkin's method requires the residual of the substitution
of equation (2) into equation (1) to be orthogonal to the

interpolation functions

[ N, V:(pV$) @V = 0 . (3)
v i
Applying Green's theorem to equation (3) leads to the following

relation which involves the boundary conditions:

é VN, - (pV$) AV = £ N, pV¢-da (4)

The integrals in the above equations are evaluated over the
volume V and surface A of all the solution domain. The right-
hand side of equation (4) represents the weighted average of
the mass flow across the solution domain boundaries. The solid
boundaries contribution to equation (3) is equal to zero because
of the no-flux condition.

Equation (4) holds for the entire solution domain and also
for an arbitrary finite element e. The substaitution of equation

(2) into equation (4) gives the following element equation:

. ey qv = 3¢
[ N, -(pVIN] {$}7)dv = [ N, o == dA (5)

Ve Ae

Equation (5) 1s nonlinear for compressible flow where the
density is given by:



2 =1/vy-1

— y=1 (Vo)
P =04 [1 + 5= RT_ ] (6)

The numerical solution to equations (5) and (6) 1s obtained
iteratively by allowing the density, p, in equation (5) to lag
one iteration behind the potential flow field solution. The
assembly of all the linearized element equations in the flow
field results in a set of linear algebraic equations which can

be expressed as follows:
(K] {¢} = {p} (7)

The Gauss elimination method is used in the solution of the
linearized equations.

The matrix of coefficients is updated at each iteration
but the load vector remains unchanged, as it is determined by
the mass flow rate in the scroll. Appendix A gives a detailed
derivation of the element equations and of the coefficients

of the stiffness matrix.

The Splitting Surfaces

The choice of the potential function as a dependent variable
is generally suitable for three dimensional flow field solutions
in simply connected domains. However the domain in the scroll
problem is multi-connected leading to a mathematically non-
unique solution for the potential function. In the present
analysis, two coincident surfaces are introduced in the solution
domain to make it simply connected. The splitting surfaces
extend from the scroll lip, which is the end of the metal between
the inlet section and the last scroll section, to the vaneless
nozzle exit station as shown in Fig. 1. 1In the flow field
discretization, two sets of nodes are placed on the opposite
sides of the splitting surfaces and a discontinuity in the velocity
potential field is allowed across. Additional matching conditions
are therefore required to insure the continuity in the velocity

field across these boundaries as described in Appendix B.



INPUT

The input data to the program is read in subroutine INPUT.
It consists of the geometrical data and the performance para-
meters for a given scroll. Any consistent set of units can be
used for the input variables. Other input parameters are related
to the numerical solution procedures and to produce the desired
output. Following is a description of the input data in
alphabetical order.

BANDWD An integer equal to the band width of the matrix

of coefficients.
GAMA Specific heat ratio.

EPSILN A small number describing the tolerance which is
used to determine the convergence of the numerical
solution based on the normalized density change.

INDATA Integer to indicate if it is desired to print out
the input data. INDATA = 0 will not produce a
printout of the input data while INDATA = 1 will
produce a printout of the input data.

ITERMX The number of iterations not to be exceeded in
the solution. Incompressible flow solution is
obtained if ITERMX = 1.

J1(I) An array of the global number of the first node
of every cross section I

LBC (I) ,MBC(I), Arrays of the nodal points of the surface element I.

NBC(I)
MSRATE The mass flow rate in the scroll (kg/sec or slg/sec).
MS1 The number of surface elements at the inlet station.
MS2 Total number of surface elements at inlet section
and the first splitting surface.
MS3 Total number of surface elements at inlet section

and the two splitting boundaries.



MSTOT Total number of surface elements at inlet, exit
and splitting boundaries.

MTOT Total number of volume elements.

MV (I) The global number of the volume element which con-
tains the splitting surface element I (I =MS1+1 to MS3).

NANZ The number of nodal points in the axial direction
in the nozzle.

NC Total number of cross sections in the scroll and

inlet passage.

NRNZ The number of nodal points in the radial direction

in the nozzle.

NODE(I,J) Array of the global number of the nodes,
I=1,2,3,4, of the element J. J = 1, MTOT.

NTOT Total number of nodes.

NU(I) An array of the number of nodes at every cross
section I.

R Gas constant: (J,'°K or 1lb ft/slg °R).

STAGP Stagnation pressure (newton/m2 or lb/ft3).

STAGT Stagnation temperature (°K or °R).

THETA (I) An array of the angles between every cross section

plane and the x-z plane measured from the positive

x-direction.

X(1),¥(1), Arrays of the Cartesian coordinates of all the

zZ(I) nodal points.

The reading formats of the input variables are illustrated
in Table 1.

Input Preparation

The solution region includes the inlet, the scroll and the
vaneless nozzle. The splitting boundaries should extend from
the lip (the last metal part between the inlet and the last

scroll section) to the exit station of the wvaneless nozzles.



It can have any shape that is consistent with the discretization
pattern. The discretization pattern and system topology 1is
arbitrary. The surface elements at the inlet, exit and the
splitting boundaries are inputted in one array. They are
numbered sequentially up to MS1 on the inlet section, then up
to MS2, then MS3 on the two splitting boundary surfaces,

then up to MSTOT on the exit station. The volume elements
associated with these surface elements are inputted in the
array MvV(I), I = 1, MSTOT. The angular coordinates THET(I),
of the cross sectional planes, including those at inlet, are
only used to evaluate the through flow velocity VT and the
radial velocity Vr from the computed velocity components in
Cartesian coordinates after the convergence of the numerical
solution.

It is up to the user to select the number of cross sections
and the nodal points per cross section. The band width is
equal to the maximum difference between the global number of
any two nodes of the same element. The system topology can be
specified in such a manner as to minimize the band width of
the matrix of coefficients in the numerical solution. For the
purpose of organizing the printout of the output, the nodes
in each section N(J) are numbered sequentially starting with
JI(J), 0 = 1,NC.

OUTPUT

A sample output is given in Table 2 for the scroll of
the numerical example. The first set of output consists of a
printout of the input parameters. The second set of output
consists of a listing of the potential function, the through
flow velocity, the cross velocities, the total velocity, the
Mach number, the pressure and density normalized by their inlet
stagnation values. The computed flow data are listed for
every section starting at inlet so that they can be easily

interpreted.



Error Messages

The following error conditions lead to program termination.

1. ELEMENT NUMBER XXX HAS A ZERO VOLUME
(LESS OR EQUAL TO XXX)
CALCULATION IS STOPPED.
The message is printed in subroutine MATVEC during the first
iteration as the element volumes are evaluated in ascending
element order. Check the coordinates of NODE (I, ELEMENT
NUMBER XXX) for error.
2. WARNING:

SINGULARITY IN ROW XXX
CALCULATION IS STOPPED.

This message is printed in subroutine GAUSS if the diagonal
element of the matrix of coefficient is less than 10_5. The
row number is printed to be used for the identification of the
corresponding nodal point. Check the topology of the elements

associated with this node in the discretization pattern.

PROGRAM DESCRIPTIOM

The main program is designed to obtain the potential flow
solution in a radial inflow turbine scroll using the finite
element technique. The program is built from four major
subroutines: MATVEC, SPLIT, GAUSS and PHYSIC, two edit sub-
routines: INPUT and OUTPUT, and four supplementary subroutines:
VOLELM, NUMBER, AR and COFACT which are called inside the
major subroutines at various steps for side calculations.

The structure of the program is shown con Fig. 2.

Descrivtions of the Subroutines

I. Major subroutines:

MATVEC: The stiffness matrix elements, Kij’ and the load
vector, Pj’ are calculated in this subroutine. In addition,
the volume of the elements are calculated and stored in the
array VOL(I) so that it can be used in other subroutines and



in subsequent iterations. The coefficients of the element stiff-
ness matrix, Ki‘ are calculated using Eq. (A.8). Subroutine COFACT
K’ bk and Cp (Eg. A.7).
The load vector components Pj are calculated using Egs. (A.1l0).

is called to calculate the coefficients a

SPLIT: The matching conditions across the splitting surfaces,

as explained in Appendix B are implemented in this subroutine.

GAUSS: The solution for the potential function at the
nodal points (I) is obtained in this subroutine using the Gauss
elimination method. The matrix of coefficient is bounded, but
nonsymmetric due to the application of the matching condition at
the splitting boundary. Since the solution to the potential
function is unique within an arbitrary constant, the magnitude
of the potential function at the first node is arbitrarily
fixed at -1.

PHYSIC: The physical properties of the fluid are calculated
in this subroutine which is called after the nodal potentials
are determined. The properties calculated at each node are:
the velocity components as defined by Eq. (A. ), the Mach
number and the normalized pressure and density. The difference
between the element density of two subsequent iterations are
also evaluated in this subroutine to be used in the convergence

criteria.

II. Edit subroutines:

INPUT: Called first in SOLVE to read and write the input
data. It also initializes the normalized density in each
element to unity.

OUTPUT: After the convergence of the solution, the velocity
potential and flow properties are printed at all the nodes. The
printout is organized so that the data of each cross section
is identified and printed separately.



III. Side calculations subroutines:

NUMBER is called by SPLIT to rearrange, at the element level,
the nodes of the elements with surfaces on splitting boundary,
such that the first three nodes of an element are on the splitting
boundary. The nodes global numbers are then stored in the
array NSB(I,J), where I is the number of the surface element
on the splitting boundary and J = 1,2,3,4 are the global numbers
of the three nodes on the splitting boundaries followed by the
fourth internal node.

VOLELM is a subroutine with double indices N and K. The
first index N refers to the element, and the second is a flag.
If the index N is equal to 2, the coefficients of the interpolation
functions are calculated according to equation (A.7). If it 1s
equal to 1, a similar procedure is followed for the volume
elements which have three nodes on the splitting surface whose
nodes are locally renumbered and identified by the number of the
surface element. If the second index is equal to zero, the
volume of the element is also calculated according to equation (A.9).
The volume calculations are only performed during the flfst
iteration, then stored in VOL(I) for subsequent use in later
iterations.

IV. Dictionary of common block variables:

A(I,J) Global matrix of coefficients for the potential
function at the nodes.

ART(I) Area of surface element I (at inlet, exit and/or
splitting boundary).

B(IL,J) The matrix BS of the element nodal coordinates.

E(I) The contribution of mass flow rate through a splitting
boundary surface element, to the opposite surface
element equation, in the global matrix of coefficients.

JI(J) The global number for the first node in a scroll
cross section J.

10



LBC(I) ,MBC(I), The nodal number for the three nodes of a

NBC (1) surface element.

LOAD(I) An array containing the load vector.

MV(I) The global number of a volume element which con-
tains the splitting boundary surface element I.

NU(J) Total number of nodes in the scroll cross
section J.

NODE(I,K) The global number for the node of the volume
element K, for the tetrahedral wvolume element
1=1,2,3,4.

NTL(I) An array containing the nodes on a splitting
boundary arranged in descending order.

NSB(I,J) The global number of the nodes I of the element J
with 3 nodes on the splitting surface.

PRTIAL(I,J) Partial derivatives of the interpolation functions
NJ (3 =1,2,3,4) in Cartesian coordinates,
3— for I =1 3_ for I = 2 3_ for I = 3).
X "3y " dz

VOL (I) Volume of an element I.

x(n), ¥(1),

7 (1) Coordinates of a node I.

11



PROGRAM LISTING
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E 240 MA IN DATE = 82239 ° 04725719

t

REAL MSRATE s MSFLUX s LOAD«MACH2
COMMONZASEMBL/H(444) « VOL{3720)sNODE{4+43720) Al900,406) sNTL(155),

- PRTIAL(3:8)s ARTI1ISS)H»LBCI155)+MBCI155) NBC(155),

. X(960) s Y{360)+Z2(960) ,LOAD(NO950) +BANDWDLE{155) MV (159)
. NSBl4+155) +MS1sMS2sMSIaMSTUT ZNTOT s JUMP 14 JUMP2 4 NANZ,
. NRNZPOTEN(960)

COMMON/PHYSI/GAMA»R s STAGTERRORLVELO(3)
COMMUON/ZINOUT/INDATAMTOT s MSRATESEPSIINSITER, I TERMX s NCs»STAGRO,
. J1(60)sNU(B60)+THETA(H0) sROELEM(3720) sNN

—=>> WARNING; THE DIMENSION OF A(I,J4) AS IN COMMON SHOULD AT LEAST
BE J=(RBANDWD-1)%2,

CALL UNDFLW

CALL INPUT
ITER = 0,

NM = BANDWD*2 - 1
DO 80 I=1,,NTOY

80 LOAD(T) = 0.0 \
10 ITER = ITER + 1

DO 90 I=1,NTOT
D3 90 J=1,NN

S0 A(leJd) = 0.0

BUILD UP THE STIFNESS MATRIX AND THE LOAD VECTUR,
CALL MATVEC

INTRODUCE THE SPLITTING SUFACE MATCHING CONDITIONS.

CALL SPLIT

SET THE fIRST DIAGONAL TERM IM STIFNESS HMATRIX AND ITS

CORRESPONDINNG VALUE IN LOAD VFCTOR EQUAL TO UNITY.
BANDWD + 1

K =
Fo= ARNSCA{1,3AMDWD))
DG 160 =Ky NN
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AN IV G1

RELEASE 2.0 MA IN DATE = 82239 04/725/19

eXalel

O ONOO ANTD OMRN ON00N

160

170

%

A(l1,1) = 1.0E-15%A(1.,1)/F
A1, BANDWOD) = Al 1+BANDWD)/F
LOAD(1)Y = LOAD{(1)/ABS(LDAD(1})

IMPOSE ZERO TANGENTIAL VELOCITY AT INLET SECTIDM.

NODIN = Nu(1)
DO 170 1T =2,HODIN

L = K hest [ 1
A(LTsL) = A(IL) + 1.0E+15
A(I:BANOWD) = A{1,BANDWD) —~ 1.0E+15

SEAK A SOLUTIOGN FOR VELOCITY POTENTIALS THE INLET SECTION IS
AN EQUIPOTENTIAL OF MAGNITUDE UNITY.

CALL GAUSS

CALCULATE THE PHYSICAL PROPFRTIES OF THE FLUID.

CALL PHYSIC

TEST THE CONVERGENCE AND ITERATE.

IF (ERROR.GT.EPSILN +AND. ITERW.LT.ITERMX) GO TO 10

PRINTOUT THE CALCULATED PHYSICAL RGPERTIES IN THF CURRENT
ITERATION AT ALL NODES: VELOCITY PUTENTIALSs VELUCITY COMPUNENTS,
MACH NUMBER NURMAL 1ZED PRESSURE AND DENSITY.

CALL OUTPUT

5TOP
END
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MARY

0o

IF (ITER «NE

DO 1

20

I

17 (vard

WRITE(G

STOP

(=1,
CALL VOLELM(
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1)

1) MA

MTOT
MARYsI11)

«GT
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1.0E-12)
I1,vOoL{IT)

2
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s MS24MS3,MSTOT yNTOT s JUMP 14 JUMP

'
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va 1
no o1
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10
10

I1=1,4
J=1+3
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20
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A

e
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GO TO 100
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MATRIX
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DO 18

l

M
LOADIN
0
POTEN(

[
1)

RFTURN
END

=1

AN IV G1 RELEASE 2.0 MATVEC DATE = 82239 04/25/19
K = NODE(I.IT)
L = NODE(JeII) - NODE(I,I1) + BANDWD
120 A{Ks.L) = A(K.L) + ELEM
IF (ITER +GTe 1) GO TO 170
C
c BUILD UP THE LOAD VECTOR LOAD(I).
¢
, AREAIN = 040
AREAXT = 040
C '
DO 130 [=1,MS]
i . ART(I) = AR(I)
\ 130 AREAIN = AREAIN + ART(I)
C
MS = MS3 + 1
DO 140 I=MS,MSTOT \ !
ART(I) = AR(I)
140 AREAXT = AREAXT + ART(I)
c
MSFLUX = MSRATE/ (AREAIN*STAGRO)
DO 150 I =1,MS1
P = — MSFLUXXART(I)/3
LOAD(LBC(1)) = LOAD(LBC{I)) + P
LDAD(MBC(I)) = LOAD(MBC(I)) + p
LOADINBC{I)) = LOAD(NRC(I)) + P
MSFLUX = MSRATE/({AREAXT*STAGRO)
DO 150 [=M5,MSTOT
P = MSFLUX®ART(1)/3
LOAD( HC(I)) = LOAD(LRC(I)) + P
LOAD(MBC(I)) = LOAD(MBC(I)) + P
BC(I)) = (1)) + p

LOACINBC

o1
AD(I)
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AN IV G1 RELFASE 2.0 SPLIT DATE = 82239 04/25/719
SUBROUTINE SPLIT

C
o THIS SUDBROUTINE MODIFIES THE STIFNESS MATRIX BY INCLUDING THE
C SPLITING ROUNDARY CONTRIRBUTION,
i C
C
INTEGER BANDWD
REAL MSRATE, MSFLUX »LOAD,MACH2
COMMONZASEMBL/ZB{4 44) ,VOLI{3720) +sNODE(4,3720)+A(960,806) 4yNTL(155),
. PRTIAL{344)+ARTI{1SS)LBC(155),MBCI155)sNBC(155),
- X(960),Y(960)o2(960),LUAD(960),BANDWD.E(}SS)gMV(ISS)
’ o NSB(44155) sMS1 4MS2 3 MS3 , MSTOT JNTOT » JUMP 1 4 JUMP2,NANZ,
. NRNZ.POTEN(960)
COMMON/INOUTZ INDATASMTOT s MSRATESEPSILN,ITER, ITERMXsNCsSTAGRD
. J1{60) 2 NU(60) y THETA{S60) ROELEM(3720) s NN
C
C
IF (ITER +EQe 1) CALL NUMDBER ,
C . '
c START THE MAIN LOQP OVER THE VOLUME (0OR, SURFACF) ELEMENT.
C s
, MDIF = MS1 = MS2
i MS = MS1 + 1
MSS = MS2 ,
; KILM = MS !
C t \
10 DO £0 I1I=MS,MSS
o
C BUIKD UP THE MATRIX BilsJd).
' C
CALL VOLELM{1,11)
C
c CALCULATE THE PARTIAL DERIVATIVES OFf SHAPE FUNCTIONS '
c \
DO 20 1=1.4
DO 20 J=1.3
20 PRTJAL{J,I) = COFACT(I,J41,8)
C
C CALCULATE THE AREA OF THE SURFACFE ELEMENT 11.
¢
ARFA = SOKT(PRTIAL{L,4)%%2 + PRTIAL(2,4)%42 + PRTIAL(3,4)%%2)/2
IF (TT1eNEKLM +ORse ITER.NEL1) GO TO 30
c
C £ VALUATE THE COEFFICIENTS OF THE PLANEF EQUATION  A%xX + B¥Y +
c (%2 + D = 0 AND THE DIRECTIONAL COSINES OF THE CUMPOWNENTS OF
C THE NORMAL VECTOR.
c

AX = PRTIAL(1,.4)
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AN IV G1

[aX2Xnle}

iskeale]

anon

RELEASE 2.0 '

‘

sSPLIT . DATE = 82239
g ! i \ . '
BY = PRTIAL(2,4) ' ( .
CZ 5 PRTJAL(3.,4) !
D = B(1,2)%(B(3,3)%8(2+4) - B(2:3)%B{3.,4)) +
" B(1s3)%(B(3,41%B(2,2) — B{2.,4)%B(3.2)) +
. B{i+4)%(B(342)%B(2,3) —~ B(2,2)%B(3,3)) " |
DELYA = AREA¥*2 ' : /0 ‘
IF (DeNEoeDo0O +ANDe D2DELTA«GT+0.0) DELTA = -DELTA
IF (DeEQs0e0 2ANDs CZoaNEs0e0 oANDe CZA*DELTAGL T« 0.0) DELTA
IF (DsEQe0eQ sANDs CZoeEQe0+0 oANDs BYRDELTA.LT.040) DELTA
COSINA = AX/DELTA . , ..
CQSINB = BY/DELTA' - IV :
CASINC.'= CZ/DELTA. L . b

' 1

. fVALUATE THE COEFFICIENTS E(I) OF 'THE NDDAL PDTENTIALS IN
BUUNDARY ELEMFNT I1lae ‘

30 F = RQELEM(MV‘II))/(VOL‘MV([‘)’*13) .

‘DO 40 I= 1,4

E(I) = AREA*‘CUSINA*PRT[AL(!:!) + COSINBX*PRTIAL(2:.1) +

» COSINC*PRTIAL(3,1)13%F . i

40 IF (MSS +EQGe; MS3) E(I)Y = ~E{(I) '

INSERT THE SURFACE INTEGRAL IN ST[FNESS MATRI Xe

14 = I1 - MDIF

. DO 50 J=1,4 '

'DO 50 I=1,3 .

K = NSB(I,Il)

L = NSB(J,II) — NSB(I,IJ) + BANDWD
50 A(K.L) = A{K.L) + E(J)
60 CONT INUE

MDIF = =-MDIF

M6 = MS2 + 1

MSS = MS3 ,

1F (MDIF +GT..0) GO TO 10 ,

INCL.UDE TENGENTIAL VELDOCITY IN STIFNESS MATRIX TO INSURE
CONTINUITY THROUGH SPLITING BOUNDARIES.

\

JUMP = JUMPI

K1 = NTL(1)

K2 = K1 - Judp

MSD = (MS3 — MS2)%3

MONA = K1 4+ 1 —(NRNZ-1)%NANZ

DO 80 I1=2,MSD

04/25/719

- .

Yo -~
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RELEASE

65
7O

80

666
Tr7

240

IF {NTL{I) .EQ.

1F { NTLILI)
RETURN

¢ GE»

K2 = K1 —=JUMP2

JUMP = JUMP2
K3 = NTL(I)

L = K1 + KT

K4 = K3 — JUMP
= BANDWD - K3

SPLIT | DATE = 82?739

NTL{I-1)) GO TO 80
MONAY GO TGO 70

A(K3 L) = A(K34sL) + 1+0E+15

. = K2 + KT

A{K3,L) = A(K3,L) — 140E+15

1 = K4 + KT

A(K3 1) = A(K3,U) +1.0E+15

A{K3s3ANDWD)
CONT INUE

= A

(K3+BANDWD) —~ 1.0E+15

FORMAT (10X *AL % 41383 ' 9137 )=?3E1445+10Xs*E{*4I34+")
fFORMAT (10E1244)

RETURN
END

04725719

$ s El445)
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RELEASE 240 NUMBER

SUBROUT INE NUMBER

DATE = 82239 0a/2

C
C THIS SOUBROUTINE RENUMBERS THE NODES AND THE CELEMENTS ON
C SPLITING BOUNDARIES SO THAT NODES 1, 2 AND 3 ARE ON SPLITTING
C SURFACES, AND REARRANGES THE NDDES ON ONE SPLITTING SURFACE
¢
INTEGER BANDWD
REAL MSRATE +MSFLUX2L.OAD,MACH2
CUMMON/ASLMBL/B(4|4)9VOL(3790)aNDDE(413720)9A(9h0.406)tNTL(lS
, . PRTIAL{(3,4) s ART(155),L8C{155),MB8C{L155) NBC(155)
. X(960)sY(960) e Z(960) 2 LOAD(960) s BANDWD.E(155) MV
| . NSB(4+155) ¢+ MS1 yMS2yMST s MSTOT oNTOT» JUMP 1 4 JUMP2,N
. ! , NRNZ s POTEN(960)
C
C ' ,
NO 10 I=1,MS3 .
DO 10 J=1,4 , '
10 NSB(J, 1) = 0
C 1
MS = MS1 + 1
DO 20 J= MgaMSZ '
DO 20 I=1,4
IF (LBC(J) «EQe NODE(I,MV(UJ))) NSB{l1,d) = NODE{I,MY{J))
iF (MBC(J) +EQe NODE(I MV{JY)) NSB{2,J) = NGDE(I MV(J))
IF (NBC(J) +EQs NODE(IMV(J))) NSB(3+sJ) = NODE(TI.MV(Y))
20 IF {(NODE(I.MV{J)})) .NE, NSB(1,J) <AND,
. NODE(1+4MV(J)) «NEe NSB(2:J) «AND.
» NODE(1 +MV{J)) «NEs NSB(3,J)) NSBl4,sJ) = NODE(I,MVIJD))
Cc
K =0
MS = MS2 + 1
DO 40 J=M5,M53
DO 30 I=14+.4
IF (LLEdC( J) oEQe NODE(I MVIJI))) NO3({l1sJd) = NOLE[I.,MV(J))
IF (MBCIJ) «EQe NAODE(I MV(J))) NSB(24Jd) = NODFL{TI.MV(J))
IF (NBC(J) «EQe. NDDE(['MV(J))) NSB(3,J4) = NODE(I.MV{J))
30 IF (NODE(TI+MV(J)) NE. SB{1+J) <ANDS
. NUDE{1sMV(J)) «NE NSH‘2vJ) ¢+ AND .
. NODE (I +MV({J)) «NEe NSB(3,J)) N3B3(4sJd) = NNDE{TI.MV(J))
c
'q REFARRANGE THE NODES IN A DECREASING VALUES ARRAY
( L )
00 40 [=1,3
K = K + 1
40 NTL(K) = NSB(1,4)
-
15D = (MS3— MS2)%3

4501 = MSD - 1

n

>

5/19
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RELEASE

o

50
60

70

2 a0 !
K = 1

DO 70 L=1,MSD
MNP = HNTL(L)
DO 60 M=L,MSD
IF (NTLI{M) -
K o= M
NTLIL) =
COMNY INUE
NTL(K) =
K = L + 1
CONT INUE

NTL(
MNP

RETURN
END

NUMBER

1

NTLIL)) 60,60,50
M)

DATE

822139

04725719
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SUBROUT INEF GAUSS

SOLUTION GF LINEAR SYSTEMS OF EQUATIONS RY THE GAUSS ELIMENATION
METHOD, FOR NON SYMETRIC BANDED SYSTEMS.

A i CONTAINS THE S'YSTEM MATRIXs STORED ACCORDING VO THE NON
SYMMETRIC BANDED MATRIX
POTEN $ CONTAINS THE UNKNOWN POTENTIALS AFTER SGLUTION.

b

INTEGER BANDWD
REAL MSRATE«MSFLUX L
COMMON/Z/ASEMBL/EB{44+4)

' PRTTAL
0)

*

ANOANOHNOANN

DsMACH2
L(3720),NODE(4»3720),A{960+406) sNT
(155),LBC(155),MBC(155) +NBC(
960) +LDAD(960) , BANDWD,E{155
M

s % g0
-
<
192]
Q
-
&
T~
w
N
L]
K4
92}
w

..
=
Ui
-
o
-
-
<
-
fou
-
L ]
[
c
=z
R
b
-
[
<

C ‘ '
1 FORMAT (1IHI,s S(/), 10(1IH=),2>>>> WARNING 21%,/,
. 15X, *SINGULARITY IN ROW? 154/,
. 15Xy *CALCULATION IS STOPED.*®)

NMI = NTOT - 1

DO 60 K=1,NM1

KPPt = K + 1

IF{ABS{A(K+BANDWD))} +LTe .00001) GO TO 80O

DIVIDE ROW BY DIAGONAL COEFFICIENT

a¥ale}

’ NI = KP1 + SB8ANDWD - 2
L = MINO(NI,NTOT)
DO 30 J=KP1l,.L
K2 = dANDWD + J — K
30 A{KIK2) = A(KsK2)/A(KsBANDWD)
POTENIK) = POTEN(K)/ZA({KsBANDWD)

ELIMINATE UNKMOWN FIA(K) FROM ROW I

ANO

DO S50 I=KPL1.,L

k1 = BANDWD + K =

DO 40 J=KPl,.,L

K2 = BAMDWD + J -

K3 = BANDWD + J -
40 AL1,K2) = A(I,K2)
50 POTEN{T) = POTEN(I

K+K3)

I

I

K .
) POTEN(K)

36 .~
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60

70

80

a0

240 GAUSS DATE = 62239 04/25/19
CONT INUE
COMPUTE LAST UNKNOWN.

!
IF(ARS{A(NTOT,BANDWD)) +LTe 00000001) GO TO 80
POTEN{NTOT) = POTENINTOT)/AINTOT »BANDWD)

APPLY BKCKSUBSTITUTION PROCESS 170 COMPUTE REMAINING UNKNOWNS.

DO 70 I=1sNM1

K = NTOT - I

KP1 = K + 1

N1 = KP1 + BANDWO -~ 2

L = MINO(NI,NTOT)

DO 70 J4=KP1,L

K2 = BANDWD + J - K

POTEN(K) = POTEN(K) = A(K+K2)*POTEN(J)

G2 TO 90 /
WRITE(6,1) K
sSTOR '

RETURN
END
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AN TV Gt RELEASE 2.0 PHYSIC DATE = 42239 04725719
SUBROUTINE PHYSIC

CC
C . THIS SUBROUTINE CALCULATES THE PHYSICAL PROPFRTIES OF THE FLUID
c AT ALL NODES: VELOCITY, VELOCITY CUMPONENTS, MACH NUMBER,
c AND NORMAL IZED DENSITIES.
C . A} 1
"INTEGFR BANDWD
HEAL MSRATE, MSFLUX»LOADsMACH?2 ' /
> COMMON/ ASEMBL/B(444)»VOL(3720) 4NODE(4,3720)4A(960+s406) NTL(155),
. PRTIALL3+4)sART(155),LBC{(155 )sMBC(ISS):NBC(le).
o X{960)2Y(960)+Z(960) LOAD(960) s BANDWD E(155) +MV{(155)
. NSB(4¢155) ¢MS1 4MS2 4 MSIMSTOT,NTOT, JUNP L, JUMP2,NANZ,
» NRNZ ¢ POTEN(960)
CNMMON/PHYSI/GAMA. R ; STAGTERROR,VELDO(3)
COMMON/INGOUT/ZINDATA sMTOT s MSRATESEPSILNs ITER, ITERMX+NCosSTAGRD s
. . J1(60)sNUL60) » THETA(60) +ROELEM{3720) 4NN
C
c
¢ .
EXPO =1.0/(GAMA ~ 1.0)
SONIC = GAMAXR*STAGT
ERRDR = 0.0
C
DO 10 1=1,.NTOT
DO 10 J=1,4
. 10 A(I+d4) = 0.0 ' ‘
C DEFINE IHE B MATRIX AND CALCULATE THE VELOCITY COMPONENTS
C VELO(I) (I=1+2:3 FOR XsYs2Z) IN VOLUME ELEMENT {I: THE
c POTENTIALS ARE NOW IN ARRAY POTEN(J)e IN THE SAME LOOP,
C CALCULATE THE ELEMENTY DENSITY AND THE ERRCR FUOR CONVERGENCE TEST.
C [
D0 50 II=1,MTOT
C ‘
" CALL VOLEIM{2,11)
V = VDOIL{II)*6 X
.
DO 20 1=1,3
20 VELO(1) = 0.0
DO 30 I=1,4 .
NN 30 J4=1,3
30 VELO(J) = COFACT{I,0+1,B1*¥POTENINODE(I,II))/V + VELO(J)
c
VSQRED = VELO(1)%%2 + VELO(2)*%2 + VELO(3)*%2
DENS = (10 + VSQRED/(2%SOMNIC*EXPO - VSQREN)) %% (—-EXPD)
ERROR = ERRUR + ((ROELEM(IL) - DENS)/ROELEM{TIL)) %%2
ROELIM(II) = DENS

)
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o

40

50

90

100

2.0 PHYSIC DATE = B2239 04/25/19
DO 40 I=1,4 \ ‘

A(NODE(I-TII)s1) = A(NODE(I,II)s1) + 1.0

DO 40 J=2,4

A(NODE{ T +IT1)sJd) = A(NODE(II1)eJ) + VELD(J-1)

CONT INUE

)

IF (ERRORLGT<EPSILN «ANDs ITERSLT.ITERMX) RETUKN

CALCULATE THE VELOCITY A(1+5)y THE VELOCITY COMPONENTS A(l.J)
(J=2 3344 FOR XsYeZ)s MACH NUMBER A{I+6), NORMALIZED PRESSURE
A(Ig?): NORMALIZED DENSITY A(I.8)

DO 90 T=1,NTOT _
DO 60 J=2.4 .

AlTad) = A(LLJIZALTL, 1)

VSQRED = A(1,2)%%2 + A(I3)%%2 + A(I+4) %2
A{I,5) = SQRT(VSQRED) .

MACH2 = VSQRED/Z{SONILC — VSQRED/(2%FEXP0O))
A(Is6H6) = SARTI(MACH2)

A(I,8) = (1.0 ¢ MACH2/7(2%EXPO))*%{-EXPO)
A(Ls7) = A[(],8)%%GAMA

CONT INUE

CRITICAL VELOCITY ‘
VECRIT=SQRT{2%STAGT/(EXPO*{GAMA+1.0}))
P1=3.1416

CALCULATE THE RADIAL AND THE TANGENTIAL VFLOCITIES
TAMGENTIAL VELOCITY IS STORED IN A(I,2) AND THIE RADIAL
VELOCITY STRORD IN A{1.3)

DO 100 K=1,4NC
JK=J 1{K)

JKI=J1(K)I+NU(KI~-1

DO 100 I1=JK,JKl
VELOXY=SAORTIA(T 4 2)%%2+A(1,3)%%2)
PHISATAN(AC(LI «3)/7A(1,2))

PSI=THETA(K)—-PHI

IF (A{T+2)%A({1+3)eLTa0e0) PSI=PI-PSI
Al1,3)=~(A(T+3)/7ABS{A(L[+3)))FVELOXYX*COS(PSI)
AlTe2)=~(ALT 42)/7ABS{ACL +2) ) ) ¥VFLOXY®XSIN(PST)
- TURN

FIND
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FUNCTION COFACT(I,J4.B)

FUNCTION COFACT CALCULATES THE COFACTORS OF THE MATRIX B(Il.J4)
WHERE H(I.,1)=1 AND J 1S ANY REAL NUMBER

DIMENSION B(4+4), Cl4,4) '

O 0Onhon

DO 1 M=1.4

DO 1 K=1,44 .
1 CIKsM) = BIKsM)

IF (I +EQe 4) GO TO 3

— St ey

REDUCE 4%4 MATRIX TO 3%4 MATRIX

ono

DO 2 M=1,4
DO 2 K=1,3
2 C(KeM) = CU{K+1) M)
3 IF (J «EQ. 4) GO TO 5

REDUCE 3#%4 MATRIX T0O' 3%3 MATRIX

aXale!

DO 4 M=J,3
DO 4 K=1,3
4 C{KeM) = C(K,,(M+1))

EVALUATE THE COFACTOR

alale!

S DETERM =

L= (-1)%

KRETURN
ENO ’

Lian . N ¢ - -



LeC

AN IV Gl RELEAZEL

[21s1aXekaXsl

20 ) VOLELM DATE = 82239 04725719
SUBROUT INE VOLELM({N.K)

THIS SUBROUTINE BUILDS UP THE MATRIX B(I.J) WHLRE B(Is1) = 1.0
N = 0, CALCUATES THE VOLUME VvOL(K) NDF AN FLEMENT K.

M = 1, BUIL UP MATRIX B FUOR AN 'ELEMENT WITH SPLITING 3OUNDARY
N = 2, BUILD UP MATRIX B FOR A VOLUME ELEMENT

INTEGER BANDWD ‘
REAL MSRATEsMSFLUX,LDADsMACH2

COMMON/ASEMBLZ/8(4+4) +VOL{3720)+sNODE(433720)sA(9060,400) NTL(155),
PRTIAL{3s4)sART{155),LBCI15%)+MACL1155),NBC(155),
X{(960)+:Y(960)Z(980) LOAD(I60)+BAMNDWDSE{ 155) +MV(155)

» NSB(45155) sMS1 sMS2 4y MSTZJMSTOT 4NTOT 5 JUMP 1, JUMP2,NANZ,
NRNZ +POTEN(960)

IF (N «NEe 1)} GO TO 2

DO 1 I=1.,4"

B(Is,1) = 1.0

B{Is2) = XINSB{I,K})

B(Is3) = YI(NSB(I.K))

B{I1:.4) . = Z(NSB(I,+K))

RETURN

DO 3 [=1,4

B(ls1) = 1.0

B{(I+2) = X{NODEC(I+K))}

B(1,3) = YINQDEUI K)})

B{(Is4) = ZINODE(I.K))

[F (N +EQs 2) RETURN

VAILL{K) = 0.0

DO 4 I=1,:4

VIOLL = COFACT(1,2,8)Y%3(1,2)

VOL(K) = VOL(K) + VOLL

VOL(K) = ABS{VOL(K})/é6

RETURN
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FUNCTION AR(I)

LA

c .
C THIS FUNCTION CALCULATES THE AREA OF A TRIANGLE IN CARTESIAN
C COORDINATES. [=NUMBER OF SURFACE ELEMENT UNDER CONSIDERATION.
¢
. c .
INTEGER BANDWD
REAL MSRATEsMSFLUX,LOADIMACH2
COMMON/ASEMBL/8B(4+4) +VOL(3720)sNODE(443720),A{960,406) NTL{155),
. PRTYTAL(3:,4)sART{155),LBC{155) MAC(155) ,MNBC(155),
\ - X(960)sY(960)+Z(960) +sL.LOAD(I60) s BANDUDIE(155) 4MV{155)
§ . NDB(Q) 155) sMS1 ¢ MS2 4 MST o MSTOT o NTOT « JUMP L+ JUMP2,NANZ,
t . NRNZL,POTEN(960)
‘\ 2
Al = Y(LBC(I)I%(Z(MBC(I)) - Z(NBC(I1))) +
. Y{MBC(I))*{Z{NBC(I)) - Z(LBC(I)))} +
. YINBC(I))*(Z{LBC(I1)) - Z{MBC(I1)))
A2 = X{LBCLINIX(Z(MBC(1)) ~ Z(NBC(I))) + !
. X{MRACLIIIR(ZINBC(I)) - Z{(LBC(I))) +
. X{NBC(I))H(Z(LAC(I)) - Z(MBC(I)))
A3 = X{LBC(I))*(Y{MBC(1)) - Y(NBC{(I1))) +
' N XIM3C(I)Y¥R(Y(NBC(I)) - Y(LBC{I}))) + '
- ! XINBCII)Ix(Y(LBC{I)) - Y(MBCI{I)))
AR = SQRT{AL1*%2 + A2%%2 + A3 %%2)/2 ‘ .
C

RETURN
END )
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[aXale)

0

N0

SURRDUTINE INPUT
THIS SUBROUTINE READS AND WRITES THE INPUT DATA,.

INTEGER BANDWD
IEAL. MSRATE,MSFLUX»LOADsMACH?2
CGMMDN/ASEMHL/B(4:4)oVOL(B?ZO)oNDDL(4q372 ) A (960,406). NTL(]
PRTIAL{(344)+ART{155) LBCI155) MBC(155) 4NBCI(155
© X(960)+Y(960)e Z(960) +LDAD(960), BANDWDLE(155) +MV(155)
’ NSB(4,155) 4yMS1 4MS2 4 MST s MSTOTSNTOT » JUMP 1, JUMP2,NANZ,

55),
L

COMMON/INOUT/ INDAT A, MTOT s MSRATESEPSILN, ITER, ITERMX yNCe STAGRO »
Jl(60)oNU(60),THFTA(60)-ROEIEM(J!?O)-NN
(DHMON/PHYSI/GAMA.RvSTAGT'ERROR VELG(3)

1 FORMAT {6F10.0,215) .

2 FONMAT (1415)

3 FORMAT (1P5E14.5)

8 FORMAT (LH1./7/7/77:50X,*1 N P U T D AT A‘ o/ s

- SCXe? v /777)
9 FORMAT (33X,* TOTAL NUMBER OF ELEMENTS (MTDT’ 231657

. 33X« *TOTAL NUMBER OF NODES (NTQOT) 22 ,16e/77»
. 33X, ( MS1 SV L,1549/
. 33X ,? { MSs2 S, 154/

. 32X, PSURFACE ELEMENTS AT BOUNDARILCS < MS 2 31547
- 33X, * , { MSTOTZ2% .15,/
» 33X+ ( NODINI?® 4[5,/

. 33Xe * { JUMP2::2 J[S5¢///
. 33X 'BANDWIDTH OF STIFNESS MATRIX {(RBANDAND) 22,15,/ /
. 33X, *MAXIMUM NUMBER OF ITERATIONS (ITERPMX)Y 2*t',1I5,//7

» 33X 'TOTAL NUHBER QOF SFCTIONS (NC) SV, 154/ /
. 33X,*SPECIFIC HEAT RATIO { GAMA) SV F11.5477
- 33X+ *CONVERGENCE CRITFRINDN (EPSIIN) $'3F12.6,/77
- 33X, 'STAGNATION TEMPERATURE (5TAGT) S0 aF11e542 R/ /7
. 33Xs*STAGNATION PRESSURE (STAGP) L FLl1 4S50 PSFY,//
. 33X 'IDEAL GAS CNSTANT (R) TP LF11l 654 FT2/752 .10
e /733X " MASS PATE THROUGH SYSTEM {(MSRATE) 12,F1145,'SLG/SY)
RFAD(S5+1) MSKRATE yRsGAMASTAGT:STAGP L EPSILN, INDATA, ITERMX
RFEFAD(S,2) MTOTSNINT MS1 MS2,M53,MS TﬂT'NANZ'NRN/’Nr BANDWD
REOAD(S5+2) (LBC(Y) MBC{I)NBC(I),I=1,M5TOT)

FEAD(5,2) (NU[)[-(I.J).NUD!:(?‘J),NODF(‘!.J)‘NODC(’o.J),J—l.MTOT)

M o= MSI + 1

READ(54,2) (MV({I)sI=M,MS3)

READ(S42) {J1(T1)s1="1+NC)

READ(S542) (NUCI),I1=1.NC)
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RELEASE 240 INPUT ) DATE = 822739 04725719

O ~NONN

o€
s¥aTaYalel

READ(S+3) (THETA(I[)«1=1,4NC)

READ(S+3) (X{1)sI=1,NTOT)

READ(S54+3) (Y(I),1=1sNTOT) ‘
RFAD(353) (Z(I)I=1,NTOT)

INITIALTZE NORMALIZED ELEMENT DENSITIES 70O AE UNITY AND CALCULATCEC
THE STAGNATION DENSITY.

DO S50 I=1,M7OT

ROCLEM(I) = 1.0

STAGRDO = STAGP/{(R%STAGT)

JUMP 1 = NANZ%NRNZ

JUMP2 = LBC(MS2+1) ~ LBC{MS1+1)

IF (BANDWD LT. JUMP2) BANDWD = JUMP2
IF ( INDATA .FQe 0) RETURN

WRITE INPUT DATA IF FLAG INDATA=1

URITE(6,8) ‘

WRITE(6+7) MTOT¢NTOT yMSL I MS2,MS3,MSTOT yNU(1), JUMP2,BANDWD s ITERMX »
NC s GAMASEPSILNsSTAGT 3STAGP ¢y MSRATE

RETURN
FND
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hXaZele!

aYela!

Y

SUBROUTINE aQuTpPuUT

THIS SUBROUTINE PRINTS OUT THE CALCULATED PHYSICAL PROPERTIES
AT THE END OF EACH ITERATION.

INTEGER BANDWD

REAL MSRATE » MSFLUX o LLOADMACH2 '

COMMONZASEMBL/Bl464)yVOLL3720) yNODE{4:3720) sA{960,406) 4NTL{155),
PRTIAL{3+4)sART(155),LBC(155)sMBC(155)+NBC(155),
X{960)+Y{960) +Z(960) LOAD{960) ,BANDWD,E({155),MV{155)

v NSBl{4,155) sMS1 s MS2,MS3, MSTOT+NTOT, JUMP 1, JUMP2 ,NANZ,

NRNZ s POTEN(960 )

, COMMONZINOQUT/INDATA,MTOT sMSRATESEPSTILN,ITERsITERMX s NCsSTAGRO,
JI{B0YNU(H0)» THETALH60) ROELEM(3720) » NN

COMMDN/PHYSI/GAMA.R.STAGT'FRRDR,VFLD(3)

1 FORMAT (1 5) :
»

"2 FORMAT (1 t L7eTXs * # NODES POTENTIALS VELOCITY~-T VEL Y »*
~QCITY-F VELOCXTY-Z VELOCITY MACH NUM. NORM., PRES,.*
o NOPMe DENSe ' /) -

3 FORMAT {I9,17.1P8E14.5)

4 FORMAT (1PS5E14.5)

5 FORMAT (2X,'END OF SECTION',13) ,

6 FORMAT (8(/)+48Xs*E N D 0 F PR DGR A M /348Xe27(1H_)»

. /7777 933X« CALCULATIONS ENDED 2,
. /733X *NUMBERS OF ITERATIONS RERFORMED : ITER =0 ,13,
- /77 +33X s *CAOVEFRGENCE REACHED P ERROR =1,1PE8B. 1)
ARITE(6.6) ITER, ERROR
4 = 0
L = 53
DO 9 K=14+NC
JK = J1(K)
NK = JI{K) + NU(K) -1
DO 8 I=JK,sNK
J = J + 1
L =L + 1
IF (L - S3) 8.8,7
7 L =1
WRITE(H, 2)
3 WRITE(6G«3) Je I-POTEN(I) s (A{I M) M=2,8)
WRITE(6,5) K
9 CONT INUE
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NUMERICAL EXAMPLE

A numerical example is presented to illustrate the use of
the program and show the results of the computations. The
flow 1s investigated in a radial inflow turbine for which the
experimental measurements were reported in reference [8]. The
mass flow rate 1s one lb/sec (0.454 kg/sec) and the scroll
inlet section diameter is 4.88 inches (1.92 cm). The number
of nodal points used in the discretization pattern was 956
placed on 24 scroll cross sections as shown in Figs. 3 and 4.
The number of tetrahedral elements resulting from this dis-
cretization pattern was 2,716. The printed output from this
example is given in Table 2. The first part of the output
consists of the performance parameters and other input data.
The second part of the output represents the results of the
computations and consists of the velocity potential, the velo-
city components, the Mach number, the normalized density and
pressure. The pressure and density are normalized with respect
to their inlet stagnation values. The output data from the
computed results in the various scroll cross sections. The
contours of the computed velocity potentials are shown in
Fig. 5. The jump in the value of the velocity potential across
the splitting surfaces was found to be equal to 150 as can be
seen in Fig. 5. The same figure illustrates the same slope
for the potential contours on the opposite sides of the splitting
surface and hence the continuation of velocity pressure and
density fields. The contours of the computed velocity component
in the circumferential direction are shown in Fig. 6. The
measured [5] circumferential velocity components are shown in
Fig. 7. In both Figs. 6 and 7, the values of the velocity
componet are normalized with respect to the inlet velocity.

The disagreement between the computed and measured results
is mainly in the boundary layer region over the outer scroll
surfaces. One can also observe some secondary flow development
in the measured results. However, both boundary layer and

secondary flow effects decrease with increased velocities.
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The agreement between the computed and measured results near
the scroll neck, in spite of the very low velocities in the
case presented, with an inlet velocity of 41 m/sec, leads to
the conclusion that the velocity and pressure fields in this
region are not very sensitive to these effects. The flow is
greatly accelerated in this region and 1t also acquires a
radial velocity component as evidenced by the shape and density
of the potential lines in the vaneless nozzle portion in

Fig. 5.
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Type of Input Data

Performance, Printout and
Convergence Parameters

Discretization Parameters

/a
Topology of Permanent
Surface Elements
(Inlet, Splitting, and Exit)

Topology of Volume Elements
Volume Elements Affected by

Splitting Surfaces

Cross-Sectional Data

Nodal Coordinates

TABLE 1
INPUT DATA FORMAT

Input Variables

MSRATE, R, GAMA, STAGT, STAGP, EPSILON,
INDATA, ITERMX

MTOT, NTOT, MS1l, MS2, MS3, MSTOT,
NANZ, NRNZ, NC, BANDWD

(LBC(I), MBC(I), NBC(I), I=1, MSTOT)

(NODE(1,J), NODE(2,J), NODE(3,J), NODE(4,J),

J=ll MTOT)
(MV(I), I = MS1l+1, MS3)
(J1(x), I = 1,NC)
(NU(I), I = 1,NC)
(THETA(I), I = 1,NC)

(X(1), I = 1, NTOT)
(Y(I), I = 1, NTOT)
(z(1), I = 1, NTOT)

Format

6F10.0,

1415

1415

14715

1415

1415
1415
1P5E14.5

IP5E14.5

215



I NP U T

D AT A

TOTAL NUMBER OF ELEMENTS (MT3T)
TOTAL MNUMBER GF NCDES (NTOT)

{

¢
SURFACE ELEMENTS AT BOUNDARIES < YS3

{

{

(

BANDWIODTH OF ST[FﬂESS MATRIX
MAX IMUM NUMBER OF ITERATIONS
TOTAL NUMBER OF SECTIONS
SPECIFIC HEAT RATIO
CONVERGENCE CRITERION
STAGNATION TEMPERATURE
STAGNATION PRESSURE

IDEAL GAS CNSTANT

MASS RATE THROUGH SYSTEM

END CF

XY
O
O
ol

MS1
MS 2

TELEY)

MSTOTS
NODINZ
JuMp2 :

{BANDWD)
{ITERMX)

e

{NC) :
(GAMA) :
(EPSILN) @
{STAGT) H
(STAGPR) :
{(R) :
(MSRATZ) 3

P ROGRA

48
64
80
152

19

24
1.49000
0000100
530.00000 R
4319.67569 OSF
1716426001 FT2/52R
0C«031905SLG/S

CALCULATIONS ENDED 3

NUMBERS OF ITERATIONS PERFGRMED I ITER

COVERGENCE REACHED

+ ERROR

TABLE 2: OUTPUT DATA, FIRST SET.
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28
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33
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SECTION

POTENT LALS

-1 000001400
— 1. 00000f 400
~1400000¢+00
-1+ 00000 +00
=1 00QQ00L +0N
=1 00000f 400
“100000F 400
-1«00000F+00
~-1.Q0000F 400
-1 00000F 4010
-1 00N00OF +00
~1000Q001 +00
=1 000N DO
-1.000000400
=-1.000008+00
-t.00000( $00
-1.00000F¢00
=~1+000001 00
-1 00000L ¢00
-1.00000F400
—1.00000F#00
~1.000Q0t +00
—1«00000C+0N0
-1.00000i2800
-1.00000F+00
~10000UE+0)
-1.00000F¢00
~100000E+00
-1.0000307+00
~100000F¢+0D0
-1.00000f +00
-1 00000F+00
-1.00000F+#00
-1.00000f ¢00
-1.00000f4+00
1

T« 18763E¢00
Te 17864F +00
7.172816400
T« 16706E4+00
T.16065F+00
7« 15201L+00
(¢ 13069E+00
7159376400
74144200 ¢00
7126201 +00
711289 +00
Te 109961 +00
T«10056F ¢t00
7.10890E+00
7123170 +00
7T«1123004009
7+ 09876E 400
7. 08449t +00

VELOCTITY~T

146510 +01
141170401
1 350HaE ¢01
1Y152E+0]
12d13F¢01
1250402401
124198401
132726+01
127311 +01
113729F +01
112940+ 01
10802 +01
10669F +01
t1050F 101
11 3193E+0]
L1039%C+ 01
1034 76+01
09653F+01
4,0Q025E+01
4.0B543L.401
4.08422E401
4.068755E 401
4.0H559E4¢01
4.07829C+01
4.,073032¢01
4.06H53C4+01
4.065215+01
4.06306C+01
4.07084E+01
44063712401
4.055441401
4.05079F+01
4.05003E¢01
4.0516AL401
4.,05270E+01

4.00395E+01
4.079532+01
4.05365E+01
4.04120E4+01
4.,01905%€+01
4.04340€E4+01
4+06861E+01
4.13281LE+01
4.12348E+01
4.10419E4+01
4.09241E¢01
4.08363E+01
4.07T710E401
A.08750E+01
4.17365E¢+01
holkﬂQZEfsl
A.13442E6+01
4.11905E¢+01%

VELOCITY-R

=2 «77710E-01
-2327070-01
—2+59628L~-01
~7.831513¢-01
—3+00361F-01
~«3.90991F~01
-5430760E-01
~1 . 7509HE-0O1
~1e10277€-01
~9e12454E-02
~-1+03539F-01
-12a34274F-01
~189113F-01
-~ 16065918-01
~1e243076-01
—1.1387530-01
-1.22124€6-01
~1.19183E-01
-1+40298E-01
~1«75467F~01
—1e40754E-01
=-3430522E-01
—~2+673180-01
-2443337E-01
-~2.22368E-01
—1+99889€E~-01
-1+98640E-01
—1.44093€6-01

14a77200F-01

129026E~04
-103290E~04

1.27186E-0S
-1203152F-04

1«27213E-05

1.28677E-04

~3.96642F-02

103591E-01

3. 17901E~02
~-1.63282E~02
-1+ 40030E~01
-3+55913E-01
-5.70675E£-01
~-107626E-01
~A.28834E-02
-3.48614C-D2
~8414002F~-02
~-170098E-01
~3e26994C-01
~5404404E-01
~2+83654E~-02
~1+12042E~-01
~7¢30094E-02
-7+ 89345E-02

VELDCITY-/

-?..82H1r 01
~24112858E8-01
=1 1891845 -01
~2+A0871F-02

Te73T79F-01

2.215401-01

4427THK50E-91
~De 16A29F~02
~1e01323E-01
—B.26430E~02
~5.56781F-02
~1+15471E-02

1.87591F-02

2.20405C-03
=?2e57645C-02
—6HH066T05-07
~64970950C~-02
=7.664497-02
-6.0685T7TE-02
-5¢2900CE~0Q0"

2457492F-08
-2+ 6(H47HOE~0
=1322097-02
~3.01565E€-02
=5 7IGHPE~-02
<~T7e72312E-02
~7+89407C-02

3+ 520%9E-0S
~3.53218F-01
~7.39117F-02
~8456409F-02
~1e29428E~-02

1+37916E-02

1.68006E-02

T34329F-0S

~8,94801E~01
~5402956E-01
—2.80113E-01
~-2.00487€-01
~1.36097F-03

1.41763C-901

2.3481F-01
-3.804045-01
~44190R0E~-01
-3.29622E-01
~2+42535F-01
-1.00002E-01
~8434806E~02

1.91217F~01
-8,C2786C-01
~2.67369E-01
-3.34060E~01
~3.18591F-01

Vit ocITy

5606fZ¢01
12nC+01
T4E 401
3162E+0%
25C+01
09E+01
752 +01
T7E+01
337401
31E+01
I6E+01
34C+ 01
73F+01
53401
885+ 01
J7E+01

W P>

S

QremeSCmmWNNN
WOWOXID yONN &

Ot s e s e e s e s T s b G e
4

[=]

m

»

o

—

€ 9 o0 % 28 o0 0e s 000

DIOPLIPPOLODOELDPOPID

G625E+01
4.09028E+01
4.08537E+0%}
4.0B8425E+01
3.08769F+01
4,00569E+01
4.07837E+01
4.07310C+01
4.06859E+01
4 .06527E+01
4.06309C+01
4.07103E¢01
4.06372E+01
3.05544E+01
4.05079E+01

4.,05003F+01"'

4.05164C+01
4.05270£401

409925C+01
4 .07935E+01
4.05375E+01!
4.,04125F+01
4 ,03907E+01
4.04353E+01
4.06908E4¢+01
4+133100E+01
2.12370E401
4.,10432E401
4.,09249E+01
4.08368E+01
4.07724E401
4.08794€E+0Q1
4.17384E+01
3.,14902€401

3456E+01
4 .1191BE+01

OUTPUT DATA, SECOND SET

MACH NUM.

3.67596E-02
JG7029E~-02
3.66538E~02
3.66172E-02
3.65873E~-02
3.65682C-02
3.65563E-02
3.66274C~02
3.65792E—02
3./A5081E-02
34+64518E--02
3.64153E-0Q2
J46I966E-02
3.64303E-02
3.64599F-02
3.64209E-02
3.63679E~02
3.63063C-02
3.62508E-02
J.62072E-02
3.61973E~-02
3.62277TE~-02
3.62099€£-02
3.61451E~02
3.60984€~02
3.60585E~02
3.60290E~-02
3.60097€~-02
3.,60801E-02
3.60153E~-02
3.59419E-02
3+59007E-02
3.58939E~-02
3.59082€E~02
3.39176E-02

3.63303E~-02
3.61533C~-02
3.59269E-02
3.58161E-02
3.57968E-02
3.58367E-02
3.60628E~02
34 66295E-02
3.65470E-02
3.63752E-02
J.62703E-02
JeH1922E-02
3+613I51E-02
3.62300E~-02
3469915€E-02?
3.67715E—-02
3.66433E-02
3.55069E-02

NURM, PRES.
9.97056E-01
9. 99059C~01
9e499063€E-01
Ve 9206 3E-01
Qe YVO0GHF-01L
9«99066E~01
9.99066F-01
9.9906 3E~-01
999066E£~-01
9. 99069E-01
9.990730-01
Y+ 97073E-01
9«99076E£-01
9.99073E~01
9+97073E-01
9+99073E-01
9«99076E~01
D 99079E~-0O1
9,.,99083E-01
9.99086E-01
92+99086E-~01
9.99083€-01
9«99086E-01
. 99089E€E-01
9.99089E~-01
9.99093E-01
9.99093E-01
9.99096E-01
9.99089E-~-01
9.99093F-01
9.99099E-01
9+ 99099E-01
9.,99099E~-01
9+99099E-01
9.99099E-01

9.99079€-01
9.99086F-01
9.997099E~-01
9.99103€-01
9.99106E-01
9.99103E-01
9.99093C-01
9.99063E-01
9e99066E-01
9+99076€-01
9.99083E-01
90 99086E—-01
7.99089€-~-01
9499083E-01
9¢ 99046E-01
9+99056E-01
9+99063E~01
9.99069E-01

NORM. DENS.
9e99326E-01
999328E-01

9.993370C-01
9.993371~01

9¢99342E-01
9.99345C~-01
94993471.-01
9499347E~-01
9.99345E-01
9.9934TE-01
9+99349E-01
9e9934A9E~01
9.99352E-01
9.99352E-01
9+.99354E-01
9.99349E~01
999352E-01
9.99357E-01
9.9935T7TE-01
9.99357C~-01
9.99357E-01
9e993957E-01

9.99342E-0
G+99347E-0
9+99357F-~0
9«99359E-0
9499361E-0
9.99359#—0

9.991405
9.99345E~
9+99347E~-

9.99345E~
9.99318E~
9.9932610~
94993*0F~
9.99335F-0
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]
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N

ooooooooo
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1
t
1
t
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1
L
1
1
1
1
1
1
1
1
1
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e
43
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onooooct
CZAsuiv=C

POTCHY LALS

T«071024+00
70627310 400
7o DG525( 400
7.073370+00
7.075160¢00
7e 05936t +00
7.048371 +00
74033978400
7. 023710 +3n
7.00910FE+#00
7.02442F #00
7.0071217¢00
6.98909L ¢+00
6a VT795F +00
6.97480F +00
6.97819¢ +00
h-gﬂﬂQIFGOO

l. 120401
1.5103117¢01
14997727 401}
1. 494500 +01)
14971 0f #01
1.4963/74¢01
1. 50009F+0t
1.524967 +01
f«32004€+91
1aH1024E4+01
1,205750C+01
1.507222F +01
Le D02572F +01
1.%0103+01%
1. 3I616F+01
1629778 ¢+01
1e52405004+01
1513480101
1512901401
1.503320401
1500848401
1eHABYIF01
1939008 +01
1.53393F+01
10271212401
1. 52040F +01
1«51180f +#01
1.502671 +014
1le5H40644E +01
1.579541 401
1530456401
1.G2192E€¢01
1.531650E+01
1.5110/7€%01
1.30508r90|
2

6644 F H01L

VELOUCET /=T

4.103121C+01
4.08643F +01
G4.001210¢01
4.20381F+01
V16453 +01
41494102401
441314A0C 4010
Ael 14726401
A092770C¢01
4.07736E¢01
4.17335F+01
4.13802E401
4.12168E+01
4.10379E+01
4,09390E+401
4.08253IM+01
4.07109E+01

3.912440+01
3.38190F+01
3.83258E+01
3.31437E4+01
3.82690C+01
3.806215E+01
3.90756F+01
4.031762+01
4.0293°F #01
1.99132F¢01
3.97281E¢01
3.96520C0+01
1.07274E+ 01
3.97716E+01
4.193197E+01
Ae17392E+01
4.16064C+01
A.14062F+01
4« 11694E ¢+01
4.0930002¢01
AL,05602E4+01
4e37507E+01
44,3373 1E401
Ae 33624E+01
431010401
44200860401
A4.208406L ¥01L
4413497124018
AA266EC+01
437458401
4. IGH6BE+01
A4.33797F 401
4.79370C401
Ae23267E*01
4+ 160467+01

3,59114F+01

VELOCTTY i

-led4 751275~
~2«67T546E~
~3.H69517E-
-1 A7 3L IF—-
~4.H603550~
=0 TAIE-
~Be 247R4F -
~3.65691F~
~Je28719C~

=

E

. ot g e S e Pt g g

~5.22607C-01
—8,74016E-01
—-8,35796E£-01
—3.86T06E-01
~3.84171C-01

3.18266C+00
3¢389G0F+00
3.24065C+00
3.156A42E400
20939110 ¢+00
24260450400
1.68157E400
2« 471A6GE+00
1.93258C+00
2.10123E+00
1e 9809HE+00
1.78162C+00
1385997400
2.97724€E-01
2492792L+00
2401143E+00
2.014H6E400
1.91611E400
1469564E¢00
133344FE4+09
4.98247E-01
23973212400
1+36915E400
1.09032E+00
1.0154HL¢00
1.06894E400
1.09141E+00
5464901F~-01
4.,04073E-01
Le 6892516-03
—4+36754E~-01
~5461985E-01
-5, 1A822E~-01
=2.90787E-01
-1.71164F-01

3.01939E+00

VELDCLYY—7

-3 .0¥914aE-01
=2.506200%-01
=250 02—
=42 429597 -0}
~1477H820-01
~2 eIV IGF -0
=3. 121910-01
=3 Ou5%9E-01
-4 .130595~-01
~l1e27013F~01
—2¢3706135-01
=3 INHG2F-02
-1.135060-n1
—-1+70427E-01
~2413044E-01
—-3.16839C-21
~1.42712C~-01

~T«S070RL-01
-8, 37512001
~4.70970E-01
~5457199E-01
—3.28313FE~-01
=1« J3VIBE-T1
—~6.22070E-01
—7e37929%-01
~“1eCITHGE+DD
—8419441F-01
~He B3H2R9F -01
—4<A412491.-01
~4+64410C-01

1le61471E~01
—=1.00604E400
~T7«367THUE-01
~ Q665851 -01
-9.45031C0-01
~949T7T424E -01
~Qe ORI~
=~ el 796601
—153908E+00
~8.733337E-01
=1,118530+00
~1.1331897F+00
~140832C400
=1 4960412400
~ 8. 085003 -01
~1e42418L+00
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SPLITTING SURFACES

FIG. 1. SCROLL SCHEMATIC SHOWING THE COORDINATES
AND THE SPLITTING SURFACES.
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FIG, 2, STRUCTURE OF THE PROGRAN,
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FIG., 4, NODAL PLACEMENT IN SCROLL CROSS SECTION.
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APPENDIX A

DERIVATION OF THE ELEMENT EQUATIONS

The simple four node linear tetrahedral element 1s used
in the present analysis. 1In this case the unknown velocity
potential field in an element 1s given by the following
equation:

4
6€ = 2 6. N, (A.1)

where ¢, are the unknown velocity potentials at the elements
four nodes, and

N, are the linear interpolation functions (i=1,2,3,4).

The element equation is given by equation (5) which is
rewritten below:

3

-©-

. ' e =
[ UN;-(pVIN] {¢}T)AV = [ N, p

v aS

dAa (A.2)

Q
3

The above equation will be written in a different form as

follows:

XK1€ {(41° = (P}° (A.3)

The Stiffness Matrix
The coefficients Kij of the element stiffness matrix can be

shown [, 7] to be given by:

aN. O9N. dN_ O9N. 9N, 3
i J 1 3

N.
= i 3 e
Kij p(ax 9xX + dy 3y + 9Z 9z ) Vv (A.4)

An element matrix [B]e, is defined to contain the geometric
properties of the element as follows:
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RS S SR |
. 1 x2 y2 22
[B] ™ = 1 % (A.5)
1

In the following derivations, it will be assumed that the
local numbering of the volume element nodes is such that the
first three are numbered counterclockwise in ascending order
when viewed from the fourth node [7].

Using linear interpolation functions,

N, = a;x + biy + c;z + di (A.6)

it can be shown that the derivatives of the interpolation

functions are given by [7],

i 1
—— = a, = —— cofactor (B )
9x A *i
aN
§“£ = bl = —ig cofactor (B_ )
Yy 6V Y
8Ni 1
—_— = c, = ——— cofactor (B ) (A.7)
32 i e Z;
(\Y 1

The element stiffness matrix is then given by

aia. + bib' + cic.
K"=D( J ] J

13 36V

s ) (A.8)

where

v® = = det [B]® (A.9)

|+
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Equation (A.8) is used to build up the global matrix of coeffi-
cients 1n subroutine MATVEC.

The load vector surface integrals on the right hand side
of equation (A.2) are only evaluated for the surfaces of the
element that lie on the external boundaries with mass flow

across. The contribution of the surface elerent to the load

vector corresponding to each of its 3 nodes is given by:
P =f %_ (A.10)

where £ is the mass flux into the element surface whose area
1s equal to aS. Equation (A.10) is used to build up the
components of the load vector in subroutine MATVEC.

The Flow Velocity
The velocity in the linear tetrahedral elements

can be expressed in terms of the derivative of the inter-
plation functions and velocity potential at element nodes

as follows:

4 aNi
Ve T z LB ¢1 = ai¢1
1=1
% BNl
v, = ~— ¢, = b_d
vy i=1 Yy i 171
4 aNi
(RN Pl AL (A.11)

where the repeated indices imply summation over i=1 to 4.
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APPENDIX B

THE MATCHING CONDITIONS AT THE SPLITTING SURFACES

The splitting surfaces are introduced in the solution
domain in order to be able to handle the mathematically multai-
valued velocity potential in the numerical solution. They can
be arbitrarily placed in the flow field extending from the
point where,two streams of different histories join at the scroll
lip, to the exit station. Nodes with different global numbers,
but which have the same coordinates are placed opposite each
other on the two splitting surfaces. The velocity potentials
at each two nodes will generally be different, thus allowing
for a velocity potential discontinuity in the numerical
solution. Conditions are introduced in the equations to match
the mass flow across the splitting boundaries and the difference
between the velocity potential values of the opposite nodes
on the splitting surfaces.

The first condition imposed in the numerical solution
is the matching of the weighted mass flow across the splitting
surfaces. Across an element's surface, se, on the splitting

boundary, the weighted mass flow is given by:

e

S (B.1)

e
e _ 39
w, = [ N, p 50— d A
Ae
S

where 8¢e/8n is derivative of the velocity potential normal
to the surface area Ag. This derivative can be expressed in
terms of the x, y and z derivatives of ¢ and the direction

cosines o, B and y of the normal to the surface As as follows:

2%
on

4 _ 9N, 4 _ 9N, 4 3N,
—a T 0% kg T 6% sy ] ¢ (B.2)
1 1 1

1 9x 1 9y 1 9z
Substituting equation (B.2) into (B.l) and using equation (A.7)
one obtains the following expression for the contribution of the

weighted mass flow across the splitting surface to each of the

opposite surface nodes.
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p(aa

1
E=3

[ gl e ¥ =N

L+ 8b, + yey) ¢.A7 (B.3)

The direction cosines o, B and y of the normal to the surface of
the element on the splitting boundary can be expressed in terms
of the coordinates of its three nodal points. If the first
three nodes of a volume element lie on the splitting surface

and the fourth is an internal node, it can be shown that the
direction cosines o, B8 and y are proportional to cofactor By .,

cofactor B and cofactor bz4 respectively. The proportionality

Y4
constant is determined from
a2 + 82 + Y2 = 1 . (B.4)

The second condition 1s imposed to match the velocity potential
difference between each two opposite nodes on the splitting
surfaces. 1In the following derivations and discussions,
it will be assumed that if the nodes of the volume element on
one of the splitting boundaries are i, j, k, etc., the opposite
nodes on the other splitting boundary are i', 3', k', etc. The
mass flow matching condition is introduced by adding ﬁs/3 to
the global matrix coefficients in the columns corresponding to
the nodes (i = 1,2,3,4) in the rows (i = 1',2',3',4') in sub-
routine SPLIT. The same process is repeated reversing the roles
of the primed and unprimed sides.

The second matching conditions insures the same difference
between the velocity potential values of the opposite nodes

on the splitting surface.

- ¢ . (B.5)

This condition is introduced by modifying the coefficients of the
row corresponding to the node i1 on one side of the splitting
boundaries. This is accomplished by replacing the diagonal
coefficient and the coefficient in column j' by a very large
number and those in columns i' and j by equal but negative

large numbers.
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APPENDIX C

NOMENCLATURE
A Surface area.
B The element matrix.
K Matrix of coefficients or stiffness matrix.
m mass flow rate.
N Interpolation function.
P Load vector
R Gas constant.
T Temperature.
X,V,2 Cartesian coordinates
a,B,y Direction cosines of the normal to a surface
Y Specific heat ratio.
) Gas density.
oy Velocity potential
Superscripts
e Refers to the volume element.
Subscripts
i,J Refers to the nodes of an element or the indices

of the corresponding stiffness matrix.

S Refers to the splitting surfaces.
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