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SUMMARY

This report presents the computer programs that have been
used to study the trajectories of particles in the radial inflow
turbines. Included are descriptions of the general technique
that is followed by each of the programs. & set of subroutines
that have been developed during the study are described.
Descriptions, listings, and typical examples of each of the
main programs are included.



INTRODUCTION

Particle erosion in gas turbine engines has become important
because significant decreases in the operating life and rated
performance have resulted when these engines are used in dusty
environments. For example, the engines in military helicopters,
operating at low altitudes and remote landing fields, have signi-
ficantly shorter life and a more rapid performance deterioration
rate than engines operating from hard surfaced landing fields and
at higher altitudes. Although these helicopters have main engines
which utilize axial flow turbines, some alsc have auxiliary power
sources for special devices which utilize radial turbines, as
shown schematically in Figure 1. Radial inflow turbines have also
been used on small portable power plants which are also likely to
be used in areas where dust ingestion will occur. Radizl inflow
turbines also are seriously being considered for future use in
advanced helicopter engines and transportation vehicles such as
trucks, buses, and automobiles. These engines will at times have
incomplete filtering of incoming air, leading to the ingestion
of erosive-size particles that could seriously degrade engine
performance.

The radial turbine engines have, however, a more serious
erosion problem than axial-flow turbines. In radial turbines,
the heavier particles can experience a radially outward centri-
fugal force that is greater than the radially inward component of
the aerodynamic drag force. In the axial-flow turbine, the centri-
fugal force acts perpendicular to the aerodynamic drag force.
Thus, in radial turbines the heavier particles can be trapped
between the stator and rotor, resulting in the particles striking
the trailing edges of the stators and the leading edges of the
rotor many times. In axial-flow turbines, the particles generally
move outward to the tip region, but all particles have a tendency
to pass through the turbines.

As a result of the wide interest in using radial turbines
and because erosion seems to be more severe in radial turbines,
an investigation was sponsored by the NASA Lewis Research Center
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to study erosion phenomena in radial inflow turbines and to find
ways of eliminating this erosion. Included in this investigation
are analytical studies of particle trajectories through a radial
inflow turbine and predictions of the effect of blade materials
erosion by the action of particles. The results of these in-
vestigations will be published in a series of five volumes.

Volumes I through III (1, 2, 3) have dealt with the concept.
of erosive particle trajectories and studied the approximate
velocities and types of impacts that occurred on surface inside
a radial turbine as particles moved through the turbine.

Volume IIT (3) indicated several possible problem areas
within a radial turbine. The first is the region at the end of
the scroll, where the more rapidly changing radius of curvature
causes more moderate angle impacts by the particles. Because of
the nature of the motion of particles in the scroll, those
particles that do not immediately enter the stator will tend to’
accumulate and enter a few of the blade passages near the scroll
exit. Volume IIT also revealed that most heavier particles will
become trapped in the vortex region of the turbine and repeatedly
strike the trailing edges of the stator and the rotor leading edge.

volume IV (4) presented an analtyical study of the rate at
which material is removed by ingested dust impinging on the internal
surfaces of a typical radial turbine. The study indicates that
there are several regions which experience very severe erosion
loss, and other regions that experience moderate levels of erosion
loss.

The purpose of this report (Volume V) is to present the com-
puter programs that have been developed to trace the particle
trajectories through the various parts of the radial inflow
turbine. The programs will be useful for any future study of
the erosion phenomena that might be considered for a given turbine.
several studies involving computer programs are cited within this
report. These programs have been used to determine the gas flow
solutions in a given geometry and do not offer a comparison with

the trajectory trace programs.
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A set of the program source decks ca tape is available from
COSMIC (Computer Software Management and Information Center},
Computer Center, University of Georgia, Athens, Georgia 3060l.
The programs can be ordered by using the number of this Report
as Identification.

GENERAL NUMERICAL TECHNIQUE

Main Programs

Much of the analytical work that has been done in this
series of reports has required the numerical solution of the
ordinary differential equations that describe the motion of a
particle in a gas flow field. These equations are derived in
volume III (3); and their final foxm which will be integrated
numerically is given as Equation (17) in the same reference.
These equations are expressed as a set of first order ordinary

differential equations by assuming

Yy, = r

Yo = sr/6t

Y3 = 9

Y, = §9/6t

Yg = 2

Yg = §z/6t (1)

The eguations of motion can then be expressed as
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Where B =3 -— =7 5D for spherical particles. The texms
PP

Vor Vg and v, represent the velocity of the gas relative to the

moving particle.
Ve = Wy T ¥y

Vo = Wy = Y1¥y
V, =W, - ¥g (3)
In the solution of these equations, a fourth order Runge-

Kutta integration technique, as described in Reference 5 was
used. The form of the integration formula is

h
*z (klj + 2k.,. + 2k.,. + k (4)

Yitl,3 = Yi,3 23 33 * Kgy

for the differential eguation g% = £{x,y) )

where klj = fj(xi,yi)

k

1
fj(xi + = h, y. *+ 5 h klj)
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kyg = £50xg + 5 hy ¥y + 5 0 kg
kyy = £50xg * h, yg + hkyg) (5)

The values of the function fj corresponding to the equations

of motion (2) are:

£, = vy

2 2
f, = Yi¥p 7t 2Y1Y4 W+ oyqu ok BIVIVr - g cos(6~a)

2

£3 = ¥4

f4 = %I [-2y2y4 - 2wy, * BlV[Ve + ¢ sin(e+o)]
fg = ¥g

fo = Blv|v, - g'sin ¢

In Equation (4), h represents the time increment between
integration steps. In most of the work that is presented here,
a value of 1 x 10-5 seconds was used. One of the longest
trajectories in the scroll was calculated with different time
increments to study the deviation in trajectories as the time
increment decreased. The results of this numerical experiment
are presented in Figure 2 which shows the variations in the
angular position of the particle when different time increments
were used. At the smaller time steps, the round off errors can
be reduced by switching to double precision. As the time
increment increases, the truncation errors can only be reduced
if a higher order numerical procedure is considered. 1In this
example, the trajectory is approximately 100 cm long and the
deviation of the trajectory by one degree would correspond to
a linear distance of 0.3 cm. In most of the regions in the



turbine, the total distance traveled by the particle is much
shorter than the distances indicated here; so the corresponding
error in the position of the particle would also be much smaller.
Also indicated in Figure 2 is the amount of central processing
unit (CPU) time that was required for the various solutions.

As the time increment decreases, the computational time required
to complete the solution increases.

In the programs that were used to calculate the gas flow
field, the magnitude and direction of the velocities were
determined at the grid points. A linear interpolation technique
was used to estimate the magnitude and direction of the gas
velocity at the points within the grid. 2An iteration scheme was
used to calculate average gas flow field properties which were
needed in the particle trajectory calculations at each time
increment. Figure 3 illustrates the general procedure that
was followed in this iteration scheme. After integrating the
equation of motion over the time segment, the magnitude and
direction of the gas velocity and the gas properties at the
new particle location are found and used to calculate an
improved estimate of the average velocity components and
average gas properties. The program compares the new estimated
average values with the old average values; and, if ne_essary,
reintegrates the equations of motion to find a corrected
new location for the particle. Usually the procedure
converges in only a few iterations. In a few cases where the
particle size was quite small, the procedure failed to converge
in 100 iterations. When a smaller time increment was used, the
solution could be found beyond the point where the iteration
technique failed to converge.

Generally, all the programs listed in this report will
calculate several similarity parameters that are useful in
relating different particles that have similar trajectories.
These similarity parameters are explained in greater detail
in Volume I (1) of thir series of reports, but it is worthwhile

to define the terms that are calculated by the programs.



The characteristic length as calculated in the programs is

p.D
s =13 2P (7)
g

This parameter can be used to relate trajectories of different
particles in equivalent flow fields as long as the Reynolds
rumber of the particle is generally greater than 500. If the
Reynolds number drops below 500, the two particles may not
follow precisely the same trajectory, but the trajectories will
not be significantly'different.

The time constant as calculated by the programs is

* (8)

This parameter generally applies to very small particles because
its application is restricted to cases where the particles
Reynulds number is less than 1.

An approximate Reynolds number is calculated using critical
gas flow properties and one half the gas velocity. This term
calculated by the programs is

*®
p_ (V_./2.)D
_ .9 ' cr P
Re . u* (9)
g
Although this term was retained in the programs, experisnce has

shown that is is not necessarily typical of the particles
Reynolds number.

Several special duty subroutines were used in conjunction
with the main program to solve the particle trajectory. The
remainder of this section will describe the subroutines that
were used. In some cases, slightly different versions of a
subroutine were used because of different types of geometry
that occur between cases. The source deck listings of the
programs «ontain the main program and all required subroutines.



Subroutine BOUNCE

The subroutine BOUNCE can be used in any program that deals
with the trajectories of particles in a flow field where it is
necessary to allow the particles to bounce off a surface. Gener-
ally, the main program will trace the particle trajectory and,
at each new point along the trajectory, the main progrum should
check the position of the particle. When the new position of
the particle is found to be outside the boundaries of the contour
surrounding the flow field, the main program specifies in ordered
arrays the trajectory characteristics of the particle and the
orientation of the boundary surface near the location where the
particle impact occurs. The main program then calls BOUNCE, which
determines the location where the particle trajectory intersects
the surface and the time increment reguired for the particle to
travel from the last point of the completed integration to the
surface. The subroutine :hen returns the bounce point, and the
time corresponding to the particle motion away from the bounce
point. Figure 4 illustrates the surface, particle trajectory
intersection.

Referring to Pigure 4, the point P is the last point along
the trajectory that is still in bounds and point PP is the next
point along the trajecto.y that is out of bounds. Since these
two points are vector quantities within the program, the particle
velocity is calculated from the following equation:

Vv = (PP - P)/h (10)

Where h is the time increment used in the integration siep.
The description of the surface near the location of the
bounce is done in the main program by specifying three points
that lie on the surface. These points are indicated by the
position vectors A, B, and C within the subroutine. The sub-
routine then determines vectors AB and AC which lie in the

surface, where
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AB = B « A (11)

AC=C-aA (12)

Next the subroutine determines the unit vector normal to
the surface by calculating the cross product of AB and AC,
and then dividing by the magnitude of the resulting vector.
Indicated below is the equation form of this operation.

i 3 k
AB x AC = AB; 2B, AB, (13)
AT, AC, AC,

n

(AB2 AC3 - A83 ACZ) i

+ (AB, AC; ~ AB; AC,) ] (14)
+ (ABl AC2 - ABZ ACl) k
Of = 2B X AC ww, I+ oow, 3+ ouw, K (15)
|AB X AC|
If |AB x AC| = 0 , the subroutine returns NFIX = 0 .

This corresponds to a case where points A, B, and € lie on a
straight line and hence are not sufficient to describe a
surface.

The next step in the solution of the bounce problem is the
determination of the point, PB, where the particle bounces off
the surface. This is determined by solving simultaneously the
equations of the plane given by the unit vector UN and the
point A and the straight line connecting the points P and PP
of the trajectory. The equation of the plane is

UNl(x—Al) + UNz(y—Az) + UN3(z—A3) =0 (16)

10



The equations for the line trajectory are

x—Pl _ y—P2 _ z—P3

= (17)
Vi V3 V3
These can be arranged into a set of three equations with
three unknowns.
UNl X + UN2 vy + UN3 2 = Dl
V2 X - V1 v = D2
where
Dl = UNlAl + U'!.\Tzll”s.2 + UN3A3 ]
Dy = VP = V1 Py
D, = V,P, - VP (19)

3 31 173

The solution of these equations does not exist when the coefficient
determinant is zero. The coefficient debterminant is:

UN; UN, UN,
2 <

Vo ~=Vy 0 | = UN;V;T 4 UN,V,V, + UNGV, Vg (20)

v, 0 -V,

The coefficient determinant will be zero in the special cases that

are outlined below.

Case 1. If UN1
to the x axis and the particle motion is also parallel to the x
axis. This event could not cause a hounce to occur.

= 0, V2 = 0, V3 = 0, then the surface is parallel

Case 2. If UNl = 0, UN2 = 0, and V3 = 0, then the surface is
parallel to the (x,y) plane and the particle motion is also

parallel to the (x,y} plane, then the particle does not bounce.

Ll



Case 3. If UN; = 0, UNg = 0, and V2 = 0, then the surface is
parallel to the (x,y) plane and the particle motion is also parallel

to the (x,y) plane, and no particle bounce takes place.

Case 4. 1If Vl = 0, then the x coordinate of P and PB are the same.
The solution of the intersection problem then requires use of
only one of the equations for the line segment. The new equation

set is
UN2 y + N, z = D,
where
Dy =Dy - UNy * Py
D. = V,P, - V.,P (22)

5 372 2" 3

The solution of this system of eguations, with PBl = Pl provides
the intersection point. In this case, the determinant can be

written as
(UN2 V2 + UN3 V3) =0 {23)

It can be equal tc zero if V, = 0, and N, = 0 in which case
the surface is parallel to the (x,y) plane and the particle moves
in the direction parallel to the z axis. Thus, PB, = P, and
PB, = A3. This may also occur when Vg = 0, ox UN, = 0 in which
case the surface is parallel to the (x,y) plane and the particle
moves parallel to the y axis. Then PB, = A,, and PBy = P, .
All cases have been considered so far, since the three veloci™y
components vl, V2 and V3 cannot be all equal to zero.

The subroutine next calculates the distances between PB
and P, PP and P, and PB and BP. These distances can be expressed

in equation form as

DPB = |PB -~ B|
ppp = |PP - P|
DPPB = |PB - PE| (24)

12



Figure 5 illustrates a situation that can occur sometimes
near a surface. If the main program specified points on surface
2, the incorrect bounce point is determined as indicated by the
dashed extension of the trajectory. Similarly, referring to
Figure 6, the incorrect bounce point which is obtained if the
points/on surface 1 are specified in the main program. This
type of error is avoided by consistently using surface 1. The
distance DPP = |PP - B| is calculated and the subroutine checks
to insure if it is greater than the distance DPPB = |PP - PB| .
Tf DPP < DPPB, then the subroutine returns NFIX = 2. The main
program should be written to recognize this and to switch to

the appropriate surface.

The subroutine next uses one of two methods to determine the
velocity components of the particle as the particle bounces from
the surface. Method 1 is used when DPB > % DPP. In this case,
the particle travels over more than half the time segment before
the impact occurs. Figure 7 illustrates the technigque that is
used. The first step in the subroutine is to determine the point
5% which is the normal projection of the point P onto the surface.
This is found by solving the eguation of the plane, Equation (16),
and the equations of the line that passes through the point P

and is normal to the surface:

x-Py _ y-P, 2-P 4

TN = W - UN (25)

1 2 3

The following set of three equations are obtained from the above

relations and the equation of the plane:

UNl x + UN2 y + UN3 2 = Dl

N, x - UNl Y = Dy

UN, X - ON; a = D, {26)
13



where

D, = UN; Ay + UN, Ay + UN3 Ay
D, = UN, P, - UN; P,
D, = UN, Py ~ UN, P, (27)

The solution of this system of equations gives the desired
position vector PN. As in the solution of a similar set of
equations for the bounce point, there are special cases that
cause the determinant of the coefficient matrix to be zero.

This determinant is

|
un,  UN, UNg
3 2 2 2
UN2 -UNl 0 = UNl(UN + UN2 + UNB) (28)
UN, 0 -UN;

The only possible case when this determinant would be zero occurs

when UNl = 0, If this occurs, then PNl = Pl = x and a

second system of equations can be determined such that

UN2 y + UI\T3 zZ = D4

N, vy - UN, z = Dy (29}
where

D4 = Dl - UNlPl = Dl

D5 = UN3P2 - UN2P3 (30)

The solution of this set yields PN2 and PN5. The determinant of
the coefficient matrix of this last equation cannot be zero
unless the surface unit normal vector is zero, which should not
occur.

The portion of the time increment that is needed to travel

from P to PB is given by

DTIME = DPB/%PP {(31)

14



This time segment is used to calculate the components of the
tangential and normal velocities. The tangential velocity
is determined from the equation of the line between the points

PR and PB:
BB = PN + v{at) (32)

The incidence tangential velocity components are expressed in

the program as:

Vi, = (PBy - PN, ) /DTIME
v , = (PB, - PN,)/DTIME
Vig = (PB3 - PNB)/DTIME (33)

Tn a similar way, the points P and PN are used to detexrmine

the normal component of the incidence velocity vector.

vl < (PNl - Pl)/DTIME
Vap = (PN2 - Pz)/DTIME
Vo3 = tPN3 - P3)/DTIME (34)

The subroutine RESTCO is then called to determine the normal
and tangential restitution coefficients. These coefficients are
dependent upon the magnitude of the incidence velocity and the
incidence angle. ETA(Ll) is the normal restitution coefficient,
and ETA(2) is the tangential restitution coefficient.

Wwith these, the subroutine then determines the velocity
components of the particle as it rravels away from the point PB.

VP = ETA(1) ¥, + ETA(2) v {35)
Finally, the subroutine calculates the time elapsed, which is
given by

T = T 4+ DTIME {36)

15



Method 2 is used when DPB < % DPP. In this case, the
particle travels over a very short distance along its trajectory
between P and PP before it encounters the suriface, including
the case when the point P lies in the surface. Figure 8
111ustrates the technigue that is used.

The procedure is quite similar to Method l, except that now,
B is the normal projection of the point PP onto the surface.
This point BN is found by equations that are similar in form to
those used in the previous method. The difference ig that in
the places where coordinates of P occurred in the previous
equations, the coordinates of PP now occur. Next the portion of
+he time increment that would be used to travel from BE to PP

is determined using
DTIME = H - DPB/VPP (37}

The points PP, BB, and PN are used to resolve the velocity into

the tangential and normal components, which are given by

Veg = (PNi - PBijDTIME i=1, 2, 3 (38)

I

A2

With the restitution coefficients found from RESTCO, the new
velocities are determined as in the previous case. With the time
correctly incremented to allow for the particle to travel to the

surface, given by

T = T + DPB/VEP (40)

The following pages contain a listing of the subroutine
BOUNCE.

16
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N(GY=V({31xP{2}-V(2) *P( 3)
NETA=z=-UNI2)I®VI21-UNI3)2V(3)
IF( ASS{NFTA).LT.14.0F=12} G2 T2 85
PR(2)={~{4)}EV{2)=-N{5)=UN{3)}/NFTA
DAl = {UNE2YEN{SH -V {3)¥N{4)) /NDETA
i TRO1C0
#o IF( ARS(VI3))1.6T.1.0F—-12) GO T 90
ny(2)=P(2)
D4(3)=A{2)
i1 TO 100
! 30 "A(2)=A(2)
: DA(3)=p{3)
LJu CONTINUF
PPz SORT({PP{1)=P(1}) %24 (PP(2)~P({2})%%2+(PP{3)-P(3)}%%2)
NPz SERTII{PBLLI=P(L))#k24+(PB{2)=P(2})*%2+(PR(3)-P{3)}*=%2)

’ NORE=SOKT((PR(LI—PR{1)}I%%2+{PP(2)=PR(2))1*%2+(PP(3}-PA(3)}%x%2}
TF{{NPPRLTNPP).AND(DNPB. LT .DPP}} G0 TO 103
ME[X=2
o0 TUQN

103 CINTINUF
IFIPPR,LT.{U.S%NPPY) GO TDO 180

METFOMIMFE THE U4TERSFCTINN PUINT, PNy OF THF SLRFACE NORMAL THRU P
1F "ETERMINANT FQUALS ZFRC, €GO TO 140

1
e el

: NFTA=UN( 1) %% 3+UNT 1) #*UN{2)*%2+UN{ 1} 2UN( 3)%%2
IF( ARS(NFTA}.LF.1.0F—12) 6N TO 140
N{2)=P{1I*UN(2)1-P{2)%UN( L)
N{4Y=P{LIRUNTR)=P (3} UN( L)

f{2el)= UN(2)

Gl2,2)==UN{1)

(12,3)=0.0

[{3s1)1= UNL3)

_ Gl 542)=0.0

ORr

] LU 3,3)=—1IN{L) GINAp

5 Nt 130 K=1,3 CW‘ITnﬁ?%é?“HEzg

e

st ]

On 110 I=1.+3
; Ny 110 J=1,3
i 110 ASE{TJd1=0(T,d)
nnopz2d I=1,3
7 120 AS{T,,K)=N(T)
pﬂ(K}=GS{l,l}*GS(2g2)*GS{3.3)+pS(1.2)*65(2.3!*GS(3.1)+GS(1,5)
1 #65(2,1)%6S(3,2)-0S{3,1)1%065(2,2)%6S(L,3)-0S(3,2)1%G5(2:3}%GS5(1,41)
Z =050 3,3)%05(2,11%065{1,2)
130 PMIK)=PN[K)/DFTA
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LEVFL 21 POUNCF DATF = 75182 16/41/45

C
C
r

[on T2 T v Haw Tn MOy BRan

i Ra e e

5y TU 160
laQd PN(L)=P(1)
M) =N(1)
IHI=UN(3)=P(21-UN(2)*P(3)
NETA=-UN( 2} *%2-UN(3)**x2
P(2y={~-N{&)*UN(2)-D(5)=UN{3))/DFTA
PR {UNL2 SN (51 -UN{3FEN{4} ) /DFTA
Lo CmNTINUE

NETERATNG PCETION NF TIME SEGMENT USEN TG TRAVFEL FROM P TO PB.
AT [Me=NPR/VPR

TE(NRTIVNE LT HY 60 TO 163
S ITE(6,1010)0

Lulo F*R%AT{24pk NTIME [S GREATFR TRAN H)

LT =0
< THRY

ExTSeT LINT PM=PR THF PROPER PISTANCF TO FIND PP,

TuEN FXTENT A L I8NF NURMAL TO THF SURFACE FROM PNP TO GFT THE POINT
AETER RINCF, PP,

FIMN VELACTTY CNURNIMATES BASED CN PP, PB ANDC TIME PEMAINING IN
SEGUENT,

1£3 71 163 T=1,3
VT{E)=(PR{TY=-PN{T))/TTIMF

165 VRLTI=(PN(T)=PI]))}/DTIMF
VT(4)= SOFTIVT(L)A%2+VT(2)%x2+VT{3)%%2}
Vis{4)s SLRTIVMILYEXZ2HUNTI2) %% 2+VN{3)*%2)
CALL RAFSTOC{YN(4) VT (4)FTA)
A1 TY T=1.3
PRI y=PA([)+FTA(2)2VT(T)*(H=-DTTIMF)
OBR{1)=OAP(T)=FTA(L)EVN(T }*{H=-DTIMEF)

179 Vve{1)=(PP{I}=PH{I)}/(H-DTIME]
T=T+d
o F TURN

TF POINT P LIFS ON SURFACF, USF POINT PP TO NFTFRMINF AFTER
BINCE STATE .,

18C CuiTINUF
Db TA=UN(GE ) E%34UN( L) HUNLZ ) %2 +UNL LY $UN( 3) %52
TF{ ABSINFTA)LLF.1.,0F=12) 60 T 220
N(2)=P{LYFUN{2)=PP{2) #UN(L) -
AE3)=PP (L) #UN{3}=PP{3)UN(1) .
Cl2e10= UNL2)Y -gmﬁlkkﬁéﬂUﬁéem;ﬂg
f{242)==UN(T) QKM¢£H?
G(2,31=Ce0 /
Sl4. L) =0N1T)
GL3,2)1=0,0
GU3y %)==t (1)
ngLln K=143
o 1) I=lae3
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190 J=le3
L90 GSUT,3¥=r(1,J)
N 200 T=1e3
210 GS{I.k)=P(1}
PNIKY=GSUL LIS 2,2 6RS(343)46S5{142)¥%0S(2,2)%6S{3;1)+GS{1,3)
L #6S(20 1120513421 -6GS{3 L) EGS{2:2)26S51163)-6S(3,21%GS(2,3)%65(1,1)
2 =55 3,3)ECS{ZyL)2GS{L,2)
L0 PNIK)=PN(K)/NETA
G T 240
220 PN{LY=PP(1)
N{4)=n(1)
MBI=UM3IRPP(2)-UN{2)%PP(3)
NETA==UN(2)2UN2)-UN{I ) =UN(3)
PNE2) = (=D {4)=UN(2)=D(S)=UNI3})/DETA
PMLA)= (UN(Z2 )20 {5 )=UN(3)1%D{4))/NETA
240 CNNTYINMUFE

VTETERMINE PURTINN OF TIMF SFGMENT REMAINING FUF TRAVFL FROM PR TR PP,

NT [“F=H=NPR/YPP
TE(NTIME, T L.0F=12) 60O T 245
NRTTF(641020)

L0273 FTRMAT (21R RTIMF LFSS THAN ZERM)
NFTX=0
ACTHRN

METFIAINF THF PRNPFR NISTANCE ALOMG PN—-PB TO FIND PNP,

THEN EXTENT A LIMF NORMAL TO THE SURFACE FoplM PNP T GFT THF POINT
AFTFY RIOWJNCF, PP,

FIND YFLOCTTY FOUPRNDINATES BRASED ON PP, PR, AND TRE TIMF H,

245 NN 2hy [=1,3
VIITI={PN(T)-PR{I))/NTTME

250 VMNLITI={PP{TI)-EN{T1})/DTIMF
VT(4)= SNORTIVT{L)*%2+VT(2)2%2+YT{3)}=%42)
VM{4)= SORTIVNLT =24 YND2 JRR24YN(3 ) %%2)
CALL BESTON{VMN(4)4,VT{4),FTA)
NN 2éu T=l.3
PNP(T)=PR{T)I+TTAIZ2}*VT(T)%DTIMF
PRITI=PNP{I)-FTA{L1)*VNM(T }=DTIME

260 VP(I)=(PP(T)-PR{T}}/DTIMF
T=T+H
PETURN
£Mn
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Subroutine RESTCO

It was necéssary to develop expressions for the normal and
tangential restitution coefficients to describe the momentum
loss experienced by a particle when it bounces off a surface.
Initially, constant values of restitution coefficients were used.
As a result, the particles that struck the surfaces many times,
lost momentum with each bounce and eventually came to rest against
the surface. This is unrealistic to occur, and therefore the
available data on restitution coefficients was reviewed and the
information obtained used to develop a set of empirical equations
that would describe the restitution coefficient for all incidence
velocities and all incidence angles.

Data given by Grant (6) and Ball (7) indicate that the res-
titution coefficients were functions of both the incidence angle
and the particle incidence velocity. The data given by Ball (7)
is perhaps more realistic because it applies to Titanium and
Stainless Steel alloys which are more typical of blade materials
that are used in radial inflow turbines. However, this data is not
as extensive as the data given by Grant (6) for an Aluminum alloy.
Because the more extensive data gave a better description of the
variations that could be expected, the aluminum alloy data was used.

The emperical expressions arrived at for the normal and

tangential restitution coefficients are
nN(s,v) = 1,0 - wl(s) wZ(V)

nT(BrV) = 1,0 - ¢l(8) ¢2(V) (41)

In this expression, Ny
titution coefficients and ¢1' wz, ¢l’ ¢2 are empirical functions
which go to zero as the argument goes to zero.

Figure 9 shows the data obtained by Grant (&) for the normal
restitution coefficient variation as the impingement angle changes.
An assumption was made that o is one when the velocity is 76.2
meters/sec., and then a polynomial curve was fitted to the data

and Ny are the normal and tangentiai res-
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points. Table 1 gives the coefficients of this polynomial for

the normal restitution coefficients. The variation »f the normal
restitution coefficient with the incidence velocity is shown in
Figure 10. The experimental data points of Reference 6 are shown

in the same Figure. It was assumed that the normal restitution
coefficient increases to one as the incidence velocity decreases

to umero. In order to develop the empirical equation for ¥,, the
value of ml at 45° was used. A value of wz equal to one was taken
for incidence velocity of 76.2 meters/sec. The following expression

was developed to express VY,:

b, = 0.65(1.0 - o~ V/24.5, (42)

Equation (42) and the polynomial expression for the variations
due to the incidence angle were combined into a complete empirical
formula for the normal restitution coefficient. Figure 11 illu-
strates the variation in the restitution coefficient with the in-
cidence velocity and the incidence angles, according to the emper-—
ical equation.

In a similar way, the data given in Reference 6 for the tan-
gential restitution coefficients at an incidence velocity of 76.2
meters/sec., was fitted with a polyvnomial expression as shown in
Figure 12. In addition to the experiment 1 data points that were
used, it was assumed that the tangential restitution coefficient
was equal to one for incidence angles of 0° and 90° The last two
values were used, with the experimental data and these points were
also used in the evaluation of the polynomial coefficients which
are given in Table 2. Data on the variation of the tangential
restitution coefficient with incidence velocity is indicated in
Figure 13. It was assumed that the restitution coefficient goes
to one as the tangential velocity goes to zero, this and the two
points of the experimental data showed linear variation. Figure
14 shows the family of curves of the tangential restitution coef-
ficient versus incidence angles for different incidence velocities.
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Because of the linear variation in restitution coefficient with
incidence velocities, very low restitution coefficients are cal-
culated for very high incidence velocities, 2 lower limit of
0.1 was placed on the allowable value of the restitution coef-
ficient as indicated in Figure 14.

The next page contains a listing of the subroutine RISTCO,
which receives the normal and tangential velocity components from
the calling program and returns the proper values of the restitution

coefficients.
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Lever 2l RESTCOQ NATY = 75144

aEsXalnNal

SUALCIUTIME RESTrO(VN VT FTA)
NTUENSTIN FTA(2YAL10),R(10)

faTa Q/1.&190g5-1171e—49n£529v131a039231-174a4?49,li?n872jg

I =26.47885,~16.729751142300,4-1.979996/

t6/a7/745

TATA Hfﬁ.??iS'—ﬁl.BSOB'l?BalbﬂS,—424.3882q572-?631;—406.60259

1 K701420470.051Ls=50s4902,9,6767/

AATA [% THIS SPGTHT INF CORRFSPCANS TO VFLOCITIFS IN FT/SEC.
CATEOTAL TYPTCAL LF ALUMINUM AND STLICUN PARTICLES.

FTA(L) IS THF KNURWMAL RESTITUTIUN CORFFICIFNT,

EFTA(Z2Y 1S THFE TANGFERTTIAL RFESTITUTION CHEFFICTIENT,

ACTA=ATAP 20N, VT

Ve=QART{VME#Z Y TERD )

PHTIONE=V/250.40

Bt [ TWil= ﬂ{1)*%ETA+A(2)*HFTQ#*2+A(3)*BFTA**3+A(Q)*HFTA**Q
L +ﬁl6)*FFTA*¢5+A(5)*BFTA*#6+A(7)#HFTA*¢7+A(R)*QFTA*$B
7 FA{I)EAFTAEXG+A(LO)XBFTAXELO

DI PHTONFEPHT TR

IE(PU] LOT . 0,97) PHT=(G,.90

ETA(2)=1.000-PHI

PG INF=160000-FXP(-V/36.1:00)

PSTTa= “(ll*RFTA+Hl?)#ﬂETA**2+G(3)*RFTA*#3+F(4)#QETA*#4
1 +?i5)*HFTA#*5+R(6)*RFTG¢*6+B(7)*B=TA*$7+R(ajtaFTA#¢n

I +n(9)#nPTA%x%9+R (10 )*BFTA%*10

DT =PSTORNFRPST TWH

TF(PST.GT.0.900) PSI=0,900

CTA(L)=1.000-PS1

PTTIjE Y
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Subroutine RNUMBR

Another subroutine that is used throughout this set of
programs is the subroutine RNUMBR. This subroutine uses the
Reynolds number determined by the calling program to f£ind the
drag coefficient for a sphere. The eguations which are used to

describe the drag coefficient are:

C_ = 28.5 — 24.0 (Log Re) + 9.0682 (Log Re)?

D
3 4 5
~ 1.7713 (Log Re)> + 0.1718 (Log Re)“ - 0.0065 (Log Re)
1.0 < Re < 3000
¢y = 0.4 3000 < Re < 2.5 x 1072 (43)

This subroutine includes a factor DGFC, which can be used
to determine the drag coefficient for non~-spherical particles.
A listing of this subroutine follows.

Program Listing RNUMBR
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IV 6 Lrver 2| ENUMRR NATF = ¥IS51lu2

SURPIJTINE BNUMAR (PEROLD ,NEEC 4 CN)
¥ TF{ ABS{RFNOLD) JLToleOF~12) RENOLD=1,0F—12
| IE(RRENCOLN L LT.L.0) 60 TA 26
TF{(NFNOLN.GF,1.0) o AMD . (RENOILD.I To1oCE3)) GF TN 27
; CN=NGFC*0 o4
F LETURY
.. 26 CN=NORECH(4,59426,0/EROLD)
VETLRA;
27 ART=ALGA(KFMLGEN)
: CN=( 2%, S04, CFARF £+, 0 B2 *APF %%2~1 ,T713#ARF#¥340,17 1 8*ARFE®4
1 —~0MIEIEARFe®H | %PGFC
RETURN
I:\‘-')

bt
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Subroutines ALOCAT, BLOCAT, and DLOCAT
This series of subroutines are used to determine the location

of the particle within a grid pattern so that the gas velocities
and flow properties can be determined. Although each subroutine
does approximately the same thing, it was found that each flow
geometry required slightly different forms of the subroutine.

Most of the geometries used in this study are such that the gas
flow is described at nodes along the guasi-orthogonals of the
flow. Generally, the indexes that locate the nodes are in in-
creasing order from inlet to exit. All of these subroutines check
each orthogonal to find the first orthogonal beyond the particle
location. The subroutine then sweeps from hub to shroud, or from
blade to blade along the stream surface until it determines the
index of the streamline just beyond the particle location, then
specifies the four grid points surrounding the particle. The sub-
routines check if the particle is out of bounds. If the particle
is in bounds, then NOWT = 0, otherwise the code work NOWT is set
equal to a number that depends on the boundary. These subroutines

are included with the individual program listings.

Subroutine POLATE
This subroutine interpolates linearly the properties of the

gas flow at the location of the particle within a grid, using the
known flow properties at the four grid points that surround the
rarticle. Figure 15 illustrates the grid points surrounding the
particles that determined by the locating subroutines. The dis-
tances from the orthogonals to the particle location, Dl and

D,, are determined first. Next the program calculates the distances
from AA and AB tc the particle location. All of these distances
are used to interpolate the value of any flow property A. The
same method is used to determine the r, z coordinates of the
properties. The subroutine returns this property to the main pro-

gram as AP.
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A,

There are minor differences in the subroutines that are
listed with each of the programs. These minor differences occur
because of the significant differences in the geometries hetween
different flow fields. For example, the STATOR program uses an
r-6 grid while the ROTOR program uses an r-2z grid. However, the
subroutines all follow a procedure similar to the one outlined here.

Function RUNCE
This function uses a 4th order Runge-Kutta technique to

integrate a system of simultaneous first order ordinary different-
ial equations over one time increment. A more complete description
of the subroutine and the input and output quantities can be found
in Reference 5. A listing of the subroutine is included in that
reference,

28



frreamend L=y

PROGRAM DESCRIPTIONS
The following sections will describe the programs, their

input and output and other information that will aid in under-
standing their use. A complete listing of the program is included
with a sample set of data to demonstrate the program output.

PARDIM - Particles in a Vortex
This program integrates the equations of motion to determine

the trajectory of the particle in inward flowing free vortices,

or whirling flows that have no radial components but do have axial
components. The force of gravity acting on the particle can be
included in cases where gravity must be considered. The solution
is essentially a three dimeasional one, but instead of allowing
particles to bounce, the integration stops when the particle passes
boundaries of the fiuid flow. The cylindrical coordinates, r, 6

and z, are used as indicated in Figure 16.

Method

Figure 17 is a flow diagram of the program PARDIM. The sub-
routine, VORTEX is used to provide the three components of the gas
velocity and the necessary gas properties within the boundaries of
the flow field. The function RUNGE is used to integrate the equations
of motion. The general iteration technique that is used to calculate
the average values of the gas properties at the particle location,
and the method used to integrate the equations of motion of the
particle have been explained before.

The first call of subroutine VORTEX allows the general charac-
teristics of the gas flow to be introduced into the subroutine.
Subsequent calls return the velocity components, static gas temper-
ature and density that are the solution of the free vortex flow at
the radial location of the particle. The equations that govern the
gas flow field are; conservation of momentum, i = rVu = constant,
the conservation of mass, i%E = err = constant, and isentropic

flow relations.
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The solutior for the mass flow in the subroutine VORTEX uses
an iteration technique that will sometimes fail to converge when
the velocities become large. If this occurs, the subroutine prints
"WORTEX FAILED TO CONVERGE AT LOCATION R = ," and then sets a
parameter that causes the main program to proceed to the next data
set. A second message can sometimes be printed by the same sub-
routine if the flow of gas in a compressible free vortex has a
supersonic solution. The message YCHOKED FLOW" will be printed in

such case.

Input

There are two sets of input. The first set specifies the
nature of the gas flow and consists of 4 cards at the front of the
input data. This program is written so than any consistent system
of units may be used.

The first four data cards take the following form.

DANGLE, TMAX, RMIN, RMAX, ANGMAX, ZMAX (6F10.4)

VISREF, TREF, TSUT, GAM, RGAS, DGFC (E20.5, 5F10.4)
RIN, VRIN, VUIN, VZIN, TT, RHOT (5F10.4, E10.4)
ALPHA, BETA, GRAVITY (3r10.4)

These variables are defined later.

The second set of data cards specifies the particle size
and density and the initial position and velocity of the particle.
Each particle can be described by four input data cards which take

the following form.

TITLE (18A4)

(YR(I), I = 1,6) (6FL0.6)

RHOP, DIAP (F10.6, E10.4)
NSTEP, H (r10, E10.4)
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For studies that are done with multiple particles, additional
second sets of input data cards may be stacked together. When the
program completes one set it goes to the next set automatically.
An explanation of the input variables of both sets follows.
DANGLE ~ Data is printed every DANGLE degrees.

TMAX - The program truncates the solution when time exceeds TMAX
seconds and goes to the next particle.

RMIN -~ The program stops and goes to the next data set when the
particle radial location is smaller than RMIN. (Length units).
RMAX - The program stops and goes to the next data set when the
particle radial location is larger than RMAX. (Length units).
ANGMAX - The program stops and goes to the next data set when
the particle angular position is greater than ANGMAX in degrees.
ZMAX - The program stops and goes to the next data set when the
particle axial position ie greater than ZMAX. (Length units).
VISREF - Reference viscosity corresponding to TREF. Used in
Sutherland's Law. (Mass/Length x Time) .

TREF - Reference temperature corresponding to VISREF. Used in
Sutherland's Law. (Absolute degrees) .

TSUT - Constant used in Sutherland’s Law. (198.6°R or 110°K) .
GAM - Ratio of specific heats.

RGAS - Gas constant. (Lengthz/’l‘ime2 Deg. Abs.).

DGFC - Drag Factor - The spherical drag coefficient based on
Reynolds Number is multiplied by DGFC. Except in very special
cases, this should be i1.0.

RIN - Radius at inlet of the gas stream. {Length) .

VRIN, VUIN, VZIN - Radial, tangential, and axial components of

. the gas velocity at RIN. In an inward flowing vortex, the radial
2 component should be negative. (Length/Time) .
o TT - Stagnation inlet temperature. (Degrees Abs.).

) RHOT - Stagnation inlet density. (Mass/Length3).

ALPHA - Angle of Z-axis with respect to the horizontal.
(Degrees) . See Figure 18.

BETA - Angle of the turbine verticle axis with respect to the

gravitational vertical. (Degrees). See Figure 18.
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GRAVTY - Acceleration of Gravity. (Length/TimeZ).

TITLE - The first card is reproduced at the top of the first
page of output for each particle. Any statement in columns 2
to 72 will be reproduced.

YR(1) - Initial particle radial position. (Length).

YR(2) - Initial particle radial velocity. (Length/Time). For
inward moving particle, the radial component is negative.
YR(3) - Initial particle angular position, 6. (Degrees).
YR(4) - Initial particle angular velocity, 8. (Radians/Sec).
YR({5) -~ Initial particle axial position. (Length).

YR(6) - Initial particle axial velocity. (Length/Time).

RHOP - Particle density. (Mass/LengthB).

DIA - Particle diameter. (Length).

NSTEP ~ An integer that is not used in this program.

H - Integration time increment. (Time).

Output

The first part of the output is an echo check of the first
set of data cards which are used to describe the gas flow field.
Such data checks are useful in correcting key punch mistakes on
the input cards. After initializing these variables, the program
calculates and prints the critical gas velocity. This critical
velocity is determined based on the gas stagnation temperature.
The following print out starts on the next page, and the printed
output data for each particle starts at a new page. The first
part of the printed output is an echo check of the input data as
punched on the second set of data cards. After initializing the
variables, the program calculates and prints several similarity
parameters that are useful in relating particles that have similar
trajectories. Next, the particle position and velocities at
every DANGLE degrees are printed. The parameters appearing in
the output, that were not defined before in the input data, are
listed below.
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DELTA - Characteristic length as given in Equation 7. (Length).
TAU - Time constant as given in Equation 8. (Time).

RECR -~ Reynolds number as given in Equation 9.

T - Time. (Time).

RENOLDS - Reynolds number for the particle at this point.

R/RIN ~ Normalized radial position of the particle.

STREAMLINE - Normalized radial coordinate of an incompressible
flow streamline that would exist in a free vortex starting at
RIN with the same initial velocity components given as input.
Such a streamline will follow the equation R/RIN = e(etan“l)
where oy = arctan (VRIN/VUIN)(B)° The subroutine VORTEX provides
a compressible solution, thus STREAMLINE is only provided for
comparison purposes.

When the solution is complete, the program writes all the
trajectory information at the last point. Also printed are, M,
the iteration counter and L, the time increment counter. If
the air velocities fail to converge in 100 iterations, the pro-
gram stops, prints the trajectory data from the last iteration
and M = 101,
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C

C

C

NIMENSININAL

AN TY € LEVEL 21 MA TN PDATF = 75182

ATMEMETEN VR4 VUG YRIE)4FRIGYYRS(E) 4VZI4) TFMP(2),RPHO(Z)

NIMFENSTION STATFLLR)

INTESFR RUNGE

PEANIS,1000) DNDANGLE +TMAXRMINGKMAX, ANGMA X, ZMAX
WARTTE(6,2000) DANGLE yTMAX JPMTIN,PMAX, ANCMAX , ZVAX
READ{S,11CO) VISRFFTRFF,TSUT 0AM,RGAS,DGFC
WRITF(54,2100) VISREF,TRFF,TSUTGAMZRGAS,NGFC
RFAD(S 4 1200) RINGyVRINyVUIN,VZIN,TT,RHOT
WRITF (6222000 INJVRINGVUINGVZIN, TTRHOT
KEAD(S,1000) ALPHALRFTA,CPAVTY
WETTE{&.2510) ALPHALKFTA,GRAVTY
IC{ARSIVUIN LT L0F-10) VUIN=L.UF=-10
TALPH=VE]IN/VUTN

SALPH=SIN({ALPHA/ST,29578)

RETA=RFTA/57.29578

CViiR=1,0/{0AM~-1,0)

CPUR=GANM/{GAM=-]1,1)

AVC=(GAM=1,0)/(AM+]1.0)
VER=SORT( 2, 0%RGASKHGAMETT/{GAM+]1.0))
WRITF(A,24001VCR

NN 205 NUMR=],100

REAT{9,14C0) (STATE(IL),I=1,18)
WHITF(6,2TO0)(STATF{I),1=1,18)

READIS,1300) (YR{T),¥=1,06)

WRITF(6,2300) (YR{I)qs1=1,6)

PEAN(S5,1500) RHOP, DTA

WRTITF{6,2110) RHOP,DTA

REAN{S,1510) NSTEP,H

WRITE(L,2120)IMSTEPHH

CONVFRY TO MOM=-DIMENS IONAL QUANTITIES AND INITIALIZE

RHUOCR=RHCT®{2,0/(6GAM+L . 0))*xCVDR
DFLTA=RHECPEDIA/RHNCR /0.3
TrRr=TT%2,0/(GAM  +1.0)
VISCR=VISREF*{{TCR/TREF)k%1.5)%#({TREF+TSUT) /(TCR+TSUT)
TAU=RHOP*DTAR42/718.0/VISLR
REFF=NTAXRHOQC2*VYCF /VISCR/2.,0
WRITF(64,2900) NFLTA,TAU,,RECR
WRITF(b,2410)

TEMP(2)=TT

RHO{2) =RHUT

YR(3)=YR{3)/5T.29577

VR{1l)=VRIN

VU(L)I=VUIN

VZI{1)Y=VZIN

N=6

L=-1

M=1

T=0,0
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. ANASLE=YR(3)
T§=7
. My L0 T=1,9
ve(T)=vir{l)
VItt)=v7I(L}
- 10 VUiTY=vii(1)
A 20 I=leN
20 YPS{T)=yR{T)})
CALL VOPTEX(LsVRINSVUINSVZINRINTEMF,FHO,GAMRGAS)
L=L+¢]
VISTAR=VISCRFR((TEMP(L)/TREF)*%] ,5)%({TPFF+TSLT)}/{TFMP(1}+TSUT)

INTEGKATE USTIMNG RUNGE=-KUTTA METRON

{
ia e Rel

2% UNIFF=SQRT{(VE(2)-YR(2)} )} %2+ (VU{2)=YR{1)*YR({4))e%2
| 1 #(VZ{2)-YP(6))=%x2)
RENDLD=RHC{L1)*VDIFF*NTIA/VISTAR 4
CALL RMUMPRIRENIILD,1.0,00)
ACON=RHCLLIXCN/RHNP/NIA/ L. 16666T
30 IF{RUNGFINGYR FR,TLH).NELL) GO TO 40
Fr(l) = YR(2)
Fe(?2) = YR{ELI*=YR(&4) %22+ RCONRVDIFFA{VR(2)=YR{2))
t -GHAVIY*COS(YR{3)+BRETA)
FR(3) = YR{4)
Fo(4) = ~2O%YR(2)VXYR(4)/YP {1 )+BCONSYDIFF
1 2 {VU(2)-YR{L)2YR(4)}/YP(1)
2 +CRAVTIYESINI(YP {3} +BETA)
FR(b5)= YR{&)
FR{6)= RCON®VNEIFFX(VZ{2)~-YR{6))
1 =SPAVTIYSSALPH
6O TO 20
40 CALL VCRTEX(L VRU4)oVU(H) VZ7{4)yYR(1),TFMP,RHD,GCAM,RGAS}
1F{L.ER.LQ0G0CQ) 60 TN 208

TEST AIR VFLOCITY VALUES USED, ITF INCORRFCTY, RESFT INTEGRATION
VALUES AND 0 TO 25, IF CORPFCY, RO TN 50

! I JANDLUARSIVI{4)=VL{3)) . LT, 1.0F=4)} GU TO SO
- VR{Z2)={VR({4)+VR(1})/2.0
B VU(2)={VUla)sVU(L))}/2.0
. VZ2{2)=(VZ{4)+VZ(1)) /2.0
: VP {3)=VR{4)
VU(3)=VUl4)
VZ{3)=VZ{4)
T=TS
N 4% [=1,M
45 YR{T1)=YRS{])
IF(M.ATLI00) GO TO 200
M=My 1
GOTN 2%
r
C COMDLFTE IATFGRATION STFP, IF RFOQ'N, WRITF QUTRUT, 50 TN 30
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-
2 M=
L=L+]
T8=7
THETA=YR{3)1%5T7.29578
T 6y I=leM
Y2Stty=ye(1)
Ve (2)21.92VR(&)=0,5%2VR (1)
Vo (3)=2,0%VR{4)~VR (1)
yilr=vr({4)
Vil4a)=VR(3)
V(2= le%VUlL)}-0.5%VULL)
VI(2)Y=2.08VU(4)~-VUL L)
Vi{ti=vVU({4)
Vil(w)=VU(3)
V2(2)1=21.9%V2I(4)-0.5%V2 (1)
VZI3)¥=2.0%v2{4)-VZ(1}
viil)=Vi{a)
vZ(a)=v2(13}
v!%TA0=v1§FrF*l(TFMP(1)/TP:F)*#!.S)*(TCFF+TSUYIIITFMP(1)+TSUTI
30 TF(LTRToTHAX) JOPe (YR(L) uL T EMIN) JORPLIYR(L} JGYLHMAX]
1 oNRG{THETALGTLANGMAX ) ORLIYRIS)GTZMAXD) GO 0 200
TE{{THFTA=ANALF) JLFL0.0) €0 TO 20
RIN=YR (4}
SLIME=EXRPIYR{3)=TALPH)
LORTN=YR(L1)/RIN
ARTITE(E+24000) TcYR‘1’|YR(2‘|THFTAvRTD'YR(5’!YR(6)'RENCLP'ROR{NV
I SLIMF
AMCLE=ARNGLF+DANGLE
61 T 23
210 CONTINUF
RTN=YR({4)
SLINF=FXP(YR(3)%TALPH)
RIATN=YR{L1}/RIN
WRITF{6,2600) T.YR(ll.YRIZIcTHFTA'RTD'YR(SI.VRIb).RFNUL“-QGRIN,
1 SLINF
ARTITE(6,2800} Myl
209 CONTIMUF
1090 FFMAT(TF10.4)
1100 FUNMATIFZ20,545F10.4)
1200 FORVYAT(5FL0.4sFl04%)
1330 FURMATIGFL0.6)
140) FreMal{18A4)
1500 FOZMATIFLUL6,F10.4)
1510 ENrvAT(1104F10.3)
2004 FQQMAT(lHU.TK.THD—ANGLE.lOK,SHT-MAX.IOXvSHR-MlN,lUX'bHH-MAXobxv
1 GHMAX=ANCLE 10X, SHI=MAX /s (6F15.4))
2100 FOKRMAT(LHO.5Xs14HRFF, VISCOASITY,6X,9HRFF. TEME,Z2Xs 1 AHSUTHERLANDS T
1 ¢ LUXsOHOAIMA JAX 4y FHGES CrtST 44X, LLHMPFAG FACTIR, /o (F20.545F154))
2110 EORMAT( LHD 4 LOX S 4HRHNP L 12X ¢3HTIA L/ 4 (F15.64F15.4)1)
2120 FIAIRMAT{1HU, QKQSHNSTFP014X'IHH'/'(fl5}r15o3’}
2270 ?HRMAT(1H0.llx.3HPIN,llX.éHVPIN.llx.éHVU!N.llx.aNVZIN.IBK.ZHTT'
I LIXe4HPRDT /(57 15444F15441))

o
2
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L ]

v 6 isvrL 21 MAIN DATYE = ThlHZ La/a4 /e

23 FURMATLLING, X eSHYR{LY oLUX¢SHYP(2) 410X SHYE (3], LOXsSHYR{G) 410X,
| SHYR (S s LUX s OHYR{ &)y /e (6T1L.0) ) ’
24 FIORMAT(IHOLLOHCRTITICAL VFLOCITY =,Fl0a% )
2419 cﬂaMAT(lHO:SXQIHT.TX,SHYR(l)"XvSHYP(?l07K05HY4(3,07X95HY4(ﬁl|
1 7K|5HVP(5||7X.5HVQ(h)15X'7HQ¢MQLnSo7Xq5HF/p!ﬂ'2X'IU”QT”=ﬂWLfNE’
2510 FLUAMATLLH FlD.2,3F12.5¢F12.7+2F12.5+F12.392F12.5) E15.4))
2513 EIRMATOLHU e LOX o SHALPHA 3 LIX40HBETAG2X 13HACC. CF GRAV, ¢/ 0 15.
26000 FURMATILHO 9 F T30l 124492F134493F12.44F13,4,F10.4¢4F12.4)
27HQ0 FUPMATIIH] ./ .18h4%) . ) 110)
200 FOOMAT (1lH ¢5Xe3HM = 41945 Xe 3H =y -
29); FURMAT{I2HOSTIMILARTTY PARPAMFTIFRS, NELTA =2, F13.495XKs5HTAU =4F124%,
1 SXy6HAFCF =,Flé.4)
S TP
l'-’\”)

The function routine RUNGE has been removed from the

published form of this report to protect the copyright

of the suthors of Reference 5,

SURKUIT IMNF RNUMAR (REMOLN ,NEFC,CN)
TEL ARS(PFENMULD)LLT.1.0F~12) RENOLD=]1,0F-12
TF(REMNOLD.LT.1.0) GO TD 26
[FO(RPENCLNGGEL 1D ) ANDLIFENALDLLT.LLO0F3)) GL TO 27
N=NnFEC*xQ .4
PFTURN
26 CP=NGFC*{4.5¢24,0/8FNOLN)
VETURN
27 ARE=aLNGIRENULD)
C0=l28.5—24.O*APF+9.0682*APF**2-1.7713*APE**3*0.1718*APF**4
1 =0.0065%ARFxx5)%xNGF(
KETURN
ENTY

R
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LYl

v © iEvry

19

16
12
20
33
#Q

1090
1100

21 ' VORTF X PATE = THiH2

SUBFIMUTINEG VIRTEX{Le VR ¢VUZVZ pPNS o ToRHD,GAM,FGAS)
NYLAERSIEN T(2)HH0L2)

M=)

IF(t wiiFL.0) 60 TO 10

N=0

CV“R‘I.Q"GA"‘".O'

ARC=(GAM=1,0)/7(6AM+].0)
VER=SNRTI2.0%RGAS*GAMRT (2)/1GAM+1,.0))
TOIT=1.0=ABCA( (VUSSR 2eVRE 224V LX%2) /(VCRE%2]))
T{1)=T{2)2TOTT

RHN(LISRHC(2)Y2{TOT TR YIR)

CuU=svuxpns

CRsaYOXPSARHI(LY/RHI(2)

QETUUN

TF{M,GT.L00) GU TO 20

vap=ayt

ViiP=vi)

THTT=] ,0=-ARCH( {VURR24VRER 24V k%2 ) 7 {VCRE%X2) )
IF{TTT.LF.0.0) RO T 15

vu=CU/P0S

VRs=CRn{{l.,d/TOTT ) &aCVOR ) /2P0IS

Mz=Mel

16744,

[IF((ARS(VEP=VR)oGTo1a0E=6) JANDL{ABS{VUP=-VU) . (T.1.0E-6)) GO TG 10

L= 2)%TNTY

PHA(L)=RUN{2 ) {TOTTRECYOR)
AAACHZSLRT{IVIIRS 2+ YRR 24 V7I2%2)/(GAMARGAS®RT (1))
1 {AMACH.NT.1.Q) 6O TD 30

AP TN 49

22IT={01200) PNS

EOZMAT (1HO, 4 LHVORTEX FATLEN TQ CONNVFRAF AT LCCATION R =4F10.4)

L=10410

WETY Y

ARTTS(6 410000 MyVE GVREP VI, WUP,TOTT
A0 T 40

[F{N.FRO) WRITE{6,1100)
Ne )

1ITINUF
FiueaAT(110+5F15.8)
FroMAT{ LHO L IHCHOKFD FLOW)
RETURN

:.:N'\
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Examgle

‘The example presented here uses the ft., lbm., second
system of units. The vortex in this case has an inlet radius
of 0.2742 ft. and an exit of 0.2467 ft. The axial span of the
vortex lies between z = 0 and z = 0.0264 ft. A cold gas egqui-
valent flow is considered and therefore, the inlet stagnation
conditions are standard sea level conditioms. Gravity is
neglected in this example.

The srecific gravity of the particle studied is about 3,
i1ts diameter is 236 microns, its initial velocity is equal to
one half of the gas velocity and its initial position is
slightly below the inlet radius. Aftex 27.3°, the particle
leaves the flow field at the inlet radius.

The feollowing pages contain a computer code sheet with
the data arranged in the proper columns and the output for this

example.
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PAﬁDlM Fxample Case for NASA Report

1 2 3 4 5 6 7 8 910 1I1213 la 1516 17 1819 2021 22 23 24 2526 27 28 29 30 3] 32333435363738 394041 42‘134445&&4748 4950 5152 5 354 55 5657 58 506061 626361 65666768 49707) 727323 7576 77 IR 22

Ty.dl 0.0032 1. 0. 2467 l'o o742 i hhgo.d !l 0. 0264,/’;//’,//’ %

- ;5 0.106E-4 1| 492.0 198. ar.fe-il{.4= 1715.48 | 0.0~ C

oo o0.dli 0ot T AT T

A

S

D~

0.2741 ’-—.|84.o€‘zm7aa.oi E?-O d ' 5i8.'7 50,764Ewu,;(1,/’7; %,{SETLJL::
//

~

EXANPLE CASE FR NASA hEPéaT N-PART/V-GAS = 50%

_0.274] 1 -q92.0 ‘' 0 0| j422.84 ©0.00I
T 187 2l 0.7761E~3 - T A

.x-"f[
N

] 10 ol E-4 AT

[y

Acﬂd‘i.t;ionaj“ parti cle e

/'QAFD

;Th%zsei s-ei:s are s*tac ed. o

5 JSET 12

S RN

R
N
A
AY

/// A p)§twﬂ
///I/ U/ A7

?kvd/VUax>’L/y94W/mf//
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P=~ANGLE
10000

RFF. VISCOSTTY
0. 106G0F-04

RIN
e 2741

Al PHA
p.n

CRITICAL VRILCTTY =

T

T-%a¥
N.GCR2

R=# TN
C.24€7

REF. TEMP SUTFERLANCS T

452.0000 148, 2C(0
VRIN VL IN
~1R4.0000 78L.0C00
RETA ACC. OF GRAV.
1N L0
1018 AR26

R—-HAX
0.2742

GAMPA
1.4000

VZIih
0.0

MAX-ANGLE
360.,0000

GAS CCHST
1715.48C0

T
518.7000

I-¥AK
0.02¢&4

CREG FACTOR
1.,0000

ARCT
0. T640E-01



— e ———r

X -
[ ]

FYEWPLF (ASE FIR

KAS A REFPCRY

veit) YR(2)
e D2IRIOQ .. . =87 ,0000C0
RHCP (3 ¥
1£7, 158967 CuT161F-0
KSTFP 123
10 0e ) NGF-C4H
SINMTI AGTTY PARAMETFRS., PDEITA =
T val1) YR{?1
C.I0F=-N4 0. 77321  ~PL,4T72R2
C?20F=04% 0.27237  ~Br. RSO3
L ACE-10 N 27159  =75,2R425
¢ afF-Ns JITINAT  ~FZ,CEFEE
f.EELTG w2727 T =E2.87%G35
C.T6F-06 €. 26G04 =5i.74742
D ROF-04 NePHRSH  —46.5RF%
FLGrE~rs Ge7&ATL  —40.5CC73
0.T0F-D? NGZ2RTTY =34,5F12C
LIV ~JPRTRT  ~EB.EI573
. Ca12R-01 Co26T1R =234 AT404
C16€-(3 0.76583 -IRLESITI
AL YRF-rY r e PRETS ~boFEILE
Gal£F=01 0. 7RET3 1.2715¢
G.17F="1 L PL6TH T 4R
.1 PE=(:? Co2HFEAR 1236304
Q1QF-G1 G PHTOG 15.271587
fo2 F=2 1 e POT?? ?T.3E5R3
C.?2F=D1 0.76750 17,2122
C.? =63 0.?6833 LA.26758
Co?6F=G1 (TS TS £€,11¢£0
B 26F-013 0.7652R L UEEED
T.2¢F="1% ‘e 263 RAG N G1667
P.2TF-03 J.77050 £6aTIERS
6. 2CF =Y Ne?T185 TE.74197
CeI0F=07 N 27074 F2,6254¢
r.31F-07 D.7736% B5.55846
ot fle?T0A 9,183
N oa 1 L= 22

YR{2})

-0e8 . - -

§5.5%%1

YR{3)
C.P1RL4
164132
2.57108%
3.3(%%2
da14431
£, E252%
f.EEEL]
ToB41%E
£, 25515
S.2%673
L. 12260

11.FE3NE
12.,72148
123, EE651
14,4875
15, 377472
16, 15818
17.G€392
18, 1¢57C
16, £5094
26519323
£1.2792¢
22.23366
22, 0E56¢
24.77841
7. &1E44
éhe 02283

272243

V-PART/V~CAS = 501

YR{4) YR{5)

-1622,839844% £.001000

TIL = 0465558 ud RECR =

YRE4) YRLE)

1432.94 G.00100
1442.55 CurD10C
1451.67 C.20103
146029 C.o8100
1466029 L4148
1482.55 0.0C100
1488454 G.303G6C
1494.62 0,00100
1469,67 d.C0100
1504, 37 CoalU 0L
1537.83 0.20100
1513.35 Ceu luG
1515.10 G.0012¢€
1516117 0.001C0
151657 S 1GL
1518429 8.001C0
1518.32 G JUICC
1513,68 0.0E 100
150R.4&d C.00d0
1$24.78 G20 100
1500.51 0.00100
1445461 0.001C%
1480.14 0.0C106
1493.93 G.3010C
167003 C.3u1d¢
1462.18 0.00100
1452.82 C.Gu1C0
1444,9573 0.001&

0.0

YR(E)

0.2004EF 04

Ya{6)

0.0
c.0
G.C
Ca¥
a0
0.0
.5
C.0
0.0
Cel
Ca 0
C.0
€.0
0.0
Csd
.0
C.0
Cad
G.0
.9
0.0
0.0
8.6
.0
0.0
C.D
0.2

G.0

RENDLDS
£.179E 04
£.180E 04
Ce18iE G4
0.181E 04
€. 1828 04
C.184E 04
(«1B5E (%
C+1R6E 04
0.187€ 24
Cel38E G4
C.1B85E Q4
C.lBLE 04
C+192E 04
0194 0%
Ce155E L4
C-195E G‘
L.1S57E D&
Q.18 04
0.200€ 04
Ce2J1E 04
Cac02E 04
C.203E 04
. 2GAE D4
0.2055 U4
Ca227E 04
C.<O0BE 04
G«209E 04

1056, 6455

RIRTA  STREAMLIMNE

C.5GE74
C.9926%
C.550¢E4
0.58820
CeFEST?
C.98152
d.97972
C.57P15
CuGTETE
CaS7562
Ce ST4HES
0a972617
C.573iS
g.972312
G GTIAE
CuSTIEL
Ca97452¢€
Ce978CE
L5772
£.97823
C.50(52
0.9%?62
Cs 58454
Ce.98LET
C.9921¢
€.45%E511
0.99528

1.0016

0.56664
Ge99328
0.98686
0. 98048
NL982C3
0.97626
097285
0.56%43
OeS66u1
Do56259
J.55518
Ga35E37
0. 346897
0.94558
0.9%321
C. 52884
Ga53549
0.23216
0.932553
0.92225
0.51899
D.5157%
0.91252
QeIU933
J« 50301
0, 89590
0.8%661

0. 8937



SCRL2D - Two-dimensional Scroll

j This program integrates the equations of motion to determine
the trajectory of a particle in a scroll. The force of gravity
acting on the particle can be included in the cases where

this is necessary. The solution is two dimensional, but the
output has been written to include a possible extension in the
future to a three-dimensional solution. The particle is allowed
to bounce off the scroll wall, and the solution stops when the
particle enters the nozzle region of the flow. The cylindrical
coordinate system r, 8 and 2z is used as indicated in Figure 16.

N . Method ,

| Figure 19 is a flow diagram of this program. Unlike the
previous cases, there is no need to iterate for the average

i gas flow properties at the location of the particle. The gas
flow solution is assumed to be uniform throughout the scroll
and, therefore, the properties of the gas do not change between
inlet and exit. The main program uses three subroutines, RUNGE,
RNUMBR, and BOUNCE to trace the particle trajectory in the same
manner as discussed previously. The subroutine BOUNCE that is
used with this program is the unmodified routine that has been
improved considerably. The improved subroutine is the one

that has been described previously.

Input

There are two sets of input. The first set specifies the
nature of the gas flow and consists of two cards at the front
of the data. This program is written so that any consistent
system of units may be used. An example of this input data is
included with the example case presented after the program

3 listing.
The first two data cards take the following form:

|
%l GAM, RGAS, WTFL, RHOIP, TIP (5F10.6)

- D(l), A(1l), REXIT, SRDEND . (4F10.6)
LJ These variables will be defined later.

| 3
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The second set of data cards specify the type of particle

and its initial position and velocity.

Each particle can be

described by six input data cards which take the foilowing

form:

TITLE

VISREF, TREF, TSUT, DGFC

YR(I),
ALPHA,
NSTEP

These variables are defined below.

I=1,6
BETA, GRAVTY

(18A4)
(E20.5,

(6F10.3)
{3F10.4)

(I5)

3F10.3)
3E10.4, 2F10.3)

For studies that are done

with multiple particles, additional sets of input data cards
as indicated for the second data card set may be stacked to-
gether. When the program completes the trajectory for one

particle, it goes to the next set automatically.

Variables
GAM
RGAS
WTFL
RHOIP
TIiP
D(1)

A(l)

REXIT

SRDEND

Ratio of specific heats

Gas constant (Lengthz/'rime2 Degree Abs.)

Mass flow rate of gas (Mass/Time)

Gas inlet stagnation density (Mass/Length3)

Gas inlet stagnation temperature (Degree Abs.)

Dimension of the first station as indicated in

Figure 20. ({Length)

Area of the first station. (Lengthz)

Radial distance that determines exit location.

See Figure 20. (Length)

Angular location of the last pertion of the
regular scroll coentour before suppression of

the scroll begins.

44
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TITLE

VISREF

TREF

TsUT

DGFC

RHOP

DIAP

TMAX

ETA(1)
ETA(2)
YR(1)
YR({2)

YR(3)
YR(4)
YR(S)

YR(6)

The first card is reproduced at the top of the first
page of output for each particle. Any statement in
columns 2 to 72 will be reproduced.

Reference viscosity corresponding to TREF. Used in
Sutherland's Law. (Mass/Length x Time)

Reference temperature corresponding to VISREF. Used
in Sutherland's Law. (Degrees Abs.)

Constant used in Sutherland's Law. {(198.6°R or 1ll0°K)

Drag Factor - The spherical drag coefficient based
on Reynolds Number is multiplied by DGFC. Except
in very special cases, this should be 1.0.

Particle density. (Mass/Length3)
Particle diameter. (Length)

Integration time increment. (Time). If extremely long
computer run times are experienced, this can be made
larger. If the program fails to converge, this can

be made smallei.

The program stops the solution if time exceeds TMAX.
{(Time)

Normal restitution coefficient.
Tangential restitution coefficient.
Particle's initial radial position. (Length)

Particle's initial radial velocity. Positive in
the outward direction, negative in the inward
direction., (Length/Time)

Particle's initial angular position. (Dagrezs)
Particle's initial angular velocity. (Time)
Particle's initial axial position. (Length)

Particle's initial axial velocity. (Length/Time)
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A PWRLTRON

Alpha -
Beta -
GRAVTY -
NSTEP -

Angle of z-axis with respect to the horizonal.
See Figure 18. (Degrees)

Angle of the turbine vertical axis with respect
to the gravitational vertical. See Figure 18.
{Degrees)

Acceleration of gravity. (Length/Timez)

Integer that determines the amount of printed
output. Output data is printed every NSTEP

time increments.

After initializing the input variables, the program calcu-
lates the velocity components and properties of the gas. The
gas flow in the scroll is isotropic, with both the mass flow
rate and the scroll cross sectional area decreasing unifornmly
by the same ratio. The velocity is based on the inlet area,
but is deflected inward by the angle CHl, where

D(1)

CH1 = arc tan { —REXTIT

Qutput

The first part of the output is an echo check of the first
set of data cards that describe the gas flow. Such data checks
are useful in correcting key punch mistakes on the input carxds.

The outp

are:

VR
VU
CH1

VCER

TEMP

ut variables that are not defined in the input

- Gas velocity {(Length/Time)

- Radial Component of gas velocity {Length/Time)

- Tangential component of gas velocity (Length/Time)

- Angle between V and VU. (Degrees)
- Oritical Velocity. (Length/Time)
- Gas density (Mass/Length3)

- Gas temperature (Degrees Abs.)
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ORTHOGONAL - Number associated with various radial stations
along the scroll.

THETA(I,1l) - Angular position of inner contour. {(Degrees)

THETA(I,2) - Angular position of outer contour. (Degrees)

R(I,1) - Radial position of inner contour. (Length)

R(I,2) - Radial position of outer contour. (Length).

The program next skips to a new page and the first part of
the printed output is an echo check of the input data as punched
on the data cards. After initializing the variables, the program
calculates and prints several similarity parameters that are
useful in relating this particle to other particles that will have
similar trajectories. Next the program writes the trajectory
information every NSTEP time increments.

The additional terms of the output that are not defined
as part of the input are listed below.

DELTA - The characteristic length as given in Equation (7).
{Length)
TAU ~ The time constant as given in Eguation (8). (Time)

RECR - The Reynolds number as given in Equation (9).

L - A time increment counter.
T - Time. (Time)
RENOLD ~ The particle Reynolds number at this point.

Program Listing.
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LEVEL 21 MAIN DATE = 75045 15717725

-{}!‘ttt!! FERREEREEN S ESE SRR RN NSRS A NP R SRS PR RS S EPER R L A APR PR P PO POV P TP PP PO PO ORP TP TS

C
z PARTICLE TRAJECTORY SOLUTION IN A SCROLL
c
DIMENSTON STATE(LB)+YRUOVeYRS{OEIRI3To21+FRIEIWX{2)4Y(2)ETA(2)
DIMENSION A(37),D(37)sTHETA(37,2)
DIMENSION AA{3)}.+8(3),C(3)},P(3).,PP{3),VvP(3),PB(])
INTEGER RUNGE
- READ(5,1010) GAM,RGAS,WTFL,RHOIP,T]IP
WRITE(6+2010)5AM,RGAS, WTFL 4RHOIP,TIP
READI5,1020) D{i),A{Ll}),REXIT,SRDEND
- WRITE(6,20203DC1 )AL} »REXIT 4SROEND

INITIALIZE AND BUILD ARRAYS

! .
g R e R el

DA=A(1)/36.0
| DO 20 1=2,37

| A{T)=A{I-1)-D4

* TF(A{1)oGT.1,0E=12) D(I)=D(I~1)*SORTIACI)}/A(1=1))
IF(ACT).LE.1.0E-12) D(1)=1.0E-12
R(I,1)=REXIT

RUT42)=REXIT+D(I)

THETA(I,1)=FLOAT(I-1)%1J,

| 20 THETA(I,2)=THETA(I,1)

START=SRDEND/10.+2.,

NSTART=START

DO 25 I=NSTART,37

ANG=360,0-THETA{I,2)

< 25 R(I1,2)=REXIT*SORT{1.0¢TAN(ANG/57.29577)%%2)
R{1,1)=REXIT

R(1,2)=REXIT+D(1)

i THETA{1,11=0.0

THETA(1,2)=0.0

EXPON=1,0/(GAM=1.0)
VIR=SQRT(2,0%GAM*IGAS*TIP/ (GAM#1.0))
CIRCUM=2,0%3,1415927T4REXIT
CHI=ATAN2(DIL),Z1RCUM}

DETERMINE GAS VELOZITY

nﬁn

| M=1
| VUSWTFL/RHOIP/A(L)
V3==VURTAN(CHI )
0 VEST=SQRT(VR*%2syyx*2)/VCR
Il 30 w=Msl
" RHO=RHOIP*{1.2~(GAM=1,0)/{GAM#1.0)*VESTR%2 ) x%EXPON
% WTFLES =RHO*A (1) *VU
té IF(ABSIWTFLES=HTFAL} LTo1.0E~4) GO T3 40
: IF(M.GT.90) WRITE(6¢2060) VEST,XIHD,WTFLES,CHI,VU,VR,VCR
IF{M.GT.101) GO TD 810
li VU=WTFL/RHO/ZA(L)
| VR=-VUSTAN{CHI )
VEST=SQRT(VR*%2+VUs*2) /VCR
yi Gl T3 30 ‘
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VEL 21 MAIN DAYE = 75045

40 V=VEST*VCR
TEMP=TIP*(1.,0-(GAM=1,0)/(CAM+]1.0)*VEST*+2)
VZ=0,0

PRINT OUT SOLUTION.

CHIW=CHI*57.29578
WRITE(642030) Vy VR, VU, CHIWVCR,RHO, TEMP
DG 50 1=1,37
53 WRITE(6,2040) I,THETA{T 1) . THEVALI 42)R{1+1)R(T,2)
DO 60 K=l,2
DO 60 I=1,37
60 THETALTI X)=THETA(I,K)}/57.,29578
SRDEND=SRDEND/5T.29577
VI SAVE= YR
VUSAVE=VU

START PARTICLE SOLUTION

105 READ(5,3000) (STATE{I),I=1,18)
WRITE(64,4000)(STATE(T) I=1,18)
READ(5,3010) VISREF,TREF,TSUTDGFC
WRITE(6,4010) VISREF,TREF,TSUT,DGFC
READ(5,3020) R4IP,DIAP,H,TMAX,ETA{L}ETA(2)
WRITE{6.,4020) R40OP,DIAP, 4, TYAX,ETA{1),ETA{2)
READ{5,3030) (YR(I).,I=1,6)
WRITE(644030)(YRII),I=146)
YR{3)=YR(3)/57,28577
READ(5,1000) ALPHA,BETA,GRAVTY
WRITE(6,3090) ALPHA,BETA,GRAVTY
READ(5,30801 NSTEP
WRITE(6,4080) NSTEP
RHOCR=RHOIP=(2,3/({GAM +1,0))**(1,0/{GAY =1.01})
JELTA=RHOP*DTAP/RYOCR/De 3
TZR={2,0/7(GAM +1,0))=*TIP
VISCR=VISREF*{{TCR/TREF)} **]1,5)*(TREF+TSJT)/(TCR+TSUT)
TAU=RHIP*DIAP*«2/18,0/VISCR
RECR=DIAP*RHOCR*VLP/VISCR/ 2.0
WRITE(6,5020) DZLTA,TAU,RECR
WARITE(6+4090)

CHECKX THAT PARTICLE STARTS INBOUNDS.

NOUT=0
RW=REXIT+D(1I*SQRT(1.0-YR{3)/6,2831854)
IFIYRI3)LT4 001 NOUT=1
IF{YR{1}.GE.RA) NOUT=Y
[={YR{1).LE.REXTIT} NOUT=8
IFINDUT,EQ.O0) G TO 130
WRITEL6,4040) NOUT
GO TO 105

130 CONTINUE
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]LEVEL 21 MAIN DATE = 75045 15711725

INITIALIZE FOR FIRSTY STEP,

ALPHA=ALPHA/ST,29577
BETA=BETA/S57.29577
RPART=DIAP/2,.

N=6

L=0

NTIME=NETEP

T=0,0
YR3I=YR(3)*57.29577
WRITE(6,5000) LoTeYRI{L)YRE2}YRIYRIG)},YR{5)YR(6)
TS=T

DO 620 I=1,N

620 YRS{I)=YR(I)

RWS=RW
VISTAR=VISREF® ((TEMP/TREF )®¢1,.5)*(TREF+TSUT)/(TENP¢TSUT)

INTEGRATE USING RUNGE-KUTTA METHOD.

625 IF(YR{3).LT.SRIEND) GO YO 626

VR=vaSIN(YR(3)})
vU=v*COS{YR{3})
G) TO 627

626 CONTINUE

627

630

V3=VRSAVE

VU=VUSAVE

CONTINUE
VDIFF=SORT((VR=YR (2} ) k*x2+{VU=-YR(LI*YR(4))*%2+(VI-YR{5)}**2)
RENOLD=RHO*VDIF=*DIAP/VISTAR

CALL RNUMBR(RENOLD,DGFC,CD)

8CON=RHO*CD/RHOP/RPART/2.33333

TF{RUNGE(N, YR FRsToH) NE.1) GO TO 640

FRIL)=YR(2)
FR{2)=YR{1)*Y2(4)*%x2¢BCON®VDIFF*{VR~YR(2) ) -GRAVTY*COS(YR{3)+BETA)
FRI3)=YR(4)

FR(4)==2,0%YR{2}«YR(4)/YR(1) +BCIN*VDIFFe(VU=-YR{1)}*YR{4)}/YR(1)
1  +GRAVTY*SINIYR(3)+BETA)/YR{1)

FR{5}=YR( &)

FX{6)=BCONKVDIFE® {VZ-YR{6))-GRAVTYSS IN{ALPHA}

GO TO 630

640 CONTINUE

DETERMINE IF WALL INTERACTION OCCURRED.

NOUT=0

IFIYR{3).,LT.0.0) NOUT=1

IF{YR{3).GT.6.2831854) NOUT=3

IF(YR{1). LE.REXIT) NOUT=8S

TFC{(NOUT EQal ) IR (NOUT.EQ.3 3R, {NDUT.EQ.B)) GO TO 780
RW=REXIT#D(1)*SORT(1.,0-YR(3)/6,2831854)

IFIYR{1)eGELRN) NIUT=T

IE(YR(3).GT.SRDEND) GO 7O 650

IF(NOUTL.EQ.,O0} GO TO 700
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JLEVEL 21 MAIN DATE = T5045 15/717/725%

: NTEST=0

| IE(YR{3).GE.1.57) NTEST=1
AA{1) =RWS*#COSIYRS(3})

: AA(2)=RWSSSIN{YRS(3))

| AA{3)=YRS(5)

- B{1)=RWECOS(YR(3))

. RC2)=IWSSIN(YR(3))

l BL3)=YR(5)

2 GO TD 660

650 XTEST=YR{1)*CIS(YR{3))

[] IF(XTEST.LT.REXIT) GO YO 700

NJUT=9
NTEST=1
, AAL1)=REXIT
| ANG=6,2831854-Y35(3)
o AA(2)=REXITHTAN(ANG)
AA(3)=YRS(5)
| B(1)=REXIT
B ANG=642831854-YR(3)
B(2)=REXIT*TAN(ANG)
B{3)=YR(5)
{ 660 CONTINUE
C(1)=AA{1)
C(2)=A4L2)
[ CU3)sYR(5)¢ SAIRTI(AA(L)=BL1) I#e2¢{AA(2)-B(2))*%2¢(AA(3)-B{3))**2)
P{1)=YRS{LI*COS({YRS(3)) ‘
P(2)=YRS{LI*SINIYRS(3})
L P(3)=YRS(5)
PP{1)=YR(1)*COS(YR{3))
PP{2) =YR(1)*SIN(YR(3))
L PP{3)=YR(5)

T=TS
CALL BOUNCE(AA.BsCoPoPPyH,ToETASNFIX,PByVP)
TB=ATAN2(PB(2),PB(1))*57,295T77
RA= SQRT(PB(1)*«2+PB(2)*%2)
. IE{(NTEST.EQul)eANDL{TBaLELD,0)) TB=TB+36D.0
18=PB( 3) '
WRITE{6,5030) NOUT,RB,TB,2B
YR{1l}= SQRT(PB(L)**2+PR(2)¥*2}
YR{3)= ATAN2(PB(2),PB(1))
TECINTEST.EQel) «AND({YR(3) L T.0.0)) YR{3)=VR({3146,283184
YR{5)=PB(3)
— YR{2)=VP(L1}*COSIYR{3})+vP(2}*SINIYR(3)})
YR(4)==VP({1) *SINCYR(3)})/YR(L)+VP{2)%COS(YR(3))}/YR(1])
Y{6)=2VP{3}
L} 700 L=L+]
TS=Y
RWS=RW
DO 760 Ix=1.N
760 YRS{I)=YR(I)
- NTIME=NTIME~]
780 lF((NDUT.EQ.ll.JR.INOUT.EQ-3l.ﬂR.(NCUT.EO-B).DR-(T.GT.THA!I)
- 1 GO TO 800




| Zonhl

LEVEL 21 vaIN DATE = 76045 15717725

r FFLLABSIYRIZ2) ol TaloUF—=4) . ANDL(ABSIYRIG) }at TaledE~4}.AND.
1 (ADRSULYR(6) )l Tale dE=4)) G 7D 80D
TF{NTIME.GT,O) G0 TN 625
fl NTYIME=NSTEP=-]
i IF{LL,53T.1) NTIME=NSTFP
YR3=YI{I)H5T7,29578
- ARITFEL6,.4050) L.T,YR(H.V"IZ).YR3,YR(’¢!;YR(5]'YRGLI.RE\!OLD
ﬁ Go TD 625
£ 800 CONTINUE
YR3I=YR{3}*57,29577
ﬁ WRITELH,4060) LeT,YR{L1),¥YR{Z2)e¥3,YR{G),YRIS),YR{5),RENDOLD
i 305 TONTINUE
GO T 108
BlO WRITE(&,2050)

C FOIMAT STATEMENTS

1230 FIRMAT(7F1044}
1010 FIRMAT{S5F10.6)
1020 FIRMAT{4Fl0.6)
[?2013 FARVAT (1ML «S5X+21HINLET SC20LL SNLUTION,/ 7+ 12X 3HGAM, 11Xy 4HRGAS,

S
i 1 11X, 4HWTFL 10X SHRHOIP 412X ¢3HTIP,/,{5515.61)

2020 FIRMATUIHO 10K e4HD{ L) o 11 X94HA(L) 4 10X,5HRPEXET ,9X,6HSRDEND,
y Il /., {4F15.6))

§ 2030 SIRMAT (140 413X s 1HV,13X,2HVRy13Xe2HVU,12X 3 HCHIL12X,3HVIR, 13X,

1 3IHRHO, 11X, 44TFMP .,/ (TF1546)+/7+LLH DRTHIGONAL+SX o 1IHTHETA(T,13,

. 2 5%y LOHTHETA(IL2)49Xs6HRIT L)X 6HR{I,2))

| 2060 FORMAT({I11,2F15.4,2F15.6)

4 2350 FIRMAT{3THOGAS FLIOW SOLUTION FAILED TO ZONVERGE)

2060 FIRMAT(1HO,7E15,8)
T 3000 EIRMAT(18A4%)
53010 FORMAT(F20,.,5,3F10.3)
3020 FIRMATI(FLOa2+3F10a442F1043)

= 3030 FIRMAT(6F10473)

{ 3080 SORMAT({IS)

* 3090 CSIRMAT(LHO,9X SHALPHA, LIX y4HBETALBX THGRAVITY,/, (3F15.4))

L 4200 FIORMAT(LH1,.1844)

- 4D10 EORMATLLIHO 13X o bHVISREFy L1Xg4HTREF, L1X s 4HTSUT LLXy &HDGFC 4/,

- 1 {E20.5+3F1543))

4320 FORMAT(LIHO, 10X 44HRACP 11X ,4HDIAP , 14Xy L1HA4 11Xy 4HTMAX, LOX,542TA~N,
I 10XsSHETA=T,/,{F15,243E15,4+2F15.3))

4030 FORMAT{1HO, 9X 5HYRIL) ¢ 10X ySHYR(2),1IX,SHYRII} 10X, SHYR{41}»
I 1OX,5HYR{S) 410X5HYR{A),/,(6F15,6))

4040 FIRMAT(140,62H PARTICLE NCT IN PASSAGE AT FIRST POINT GIVEN, GO T3
1 NEXT CASE)

4050 FORMATI(LIH ,15,E10.247F15.5)

4060 FIRMATIIHO154+E10.2+7F15.5)

4080 FNRMAYT (17HOPRINT CATA EVERY, [T+2X,THSTEP(S )

4050 FIRMAT{L40,3Xs 1HLy 9XsLHT 4L OXe3HYR(1} oL DX DHYR{2},10X,5HYI(3),
1 1IX,S5HYR{4)}elDX,5HYR({S), LOXySHYR{H),9X 5HRENNLD)

2 5000 FIRMAT({LH +T15,E10.2+6F15.5)

5020 FIAMAT(32HOSIMILARITY PARAMETERS, DELTA =,F10.4,5X5HTAY =,Fl244%,
1 SXe6HRECLR =,FEl2.4)

: erhesreitid zﬂm‘!’l"l

[ LN

- 5930 FIRMAT({1l+4 RDUNCE NFFy154F15.5+15X,FLl5.5415XsF15.5)

S7ap
+ END
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The function routine RUNGE has been removed from the
published form of this report to orotec¢t the copyrlght

of the authors of Reference 5.

SURROJTINE AINJMBRI(RENOLD,, 2GFL,LD)

IS ABS(RENILDI)LLTL1.08-12) RENILI=14DE-12

TF{RENOLDLLTL1ad) GO T 26

121 (RENOLD.GE1.D)  AND,(RENCLOWLTL1.0E3}) GO T3 27

CO=DGFL*0.4

RETURN

CO-DGFC*( 4.5¢24.0/RFNOLD)

RE TURN

ATE=ALOGIRENOLD)

C9=(28.5-24.0*&35+9.0682*APE**2-1.7713*&RE**3+0.17lB*ARE**Q
~0.0065%ARE%®5) «DGFL

RETURN

END
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seLEVEL 21 BOUNCF DATE = 75045 15717725

SURRIUTINE ROUNZE{A R CeP PPy H,TETAJNFIX,PAR,VvP)

DIMENSION AC(3)48{31,003)4PU3)yPPI31,VI3)eAB{3)4AZ(3)45(03,3),42(50,
1 PBL})

DIMENSION GS{Y¥e3) WP}, UN(3) +PNI(1})

DIMENSION FTA{2)

NFIX=]
NN 1o 1=1,3
VIE)=(PP{I)=-PLT))/H
AB{1})=8(1)-A(1)

10 AC(I)=C{L)-ALT)

DETEIMINE UNIT NIRMAL TO SURFACFE

UN(E)=AB(2)*AC(3)-AB(3)xAC(2)
UN(2)=AB(3)}%AC {1 1~-AD{1)*A0(3)
UN(3)=ABI{1)¥*AZ(2)-AB(2)*AC(1)
CMAG= SQRT{UNC LI *«2+UN{2 )% %2 +UN(3)%%2)
1F{ ABS(CMAG).GT.l.0E-L2} GO TO 20
NFIX=Q
RETURN

20 DO 30 I=1,3

30 UN(IY=UNI{T)/CMAG

JETERMINE THE INTERSECTION POINT, PB, OF THE PLANE AND TRAJEITIRY,

DETA=UN(LI®V (L )*»2+UN{ 2) V{1 )%V{2}+UN(3)*V( 1) *V(3)
(1Y =UNIL)*A(L) «UN{2)*AL2 ) +UN(3) *A(3)
DE2)=vi2)*P(1)=v{1}*P(2)
2(31=v{3)%P(1)~v{1}*P(3)
DI 40 J=1,3
40 GlleJ)=UNLY)
St2,1)= V(2)
Glt2.2)=-V{1)
G(2+3)=0.0
GU3,1)= V(3)
G{(3,2)1=0.0
Gi3,3)=-vil)

[F DETERMINANT EQUALS ZERO, GO T3 80

[FL ABS{DETA}.LZ.1.0E~12) GJ TO 8O
DN 7O K=1,3
DD 50 I=1,3
DI 50 J=1,3
50 GS{l 3)=GlI.d)
DN 60 I=1,3
60 GS{I.,K)= D(1)
PBIK)=GS{1,L)%GS(2+2)%GS(343)+4GS(1,2)%GS(2y3)%GS(3,1)+55(1,+3)
L =538S02411%06S{342)-GS8{3,11%GS5{2+2)%65(1,3)=65(3,2)%G65{2,3}1%G5(1.,1)
2 =G63(3,3)*G5(2,11%65{1,2)
70 PBIXK)I=PB(K}/NETA
G3 T 100
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RESET MATRIX AND SILVE FNR PR, IF DET., EQUALS ZERN, 50 7O 92

B0 Pa{lt=P{L1)
NDETR==UN({21*xV{2)-UN(3)}*V(3)
1FL ABS{DETR).LE.1,.,0fF=12) GO TO 90
NE4Y=UNL2)¢P(2)+UN(3)*P{3)
MS5)=V(IN*PL2)=Vi2)*P({ )
PR{2)=(-D04)¥v{2)-D(R)*UN{3))/DETA
28(3)={UN{2)2IX{5)1=-v(3)*D(4)) /DETA
63 TO 100

SPECIAL ZASE THAT YIELDS ZER3J DETFIMINANT ALWAYS.

90 PR{2})=P(2)
PB(3)=P(3)
100 CONTINUE

DETEAIMINE THE INYTESECTIIN POINT, PN, OF THE SURFATE NORMAL THRY P
IF DETERMINANT EQUALS ZFRO, GO TO 140

DETA=JIN{Y I®¥ 34 N(L YRUN(2)**2 +UN(L ) *UN( 3) *%2
IS{ ABSIDETA}LLTL1,0E=-12) GO T 140
DE2)=PLL*UN{2)=-P{2}*UN(L)
DU3)=PLL1Y*UN{3)-P{3)I=*UN(L)
G(2y1)= UN(2)
Gl2s2)==UN(1)
5(2,3)=0.0
GU3+1)= UNI3)
G({3,2})=0.0
S513,3)=-UN(L)
DI 13) K=1,3
D3 110 I=1,3
DO 110 Jd=1,3
110 6S{14J)=G(1,J)
N 123 I=1,.3
120 GS{1,K}=D(T)
PM(K}=SS(1yLl*GS(2'2}*GSt3o3)+GS(1'21*68(2.3)*6513.l)+3$(1.3)
1 *SS(Z.ll*Gsta.2)-GS(3'1)*GS(2,2)*GS(1g3)-GS(3,2!*GS(2.3}¢GS{1.1)
2 -GS13,31*GS(2,1)1%GS(14+2)
130 PN(K)=PN(K)/DETA
53 T 160
142 IF(( ABS{UN{1)}]}eGTalaBE-12)a8NDI ARS{UN(2)) oGVl OE~12))50 O 15D
APN(L1)=PLY)
PN(2)=P(2)
PN{3)=P{3)
PN{3)=A(2)
GO TO 160
1650 PN{l)=All)
PN(2)=P(2)
PNIE3)=P(3)
160 CONTIMNUE
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3O CIONLICIYY

LEVEL 21 ROUNZE NATE = 75045 15/17/25

C NETFRAMINE PORTION 3IF 11TMF SLOMFNT JSED TO TRAVFL FROVM P ) 25,
c
OPR= SQRTUIPBIL)I=P (L)) **24 (PR{2}=PL2))¥x24(PRIBI-P3))¥%2)
VPP=SIRTIVILICF2 4V (2147 24V (3 ) %%2)
DY ITME=NPR/YVDP

EXTENT LINE PN-PR THE PROPER DISTANCE TO FIND PNP,

THEN EXTENT A LINE NIRMAL T8O THE SURFACE FIOM PHP TO GET THE PIINT
AFTER ROUNCE, PP,

FIND VELDZITY CO3JRDIINATES SASED ON PP, PB AND TIME REMAINING IN

SESMENT.

DY 1723 1=1,3

S={PA{T)}=-PN{T1))/DTIMF

PNP=PRII)+FTA(2)*S*(H=-DTIME)

SN={PN(I)=P{1})/DTIMF

PO{] )=PNP=ETALL)¥SN*(H-DTIME])
170 vPL1Y={PP(T)=PBLI)}/(H=DTIME)

T=Ten

RE TURN

END
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Example

The example case presented here uses the ft., lbm,, second
system of units. The gas flow conditions correspond to inlet
stagnation conditions of standard sea level air. The scroll
dimension D(1l) is 0.4 ft. and the exit radius is 0.3615 ft. The
particle inlet velocity is in the same direction as the veloecity,
its magnitude is approximately one half the gas velocity. The
particle has a specific ravity of 3 and a diameter of 12 microns.
The normal and tangential restitution coefficients are assumed
to be 1.0. Gravity is included.

The following pages contain a computer code sheet with the
data arranged in the proper columns, and the output for this
example.
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Example

Case for NAGSA F’ieoort

s

i 234 5675 910111213 14 1516 17 1819 2021 22 23 24 25262?282930 31 3"333&35363138 3'3&1041 4243444546 47 48 4950 5152 5354 55 5657 5B 506061626364 65666768 697071 J273 4 7576 7778 1980

E? 1.4 1715,48 0.48e || | 0.0764 | BB A L1~ AU 4T 7 clanol L
1 o.4'  o.od]! 0.3615 ] 316. 757 A LA T T AT AT e e 0L

EXAMPLE CASE‘ FAR NASA IREPgAT v-PART/V-cas = so0u || L 1L ¥t 1
" 1 o.106E-4 ([ 1492. 0 a8.2 | Lo AT DT T A A A
'|a7’.a 0.388E-4 | | | 0. E-/4 o tES [ Tl T A A | carp [
0.5615 || i o ol 0. 0001 s8] olo ol o AT LA L ISET] 2]

S o.o 32l I T T X AT A A AT A T -
100" / e / | f//i'/’/,// AT A AT TALA A LT AT L
Additi 0“‘3"' particlie ‘t‘ériaijeictoriﬂes reiqu iire |a Calrd Selt| 2 [arirlalniglelmenit] lhie rel. YW AT
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INLET SCROLL SOLUTION

GAM
1.400000

D{l)
0.400000

v
80.950897

ORTHOGONAL
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RHOIP
0.076400

SRDEND

316.174805

CHI
9.987672

R(I1,1)

RGAS WTFL

1715.479980 0.486000

A(l) REXIT

0.080000 0.361500

VR vy

~14.039830 79.724136
THETA(I,1) THETA(X,2)

0.0 0.0

10.0000 10.0000
20,0000 20.0000
30.0000 30.0000
40,0000 40.0000
50,0000 50.0000
60,0000 60.0000
70.0000 70.0000
80.0000 80.8000
90.0000 90,0000
100.0000 100.0000
116.0000 110.0000
120.0000 120.0000
130.0000 130.90000
140.04000 140,0000
150.,0000 150.0000
160.0000 160.0000
170.0000 170.0000
180.0000 180.0000
190.0000 190.0000
200.0000 200.0000
219.0000 210.0000
220.0000 220.,0000
230.0000 230.0000
240.0000 240.0000
250.0000 250.0000
260.0000 260.0000
270.,0000 270.0000
280.0000 280.0000
290.0000 290.0000
300.0000 300.0000
310.0000 310.0000
320.0000 320.0000
330.0000 330.0000
340.0000 340.0000
350.0000 350.0000
360.0000 360.0000

0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500

0.361500

0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500
0.361500

TIipP

518.699951

VCR

i018.8825¢68

R(I,2)

0.761500
0.755905
0.750230
0.744471
0.738623
0.732684
0.726648
0.720510
0.714266
0.70791¢
0.701434
£¢.694833
0.688038
0.681221
0.674194
0.667004
0.659641
0,652092
0.644342
G.636373
0.62B166
0.619698
0.610943
0.601869
0.592439
0.582607
0.572317
0.561498
0.550060
0.537882

0.524797
0.510569
0.471905
0.417424
0.384700
0.367077
0.361500

RHO
0.076199

TEMP
518.154053
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EXAMPLE CASE FOR NASA REPORT V-PART/V-GASS = 50% :
VISREF TREF TSUT DGFPC
0.10600F-04 492,000 198.200 1,000
RHOP DIAP H TMAX ETA-N
187.20 0.3880F~04 0.1000E-04 0.1000E-05 1.000
YR(1) YR(2) YR(3) YR(4) YR(5)
0.561500 0.0 0.000100 51.500000 0.0
ALPHA BETA GRAVITY
0.0 0.0 32.1740
PRINT DATA EVERY 100 STEP(S)

SIMILARITY PARAMETERS.

1 T
6 0.0

100  0.10F-0:
200  0.20F-02
100  0.30F-02
400  0,40F-02
500 0.50F-02
600 0.60F-02
700 0,70F-02
BOO  0.B0F-02
900 0.90F-02
1000  0.10F-01
1100 0.11F-01
1200 0.12F-01
1300  0.13F-01
1400  0.14F-01
1500 0.15F-01
1600 0.16F-G1
1700 0.17F-01
1800  0.18P-01
1500 0.19F-01
2000  0.20F-01
2100 0.21F-01
2200 0.22F-01
2300 0.23F-01
2400  0.24F-01
2500 0.25F-01
2600 0,26P-01
2700 0.27F-01
2800  0.28F-01
2900  0.29F-01
3000 0.30F-01
3100 0.31F-01
3200  0,32F-01
3300 0.33F-01
3400  0.34F-01
3500  0.35F-01
BOUNCE OFF 9
3600 0.36F-01
3700  0.377-01
3800 0.38F-01
3804  0.38F-01

DELTA = 0.4999

YR{1) YR({2)
0.56150 0.0
0.55653 -6.90235
06.54999 -5,85931
0.54486 -4.50850
0.54076 -3,76134
6.53720 -3.40780
0.53388 ~3,23498
0.53070 ~3.13445
0.52760 -3.06069
0.52457 -2.99645
0.52160 -2.93566
0.51669 -2.B763%
0.51584 -2.81796
0.51305 -2.76041
0.51032 ~2,70373
0.50764 -2.64802
0.50501 ~2,.59336
0.50244 -2.53982
0.49993 -2.48751
0.49746 -2.43642
0.49505 -2,38664
0.49269 -2.3381%
0.490137 -2.290%4
0.48810 -2.24500
0. 48587 -2.20028
0.48369 -2.15672
0.48155% -2.11422
0.4794¢6 -2,07271
0.47740 -2.03206
0,47539 -1,99217
0.47341 ~1,95290
0.47148 -1.91413
0.46958 -1.87573
0.46772 ~1.83758
0.46590 -1,79959
0.46412 -1.76163
0.44698
0.44470 -56.60704
0.39586 -41.26906
0.3625%5 -24.94926
0.36132 ~24.06871

TAU = 0.163BE~02

YR(3}

Q.00010
5.35006
12.7%208
20.91054
29.29121
37.79132
46.36333
54.99220
63.67128
72.40021
81.17876
90.00636
98.88245
107.80649
116,77803
125.79633
134.86092
143.97130
153.12682
162.32692
171.57117
180.85886
190.18%61
199,56297
208.378135
218.43538
227.93378
237.47281
247.05246
256,.67188
266.33105
276.02954
285.76709
295.54297
305.35693
315.20874
323.97534
324.23364
332.46655
343.41602

344.01978

e 1t AU A b dnin e e A MLAT R R b e

YR(4)

51.50000
118.81465
137.68571
144.63770
147.53693
149.056213
150.13127
151.06725
151.95792
152,8B3026
153.69142
154.54301
155,38512
156.21758
157.04021
157.85300
158.65587
159.44893
160.23227
161.00612
161.77072
162.52635
163.27335
164.01205
164.74275
165.46588
166.18169
166.85049
167.59248
168.28787
168.97672
169.65903
170.33478
171.00374
171.66573
172,320

114.17044
169.90005
210.00803

211.60571

ETA-T
1.000

YR({6)
0.0

RECR = 0.1002E 02

YR(5) YR(E)

- 1- - - - 1-2-1-1-N-N- F-R-R-N-N-N-N . N-F-y-R-N-N-F-N- R-N-R-ReR-- RN~ R=R]
- L LI

- X -N-N-N-F-F-N-F-N- Ry RN RN

" g 8 & 4 & A B B o2 8 # * &

R

.
e o000 OOODQOQQQODD?GOOOOQOQQGOQQQQOOODOGQQ

2 % B & ® 4 & ®w 8 4 ¥ 4 B 4 % & B S ¥ 2 W & ® 4 & ¢ 4 & 5 & 5 s 5B & w ¥ @
= »

o 000000 OOROC UODOODOO0O00ODDDOOOO0CODOO0O0000O0

- -F-F-S-F-X-N-N-R-N-R-R-N-N-N-N-R-N-X-N-]

.
-

RENOLD

4.15392
2.44109
2.56241
2.75175
2.84865
2.8959%
2.92322
2.94302
2.96019
2.97642
2.59224
3.00781
3.02315
3.03825
3.05308
3.06764
3.08188
3.09581
3.10940
3.12265
3,13555
3.14811
3.16034
3.17224
3.18384
3.19516
3.20622
31.21706
3.22770
3.23818
3.24853
1.75878
3.26898
3.27913
3.28929

4.76184
1.60757
0.63308

0.60650

| g |
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STATOR - Particles in the Stators

This program integrates the equations of motion of a
particle in order to determine the trajectory of the particle
in a stator. The solution neglects the gravity force, is
three dimensional and the particle may bounce off any of the
four surfaces that surround the channel. The program is re-
stricted by a constant spacing from hub to shroud. The
coordinate system is the r, 6, z system which is indicated

in Figure 1l6.

Method

Figure 21 is a flow diagram for this program. It illustrates
the iterative technique used to find the average gas properties
along the particle trajectory, which was explained previously.
As soon as the program determines that a collision has occurred,
the program bounces the particle off the surface and then con-
tinues the trajectory from this point.

The main program uses the subroutines, RUNGE, RNUMBR,
DLOCAT, POLATE, RESET, BOUNCE and RESTLO. All of these sub-
routines have been described previously except RESET, which
resets the average values used after each iteration, and
linearly extrapolates the properties to estimate the average

value over the next time step.

Input

There are two sets of input. The first set specifies gas
flow properties, and consists of two dimensional arrays for
magnitude and direction of the flow velocities within the
field. This program works with any consistant system of
units. An example of the input data is included with the
example case presented after the program listing. The first
set of input cards take the following form:

TITLE (18A4)

MX, KMX, NB (3I35)
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GAMMA, TIP, RHOIP, RGAS (4rl10.6)

VISREF, TREF, TSUT, DGFC (E20.4, 3F10.6)
ZMAX, FIRST (2F10.6)

NSTEP, H (x5, E10.2)
R({I,K) prray (8F10.6)
THETA(I,K) Array (8F10.6)

V{(I,K) Array (BFr10.6)
BETA(I,K) Array (8F10.6)

The second set of data cards specify the type of particle,
its initial position and velocity. Each particle can be
described by three input cards which take the following form.

TITLE {18A4)
DIAP, RHOIP (E20.4, F10.6)
(YR(I), I=1,6) (6F10.6)

These variables are defined below. For studies that are done
with multiple particles, additional sets of input data cards
as indicated for the second data card set may be stacked to-
gether. When the program completes the trajectory for one
particle, it goes to the next set automatically.

variables

TITLE - The first card is reproduced at the top of the
first page of output. Any statement in columwns
2 to 72 will be reproduced.

MX - The number of blade to blade constant radius
orthogonals.

KMX ~ The number of streamlines used in the description
of the flow.

NB ~ The number of nozzle blades in the ring.
GAMMA -~ The ratio of specific heats.
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RsSehTe.

TIP
RHOIP
RGAS
VISREF

TREF

TSUT

DGFC

ZMAX

FIRST

NSTEP

R array

THETA
Array

V Array

BETA
Array

i

The gas inlet stagnation temperature. (Degrees Abs.)
The gas inlet stagnation density. (Mass/Length3)
The gas constant. (Lengthz/Timaz Degrees Abs.)

Reference viscosity corresponding to TREF. Used in

Sutherland's Law. (Mass/Length x Time)
]

Reference temperature corresponding to VISREF. Used
in Sutherland's Law. {(Degrees Abs.)

Constant used in Sutherland's Law. (198.6°R or 110°K}.

Drag factor. The spherical drag coefficient based on
Reynolds number is multipled by DGFC. Except in very
special cases, this should be 1.0.

The flow field extends in the axial direction between
z = 0,0 and z = ZMAX. (Length).

The angular position of the first blade. (Degrees). See
Figure 22. All particles are transposed to a corresponding
location in the channel of the first blade, its trajectery
determined up till the exit from the blade row. The

exit conditions are then moved back to the corresponding
location at the original channel.

Integer that determines the amount of printed output.
Output data is printed every NSTEP time increments.”

Integration time increment. (Time)., If extremely long
computer run times are experienced, this can be made
larger. If the program fails to converge, this can be

made smaller.

The radial position of the grid points of the flow field.
(Length) . The program is set up to use constant radius
lines from blade to blade, as indicated in Figure 22.

The angular position of the grid points in the flow
field. ({(Degrees). Indicated on Figure 22.

The normalized gas velocity at the grid point. (V/Vcr)

The direction of the gas velocity vector at the

corresponding grid point. (Degrees). Indicated in Figure 22.
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DIAP - Particle diameter. (Length)
RHOP - Particle density. (Masa/Length3)
YR(1) - Particle initial radial position. (Length)

YR(2) =~ Particle initial radial velocity. The outward
d*rection corresponds to the positive direction
and the inward direction corresponds to the negative

direction. {(Length/Time)
YR(3) - Particle initial angular position. (Degrees)
YR(4) - Particle initial angular velocity. (1/Time)
YR(5) - Particle initial axial position. (Length)
YR(6) - Particle initial axial welocity. (Length/Time)

OUTPUT

The first part of the output is an echo check of the first
set of data cards that describe the gas flow. 8Such data checks
are useful in correcting key punch mistakes on the input cards.
Thege checks cover the first five pages of the output and the
four array variables are listed on separate pages. The printed
output for each particle starts at the top of a new page with the
echo check of the data that corresponds to the data cards for the
particle,

Next, the program transposes the initial coordinates of the
particle so that the particle enters the first passage. This is
done by correcting the angular position of the particle so that
the particle is in the required passage. The program notes this
correction and writes "PARTICLE ENTERS PASSAGE XX INLET ANGLE
QORRECTED TO XXXX". Next, the program calculates the similarity
parameters that are useful in relating this particle to other
particles that have similar trajectories. Finally, the program
writes trajectory information every NSTEP time increments until
the solution is complete, and then writes the last solution point
and goes on to the next particle.

The additional terms of the ocutput that are not defined
as part of the input are listed below.
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k-l ENER 0 OREA

DELTA

TAU

RECR

RENOLD

The characteristic length as given in Equation (7).
(Length)
The time constant as given in Equation (8). (Time)

The Reynolds number as given in Equation (9).

Am® iteration counter. If the air velocity fails to
converge to the proper &average values after 100 steps,

M= 101.
The Reynolds number of the particle at this point.
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i C PAITICLE TRAJFSTNZIES IN RANTAL STATOR

C
s INTEGER RUNGE
| DIMENSION R(21421) THETA(21,200,V(21,21),BETA(21,21),STATE(LS),
1 ETA(2), YRUO) JVR{G ) oVUL &) 4VZI &) TEMPA(4) oRHDALG) ,VISTARI& ),
. 2 YRSUB).FRIG6) 48131 4BU3),CU3),P(3),PP(3)4PR{3),VP(3)
C

4 C READ FLOW FIELD DATA

READ(5,1030) {STATE(I)eT=1,18)
WRITE(6,2030) (STATE(I),1=1,18)
READ(S5, 1010} MX,KMX,N8
WRITE(6+2010)4%,KMX,NB
RFAD{S,1020) GAMMA ,TIP,RHOIP,RGAS
- WRITE(6,2011} GAMMA,TIP,RHOIP,RGAS
READIS,1060) VISREF,TREE,TSUT4DGFL
WRTITE!6,2031 )IVISRSF ,TREF , TSUT,DGFC
READ(S,1020) ZMAX,F[PST
WRITE(6,2012)2ZMAX,FIRST
j READ{5,1050) NSTEP,H
WRITE(642040 INSTEP, H
WRITE(6,2130)
00 10 I=l,MX
READ{S5,1020) (T(I.K}oK=1,KMX)
10 WRITE(6,2013) (RET,KDyK=1] oKMX)
. WRITE(6,2130)
|| D0 20 I=l,MX
L READ(5,1020) (THETA(I 4K} oK=1,KMX)
20 WRITE(6,2014) (THETALI K) oK=1,KMX)
¥ WRITE(6,2120)
[j DI 30 I=],MX
READ(5,10200 (VI K}eK=1,KHX)
. 30 WRITE(642015) (VLI 4K} ,K=1,KMX)
| WRITE(6,2130)
: DO 40 I=},MX
| QREAD(5,1020) (RETA(I,K)yK=1, KMX)
[E 40 WRITE(6,2016) (BETA{I K} oK=L ,KMX)
5 VCR=SORT(2.0%GAMMAXRGAS* TIP/ {GAMMA+1.0))
FIRST=FIRST/57,29577
5 DO 60 =] ,MX
[: DN 60 Kxl,KMX
THETAC T oK) =THETA(L K}/ 5729577
; BETA(I (K)=BETA(T,K)/57.29577
Li 60 V(I,K)I=V(I,K}*VoR

READ PARTICLE DATA

(2NN ]

| 50 READ(5,1030) (STATE(I},1=1,18)
WRITE(6,2030) (STATE(I),I=1,18)
READ(5,1040) DIAP,RHOP

; WRITE(S5,2032) D1AP,RMOP

- READ(S,1020) (YR(1}olz1,6)
WRITE(6+2033) (YR{IDeI=1,6)
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Y ST

R RF N

INITIALIZE

65

YR(3)=YR{IN/5T7.29571

DN 65 1=1,NB -
TTEST=FIRST+6.ZBB[86*FL3!T(I-I!IFLOAT(NBD
IF(TTESTL.GT.Y3(3))} GO TO 66

CONT INUE

J=l~-1

1PASS=)
YQ(1!=YR|3l—ﬁJRST-6.2831Bb*FLDATIJiIFLOATINB!
YR3=YR{3)%57,29577 '

WRITE(6,2140) J,y YRS

EXPON=1.07(GAMMA~-1,0)
RiOCRSRHOlP*lZ.DI!GaMWA&l.OIl**EXPOh
DELTA=RHOP*D IAP/RHOCR/ 0.3
ToR=V[P*2,0/(GAMMA+1.0) :
VISCR=VISREF*(lYCRITREFI**l.5l*lTREF+TSUTlItTCR&TSUT!
TAU=RHOP*DIAP®%2/18,0/VISCR
RECR=DIAP*RHDCR*VCRIVISCRIZ.O

WRITE(6,2050) NELTA,TAU,RECR

T=0.0

L=0

YR3=YR{3)*57,295T77

WRITE(642060) t-T.YRGli.YR(ZI.VRB.Vthl.YRISD.YRl6I
CP=GAMMAXRGAS/ {5AMMA~1.0])

RPART=DIAP/2.0

N=6

M= _

NTIME=NSTEP

T8=7

ALPHA==90,0/5T7.29577

TRPS=TREF+7TSWN

DETERMINE AIR VELJICITIES AND PROPERTIFS AT PARTICLE LOCATION

T0

caLL DLOCAT‘R'YHETA.ZMAXgMX.KMX'YR,IP.KP'NDUTl
{2 (NOUT.EQ.D) G2 TO 70
WRITE{6,2070)

60 T0 50
CALL POL&TF(R:T4ETA;V.YR(1i.YR(Sl|lP.KP,VPPoﬁﬂl

catLL POLATEIR.IHETA.BETA,YR(lleR|3)qlP.KPgBETaP.DD!
V2{1)=VPPXCOS(RETAP}*S IN(ALPHA}

VU(1)=VPP*SINIBETAP)

VZ(13=VPP*COS(5§TAPl*CUS!ALPHA'
TEMPAIll=T!P*ll.O~((GAMMA—\.O)!(GAMWA+[.O"*(VPPIVCR)**Z’
Rdﬂh(ll=RHGIP*(TEMPA{I)ITIP)**EXPON
VISTAQII|=VISQFF*|(TEHPA(I!ITREFI**I-5!*(TRPS)I(TEMPA!llGTSUTl
CALL RESET( VR,1)

CALL RESET( Vu.,1}

CALL RESET( Viel)

CALL RESET(TEMPA,1)

CALL RESETt R-40A,1)
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g LEVEL 21 MA TN DATE = T5045 15720/5%9

E

F T
| -

I

[aReXNw]

c
€
c

CALL RESETIVISTAR, )
DO 90 I=l+N

90 YRS{1)=YR(T)

INTEGRATE USING RUNGF-KUTTA METHOD

130 VDIFF= SQQYl(VRlZi-YRlzll**Z*(VUlZI—VRIl)*YRl4ll'$2

110

120

L #(VI(2)-YRiGII¥%2)

RENOLI=RHDAC2)#VDIFF%D [AP/VISTAR(2)

CALL RINUMBR(RENILD,DGFL,CDY)
BCON=RHOA(2){CD/HOP/RPART/2,33333
IF{RUNGE{N, YR FRyTyH)aNEs 1) GO TO 120
FRI1)=YR(2}
FQ{2)=YRI1I*YR{G)**x24ACON*VDIFFR(VR{2}~-YR(2]})
FRI3}=YR{4)
ER(4)2-2,0%YR(2)¢YR(4)/YR({1)+BCONSVDIFF& (VU(2)-YR{L)*YR{4))/YR(1)
FR{5)=YR{6)

FR{6)=BCON*VDIFF*(VZ(2)-YRI(6))

D TO 110

CINTINUE

JETERMINE TF WALL INTERQACTION OCCURRED.

124
125

130

140

CALL DLOCAT(R,THETA,ZMAX s MX KMX4 YRy IP4KP4NOUT)
IF(NOUTL.EQ.2) GJ TO 150
TFIINIUT.EQel)adRLINDUT,EQL3)) G TO 200

G0 Y0 125

IP=1PS

A(L)=R{IPKP)*CIS{THETA(IP,KP))
A{2)=2(IPKP}*SIN(THETA(TIP,KP))
B(11=R{IP=1+KP)I*COS{THETALIP-1,KP})
BE2)=3(1P=-L,KO)SSIN(THETA(IP-1,XP))

Cl{1)=A(1}

C(2)=a(2)

IFIINOUTLEQC.S) « DR, {NDUT.EQsb)}) 6I TD 13D
A(3)1=YRS(5])

al3)=YS{5)

S (3)=vRRLS)eS2RT (L) =01V w20 A(2)-R(2 )0 el 8(2)-2(3))002)
o) TO 140

IFINOJT.EQ.5) A(3)=0.0

IF(NDUT.EQs6) A{3)=ZMAX

B{31=a{3)

C(3)=A13) —
PLL)=YRS(1}*COS(YRS(3})
PL2)=YRS{1)*SINIYRS(3})

P{3)=YRS(5)

PPLL)=YR({1)*COSIYR(3))

PP{2)=YR(L1)*SINIYR(3))

PP{3)=2YR(5)

T=TS

CALL BOUNCE{A,ByCoP PPy HyTHETA,NFIXyPB,VP)
IFINFIX.EQ.0) GO TN 200

IFINFIXeEQe2) GI TO 124
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21 MA TN DATE = 75045 15720/%9

YR(1)=SQRY(PBL1I&e24PR{2)**2)
YR{3)=ATANZ(PB{},PR(L))

YRA=YR(31+57,29577

YR{S)=PR{3)

WRITE(64+2080) NOUT,YR(1) ,YR3,YR(5)
YI(2)=VP(1)*CISLYREY)) +VPL 2} *5IN(YR{3))
YR{4)=(~-VP{LI®SEINIYR{3I}I+VP(2)%COS(VYRII}}I/YR(1}
YR{6)=VP(3)

Gy T L70

DETFIMINE AIR VALUES AT NEW LOCATION.

CALL PDLATE(R|T4F'AVVOYR(1"YR‘B”!P!KP'VPPODD’

CALL PULQTEleT*ETA'BETleF(l'pYR(3"‘P'KF'BETAP'DD'
VR(4!=VPP*cnStBETAP!*SINtALPHA)

VU(4&)asvVPORSIN(BFTAP)

VI{i4)=VPP2LOS{RETAP)*COS{ALPHA)
TEMPA|4,=TlP*‘1.0‘(iGAMMA-l.O'/‘GAM"A’loO3"(VPP’VC“'**?'
RHDA( &} =RHOIP* (TEMPAL4)/TIP=*EXPON
V[STAR(¢D=VISREF*((TEMPAl#!ITREFl**l.S!*(TRPS)IITEHPA(&!&TSUT!

TEST AIR VALUES USF), IF INCORRECT, RESET INTEGRATION VALUFS AND

Y3 100, IF CIAFCY, GO TO 170.

I‘!(ABSIVR(QI-VQ(J)!.LT.I.OE-QI-A“D.lABS(VUIGI-VUI3lI.LT.l.OE*Gl
<AND, {ABSIVZ(41-VI(3)) LT,1.0F-4))CO 7O 170

CALL RESET( VRs2}

CALL RESET! VU,2)

CALL RESET( VZI,2)

CALL RESET{ TEMPA,2)

CALL RESET{ RHIA,2)

CALL RESFTIVISTAR,2)

T=7S

DO 160 I=21.6

YR{1)=YRS(I)

IF(M.GT4100) GO TO 200

M=M+]

GO TC 100

£ COMPLFTE INTEGRATIIN ST7P,

c
170

180

M=1

tL=L+]

[PS=IP

TS=7

N 180 I=146
YRS{I)avYRLI)

CALL RESETH VZ+3)
CALL RESFTH{ VU, 3)
CALL RESET( VR,431

CaLL RESET( TEMPA,3)
CALL RESET{ RHDA,3)
CALL RESET(VISTAR,3)
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!
i,
I
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pra—n

NTIMEaNTIME-1]

1F REQUIRED, WRITF QUTPUT,

s Xa N ol

190 IF((ASSIYR(2))+ABS{YR(4))+ABS{Y2{6}))alTala0E=4)} GO TN 200
[F{NTIME.GT.D} GO TD 107
YR3I=YR(3)}*57,29577
WRITE(642100) LyToYR{LIoYRE2),YR3,YR(4)+YRI5),YR(6),RENOLD
NTIME=NSTEP-1
TF{L.GTal) NTIME=NSTEP
GO TO 100

200 CINTINUE
YR(3)=YR{3)+FTRST+6,2831853/FLOAT(NBI*FLOAT(IPASS)
YR3=YR(3)%57,29577
WRITEL6,21101)
WRITE(6,2100) LeToYRI1)sYRI2)4¥R3,YRI4},YR{5),YR(6),RENOLD
WRITE(6,2120) M

GD TO 50
C
C FORMAT STATEMENTS.
c

1010 FORMAT{14IS5)

1020 FIRMAT{8F10.6])

1030 FORMAT{18A4)

1040 FORMATI{E20.4+3F10.6)

1050 FORMAT(IS,E1l0.2)

2010 FORMAT(1HO,15HFLORW FIELD DATA /7 08X 2HMX o TX y IHKMX 4 8X ¢ 2HNBy /o
T (31100}

2011 FJR“AT(1H0.9X.543AMMA'IZX.BHTIP.IOX.SHRHUIP.llX.kHRGAS-I.(QFlS.&li

2012 FORMAT { 1HO, LOX, 4HZMAX, 1OX o SHFIRST 3 /4 (2F15.6))

2013 FIRMAY(IH 44 Xe6HR{T K} 2 (BF1546))

201% FIRMAT{IH ,1OHTHETA(LI K}, (8BF15,6))

2015 FORMAT(IH 4X6HVIIK)(BF15.6))

2016 FORMAT{1IH L1X,9HAETA(L K)+{BFL5.6))}

2030 FIRMAT(1H1,1844)

2031 FDRMAT‘1*0113X.6HVISREF!lleﬁHTQEFvllx'4HTSUTQIIX|4HnGFCpf|
1 '52004'3‘:15.6" .

2232 FORMAT{1HO, 15X o 4HDTAP, LLX s 4HRHNP, /4 (E20.49F15.6))

2033 FIRMAT{1HO, 9Xo5HYR(l’olﬂXo5HYR(2"1ﬂxv5HYRl3"10"5HVQ‘@'olaxo
1 SHYR (5) ¢ 10X SHYP(6)y /+{6F15.6))

2040 FORMAT {LHO 44X ¢S54NSTSPy 14Xy 1HHy /2 {T10,E15.2))

2050 FIRMAT(32HOSTMILARITY PARAMETERS. DELTA =y Fl0e%¢5XsSHTAY =4 ELl2e4y
I SX+8HRECR =,E12.%)

2060 FGRHAT(lHOy&X.#HSTEPv?X,lHT|5X’5HYR(l,vSXQSHYQ(Z)'5x|54?n(3'QSXv
l 5HYR(4’15Xr5HYR(5]!5Xe5HYR(6’tﬁxthQENOLDO /s
2 (I111,ELD0e29F10e5¢F10.2+F10.34F10.,2,F10.5+F10.2})

2070 EIRMAT(140,434PARTICLE OUY OF BDUNDS AT FIRSY POINT GIVEN)

2380 FIRMAT{1LIH BOUNCE DFF'14'6X,F10.Solox'F10.3vlox'Fl°-5’

2100 FNORMAT (1A .l10.&10-2,F10.5.F10.2.F10.3.FlD.Z.FlO.S.Fln.Z.EZO.G!

2110 FORMAT (1HO)

2120 FORMAT{3HOM=,14)

2130 FORMAT(1HL)

2140 FIRMAT{26HOPLRTICLE ENTERS PASSAGE.15+5X +24HINLET ANGLE CORRECTED

1TO0.{F15.6))
sTae
END
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21 DLNCATY

DATE = 75045

SUBRDUT INE DLICAT(RyZ9 XMAX yMX KM YR IP KPP ADUT)

DIMENSION R(21,21),2(21,210,YRI(6}
NOUT=0

DD 20 I=],MX
IF{R{I,1l)eLEsYR(L)) GO TO 30
CONTINUE

IP=MX

NJUT=3

RETURN

Ip=1

IF(IP.NEal} GI TO 50
NOUT=1

RE TURN

CONTINYUE

DI 70 K=]1,KMX
X1=R{IP,K)*COS{Z{IP,K})
Y1=R{IP,K)*SIN(Z(IP,K}}
X2=R{IP=-]1,K)*CIS(Z{IP-1,K})
Y2=R{IP=1,K}%SIN{Z{IP=1,K))
PX=YR(1)}*COS{YR(2))}
PY=YR{1}=SIN{YR{3))

IF( ABS(X1-X2)aLT,1.0E~12) GO TD 65
A={Y1-Y2)/{X1-X2]

B=Yl~A¥%X}l

YTEST=A¥PX+R

GO TN 66

YTEST=Y1

CONTINUE

IF{PY.GE.YTEST) GO TO 80
CONTINUE

KPuKMX

NJUT=4

RETURN

KP=K

I={KP.NE.1) GO 70O 120
NIUT=2

RETURN

[F(YR{5).GT+0.0) GO TO 130
NJUT=5

RETURN

IF{YR{5}.LTo XMAX} RETURN
NOUT=6

RETURN

END

71
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DATE = 75045 15722/59

SURRIUTINE RESET(A,IT]
DIMENSTION Al4)

THIS SUBRIUTINF RESETS THE VALUES OF A VARTABLF SO THAT THE
REST FESTIMATE OF THE AVERAGE VALUE OF THE VARIABLE CAN AF USED IN
THE INTEGRATION STEP,
AC(L) 1S THE VALUF OF A AT POINT 1 FOR THE INTEGRATION STE?,.
A{2) 1S THE AVERAGE VALUF OF A OVER THE INTEGRATION STEP,
A(3) 1S THE VALUF OF A AT POINT 2 JSED IN THIS INTEGRATION STEP,
A{&) 1S THE VALUE 1T A AT POINT 2 CALCULATED AFTER THE INTEGRATION

6 TO (10,20430).1
FOR §=1, SET UP ARRAYS,

10 DI 15 J=244
15 A{Jr=a{l)}
RETYURN

FOR 1=2, RESET AVERAGE VALJE OF A, A(2), AND REMEMBER THE LATEST
VALUS OF A AT THE END OF THF STEP,

20 A(2)={Al&+A(L))/2.9)
A{3)=A(4%])
RETURN

FOR I=3, SYSTEM HAS CONVERGED. ESTIMATE THE AVERAGE VALUES 3V
LINEARLY EXTENDING THE VALUES NDETEIMENED TN THE PREVIOUS POINTS.

30 AC(2)=1.5%A{4)-0.,5*A(1)
A(3)=2,0%A(4)=~A(1)
Al1)=A(4)

Al4g)=A(3)

RETURN
END

The function routine RUNGE has been removed from the
published form of this report to protect the copyright

of the authors of Reference 5,
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SUAINITINF RESTIZ{VN,VT,ETA)
NIMENSITON TTAL27,A010),8010)
DATA A/1.6190,5.0171,-69.2529,131.03528,-174.4249,117,8723,
L -24.4TBES,=16.729741142300,-1.979996/
DATA 83/5.7215,-41,8808,17T8.,1685,-424,3832,572,7631,-406,6625,
1 RT.1423,7T0,5511,-50a4982,9.67€7/

NATA IN THIS SUBROUTINE CNORRESPONLDS TO VELICITIES IN FT/SEC,
MATER[AL TYPTICAL JIF ALUMINJM AND SILICON PARTICLES.

ETA{1) 1S THE NDRMAL RFSTITUTION CNEFFICIENT,

ETA(2) 1S THI TANGFNTIAL RSSTITUTION COEFFICIENT,

BETA=ATANZ{VN,VT)

V=SQRTIUN®ED2 ¢V TR¥Z)

PHIONE=Y/ 280,00

PAITWI= A{1)XRFTA+A(P)I*BFTA®®2+A(3)«BETAR*®I4+A(4G)RXRETAYY,
1 +A{GS)*BFTA®*SIA[{ Q) *RETAx*®6+A{ T)*ACTARR TeA(8)*RFTARnE
s +A(9)*AFTAX2+AILO)*RETA&%]D

PHI=PHIONE®*PHT TWD

TFIPHIGT.0.90) PHI=0D,90

ETA({2)=1.000-PHI1

PSIONF=1,0000-£XP{~-V/36.000]}

PSITWN= RI1)=BETA+R{2)*BETA= 2+ () *RETA®®I+B(4H)BFETANKY,
1 +B{S)*RFTAREG +A (£ )HACTARRLG+R{T)*BETAXC T+R(L}*BFTA%«R

1 +R{9)=BFTA*+3+8{ 10)*RETA%XX]]

PSI=PSTONE=*PSI TW3

IF{PST.GT.0.900) PSI=0,900

ETA(1)=1.000-PS1

RETURN

END

SUBRIUTINE RBNJMARRIRENOLD DGFC, (D)
TFL ABSIREMOLD ) sl TelaE-12) RENILD=1.0E-12
IFIRENOLDLTL1 D) CO TE 26
I L(RENOLDWGFal 4N}« ANDL{RFNDLDL T.120E3))Y GO TO 27
CN=DGFC*0 .4
RETURN
26 CI=DGFC*(4.54264.0/RENOLDY)
RETURN
27 ARE=ALOG({RENOLD)
CI={2845-244 OxARE+Q, D682 ARE¥* 21, TTI3I*ARE*2I +(}, ! TIB*ARE®®S
I =04J065%¥AREX*5}*NGFC
RETURN
END
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SURRMOUT INE p”LﬁTE(PchAoppflpvipcKP. AP,0OD}
FIMENSTON R(Elc?liozl?lv?l10A(21|23)09(?l;0n(2,
1Y 10 T=1.2

[A=1P+l-1

L ABS‘Z(!A'KP-Il'l(lAqu')qLT.lQOE*lZ’ 60 1O S
1F{ ABSlelﬂuKDl'Q(IA;KP-I}I.LT.IoOE'IZi 60 7O &6
ﬂ”*lR(IAvKP'-RllloKP”ll’/(ZiIA'KP"?(!A’KP-ll’
R1=R{[AyKP~1)-AM*Z (1A, KP-1}

R2=RP&2P/AM

ZQ=‘BZ‘31,‘AM/(AM**Z+100]

RA=RZ2-LA/AM

GN YO 10

QA=RP

IA=2(TA,KP~1}

Ga3 TH 10

RA=RITA.,kP~-1}

1a=21p

nil)= SQRT((RA—RPI**Z%(?A*ZP'**Z)

DT=D(1)+D(2)
AA=(D(1}*A(lp'Kﬂﬂl)+ﬁ(2|*A(IP-loKP-1"/nT
AB=(D(1)*A([P'K°I+C(ZI*A(IP‘1'KP)’IDT

N0 20 K=1,2

KA=KP-K+1
q::(D(L)*R(IP*I.KA)!D(Z)*R(IP,KAI‘IDT
Z:=(D(II*Z([p-l'KA)+C(2)*?(IP'KAII/nf

DO{K}= SORT ((RP=RC)*x2+{ 2P-1IL }**2)
DT=ND(L)+DOL2)

AD=(DD{ 1) ®AA+DD{2)1*AB) /DT

RETURN

END

15720759
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SURROUTINE BCUNTE(AHyCoaPoPPyH,T ETANFIX,PB,VP}

DIMENSION A!jl.B(B).Cl3}.PI3I.PP{31.VC31.AB(J!.AC13!.0(3.3!.3(5!-
1 PR3

DIMENSTION GSIU3,43),VvPI3),UN(3)} LPNI3)

DIMENSION ETAL(Z)

DIMINSION PNP(3),VN(4) ,VT(4)

NFIX=1

2y 10 I=1,3
ViLI=(PP(L)=-PLTI))}/H
AB({I}=BLI)-A(1)

10 AC(T)=C(1)-ALD)

VPP=SQARTIVIL)*&2+v(2)%%x24V{3)*42)

DETERMINE UNIT NORMAL TN SURFACE

1000

UN(L1)=AB{2)*AC{3)}~-AB(3)*AC(2)
UN{2)=ABL{3)*AC(L)=-AB(LI*AC (3}
UN({3)=AB{L)I*AC(2)-AB(2)*AC(]1)

CMAG= SQRTUIUN(I)I®®2+UN{2)%%2+UN{3)*%2)

IF( ABS(CMAG).GF.1.0E-12) GO TO 20

NFIX=0

WRITE(6,1000)

EIRMAT{4TH BOUNCE HAS ZERO UNIT VECTOR DESCRIBING SURFACE)
RETURN

20 DO 30 I=1.,3
30 UNCTI=UN{T)}/CMAD

DE

40

IF

50

60

TERMINE THE INTERSECTION POINT, PB, OF THE PLANE AND TRAJECTORY.

DETA=UN(L)*V (L) *2+UNI2)%xV{]1}=V{2)+UN(3)*V(]1)*V(3)
JUL)=UNIL)I*A(LI#UN(2)%A(2)+IN{3)*A(3)
D(2)=v{2)*211)-vi]}xP(2]})

2{3)=v{3): _1¥-vIL1)=P(3)

D3 40 J=1,3

G{lsJI=UNLI)

Gl2,1)= ViI2)

Gl2+2)=-Vil}

G(2,3)=0.0

G(3,1)= V(3)

G(3,2)=0.0

G(3,3)=-v{1l)

DETERMINANT EQUALS ZFRN, GO TO 90

IF( ABS(DETA).LEW140E~12) GO TO 90

DN 70 K=1,3

NO 50 f=1,3

D3 50 J=1,3

GS(I,J)=G(1+4J)

on 60 I=1,3

6GS(I.K)= DI(1)
PBIKI=GS{L,1)%GS{292)%G5¢3,3)+6S(1+2)%65(2+31%G5{3,1)¢55(1,3)
1 *GS(2,1)%65(3,42)~65(3,1)%G5(2,2)%GS(1,31-G5(3,2)%GS{2,3)#GS5(1,1)

75
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- 2 =553, 3)%CS(2, 11%6S(L,2)
% 70 P3(KI=PBIK)/DETA
G2 TO 100
. ¢ IF DETERMINANT EQJALS 7FRA, POINT P IS ON SURFACE, P EOUALS P8
‘e

80 PR(1)=P(1)
NE4Y=2(LI-UNLLI*P (1)
DUS)=V(3)eP(2)-V(2)*P(})
NETA==UN{ 2)*V(2)~UNL3)*v(3)
IS¢ ASSIDETA).LT.1.J)E-12) GO TN 85
PR(21=(~N(61¥V(2)-D(S)*UN(3))/DETA
PR(3)=(UNL2)*I(S)-V(3)%D(4)) /DETA
30 TO 109
85 IS( ABS(V{3))eGTe1.0E-12) GO TO 90
PR{2)=P(2)
OB (3)=AL3)
G0 TN 100
90 PBI2)=4A(2)
PR(3)=P(3)
100 CONTINUE
NPP= SQRTI(PP(LI=PIL1)2*2+(PP(2)=P(2))%*24(PP(3)~?(3))¥*2)
NPR= SORT{(PB{1)=P(1)) %2+ (PRI2)=P(2)}%e24(PR(3)-P{3))»*2)
. DPPA=SORT((PP(1)~PR(1))kX2+(PP(2)~PR(2))%*24(PP{3)-PR(3)})¢*2)
% [F((DPPR.LY.DPP),AND.IDPR.LT.DPP)) GO TN 103
: NFIX=2
RETURN
103 CZONTINUE
i 1F(DP3,LT.(0.5%JPP))} GO TO 180

TR |

e

et

[

o

T

FTEIMINE THE INTERSECTION POINT, PN, OF THF SURFACE NORMAL THRU P
3

DETE
IF DETERMINANT EQUALS IFRO, GO FO 140

oMo

JETA=UN(L)##34UNTL IRUN(2 ) =%2 $UNLL I RUN(3) %% 2
IF( ABS(DETA}4LE.1,0E~-12) GO TO 140
D(2)=P(1}=UN{2)=P(2}*UN(]1)
J03)=P{LI*UN(3) =P (3)%UN( 1)
( G(2,1)= UN(2)
| 512,2)==UN(1)
G(2+31=0.0
. G(3,1)= JN{3)
. G(3,2)=0.0
b 313,3)=-UN(1)
o D0 130 K=1o3
B DY 110 I=1,3
[ 03 110 J=1,3
110 GStIJ}=Gl1,J)

! DN 120 I=1,3

L 120 GS(1,K1=D(1)
‘ PNIK)=0S(1e1)%GS{2,2)%G5(3,334GS(1,2)%G5(2,3)%CS(3,1)¢65(1,3)
. 1 *GS{2v1)%GS(3,2)-GSU2,11%GS(2,2)%6GS(143)-GS(3,2)1%65(2,31¢G6S¢(1,1)
1 2 -6S(3,3)%GS{2,1)%GS(1,2)

1 130 PN(K)=PN{K) /DETA

OB
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53 19 160

! 140 PNELI=PIL)

Di4)=D11)

D51 =UNEII*PL2)-UN{2)%P( D)

DETA==UN(2)%%2-yy(3)%e2

PN{(2)={=D(4)*UN{2)-D(5}*(N{3))/DETA
| PNE3)=(UNE2)%I(5)~UN(3)*D(4))/DETA
L 160 CONTINUE

¢
C DETERMINE PORTITON OF TIMF SCGMENT USED TO TRAVEL FROM P TD PB,
C

» DTIME=DPB/VPP

‘ [F(DTIME.LT.H) 33 TO 163

N WRITE(6,41010)

.. 1010 FORMAT(24H DTIME IS GREATER THAN H)
= NIUT=)

RE TURN

EXTENY LINE PN-PB THF PROPER DISTANCE TO FIND PHP,

THEN EXTENT A LINE NORMAL YO THE SURFACE FROM PNP TO GLT THE POINT
AFTER BOUNCE, PP,

FIND VFLOCITY COJRDINATES BASED ON PP, PB AND TIMF REMAINING IN
SESMENT,

I VY LION LY

163 DO 165 I=1,3
VICL)={PBUT)=PNL{T) /DT IME
165 VN{I)={PN(1)=P{1))/DTIME
¥ VT(4)= SQRT(VI{1)kx2¢VT {2 )x24yT(3)%x2)
'] VNU&)= SQRTUVN(L)®x24VN(2}%*24VN(3)**2)
CALL RESTCO(VN(4),VT(4},ETA)
. NA 170 I=1,3
H PNPLI)=PBCT)*ETAL2)#VT (] )* (H=-DTIME)
s POLTI=PNPLI)—FTA(])*VN(T)*(H-DTIUE}
170 VP (1) =(PP(1)=PB{1)}/(H=-DTIME)
| T=T+H
L RF TURN

IF POINT P LIES ON SURFACE. USE POINT PP T3 DETERMIME AFTFR
B(HINCE STATF,

aOOn

180 CONTINUE
DETA=UNIL )**3¢ N LI ®UN(2) *%2 +UN( 1 ) *UN(3 ) *%2
IZ( ABS(DETA).LEL1.0F-12) GO TO 220

_ NE2)=PPLLI*UNI2)=PP{2)%UN( 1)

P DI =2P(1}*UN(3)=PP(3)*xUNI(1)

N G(2.,1)= UN(2)

Gl2,2)==UN(1)

5{2+3)=0,0

G(3,1)1=UN(3)

- 35(3,2)=0.0

Gl3+3)=~UN(1)

DY 210 K=1.3

. PN 190 1=1,3
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. DO 193 J=1,3
i 190 £S{T1ed)=G1,4d)
DY 200 i=1,3
200 GSU1,K)=D(1)
g PNIK)=GSI{L 11 %G502,2)%GST3,3)¢GS(1,2)%6S({2,3)%GS(3s10¢G5(1+3)
1 ®GS(2,11%GS{3,2)=0S13,10¢55(2421%GS{193)-GS(3,2)¢6S(2,2)¢GS(1,1)
2 -GS(3,3)%GS(2,1)%GS(1,2)
% 210 PNIK)=PN(K)/DETA
4 30 TO 240
220 PN(1)=PP(1)
. DE4)=D{(1)
% N{S)=UN{A)*PP(2)-UN(2)%xPP(3)
NETA=-UN(2)*UNT2) =UN(3)*UN(3)
PN(2}=(~-D(4)*.IN(2}=DN{5 }=UN(3))/DETA
% PN(3)=(UN(2)%*D(5)-UN{3)*D(4))/DETA
240 CINTINUE

DETEIMINE PORTION OF TIME SEGMENT REMAINING FNR TRAVFI FRIw P8 TI PP,

Treaey

DTIME=H-DPR/VPP
2= TFIUTIMELGT2120E~12) GO TO 245

E WRITE(6,1020)
1020 FIRMAT(21H DTIME LESS THAN IERND)
. NF I X=0
i RETURN
W
¢ DETERMINE THE PRIPER DISTANCE ALONG PN-PB TO FIND PNP.
< THEN EXTENT A LINE NORMAL TO THE SURFACE F2OM PNP T3 GET THE POINT
E C AFTER BOUNCE, PP,
C FIND VELOCITY COIRDINATES BASED ON PP, P8, AND THE TIME H,
¢
[

h 245 NI 250 1=1.,3
VILI)=(PN{I)-PBLT))/NTIVE
250 VN(I)=(PP{1)-PN(I1})/DTIME
ﬁ VT(4)= SORTIVTIL)I**2¢VT{2)%*«2+VI{3)%*2)
VN(4)= SORT{VNIL)I**24VN(2)k%24VYN(3)¥*2)
CALL RESTCO(VNLA) ,VT(4),ETA)

D) 260 I=1,3
ﬁ PNP{1)=PB(I)+ETA(2)xVT (] )}*DTIME
PP(T)=PNP(I)=ETA{L)*VN(]I)*DTIME
260 VPL1)=(PP(1)-PRLI})/OTIME
ﬁ T=T+H
RETURN
END

i
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Example

The example case presented here used the ft., lbm., second
system of units. The gas flow conditions correspond to inlet
stagnation conditions of standard sea level air. In the output,
the R, THETA, V, and BETA arrays have been combined onto one
page. The rozzle blades lie between radii of 0.274 ft., and
0.321 ft. The velocities are expressed in terms of V/V_ ., as
can be seen from the output array.

The particle used in the example has a specific gravity of
3 and a diameter of approximately 24 microns. Initially, the
particle has a velocity that is equal to one half the gas velocity.
The output for the particle indicates that the particle enters
passage 26, but the angular position has been corrected to
correspond to the proper position in the passage for which the
data on velocity and velocity direction apply.

The trajectory data illustrates a bounce off the pressure
surface of the blade, in this case the iteration scheme failed
to converge in 100 steps. This can be corrected by making the
time step smaller.

The following pages contain a computer code sheet with the
data arranged in the proper columns, and the output for this
example.
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ROTOR - Particles in the Rotor

This program calculates the trajectory of a particle in a
radial inflow turbine rotor. The gas flow solution is based on
the quasi-orthogonal method, of Reference 9, The program that
was given in Reference 9 is modified to provide required output
on data cards. To avoid confusion, a listing of the modified
program is included here as Part A of the Program Listing.

Method

The flow diagram of the program is given in Figure 23, The
results of the fluid solutions are stored in arrays that specify
the gas velocity vectors at the intersection points of the quasi-
orthogonals and streamlines. With the fluid solution arrays input,
the program goes to a RUNGE~KUTTA technique to integrate the three-
dimensional equations of motion of the particle.

The integration of the eguations of motion over one time in-
crement, is first carried out using the velocity and the gas pro-
perties at point A to determine the new particle location B. The
program then calls ALOCAT and POLATE to determine the gas velocity
components at Bl' A corrected gas velocity components are cal-
culated from Bl-with the mean values at A and B,. The program then
integrates the equations of motion again starting from A to find
the corrected particle location B,. ALOCAT and POLATE are called
again to give the gas velocity components at B,, and these veloci'y
components are compared to the_corresponding values at By, if the
difference is large, the previous iteration is repeated. Once the
iteration has converged, the trajectory to point B has been determined
and this point is used as the initial point for the next time in-
crement,

The subroutine ALOCAT is used to determine the subscripts of
the grid points that surround the particle, Figure 15 shows a
typical particle within a set of quasi-orthbgonals and streamlines.
The subroutine returns the values IP and KP that locate the particle
within a particular grid. The gubroutine also returns JP, which is
the next higher subscript in the XT and THTA arrays. If the particle
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is no longer within the boundaries of the flow fieldi, the sub-
routine returns NOUT which is a code specifying where the particle
has gone out of the flow field.

The subroutine POLATE interpolates the value of any variable
whose values are known at four grid points surrounding the
particle. Referring to Figure 15, the subroutine first calculates
the distances D(1) and D(2), and based on these distances, de-
termines a weighted average of the variable at two locations on
adjacent streamlines. These values are AA and AB. Then the
subroutine determines DD (1) and DD(2) and uses these distances to
get the weighted average of AA and AB at the position occupied
by the particle.

The subroutine RBCH considers the particles that rebound from
the casing or the hub. It is called whenever the particle position
B is outside the casing or the huF boundaries. The subroutine
returns to the previous position, and linearly extends the traject-
ory over one time increment, with the bounce occurring at some
portion of the time segment. The subroutines writes "BOUNCE OFF
SURFACE (NOUT) ..." and prints the location of the bounce.

The subroutine RBBB considers the case where the particle
rebounds from the blade surfaces, The procedure is the same as
RBCH.

The subroutine RNUMBR is used to determine the drag coeffic-
ients based on a curve fit of the drag versus Reynolds Number data.
Enquations 20 are used, and Figure 3 demonstrates the fit of these
eguations to data.

The subroutine RUNGE uses a fourth order method to integrate
a system of simultaneous first order” ordinary differential equations
across one time step. Reference 5 explains this subroutine in
more detail.

Input
The input cards take the following format. Units consistent

with the gquasi-orthogonal program as given in Reference 9 must
be used.
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The first group of input cards are the punched output cards
from the quasi-orthogonal program of Reference 9. These cards
are punched in the correct format when the code BCDP in the quasi-
orthogonal program is set equal to 2. An example of the input data
is included with the example case presented after the program listing.
Following these, the data sets corresponding to the particle
trajectories are

TITLE (18A4)

VISREF, TREF, TSUT, DGFC (E20.5, 3F10.3)

RHOP, D1AP, H, TMAX, ETA-N, ETA-T (rF10.2, 3E10.4, 2F10.3)
YR{(I), I =1, 6 (6F10,3)

NSTEP (15)

Multiple sets of this group may be stacked together for cases of
more than one particle. The input variables are defined below.

TITLE - The first card is reproduced at the top of the first
page of output for each particle, Any statement in
columns 2 through 72 will be reproduced.

VISREF

Reference viscosity corresponding to TREF. Used in

Sutherland's Law. (lbm/ft sec).

TREF - Reference temperature corresponding to VISREF. Used
in Sutherland's Law. (°R).

TSUT - Constant used in Sutherland's Law. (198,6°R).

DGFC - Drag factor. The drag coefficient based on Reynold's
Number is multiplied by DGFC. Except in very special
cases, this should be 1.0.

RHOP - Particle density. (lbm/ft3).

DIAP -~ Particle diameter. (Ft).

H - Time increment used in the integration process. (Sec).

TMAX - Program stops if time exceeds TMAX. (Sec).

ETA-N - Normal restitution coefficients.

ETA-T - Tangential regtitution coefficients.

YR(1) ~ Initial radial position of the particle, (Ft}. -

YR({2) - Initial radiai velocity component of the particle.
(Ft/Sec). '
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YR (3) - Initial angular position of the particle. (Radians).
YR (4) - Initial angular velocity of the particle. (Sec-l).
YR(5) - Initial axial velocity of the particle. (Ft}.
YR (6) - Initial axial velocity of the particle. (Ft/sec).
NSTEP - The program prints out trajectory information every
NSTEP time increments.

Output

An example listing of typical output is included after the
program listing. This program output can be divided into several
groups.
Output Group A.

This set of output is a reprint of some of the data that is

transferred from the quasi-orthogonal solution.
Qutput Group B.

This set of output is concerned with the particle trajectory.
The first part is an echo check of the data cards corresponding to
a particle. Such data checks are useful in correcting key punch

mistakes on the input cards.

After initializing the variables, the program calculates and
prints several similarity parameters that are useful in relating
this particle to other particles having similar trajectories. The
quantities that are printed are explained below.

STEP
T - Time. {(Sec).

A count of each of the integration‘ﬁteps.
YR{1l) ... YR(6) Position and velocity components of)the particle

with respect to the rotor.

ABS - The angular position of the particle with
respect to the absolute reference frame.
REYNOLD - Reynolds Number of the particle at this location.

When the particle leaves either the exit or inlet of the flow
field, the program prints the last data information and includes the
last value of STEP and M. The last M is the count of the number of

jterations required for the solution of particle location to converge.

If M is greater than 100, the program truncates prematurely.
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USE OF ARBIFRARY QUASI-ORTHOGONALS FOR CALCULATING FLOW
DISTRIBUTION IN YHE MERIDIONAL PLANE OF A TURBOMACHINE.
THEODORE KATSANIS NASA TECHNICAL NOTE D-2546 DEC. 1964

COMMON SRW

D IMENS ION AL(ZI'ZI'!BETA‘21|21}OCAL(21v21"CBETA‘Zl!ZI'v
lCURV|Zlv21300N(21|21’.P35121o21'1R‘21o211t1121w21'QSHlZI'len
ZSACZIch,'SBlZIoZIi'SC(ZloZIloSD‘Zlel'osﬁLtzleI’oSBETAlleZl'!
3TN(21021)|TT(2[|21,'WA(ZIQZI,tNTR‘21|Zli

DIMENSION AB(ZI'OAC‘ZI)lAD(Zl’.BA(Zl'|DELBTA(2[’1DRD"(21'!
IDTDR(ZI)'DTDZ(ZI!vDHMDMlZl!oDHTDﬁlzl"RH(ZlivRS'Zl’vlﬂl?l)tlS(Zlio
2THTA(21,vNTFL{21)oXthl’tXTlZl"xZ(ZI}

INTEGER RUNO,TYPEBCDP ,SRW

RUNO = 0

READ(S5,1010) MX.KMXQMR.HZ,H,HT.XNuGAH'AR *

ITNO = 1

RUNC = RUNDO + 1

WRITE{(6,1020) RUNOD

WRITE(6,1010) MX'KMX'HR'HZ'H'HT.XN'GAH'AR

READ{5,1010) TYPE'BCDP'SRN'NULL!TEHP’AL"'RHD'TOLER'PLOSS
WRITE(&6+1010) TYPE.BCDP'SRHONULL.TEMP'AL"'RHO.TGLERIPLGSS
READ(S,1010) MTHTA,NPRTvIIERQNULLQSFﬁCT'ZSPLIY'BETIN.RB'CURFAC
WRITEF(6,1010) MTHTA.NPRT.XTERvNULL'SFACT'ZSPL!TnaETlN'ﬂB'CORFAC
READ{S5,1011) WTOLER

WRITE(6+1011) WTYOLER

READ(5,1030) (ZS(T)e1=1MX)

WRITE(6,1030) (ZSLI).I=1.MX)

READ{S,1030) (ZH(I)I=1:MX)

WRITE(6+1030) (ZHUIT)1=1,MX)

READ(S5,1C30) (RS(I)s1=1,4MX)

WRITE(6+1030) (RSIT),1=1,MX)

READI5,1030) (RH(1)yI=1,MX)}

WRITE(6,1030) (RH{1},I=1sMX)

PO 20 1 = 1 ,MX

2511)=2511)/12.

IH{I)=ZH(I)/12a

RS{I)=R3(I)/12,.

20 RH(I)=RH(I)/12.

30

IF(TYPELNEL.O) GO TO 40
HAllrl"HT/RHO/(ZS(lI-ZH(l]l/3o14/(R5(l)*RH‘1'3
DO 30 T = L1.MX
DN(I.K"K)'SQRTl(ZSll)-ZH([')‘*2+(RS(I'“RH(I),‘*ZI
DO 30 K = ] ,KMX

DN(IuK) = FLOATIK=1)/FLOAT(KMX-1) *DN{] KMX)

WALTI K} = WA(l,.1)
l(!vKl*DN(ItK)IDNlIoKMX)*(ZS(ll*ZH(Ili+ZH|1,
R(ItK)=UNiIvKlIDN(IoKMXl‘(RS(l,-RH(i)i*RH‘I’

G0 TQ 50

40 IF(TYPEJ.NEal} GO TO 145

DO 45 I=1,MX
READ(S5,7010) {DONUT K} K=l ,KMX)
READ(S,7010) (WA(I oK) s K21 sKMX)
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READ(S5,7010) { Z{1K) oK=Ll ,KMX)
READ(5,7010) { R{T oK) K=l KML)
CONTINUE

WRITE(6,41040)

READ
WRITE
READ
WRITE
00 60
READ
WRITE
READ
WRITE
READ
WRITE

(5.1030){THTALL} 1 =1,MTHTA)
(691030) (THTALT} 1 =1 4MYHTA)
(510301 (XT(1),1=1,MTHTA)
‘601030"!7([’vl’loﬁTHTl’
K=] MR
(510300 (TNLI K} oI=leMZ)
(651030 {TNLT ¢K) o1=1l,M2)
(510301 (XZ{1)s1=1sMI)
(6910300 UXZ{T1)e]l=1sML)
{5,1030) (XR{I)sI=L9sMR}
{61030} {XR(I}.I=1,MR)

END OF INPUT STATEMENTS.

DATE = 75155

SCALING - CHANGE INCHES TO FEET AND PSI TO LB/SQeFT,
INITIALIZE, CALCULATE CONSTANTS.

70

80
90

100
110

120
130
140

145

146

DO 90
DO 80

K = IQHR
I = 1.M2

TN(I'K’ = TN(IIK’ILZOO

XR{K)

= XR(K)/120

DO 100 I = 1.,MZ

Xzt

= XZ(1)1/12.0

DO 110 K = 1,KMX
SM(1,K)} = 0.0

BA(1)

z O

DO 120 K = 2,KMX
BA(K)=FLOAT(K=1)1*WT/FLOAT{KMX~1)
DO 130 I = 1,MX

DN(1s1) = 0.0

DO 140 1 = 1,MTHTA

XT(1

= XT(I)/1240

ROQT=SQRT{2.0)
CONTINUE

D0 146 I=1,MX
DO 146 K=1,KMX

WIRL(Y,

TOLER

K1=0.0
= TOLER/ 1240

RB = RB/12.0
ZSPLIT = ZSPLIT/12.0

PLOSS

= PLOSS*144.0

Cl = SQRTIGAM*AR*TEMP)

WRITE
KMXM1

16,1050) CI
= KMX-1

CP=AR®GAM/ (GAM-10)

EXPON = 1,0/(GAM-1.0)
BETIN = =-BETIN/ST7.29577
RINLET = (RS{1)*RH(1})/240

89
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I G LEVEL 21 MA IN DATE = 75155 11727718

CEF = SINIBETIN)/COS(BETIN}/RINLET/(RINLET=RB)%42
ERROR = 100000,.0

C BEGINNING OF LOOP FOR ITERATIONSe

o

oo

150 IF(ITER.EQ.0) WRITE(6,1060) ITNO

STA

160

170

180
190

200
210

220

IF{ITERGEQ.O0) WRITE(6,1070)
ERROR1 = ERROR
ERROR = 0.0

RT OF CALCULATIONS OF PARAMETERS,

DO 230 K = 1,KMX

D0 160 1 = 1.4MX

AB(I) = (Z(1.K)=-R{1,K))/RODT

AC(I) = (Z{I,K)}+R(I,K))/RO0T

CALL SPLINE(AB,ACyMXsALI{1,K) CURV({14K)}

DO 170 1 = 1.MX

CURVII K} = CURVII,K)/{la®AL (I K)*%2)%%]1,5

AL{I,K) = ATAN{AL{I,K))=-D.T785398

CALI{I,K) = COSCAL{I.X})

SAL(I.K) = SIN{AL{I,K))

DO 180 I = 2,MX
SM{ToK)=SMIT=1,K)4+SORT(IZ{T,KI=Z(I-1¢K))}**2+(R{T,K)=R{1~1sK})**2)
CALL SPLOERIXT{L)+THTA(L) yMTHTA,2{1,K}oMX,DTDZ(1)}

DO 220 1 = 1,MX

CALL LININTEZ(TI K)sR(T 4K} oXZ 9 XReTNs2Le214+T)

IF(R{IyK)sLELRB) GO TO 200

DYDR{1)=CEF*{R{IK)~RB)**2

GO TO 210

DTOR(I} = 00

TQ = R{UILK)*DTDR(I)

TP = R{1,K)I*DTDZ{I)

TTUI4K) = T*SQRT (1o +TP*TP)

BETA(I,K) = ATAN(TP#*CAL{I,K)}+TQ*SAL(I.K)}

SBETA(I yK)I=SIN(BETA(14K})

CBETALI K )I=COS(BETA(I K} )
SA(I'K)=CBETA{IoKl**2*CAL(IoK)*CURV(IrK)-SBETA(I'KI*"ZIF(I'K)
1+SALLI JK)*CBETA(L K} *SBETA{I 4K)*DTDOR(I)
SCII,K)==SALIIKIXCBETALT (K)*¥2%CURVII K}+SALII+K)*CBETA (] +K)
1*SBETALI,K)}*DTDZ(1)

AB{I)= WALI,K}=(CBETA(]I K]

AC{YIY=WALI .K)*SAETA(I,K)

CALL SPLINE(SM{1+X)+AB+MXoDWMDM,AD)

CALL SPLINE(SM({L1+K) AC MX,OWTDM,AD)
IF{{ITER<LESO) o AND, {MODIKX~1y NPRT ) ,EQ.0)) WRITEL6,1080) K

00 230 I = 1+4MX
SB(I.K)SSALII:Kl*CBETA(IrK)*DHMDMlII‘Z.*H*SBETA(!cK)+DTPF(Il
1%R{] JK)SCBETA(I K}  (DWTOM{I} 42, %W*SALLT,K))

SO(1,K)=CALL I, K)*CBETA(] yK)*DWMDM{I)+#DTDZ( I )*R{I,K)*CBETALT 1K)
L*(ONTOM(T ) +2.*W*SALLT,K})

IF({ITER.GTL0)a0Re (MOD{K=1NPRT} ,NEL,O)) GO TO 230

A= AL{I,K)®57,29577
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DATE = 75155 117271/18

B = SM{1,K)}*x}2,

E = TT{I.K)*12,

G = BETAUI 4K)*57429577

WRITE(6+1090) A¢CURVII 4K} oByGoEySALT oK) oSBUT oK) oSCL oK) oSDU14K)
230 CONTINUE

END OF LOOP - PARAMETER CALCULATION,

CALCULATE BLADE SURFACE VELOCITIESe (AFTER CONVERGENCE.)

IF(ITERaNEaO) GO TD 260
DO 250 K = 1,KMX
CALL SPLINE(SM{1+K),TT(1l,K)sMX,DELBTA,AC)
A=XN d
D0 240 I = 1,MX
240 ABII)={R(T+K}*WeWALT K)*SBETA{I,K))*(6e283186*R{I , K)/A~TT(1,K))}
CALL SPLINE(SM{1.,K),AB,MX,DRDM,AC)
IF(SFACT.LE.1e0) GO TO 245
A = SFACT*XN
DO 244 I = 1,MX
244 ABII)=(RII4KI*W+WA(T ¢K)I=SBETA(I K))I*(64283186%R{I4K)/A=TTI{4K))
CALL SPLINE(SM{1:X)+ABsMX,ADAL)
245 DO 250 1 = 1.MX
BETAD=BETA(I K)-DELBTA(I)/2a
BETAT = BETAD+DELBTA(I)
COSBD = COS(BETAD)
COSBT = COS(BETAT)
IF(Z(IsK)aLT&ZSPLIT) DROM(I) = AD(])
WTR{TK)=COSBO*COSBT/(COSBD+COSBT )*(2,*WA(I4K)/COSBDR( ] K)=W
1*(BETAD-BETAT)/CBETA(] yK}*%2+DRDM(]1))
250 CONTINUE

END OF BLADE SURFACE VELOCITY CALCULATIONS.

START CALCULATION OF WEIGHT FLOW VSs. DISTANCE FROM HUB.

260 D0 370 I = 1 .MX
IND = 1
DD 270 K = ],KMX
270 AC(K)}=DNI{I,K)
GO TO 290
280 WA{I,1)=0.5%WA(I,1)
290 DO 300 K = 2,KMX
J = K-1
HR = R{I+K)=R{l,+J)
HL = Z(1.,K)=2(1,J) _
WASE=WAL Lo J}*{1o¢SA(T4J)*HR4SCLI,JI*HZI+SBUT 4 J)*HR¢ST(]1,J)%H2
WASSEWA (T 9 J) ¢WAS* (SA(T 4K} *HR4SCITKI*HZ)#SBLIK)*HR4SD( 1K )=HZ
300 WAIIK)={WAS+WASS}/2a
310 DO 340 K = 1,KMX
TIP=la={WA(T JKI#% 242 %Wk ALM={W*R{[,K) )} *%2)/2./CP/TEMP

91
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1F(T1P.LTa0.0) GO TG 280
TPPIP=le=( 2 "W AL M= (WER{ LK) )**2) /2, /CP/TEMP
DENSTY=T]1P**EXPONSRHO=- (TLP/TPPLP ) *#EXPON*PLOSS/AR/TPPLP/TEMP
1%32,17%SMIET oK) /SMIMXyK)
PRSI K )=CENSTYXARXTIP*TEMP/ 32,17/ 144,
IFL2SUT ). _Eo2ZHLT)) GO TO 320
PSISATANCC(RS{I)=RH(I}I Z(ZSLID=ZHLI)))=1a5708
GO YO 330
320 PST=ATAN{{ZH{I)=ZSE1})/ZL{RSII)~-RH(I)})
330 WTHRU = WALI K)*¥CB3ETA(] K)*COSIPSI-ALII,K)}
A = XN
IF(Z(T K)alLTaZSPLIT) A = SFALT*XN
Cx662831B6%R {1 +K)I=AXTT(I+K)
340 AD(K)=DENSTY*WIHRU*C
, CALL INTGRLAC(1) +AD(L) +KMX,WTFL{1)})
- IF(ABS{WT~WTFL{KMX))-LE.WTOLER) GO TD 350
CALL CONTIN(WALI 1) WTFLAKMX} IND I, HWT}
IF{ INDeNEa6) GO TO 290
350 CALL SPLINTUWTFL +AC KMX,BA,KMX,AB)
DO 360 K = 1,KMX
f DELTA=ABSU{AB{K)=DN(I,K))
ON{I1,K)=(1.~CORFAC}*DN(I,K}+CORFAC¥AB(K)
360 IF(DELTAaGT+ERROR) ERROR = DELTA
370 CONTINUE

i L oo | E e )

-l

rmomiean

4

END OF LOOP - WEIGHT FLOW CALCULATIONa

pas——

CALCULATE STREAMLINE COORDINATES FOR NEXT ITERATION.

COOOOO

l' DO 380 K = 2,KMXM]
DO 380 I = 1l.MX
ZUIoK)=DNCTIoK)/ZDNCT KMXI®R(ZS (T )=ZHII})+ZHLT)
380 R{I,K)}=DNUI,K)ZDNLT KMX)*{RS{I}~RH{T))+RH{I)
IF{ (ERRORoGE «ERROR1} o ORe ( ERRORs LE« TOLER) } ITER=ITER~]
IF(ITER,GT.0) GU TO 410
WRITE(6,1100)
DO 400 K = 1 ,KMX,NPRT
WRITE (641080) X
DO 390 I = 1:MX
AB(L} = (Z(I,K)-R{1,X)})/R0O0T
390 AC(I) = (Z(I.XK}¢R{I,K})}/ROOT
CALL SPLINE(ABAC,MXsAL{LsK) CURVIL,K))
DO 400 I = 1.MX
CURVII oK) =CURVII oK}/ (1la®AL (] 4K)¥*2)%%]1,5
A*DN(!:K'*IZ.
B=Z{l .K)}*12,
D=R{I.,K}*12.
400 WRITE (6¢11100AsB oD WALTsK)oPRSETZK)9WTRLT oK) »CURV(T,4K)
WRITE (6+1130)
410 A =ERROR¥ 12,
WRITE (6,1120) ITNO,A
ITNO = ITNO+1

{ AR (RO D A

Bt B B T S
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IFLITERLGELO) GO TO 150
IF(BCOPNES1) GO TO 415

DO 414 I=1,MX

PUNCH TO10, (EN(14K)K=1KMX)
PUNCH TOLO, (WALT K)eK=1,KMX)
PUNCH TOL0, { Z{1.K) Kzl ,KMX)
PUNCH 7010, ( R{T4K) K=l KMX)

414 CONTINUE
415 IFIBCOP.NE,2) GO TO 10

117

7777
7000
7010
420
END

PUNCH TO00C, MX KMX,MTHTA

PUNCH TOLlCy GAM,TEMPRHO+AR, SFACT
PUNCH TO10, ZSPLIT,WiXNsALM,PLOSS

DO TIVT I=1.MX

PUNCH 7010, - RET K} o K=1yKMX)
PUNCH T010, ¢ 24T oK) o K=1 KMX)
PUNCH 7010, { WALI oK) ¢K=l ,KMX}
D0 TTT K=1.KMX
ALITIK)=ATAN(AL{],K)})=-0.T7852982
PUNCH 7010, ( ALCI K)¢K=]1,KMX)
PUNCH TOLO0, (BETA(I +K) K=1,KMX)
PUNCH 7010y ( SMUI ,K) oK=] 4KMX)
CONTINUE

PUNCH 7010+ (THTA(1)},1x1,MTHTA)
PUNCH 7010, { XT{I)}+1=]1,MTHTA)}
FORMAT(7I10)

FORMAT{5E14.,6)

60 T0 10

WRITE SET,.

DATE = 75155

OF CALCULATION OF NEXT STREAMLINE COORDINATES.

FORMAT STATEMENTS.

1010
1011
1020
1030
1040
1050
1060
1070

1080
1090

FORMAT{415,5F10.4}
FORMAT(F10.5)

FORMAT (1H1 4 THRUN NUo»13+10X, 23HINPUT DATA CARD LISTING)

FORMAT{ TF10¢ 4}

FORMAT{1H ,10X,25H BCD CARDS FOR DNyWA+ZsRo)

FORMAT{ 1H1 ,4X,31HSTAG, SPEED DF SOUND AT INLET =z,F9.2)
FORMAT (1HQs// +5X+13HITERATION W0ey13)

11727718

CARD SET FOR READING AND WRITING BETWEEN QUAS I-ORTHOGONAL PROGRAM
AND TRAJECTORIES PROGRAM,

FORMAT(1H ,6Xo2HAL s 12X92HRC ¢ 12X92HSM 12X ¢ 4HBETA 10X 42HTT 12X, 2HSA,

1 12X 2HSBol2X42HSC 412X +2HSD)

FGRMAT(1H +2X, LOHSTREAMLINE,13)
FORMAT(9F14.6)

1100 FORMATC(1HL y9Xy2HDN 18X 41 HZ 319X 1HR 419X 9 2HWA y 18X+ IHPRS 4 16Xy IHRTR,

11.0

14Xy 2HRC } .
CORMAT(1H +6F19.6,F1846)

1120 FORMAT(IH ,4X,13HITERATION NOarI3+10Xs24HMAXe STREAMLINE CHANGE =,

1 F10.6)

1130 FORMATf1HL)

c

C END OF FORMAT STATEMENTS.

END
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DATF = 75182 16755,

INTFGFR RUNGF

NIMFNSTION RE21 9210921214213, WAL21,20)9A8LE21¢2104RFTAL21421),
L TTE21.21) 2 THTAL2L)4XT7(21)

DIMENSICN STATFULB) JYR{6)YRSLO),WR(&) ,WUL4)sWZL4),PHOA(S)
1 TEMPA(A) JVISTAR(4) 4FTA(2),0D(2),AR12),AL12)

DIMENSION SM{21,21) FRI6),RAL2),ZAL2),THFTALZ)

RFAD QUASI=NRTHIGONAL RFSULTS - WRITF SIGNIFICAMT PARTS,

10

CALL JAREAD(MX ;KMX , MTHTA)
WRITE(644040) MX KMXMTHTA

CALL RORFAD(GAMMA, TEMP RHD)

CALL RDRFANIRGASySFACT 4ZSPLIT)
CALL RDRFAD(W, XN, ALM)

CALL BORFAN(PLOSS, ANULL,BNULL)
WRITF{56,4050) CAMMA,TEMP RHDRGASySFACT,ZSPL IT W
WRITF{G4090) XNysALNM,PLOSS

CALL RCREADP(R)

CALL RCREAD(Z)

CALL HACREAD(WA)

CALL BCREAN{AL)

CALL RCREAD(RFTA)

CALL BCREAD(SY)

CALL ABREAD{THTA)

CALL 38RFAN{IXT)

WRITF(b6,4070)

N 10 T=]4MX

WOITF(604060) RULoL1)oZUTo1) oR{TSKMX) oZ{ToKMX}
WRITFE(6,5050}) (XT(I),yI=1,MTHTA)
WRITF(6,5040) (THTA(T) y1=1+MTHTA)

REAN PARTICLF NATA

" 605 READ(5,3000) (STATE(I) ¢I=1,18)

c

WRITF(6,4000) (STATF(L),1=1,18)

REAN{543010) VISRFF ,TREF ,TSUT,NRFC
WRITFLG14010)VISRFF TREF,TSUTNGFC
READ{S5,3020) RHOPDIAP,H TMAX,FTA(L),FTA(2)
WRITF(6,4020) RHUPNTAPyHTMAX,FTALL)ETAL2)
REAN{5,30320) (YR(I).I=1,6)

WRITTF{64,4030) {(YRIT)e1=1,6)

READ{H,5010) NSTEP

WRITFLOH45020) NSTFP

INITIALTIZF,

T=0,0

L=0

WRTITF{6,5000) LeTo(YR(I)1=1,y0)
FXPON=] ,0/{RAMMA~] ,0)
CP=GAMMARRGAS/ (GAMM A~ ,0)

N=h 3
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LEVEL 2] MA TN NDATE = 75182 1675
M=l
MY TMF=NSTFP
75=T7

C

C DNETF4INF AIR VELOCITIFS AND PROPEPTTIES AY PARTICLF (OCATTUN.

. SFY U TN START TRA4CF, INITIALYIZE,

r

nEeRe

Yy O

oldb

N

610

620

CAML AMCOAT(RyZoMX oMM g YR THTAGXT oMTHTA XN ZSPLIT 1P, UP 4KP NOUT)
FE(NMOUTLEQL.O) GO TO 606
WRITF{6.4080)

~17 T 605

CALL POLATF(Q,ZWALYR{IL}yYRIS) JIPLKP,WAPLIN)

CALL PULATE{R,ZyRETALYRIL) YRI5}, IPKPL,RFTAP,NN)

CALL PCOLATE(RoZ AL YR{1) s YR{S5 )} TP,KPJALPP,NN)

CALL POLATFIR s ZsSMaYREL)eYR{OB)yIPKP,SMP,NN)
We{lY=WAP*COS{BFTAP)*SIN(ALPP)}

WUl L) =WAPES INIBFTAP)

WZLlLl)=WAPKCOS(RETAPIXCOAS(ALPP)

SHT={DN{LIRSUIMXGKPY+NN{2) XSMIMXGKP=1})7LND(L)+DN(2})

TIP=l JO={WAPRE 242 g X WRALM=(WrYR{L))%*2)/2,0/CP/TEMP

TPRPIP=] ,0=(2 *WkALM=(WEYR{ L) ) *%2}/2,C/CP/TFMpP

RHNA(LY =T TP XPN®RHD—(TI®/ TPPIP)*:EXPONXPLESS/RGAS/TPPIP/TEMP
Il %320 7%=5MP/SMY

TEMPA{L)=TIP*TFHMP
VISTA(L)=VISRFFX({TFMPAL LI/ TRFF ) el 5)%{TRFEF+TSUT)/(TEMPALL)
I #TSUT)

ITIALIZE FNR FIRST STEP,

Y &10 T=]1,4
WRIT)=WwRr(1)}

WUl =wti(1l)}
WZ{E)=wWwZ(1)

RHIA(T }=RHOA(L)
TEMBA(T)=TEMPA(L)
VISTAR{1)}=VISTAR(])
N7 620 T=1.N
YRS{I)=YR(T)

INTFGRATE LSING RUNGF-KUTTA METHAGD

625

VRIFE=SQPT{(WP {2)=YR(2)I*4%2+ (WU 2)~YR{LI*YR(4) ) %x%2

1 +{WZ(2)-YR(6))*%2)

630

BENOLD=RHOA(2)*VDIFFDIAP/VISTAR(2)

VALL RNUMARIRENOLD,CGFC,CD)
ACUN=RHNA(2)*CN/PHOP/RPART/2,.33333
TE{RUNGFINZYRyFR4TyH)NEL1) GO T 640

FRULI=YR(2}
FRU2)=YPLLIAYR(4)®*242 ,0%YR( LI*WRYRIH)4YF (L) xin¥%2

I +RCONRVDIFFH(WR{Z2)-YR(2))

~Z

FR{3)=YF(4)
FR{4)==2.0*YR(2I*YR{4)/YR{L)-2.0%WxYR(2)/YR(])
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1 +RCONRVYDIFF* (WU 2)-YR{L)*YR{4}I/YPL(})
FR{S)=YR(6)
ER{6)=ACONSVNIFER(WZI2)-YR(G))

15132

16755

AT 630
640 CONTINUE
-
C DNETFRMINF IF WALL INTFRACTION DCCURRFD,
c
CALL ALCCAT(RyZyMXoKMX ¥Ry THTAJXT yMTHT A XNy ZSPLT T, 1P 4 JP ¢KP ¢NOUT)
[FINUUT.FN.0) GO T0 700
[FINGUT.FQ.1) GG TO 780
TF(NOUT.FO.3) 6D TO 780
™M1 645 T=1,46
645 YZ{1)=YRS(I) .

T=7$%
TR{NOUT NFL2) GU TO 650
RA())=R(IP,1)
RA{2)=R{TIP-1,41)}
Ia(l)=21{1pP,1)
ZA(2)=Z24T1P—-1,})
CALL PRCH(YRFALZA,TyHFTAZNCUT)
67 T T80

650 TRF{MITMFL4) A0 TN 660
FA{L)=P(IP,KMX)
RA{L)I=R{TIP=1,KMX )
ZALLY=2(TP ,KMX)
ZAL2)=Z{1P=-1KMX}
CALL RBCHIYR ,FA LA T HETANOUT)
63 TD 780

660U THETA(L)I=THTALJP)
THETA(Z2i=THTA{JE~-1)
ZALL)Y=XT{JP)
ZALZ)Y=XTiJdP-1)
IF{YP(5)NELZISPLITY DYHFET=3,1415927/ XN
TF(YR (S5l T,ZSPLITY NTHET=1,5707963/7 XN
CALL PARH(YR ,THETAsZAsToH FTALNUUT (DTHFT}

iy YO 750

C

C DETERAINF AIR VALUFS AT NEW LOCATION

f

700 CALL POLATE(R.+Z,WA sYRULESYR{B)» [P KP4 WAP

CALL PCLATFUR Z4RETA LYR{LY YRIS),IP,KP,RFTAP
CALL, POLATF(R,Z AL sYR{Lt o YP(G) o TP KPPy ALPP
CALL POLATF{R,Zy5M tYRUL) yYRUS) y IPKPHSMP

WR [4)=WAPRCIS(AFTAPIXSIN(ALPP)
WG =WAPESIN(HFTAP])
W24 =WAP*COS{AFTAP)I%COS(ALPP)

SUT=(NN{L)}ESMIMX ,KP)#NN(2)RSMI{MXL,KP=-1))74DN{13+NN{2))

TIP= | U= (WAPX® 242, %WeALM=-{ W YRLL) %22} /2,0/CP/
TPPIP= | qU={2 % WEALM=(WEYR(L) }%%2}/2,C/CP/TENP

1 INY)
DN
y D)
P NN)

TENMP

PHIOA(4G) TIP*#FXPPN*RHU-(TIP/TPPIP)**FXPhh*P!CSSIHGA%/!PP!PITEHP

1L %32, 17%SMP/SMT
TFUPA(4)=TIPATIMP
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VISTARLI4)=VISRFFXL (TFMPALA4 )/ TRFF)I®k] SIR{TRFEFTSUTI/{TEMBA(4)
1 +TSUT)

TEST ATR VALIIFS USFD, TF INCORRFLT(FFSFT INTRARATINN VALUFS AND i)
625, TF CreRfCT, GO} YU} 750,

aEalals)

TFLEABSIWRIAI=WR T3} ) ol Tl eOF =4 ) JANDNL LARS{wU{4)=uU(3))LT.1,0F=4)
b eAND G (ARS{WZ(4)}=~WZI(3)).LT.1,0F=4)) GG TI? 750
WR(2)={WF (4)+WRIL1}) /2.0

WULZ2 =W 4 +nl( 2V} /2.0
WwI(i2)=(WwZ{4a) W2 (1)) /2.0

WR(3)=WwR{4)

NU{3)=nli(a)

SL43)=SWZL4A)

SAL 2 =(FtiALG ) ¢RHCALI L) 2.0
TEARALZ2)={TCMPA(4)+TFMPA(L1)}) /2.0
VISTAZ{2)=(VISTAR{4)+VISTAR(Z2))}/2.0
VISTAZL2)=(VISTAR(4)4+VISTAR{]1))/2.0

T=TFS

A& T10 =1 N

TIC Y<(1)=YESLT)
IF{M.6T,1L00) G0 TN RGO

AzmMe ]
o TD 685
r
€ OOMPEFETE INTEGRATION STFP, IF REQUIRFND, WRITE CUTPUT, GO TO 645
C
750 M=}
L=L+1
TS=T

NI 760 T=1,M
TAC ¥Y2S{T)=¥YPL(Y) '

WP L2)=1.5%WR{4)1=-0.5*%WR(]) b

WREI)=2.0*MR{4)=WR{])

WPLlY=WR({4)

Wk {4)=WE(3)

Wl 2)=lo%WU{a)-0,520WU(])

wii(3)=2,02WUl4)-WUL])

wii{l)=Wti{4)

WU(4)=wtl{ 3}

W2L21=1.5%WZ2{A)-0.5%WZ1L)

WZL3Y=2.0%nZ{4}=-wWZ{1l)

HEll)=WZ(4)

WZl4)=¥713)

RHOA(2) =1 5%RHNA{4 ) =0, 5%RHOA (1)

PHIIA{3 )= LOXRHDA [ 4 )~FHOALL)

BHUA{ L) =FHOALS)

PHOA L4 ) =FHNA(3)

TrMPA[2)=],5%TEMPA(4)=0,.5%TFMPALL)

TRAPA( B} =2, 0% TFMPA(4)=TEMPA(])

TEMPA(L)=TIMPA(4)

TFMPA(4)=TFMPA{3)

VISTRAR{2)=1,9%VISTARI4)-0.9%VISTARL(L)
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VISTAR (31 =2,0%VISTAR(A)-VISTAR(L)
VISTAR{L)=VISTAR( %)
VISTAR(4)=VISTAR{3)
NTTHE=NTIMP-]
T80 TFLINOUTFOLLY MR INDUTLEQL3) LR LITGTLTHAX)Y)Y GI3 TN 3030
TEF{NTIMF,CT,0) GO TG 625
WRITF(6H20%0) LoeToIYRUTI) ,I=146),,RENGLD
WT I E=NSTEP-]
TF{l+7Tel} HTIME=NSTFP
a7 T 629
810 CUONTINUE
ARTTE(H42050) Lo TolYR{T) 1=l 460 FFNILD
WROTF{OeZ2000) Myl
BO5 CONTINUF
G T 0%
23%) FUOHMAT (LR 4 T10,F15.64,TF15.5)
2000 FI'PMAT(LHO,2110)
39J) FURMAT (14A4)
3210 FUEMATIFZ0.442F10.4)
3020 FUCMAT{TL0.49F10.3,F1043,3F10.41
3030 FURMAT(&+10.5)
4000 FURMAT(1H1,1844)
G010 FORMAT(LIMO 13X s6HVISREF 3 LI X4 4HTRFF 411X 4HTS Ui s 11Xy 4FNGFCo/,
H (F2).4y2F15%.4)) .
020 FOOMATI IO, 10X o 4HFHOP  LIX y4HDTAP yLaX LHH L1 Xy GHTMAX , 10Xy SHETA=N,
1 TOX o SHE TA=T o /ol F 154 42F 15.3,43FL5.4))
4339 FORMAT(LIHUy 9Xs9HYR(L1},10X, SHYR {2} LOXeOHYRIZ3) o 1OXoSHYR(4 ) 410X,
t SHYR{H) g 10X 5HYR (K)o /e {AFLS.5))
4ua0 FORMAT (LHL +44HIMPORTANT DATA FRUM QUAST-CRTECGONAL PROGRAM//,
1 RX g PHMX g TX g AHKMX B X ¢ SHMTHTA /4, {3110))
4059 THOBMAT(LHG, 99X GHGAMMA GLLX y4HTEMP L 12X 3HFHO s L1 X+ 4HRGAS» LOXy
1 GHSFAC T, SXy6HISPLITs1aX y1tiWe/ 41 7F15.4))
40060 FURMAT(IH ,2FL5.695X42F15,6)
4070 FNEMAT(LFO,1HHHUR CONPRDINATFS 27X 15KHTIP COTKDINATFS /72 TX o 1HR,
Il LaXslHZeLlY9Xs1HR,LaX,1HZ)
4080 FNRMAT(46HCPARTICLF TUY NF OASSAGE AT FIRST PCINT GIVEN,)
4090 FURMATILIHO y12X p2HXN 12X,y IHALMy LOX SHPLIOSS e/
1 (3FL5.4))
50010 FURMATEILIHO ¢S Xe4HSTFP 314X s LHT 4 1OX g SHYR{L) o LOXsSHYR(2) 4 1UXsBHYRIZ),
1l LUXs SHYR{A) s LUXy DHYRI{S ), LUX e SHYE L6 ) 49X 6HRENDOLD,
1 Zs{iT1LeEL15.646F15.5))
5010 FORMAT{TY)
5020 CCOMAT{LTFOPRINT DATA EVFRY,T7,2X,THSTFP(S))
504C SOOMAT{L1Z2HOTHF TA ARRAY ./, l&F 5.5} )
5080 FOWMAT (GHOXT ARRAY /o (6F 15.5))
ENn
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24
39

44

50
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70
430
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120

133
149

21 AL UCAT BT = Faid? L&6/5¢

SHARMYT INF ALUCAT(“.Z."X.KMX.YR.THTA.XT.HT&.XN.IST.YﬂgJP.KO.NOUl
NIMEANSTON FU21 4210 oZU21021)4PCL21)42C(21),YRULE)THTALZL},XT(21)
MTHTA=MTA

7SALTT=75T

NOHIT=D

nto2g 1=l 4MX
TFLARS(70T 4 L)=2(T KMXI I LT 1,0F=12) AN TO 1C
AsIR{T oL)~F LT 4RMXYI/UZAT41)=211T4KMX)})

Azl {l.1)-A%Z(T,1)

DTFST=AsYR{5)+R

TF(2TASTLFLYR{L)) GO T 30

) Y0 20

TFEZ(T 1Y anF.Y{S)}} GO TO 30

COUNTTHUT

fe=1

TF(TP.NFLL) G TN 40

NOUT=]

RETYON

TEL TP NELMXY GO TO 50
1E(7{MX,1)6GT.YRI(5)) GC T S50

NOUT=3

RETUPN

TINTINUF

MY FO K=1,KMX

[F(AAS{LLIP R)=Z(TIP=-1,K)).LT,i.0F=12) Gii TC €9
A=(O(TP=1 K)=R (TP K )I/(LLIP=1,K)=2{TPyK})
RzR ([P KY~ASI{ IPK)

PTFST=A%YP{5)+8

TE(YU (1) LF.FTESTY GL T 8O

GLoTe 70 '
TFE7(IP R )P YRIS ) L T RO

o TINUF

KP=K

TF{KP NFLLY ° TO 90

P T=2

R ETLIR S

TEERD NP LKMX) GG TO 120
TFCANSIZIIPKP)=2({ TP=1,KP)} LT.1.0FE~-12) GO TO 110
(FLYrR ({1} .LTLRTFST) GO T 120

MIT =4

RETURY

IFIYE(S)LF.2L TP KP)) NOJUT=4

RETURN

CuMTINUF

M 130 J=14MTHTA

TE{ATIJ)LOFYRLL)) A0 TN 140

CUNTTNUF

W=y

Asl THTA{JP=LY=THTA{JPI Y Z{XTLUP=-1)=XT L J))
Sz THTALUP)=AXXT(JP)

THTH=YR{S)%AeR

[FLYH{5 ) GFLZSPLIT) DTHTA=3,1415927/ XM
1F(YR{9)LTLZSPLYIT) DTHTA=1.57079637 XN
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T Tl =DTHYA+THTA

THET 2==NTHTASTHTIR
TFIYRI3)LLTL,THETLY GO T 1950
MOUT =8

RETUIRY

IF(YE(33.GT.THFT2) GD TN 160
MITHIT=A

e & Ty

Fhll‘\

SULRIJTEINE POLATFIR 4 ZoAyRPGZP,IP,KP, AP, DD)
NIMENS FUN p(?lle"Z¢2102|’OA(ZIGEI’jD‘Z}ODn{Z,
nO 10 I=1,2

1A=1P+]-1

IF{ ABSUZ(TAWKP=1)=ZITAyKP)) oL T4l.0F=12) GO YO 5
TF{ ARSUPUTAGKPI-RUTAsKP=]1)}  LT.1.0F=12) GU TO &
A“=(p‘lﬁgﬂp""ﬂ( TAg'KP-l”/'Z‘ IA.KPi-?IU\.KP-lH
AL =r{TA KP=1 }-AMXZ2 (A, KP~1)

A2=RP+7IP/AM

7a={A2=H]l )*a/ (AMEE2+] ,0)

RA=N2 =7 A/ AM

A1 TN 10

RA=FP

IA=7{TA,kP~-1)

Gu TN 10

RA=P{[A,KP=-1)

IA=7D

N{T)= SNRT({RA=RP)%%kD24 1 ZA=-FD ) k%D )

AT=0(11+N(2)

Ad=(N{LI*A{TPKP=1 )+0{2)*A(TIP~L,KP—=1))/DT
EA={OL)*A(TP,KP)+N{2) XA {TP-]1,KP} ) /DT

N 20 K=sle2

KA=KP-K+]

BC=(NLI=R (TP KA +DN{ 2} ¥R{ IP=1,KA} ) /DT

ZC=(N{L) =2 (1P, KA)#N{DP) %2 { IP=1,KA) ) /DT

NI(K)= SORT({RP=RL)*X24(2P-72{ )%=%2)

NT=NDN{ ] )+DD{ 2)

AP {DN{L)%AA+NN(Z2IXAB) /DT

"ETURN

N

100
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SUARMUTTINF SPLINT (XY yNyZ,MAX,YINT)
DPAENSTON AEH01.Y (501450500, A050)4BIS50)eCL{5CHsF{50)yWI50)485R(50),
IRES3) o FMUS0) 21500 s YINT(50)
CiiMMiN Q
INYFGER (3
MY 10 1=s240M
SCLi=X{T1)=-X{1-1)
LU CONTINGF
Ni=h =]
MY 20 Te2¢NO
AMII=5(1)/7¢.0
TETY=(SLTI+S{1+11))/73.0
C{Y')=S{I+1}/6,0
2D FLI =AY UTHL)=Y (I )ZSLT ¢L)=(YLE)=YLTI-L))2511)
A‘N,=-o.‘)
_Bll)=1.0
B{N)=1.0
ClE)=~.5
F{l)=1.0
FiMP=D.0
aliy=40 1)
SAMLI=C(1)/W L)
GLL)=n,0
N N [=2 4N
ATI=3{1)-A(T1}%58(I=1)
SACIY=CLY /7wt
A0 BATI=(F{TI)=ALTI=GUTI=-1L) )}/ W)
Fuainy=06{M)
Y 40 T=2,4,N
Kahtg] =1
G0 ViR )=k y=SA{K}*FM{K+]})
Y g I=1leMMEX
K=/
TF(Z(IY=-X11)) &0,50,70
50 YINT(I)=Y(])
25 TO 80
6C TRI2{T)al Tl 1o lxX{L)=o 1XX(2))IWRITF (6,1000)2(1)
fy T3 368
1GQQ FORrMAT (LT7H NUT OF RANGF 7 6F10.6)
69 TFLZIE) 40Tl lal2X{NI~1*X{N=1})) WRITE (&,1000)Z2L1)
=y
0Y T 8BS
T TRF(Z{IY=-X{K)) B5H,75,80
TH YU 4T {T)=v{K)
o T 90
Hi) X=K+l}
TFR{Kk=-MY TOs70465
35 YINTLE) = FMIK=-LI®(X{K)=Z{ ) 1203 /76.7S5(K)I¢FM(K)R(Z{Th=X{K~1)Den3/s,
lIS(Kl+(V(KIIS{Ki—FM(KI*SlKllb.!*{t(Ii-X(K-ll)+(V(K-1IISIK)—FMIK-l)
2ESIK I/ 6V 2HIXIKY-2LT))
G0 CONTIMUF
YA = MAXOINMAXE
TF(Ve QalG) WRITELEL,10L0) NyMANGUXUE ) o Y{ )2 Z U)o YINTUE ) ol=]4MXA)
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SUHHIUT ENF RRCHIYR 9 Q472 3Ty HeFTAZNOUT)
NIMEANSTOR YRIGIZR{2)4Z(2),FTAL2)

TR AASELZEZ2)=2(1 1) LT 1.0F=12) 61 T 100
IE0 MISUEFEZY = (1)) aL Tl 05 =12) GO T 200
SA=(R{2)~RELIIZLTE2)-2LL))

10 ARSIYR(BIYLJLFL1laGF=12) GU T 1O
PR ARSIYR (211 aLF L 10F=12) GU TO 20
RPA=yYR{2V/YP ()

IA=S(Z{ L) SH~-YR (D) PMeYR{L)=R (1)) /(SM=PM)
HA=zSmMx{(ZR-Z(L))+P (1)

50 T 30

Td=¥YR{45)

PR=GME( ZR=Z(LYI+ (] )

I R RN 1 &

WkH=YE{1l)

ZA=(RI=-F(L))/S5M¢2i L)

T30

TRl ARSIYRI2)} LT .1.0F=-12) GO T(1 113
PIsYR{2)/7YP10)
edzPME{Z(L)=-YR(S))+YH(L)

In=7(1)

~TH 30

Qa=vP{ 1)

da=7{1}

TR 3G

TPt 285{YRI(A)) LT LLOF=12) GO TG 250
PazyYE{2}/YRL6)

r4=R (1)

LR={PP - YR(L)}/PMEYR (D)

SO OTH 30

Pa=e{l)

=¥+ (5)

NAp= SART((RE~-YC (1) )**2+(IB~YR(5) )%x42)
V= SORTIYR{Z)®R24YR(&K)%%7)
NYI=H=-NBPJYM

TR=YRIZ)+YR({4)%DAP/VM

YRITELG6+1000) NOUT4yRP,TR,ZR

SAMMA= ATANZ(UR(ZI-R{1})(2(2)V-2(1})) —-1.57C7963
ALPHA=3,141592T+ ATANZ(YR{Z2)sYR(6))
vN=VMx COS (GAMMA—-AL PHA)

VYTR=YMx STN{NAMMA= AL PHA)
ViuP=—=VNEFTA( L)

VTEDP=yTEXFTA(2)

Ye{4)=YR{4)=FTA(2)

APz SORT{VMPEX24YTRPR®RD )

HETA= ATARZ2(JVTRP,~VNP)

YR(2)= VMPE SIN{GAMMA+RFTA)

Ya(&)= VVPE CPS{GAMMASBRFETA)

Y f L)=RHR+YR{2)}2NT

Yi{3)=FheYR{4)2DY

YR{D)=ZN+YR{H}%DT

T=T¢w

TP
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SHARIIYTIAT PRRABIYD yTHET , 23 Ty HyFTANUUT OTHET)
NIMENSTICN YRUAY JTHFT(2) 4 2(2) FTA(2)
NEMPLSTUN YE2)

TFINGUTLAFLS) "0 T &

MY 4 ‘:102

Y{I)={THETITIeNTHFT ) RYR( ]}

TFAMIIT NP aG) RO T 7

MY n I=le2

Y{I)s(THETII=NTHFT )Y R( )

CANTINGC

TFLABSEZU2Y-2(11) L Tal.0F=-12; GO TO L0
TECARSEY(2)=Y(1} )L T LLOF=12) G0 TO 20
S (Y{2)=-Y LYY/ (2(2)V-2(1))
TELASSHY (e} lT Lo2F=-12) GG TO 30
TELASRSIYYLE D)ol Tl OF=12) A0 TO 40
PaA=YR{A)xYR(]1)/YR{ib)
ZA={YR[2)%YH{L)~PMEYR{SI~-Y (L) +SMEZ{1})/7{SM=PM)
YR zQMe( ZR=~2(L))+Y (L)

L3RI PRI RV &

FELASSEYR(4a) ) LTl 0F~12) 60 T LY
Ze=711)

PA=YR{4 }xYR{LL}/YR(O}

YA=PME{ Z(1)~-YRIS)I4YR( . <YR(3)

) Ty 1060

79=72(11

YA=YS{L)*YR{1)

G0N Th LOO

IF{ARSIYRIAE)ILLTL1.0F-12) GO TO 25
yi=v{1l}

DA=YR({4)xYR(1)/YR{6)

ZR=(YU=YR (L)*YR[I}+PMRYR(S)}/PM

5O T 100

Ya=Y(1l)}

73=yY0({5)

G0 T 100

YA=yR(LY*xYR{3)

ZA={YR=Y (LS (L)})/S5M

vy T 160

2=y {%)

YR=S§Ma( JR~=L(1})+VIL)

COMTINUT ‘
N4P=S2AY( (YR=YR({L)%®YR{3) ) *4¥2+{ZR~YR{5}) }*%2)
VISR T L (YR (4)xYR {1 )) *x2+YR (G )% %2)
NT1="Y3Pp/VRR

NY=H=TT]

Ti=¥YR/YPL L)

Pa=YR{2}%DPTL+YR({L}

wRITE(O6,1000) NOUT RRy TH.ZR

GAMAAz ATANZCIY(2)=-YUL ) o (242320000} ~1.5T7CT563
ALPHA=Z 141597 "ATANZI(YRLLISYR{4) ), YRLG) )
Vi=VARSE COS(GAMMA=ALPHA)

VIkzvans SIN(GAMMA=ALPHA )

ViyI==-yNsFTAL])
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VIRPzYTR®*FTAL2)
YRI2)=YR{2Z2)%ETA(2)
VBAP=SQRT (VNPR 2+ VTRPR%2)
RETAz ATANZ2{VTRP,~VNP)
YR{4)= VBRPx SIN(GAMMA+BETA) /RB
YR{6)= VARPx COS{GAMMASBRETA)
YR{1)=RA¢YR(2)%NT
YR{3I)I=TReYR{4)I®NT
YR{S)=ZB+YR(6)%NT

T=Te¢H

RETURN

16755751

1000 FARMAT(290H PARTICLF BOUNCEDN DFF SURFACE,i5,2Xe16H(RA,TB,2R) ARE (,

|

26

27

1

3F15.,5,1H})
FND

The function routine RUNGE has beeri removed from the
published form of this report to protect the copyright

of the authors of Reference 5,

SUBROUT INE RNUMBR (RENOLD , DGFC,CD)

ITF{ ABS(RFNOLD).LT.1.0E=-12) RENOLD=1.0F~]2

TF(RENOLD.LY.1.0) GO TO 26

IFl(RFNOLD.GE.l.Ol-AND.(RFNOLD.LT.I.OEBIi GO Y0 27

CN=0GFC*0.4

RETURN

CN=DGFC*(4,5+24,0/RENOLD )

RETURN

ARE=ALOGIRENGLD)

C0=|28.5—26.0*ARE+9.0682*ARE**2-1-77IS*ARF**S*O-ITIStARF**Q
~0.0065%APE*%5) %DGFC '

RFTURN

END
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100

10
100

10
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100

10
20
100

100

100

SUARIUT INF AANMIMP (M X KMX , MTHTA )
WRTTPLT LO0) XN KMX,MTHTA
FURMAT (R S)

PETURN

L

SYRRIIIT INF RARFAD(MRKMXyMTHTA)
PFAN(S,170) MX,KMXMTHTA
FARMAT(315)

RFTURN

END

SURRDUT INF BANUMP({ X)
ATYENS ICN X(21)
N 10 K=1¢19,3

WRTITECT+100) X(K)oX{K&1) o X{K+2),K

FORMAT (3E20.8412X¢2HRB+ 13}
RETURN
£Nn

SURROUTINF RAREAN(X)
NIMENSICN X(21)

D 10 Kzle19,43

EAN(S,100) X(K}oX(K+1l),X{Ke2)
FOPMAT(3F20,.8)

RFTURN

FND

SURRNUYTINE BCDUMP(IX)
DIMENSICN X{21421)
D 20 1=142141

DY 10 K=1,19,3

WRITEUTo100) X4ToKD)oXIToKeL) oX{14K#2),1,K

CONTINUF
FURMAT(3E2048412X9 2HRC 4213)
CETION

END

SURRTIITIME RCREAR(X)
PTAFNSTION X(21,21)
P 20 t=l,21,1

DO 10 K=1419,3

READES,100) X( ToKD o XUT o K+1) o XET4K42) _

CONTINUF
FIRMAT({3FE20.8)
PETUYRN

£ n

SUBROUT IMNF ENNUMP (A, B, C)
WRITF(74100) A4B,C
FORMAT (3€20.8)

PETURN

ENN

SURRDUT INF RDRFAPLA,B,C)
REANIS5,100) A,R,C
FIIRMAT { 320, 8)

RETURN

END

i
g
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L (O

Example (Part A)

The example presented here uses the ft., lbm., second
system of units. The rotor in this case has an inlet radius
of 2.961 inches (7.52 cm). The gas flow is that corresponding
to a gas with inlet temperature of 2660°R and density of
0.1277 bm/£t>. '

A more detailed description of the input data format
is contained in Reference 9. Only the output from the computer
run is included on the following pages.

The solution reveals no large variations in the radius
of curvature and smoothly accelerating gas velocities from

inlet to exit.
Inputting the variable BCDP as described in Reference 9

with a value of 2 will cause a set of data cards to be punched.
These data cards are used as the first part of the input
for the particle trajectory program.
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SR | [—— ISR

(Y RUY W9, 1 TRPUT DATA CARL LISTING
n 10 1 A7 13 53%J.0ud0 B0 13,0009 leddad) 1715.00u0
k, 1 ) U S9<e™ 03 159543002 Qe kY4l Je2042 £.5000
o 13 2 I 1 1 .0000 =1.0000 =3A5.00J) 17500 0. 1400
ke 0.00301
1 0. 3000 03400 03948 3.4819 9.5612 INYTE n, o
W 0.al3Jd D% s 00 1« JL00
| 0.) =0 .04 10 =) .0%30 - U540 0.009) J«1 MU 0.4%100
o Q.JJOO Ut"luu I..O-'ol.'oD
= 242907 P TR i1-086LC 1.68J7 T.60GY) Teo3%1 1s #3570
Tl l.%78% 1.4751 1.4750
" < 242500 2.0180 l« 7630 Le4120 1.208) 1.9019Q 0.7790
i 6:5“1) u.o’b] 3-5150
A 0.9 0.3 Ued «0.000%  =0,0027 -}.0)0  =0.7240
brof '0!05" "0-0912 'Uoluiz "0.2‘"” -0.33[2 "JU‘Q'JUIJ
er =0, 1090 Vi) del L Te2 317 Te337) SFER2) L5 F
T 0.6099 0.7000 0.8000 0.9300 1.030% l.120
" 0.3350 Uedbdl 0.3220 0.2932 0e2600 Je2 330 0.2010
et V. 1750 P LY (' 1 Je 1087 977 T I
r 0.1650 Uelad0 Q.11%0 J.1002} QeUB ) Jedladd
- U«305d : dedIN Vel Vel IU0 T J.2197 DelBLY
ko 0.1%5) 301310 Jeil 0D 3.0923 0.,3733 J.0842 ’
ol 0.2355) 0.3219 0.29C0 Q.2590 0.223) Je2 30 0.1710
e M LTD) VelZlU J. 1010 T.0B834d U.J73J Jedoed
i 7.3465) L ALOV e 28U0 Vel %3 0.219) Jelda20 0.15619
¥ 0.1360 0.L130 U.0930 0.0793 0.0639) 2.0529

0.333C weIUUG Val6%0 U.238J F PP IVE delL 730 0. 1500
2.127) J4A0 40 e 18D J.CT732 Y )03) Y3550
0.3200 0.£900 Ve 2580 2.2270 0.197) Jelbhid 0. 1400

=

2 0.L170 0ww930  U.07860 V.u600 O PUEED b PIVL TR
0.317) Lv.e79) Ya2e T Y2153 Y.186) 3.13711 .13
0.1379 Jaubld J.,0730 0.2620 0.055) J.0430

Ve JUJ0 [ PPL{TT] U £IE0 UsdleU V. 1759 Jalafv Je 12UN
9,0960 Jed 792 J. 0647 2.58) 2,751) }el4al
0.2800 Qa0 DadL40 0.193) D.1564) J.l3a0 0.11.0
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Example (Part B)

The example presented here uses the ft., lbm., second
system of units. The rotor in this case has an inlet radius
of 0.26475 ft. (7.52 cm). The gas flow is that corresponding
to a gas with inlet temperature of 2660°R and density of
0.1277 1b/£t3,

The particle studied has specific gravity of 2 and a
diameter corresponding to about 10 microns. The velocity is
initially in the same direction as the gas flow solution
with a magnitude of one half the gas velocity. The particle
bounces off the shroud surface before passing through the

turbine.
The following pages contain a computer code sheet with

the data arranged in the proper columns, and the output for
this example. The block indicated as that punced by the
Quasi-Orthogonal program is approximately a box of cards

that is required to transfer the Quasi-Orthogonal information

to this program.
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VANPY - Particl)~g in a Turning Vortex

This program calculates the trajectory of a particle in an
inward turning vortex after first calculating the flow through
sich geometry.

Phe fluid flow solution is based on the principal of constant,
»=Vr along the streamlines, although the values i, may be dif-
ferent for different streamlines. The variation in the radius of
curvature of the streamlines between hub and shroud is taken to
be linear. The original program was supplied by NASA Lewis Re-
search Center, but was modified such that the input of data is
easier and the velocity signs are consistent with those used in
the solution of the particle trajectories.

Method

Figure 24 is a flow diagram of the program VANPY. The results
of the fluid solution are stored in arrays that specify the velo~
city vectors of the gas at the intersection points of the ortho-
gonals and streamlines. With the fluid solution completed, the
program uses a Runge-Kutta technique to integrate the three-
dimensional equations of motion of the particle.

The integration of the equations of motion over one time
increment is first carried out using the gas velocity and the
properties of the gas at point A to determine the new particle
location B. The progr~m then calls BLOCAT and POLATE to determine
the gas velocity components at Bl. A corrected gas velocity com-
ponents are calculated from Bl with the mean values at A and Bl.
The program then integrates the equations of motion again starting
from A to find the corrected particle location Bz. BLOCAT and
POLATE are called again to give the gas velocity components at 82,
and these velocity components are compared to the corresponding
values at B, if the Jdifference is large, the previous iteration
is repeated. Jnce the iteration has converged, the trajectory
to point B has been égtermined and this point is used as the initial
peint for the next time incremer™.
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The subroutine CONTIN is used to iterate for the hub surface
velocity, the iteration technique is based on the mass flow cal-
culated from the fluid solution.

The subroutine PABC calculates the coefficients of the parabola
y = ax2 + bx + ¢, passing through three given points. This sub-
routine is used in the fluid solution.

The subroutine FNTGRL performs the integration of a function
F(l) over equal size increments, This subroutine is used in the
fluid solution.

The subroutine SPLINT interpolates points along a spline fit
curve that lie between the points specifying the curve.

The subroutine RNUMBR is used to determine the drag coefficient
based on a curve fit of the drag versus Reynolds Number data.
Equations 20 and Figure 3 demonstrate the fit of these equations
to the data.

The subroutine RUNGE uses a fourth order method to integrate
a system of simultaneous first order ordinary differential equations
across one time step. Reference 5 explains this subroutine in
more detail.

The subroutine BLOCAT is used to determine the subscripts
of the grid points that surround the location of the particle.
Figure 15 shows the particle within a typical set of orthogonals
and streamlines. The subroutine returns the values of IP and
KP that locate the particle within a particular grid. If the
particle is no longer within the boundaries of the flow field,
the subroutine returns NOUT, which is a code specifying where the
particle has moved out of bounds.

The subroutine POLATE interpolates the value of a variable
whose values are specified at the four grid points surrounding the
particle. Referring to Figure 15, the subroutine first determines
the distances D{l) and D(2), and based on these distances, determines
a weighted average of the variable at two locations on adjacent
streamlines, These values are AA and AB. Then the subroutine
determines DD(1l) and DPD(2) and uses these distances to get the

weighted average of AA and AB at the position occupied by the particle.
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The subroutine RBCH is used when the particle rebocunds from
the case or the hub, It is called whenever the particle position
is outside the case or hub boundaries. The subroutine returns to
the previous position, and linearly extends the trajectory over
one time increment, with the bounce occurring at some portion of
the time segment. The subroutine writes "BOUNCE OFF SURFACE
(NOUT) ..." and prints the location of the bounce.

Input
The input cards take the following format. Any consistent

system of units can be used. An example of the input data is
included with the example case presented after the program listing.
The data cards cover two main groups;

MX, KMX, 21, 22, Rl, R2 (215, 4F10.5)
GAMMA, CP, TIP, RHOIP, WRFL _ (5F10,5)
RC(2, 1) ... RC(2, KMX) (8F10.5)
AL(l, 1) ... AL(MX, 1) (3F10.5)
LAMBDA({l, 1) ... LAMBOA (1, KMX) (8F10.5)

Group B
TITLE (18a4)
VISREF, TREF, TSUT, DGFC (p20.5, 3F10.3)
RHOP, DIAP, H, TMAX, ETA-N, ETA-T (F10.2, 3010.4, 2F10.3)
YR{1), ¥YR(2), YR(3), YR(4), YR(5), YR(6) (6F10.3)
NSTEP (15)

Data Group A,

These cards specify the parameters of the gas flow solution.
If only these input cards were fed in the input, the fluid solution
only will be obtained. Figure 25 indicates with more clarity some
of the terms listed below.

MX « Number of orthogonals.

KMX -~ Number of streamlines.

Z1 - Axial location of first orthogonal. (Length)
Z2 - Axial location of the ¢ircle center. (Length)
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Rl
R2
GAMMA
cp

TIP
RHOIP
WIFL

RC Array

AL Array

LAMBDA
Array

(Length)
{Length)

Radial location of last orthogonal.
Radial location of the circle center.
Ratio of specific heats.

specific heat at constant pressure. (CP g)(Lenqthz/
Time“ -~ Degrees Abs)

Inlet stagnation temperature. (Degrees Abs.)

Inlet stagnation density. (Mass/Length3)

Fluid mass flow. (Mass/Time)

Radius of curvature of streamlines 1 through KMX at
orthogonals 2 through (MX-1). (Length). The radius
of curvature of the streaml’aes along orthogonal 1
and MX are set egual to 10,000 by the program.

The angle a corresponding to the flow directions at
the orthogonals 1 through MX, this angle is negative
in the direction indicated in Figure 25. (Degrees)
The term A = rVu for each streamline from 1 through

KMX. (Lengthz/Time)

Data Group B.

These cards specify the variables that are used in determining

the trajectory.

For studies involving more than one particle, sets

of input cards for different particles can be stacked together.

TITLE

VISREF

TREF

TSUT

DGFC

The first card is reproduced at the top of the first
page of output for each particle. Any statement in
columns 2 through 72 will be reproduced.
Reference viscosity corresponding to TREF., Used in
Sutherland's Law. (Mass/Length Time)
Reference temperature corresponding to VISREF.
in Sutherland's Law. (Degrees Abs.)
Constant used in Sutherland's Law.
110,0°K.

Drag factor. The drag coefficient based on Reynold's
Number is multiplied by DGFC. Except in very special

cases, this should be 1.0.

Used

Either 198.6°R or
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Particle density. (Mass/Length3)

RHOP -

DIAP - Particle diameter. (Length)

H - Time increment used in integration process. (Time)

TMAX - Program stops if time exceeds TMAX. (Time)

ETA-N ~ Normal restitution coefficient.

ETA-T - Tangential restitution coefficient.

YR({1l) ~ Initial radial position of the particle. (Length)

YR (2) - Initial radial velocity component of the partisle.
(Length/Time)

YR (3) - Initial angulzar position of the particle.

YR (4) - Initial angular velocity of the particle. (Time-l)

YR (5) - Initial axial position of the particle. (Length)

YR(6) - Initial axial velocity of the particle. (Length/Time)

NSTEP - The program prints out trajectory information every
NSTEP time increments.

Qutput

An example listing of typical output is included after the
program listing. This output is divided into several output groups.

Qutput Group A.

This set of output is an echo check of the input data and
includes the calculated critical velocity of the gas. Such data
checks are useful in correcting key punch mistakes on the data
cards. The variables listed in this group were explained under

Input.

OCutput Group B.

This set of output concerns the solution of the gas flow
through the turning vortex. A new page is used for the printed
output of different orthogonals. The R and Z arrays locate the
intersection points of the orthogonals and the streamlines. The
RC, ALPHA and LAMBDA arrays are explained under Input. The rest
of the output formats are explained below.

WIFLES - Estimated weight flow when iteration procedure stops.
{(Mass/Time)
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BETA Array - Angle between the meridional velocity component and
the velocity vector, at the intersection of the
orthogonals and streamlines. (Degrees)

v/vcr - Dimensionless speed at the intersection point of

Array the orthogonals and streamlines,

Qutput Group C.

This set of output corresponds to the particle trajectories.
The first part is an echo check of the input cards corresponding
to Data Set B, After initializing the variables, the program
calculates and prints several similarity parameters to relate
particles having similar trajectories. The variables that are
printed are explained below.

DELTA - The characteristic length based on the critical density.
{Length)
TAU - The particle time constant based on the viscosity at

critical flow conditions. (Time)
RECR - The Reynolds Number of a particle whose velocity is
equal to half the gas critical velocity.

After the similarity parameters are printed, trajectory information
is printed every NSTEP time increments. This information includes
the following terms,

L . = Number count of the time increments.

T - = Time

YR (1) - Position and velocity components of the particles.
veo YR(6)

RENOLD - Reynold's Number of the particle at this location.

When the particle passes out of the flow field through the
inlet or exit, the program always prints the trajectory information
for the last point, which should be just outside the boundaries.
Following this the value of the number of iterations, M, is printed,
1f the iteration procedure for the particle location B has not
converged, the value of M will be 101, and a smaller time increment
is recommended.
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PARTICLE THROUGH A TURNING VDRTEX 120626

THIS PROGRAM CALCULATES THE PARTICLE TRAJECTORY IN AN INAARD
TURNING VORTEX, AFTER FIRST CALCULATING THE FLOW THRJUGH SUCH A
GEIMETRY, THE FLUIDS SOLUTION IS BASED ON A STREAMLINE CJRVATURE
METHID IN WHICH & LINEAR VARIATION IN THE 2ADULIS DF CURVATURE OF
THE STREAMLINES 1S ASSUMED BETJEEN THE HUB AND THE SHIOUD., THE HUB
AND THE SHROUD CINTIURS ARE CIRCULAR AND THUS HAVE CONSTANT RADIUS
OF CURVATURE., SEE THE PROGRAM DESCRIPYION FOR THE INPUT DATA RELAT-
ING TO THE FLUID SOLUTION,

FRJIM THE INITIAL POINT, GIVEN AS INPJT, THE PROGRAM USES A
RUNGA-KUTTA METHOD YO INTEGRATE THE PARTICLE EQUATIONS OF MOTION TO
DETERMINE THE LOCATION OF THE PARTICLE BASED ON A GIVEN TIME STEP.
THE FLUIDS SOLUTION, AT GIVEN SRID POINTS IS USED TO CALCULATE THE
AERIDYNAMIC DRAG NN THE PARTICLE. SEE THE PROGRAM DESCRIPTION FOR
THE INPUT DATA AND FDRMAT RELATING TO THE TRAJECTORY SOLUT ION.

We Be SLEVENGER, JR.

IMPLECIT REAL*S8 (A-H,0~1)

REAL®8 LAMBDA

INTEGER RUNGE

DIMENSION V(Zl.Zl’uBETA(erZl)oR‘Zl.Zl)-RC(ZIlelnALfZlel’t
1  ANS(2] ivFlZloZl’vLAHBDA‘ZlvzilURD(Zl’pl‘Zlel'
DIMENSION F1(21)

DIMENSION STATE(18)'YRCBIoYQS{bltVR(ﬁ)'VU(GivVZlﬁirﬂﬂﬂllﬁln
1 TEMPA(G)VISTAR(G)},ETALA)

DIMENSION FR(6),RAL2),ZA(2)

PI=3.,14159

CONV=P1 /180,

JZ=1

READ(5,1000) MX,KMX,21,224R14R2

WRITE(65+2130) MX KMXyZ1,Z2+R1,4R2

READ(S,1005) GAMMA,CP,TIP,RHOIP,WTFL

WRITE(6,2140) GAMMA,CP,TIP,RHOIP,WTFL

READ(5,1010) (RCL2,K) +K=1,KMX}

WRITE(6421T70) KMX, (RCI2,K) K=} KMX)

READ(S5,1010) (ALII, 1), 1=1,MX)

WRITE(6+2160) MX, C(ALII 1) ,1=144X]}

READ{S,10101} (LAMBDA( L oK) o K=1oKMX)

WRITE(6,2150)KMX, {LAMBDA{14K) oK=L KMX)

DD 6 K=1l,KMX

DO 6 1=1eMX

IF(I.EQsl) RC{I4K)==10000.

[F(1.EQ.MX) RZ(T,K)=-~10000.

IF‘(I.GTGI'.AND.‘!.LT.Hx)' RC(I:K!SRC(Z-K)

AL({I Ki=AL(I,1)

LAMBDA(I,K)=LAMBDALL,K)

IF(I.EQel} R(T1,K}=R2-RC(2,K)

IF{I.EQ.HX) RIIQK)=R1

IF((1.6Tal)AND (T LTaMX)) R{TI,K)=R2=RC{2yK)*DCOSIALIT,K)*CINV)
IF{1.,EQel) Z(1.K}=Zl

IF(1eEQeMX) 7(1,K)=22-RL(24K)

IF((IaGTel) e ANDL{ILToMX]}) Z(I,K)n22+RC(2,K)*DSINCALLIT,XK)*CONV)

K
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ey

s

By B

6

10

20
30

40

CONTINUE

DO 100 T=14MX

WRITE(64+2060) 1

WRITE(6,2010)

WRIYE(64+2000) (I 4K)oK=1 o KMX)

WRITE(642040)

WRITE(6+2000) (ZU14K)oK=l,KMX)

WRITE{6,2020)

WRITE(6,2000 M {RCA(T oK) yK=1yKMX}

WRITE{6,2030)

WRITE(6+2000) (ALY oK} ypK=]loKMX)

WRITE(6,2050)
WRITE(6+2000)(LAMBDALT ¢K) ¢K=1 4KMX)
XLENTHaDSORT ({RUETyKMX)~R{To1))%*24{Z( 1o KMX)=Z{ 1y L) )*¥2)
VCR=DSQRT{2,0«CP*TIP*(GAMMA=1,0)/(GAMMA+1,0})
IND=1

NN=KMX~-]1

DELTAN=XLENTH/DZLOATIKMX=-1)
VM=WTFL/RHOEP/XLENTH/PIZIRUT 41} #R LT, KMX) }
VEST=DSQRT(VM**=2¢ {LAMBDA({I,1)/R{1,1))%%2)
DELTAY=VEST/20.

VIiT,1)=VEST

TFUIVII 1) %%2) ,GT.2,0%CP*TIP) GI TO 45
IHO=RHOIP*{1a=(VII 41022} /(2. %CPETIF) )&% (1, /(GAMMA=-1,))
F{le+1)sRHO*VM*R (1,1}

VA=LAMBDAIL,1)/R (1,1}

A=1la/C{1,1)

Bx=(VAR®2 )2 {A+DCOS(ALIT,1}%CONV)/R(T,1})

D3 20 K=1,NN

VISTAR=V{I K)+(A®V(I,K)¢B/V(I,K))}*DELTAN
A=1,/RCI1,K+1})

VA=L AMBDA(T yK+1) /R{T,K+1)

B=~(VA®®2 )% {A+DCOS{ALITI,K+1)*CONV)/R(1,Xe¢l))
V2STAR=V(],K}+(a*V1STAR+B/V]ISTAR)*OFLTAN
VITsK+1)=(VISTAR+V2STAR) /2,
VM2V T g Ke] Jae2-VAR™RD

VM=0.0

IF{VM2,GT.0,0} VM=DSQRT(VMZ)

IFCIVII Kl )m#2) ,GT . 2.0%CP*T I[P} GO TO 46
RHO=RHOIP* {1l =(V(T1,K$1)*k2)/ (2, ¢CPHTIP})** {1,/ ({GAMMA-1.))
FUls K41 )=RHNEVY*A{ ], K¢])

DO 30 K=1,KMX

FLIK)=F(I,K)

CALL FNTGRLIDELTAN,Fl,KMXyANS)
WTFLES=ANS{KMX)*2,*P]
IF(DABS(WTFLES=ATFL)aLE.« 00001 *WTFL} GI TO 50
CALL CONTIN(VEST WTFLES+IND¢JZyWTFL,DELTAX)
IF(IND.LT,10) GO TO 10

[F{INDeNE.10)GD T 40 v
WRITE{6,2110) WTYFLES

GO TO 50

WRITE(642070)

GO TO 100
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45 WRITE(6,2080) VIii,1)
l GO TO 100
46 WRITE(6,2081) VI1,K+1)
. 6D TO 100
50 DI 60 Kxl,KMX
. BETALI +K)=DARS IN(LAMBDACT ,K)/VII,K}/R{UTI,K))/CONV
60 VIT K)I=V{I K}ZVIR
WRITE(6,2120) WTFLES
WRITE(692090) (BETA{I K} K=l ¢KMK)
WRITE(6,2100) (VI K),K=loKMX)
100 CONTINUE
105 READ(S,3000) (STATE(I),i=1,18)
WRITEC(6,4000)(STATE(I) o I=1,418)
READ(5,3010) VISREF,TREF,TSUT,RAIR,NGFC
WRITE(6,4010) VISREF,TREF,YSUT,RAIRyDGFC
READ(S,3020) RHIP,DIAP,H,TMAX,ETA{1),ETA(2)
WRITE(6,4020) RH4IPDIAP, Hy TMAX,ETA{L),ETAL2)
T 120.0
3 READ(54y3030) (YX(I),1=1,6)
WRITE(6¢4030)(YR{I}s1=146)
. READ(S,3080) NSTEP
; WRITE({6,4080) NSTEP
. RHOCR=RHOIP* (2.,0/(GAMMA+1,0) )**{1,0/(GAYMA-1,0))
DELTA=RHOP*DIAP/RYDCR/D. 3
TCR={2.,0/{GAMMA+] ,0))%TIP
i VISCRzVISREF®X{(TCR/TREF)**1,5)*(TREF+TSJUT}/{TCR+TSUT)
TAU=RHOPDIAP*%2/18,0/VISCR
RECR=D] AP*RHOCR*VCR/VISCR/2.0
WRITE(6,5020) DELTA,TAU,RECR
WRITE(&6,4090)
DO 110 I=1,MX
D) 110 K=1,KMX
ALLToK)=ALIT ,K)I*CONV
BETA(I oK)} =BETA(I,K)*CONV
VET.K)=V{T,K)*VCR
110 CONTINUE

sy e D

[ =)

e

L

DETERMINE AIR VELOZITIES AND PROPERTIES AT PARTICLE LUCATION.
SET UP TD START TRACE AND INITIALIZE,

o0

CALL BLOCAT(RZsMXKMXsYRy IPKPNOUT)

IFINQUT.EQ.OY 50 TO 13D

- WRITE{6,4040) NOUT
GO TO 105

130 CALL POLATE(R,ZsVeYRIL)4YR(S5),IP4KP,VP,D0}
CALL POLATE(R,Z,RETA,YR{1),YR{5),IP,KP,BETAP,DD}
CALL POLATE(R,Z,AL+sYR{L) YRI5} ,IP,KP,ALPP,DD}
VI{1)=vPxDCOS(BETAP)*DSIN{ALPP)
VJ{1)=VP*DSINIRETAP)
VZi1)=VPRDCOSIBETAPI=DCOS(ALPP)
TEMPA(L)=TIP*(1,~-VP*e2/2P/2,/TIP)
RHOA(1 ) =RHOIO* (TEMPA(L )/TIP)*%(1,/GAMMA~1,)
V!STA‘(I"VISREF‘(TEHP&(lilTREF)“l.5‘(TREF6T5UT’,(TE“’A{!l*TSUrl

Ry Ipomasaniag | iy
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39 !
ic INITIALIZE FOR FIRSY STEP,
¢

s S .o N

YR

st SRR o R o

, RPARTaDIAP/2.
H N=6
[N TES
NTIME=-]
Y=0.0
T5=T
N0 610 I=1+4
VRETI)I=vR({1)
vu{Ti=vu(l)
vi{i}=vIil)
RHOA(T)=RHNA(L)
TEMPA({I)=TEMPA(L)
610 VISTAR(T)=VvISTA(]1)
DO 620 I=1¢N
620 YRS{I)=YR{1)

INTEGRATE USING RUNGE-KUTTA METHQD.

625 VIIFE=DSQRT((VR{Z)-YR{2) J&*2+(VUI2)=-YRIL)®YR(4))*£24(VZ(2)-YR(6&))
1 #%2)
RENOLD=RHOA{2) ¢VDI FF*D IAP/VILTAR(2)
CALL RNUMBR(RENILD,DGFC,CD)
BCON=RHOA (2 ) *CD/RHOP/RPART/2.33333
630 IF (RUNGE(NJYR(F,T,H}NE,1) GO TO 640
FA(1)=YR(2)
FR(2)=YR(L)*YR (4)*«2+BCON®VDIFF*{VR(2)=YR(2))
FR(3)=YR(4%) ,
FRU&)=~2. 0%YR(2)*YR (4] /YR (1) +BCON®VDIFF&{VU(2)-YR{1)*YR(4))/YR(L)
FR{5)=YR{6) -
FA{6)=BCONSVDIFZ#(VZ{2)-YR(6))
60 TO 630
640 CONTINUE

DETERMINE IF WALL INTFRACTION JCCURTED.

CALL BLOCAT{R,sZ MXyKMX, YR, IP,KP,NOUT)
IF(NOQUT.EQ.0) GI TN 700
IF(I(NDOUT.EQel) e IR {NOUTL,EQe3)) GD TO 780
DO 645 I=1.6
64% YRII)=YRS(])
=TS8 .
IF{NOUT NEL2) G TO 650
RA(L)=R{IP,1)
RAL2)=R{IP=1,1)
ZA(L)=2(T1P,y1 )
ZA(2)22(1P-1,1)
WRITE(6,5000) NOUT
CALL RBCHEYR RA,ZA,TyH,ETA,NOUT}
653 10 750
650 CONTINUE
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QA (1)=R(IP,KMX)

RA(2)=R{IP~] ,KMX)
ZA(L)=7(]1P,KMX)
ZA(2)s2{1P=~],KMX)

WRITE{6,5000) NIUY

CALL RACHIYR y24,ZA T, H,FTA,NOUT)
GO Y0 750

DETERMINE AIR VALUES AT NEW LOCATION,

700 CALL POLATE(R,7, V,YR{1),YP(S),IP,KP:VP  ,DD}
CALL POLATE(R,2,RETA,YR(1),YF(S),IP,KP,RETAP,DD}
CALL POLATE(R 74 ALWYRUL)+YR(S),IP,KP, ALPP,DN)
VR {4)=VPHDCOS(RETAP ) «DSIN{ ALPP)

VUL )=VPaDS INLBETAP)
VZ(4)=VP*DCOS(BETAP)*DCOSI{ALPP)
TEMPA(4)=1,0=-(VP*%2)/2,0/CP/TIP

RHA0A(4) 2RHOIP* (TEMPA(4)/TIP)®*{1,0/(GAMMA-1,0))

15721744

VISTAR(4)=VISRIT® (TFMPA(4 )/ TREF)®X]L S*{ TREF4TSUT)I/(TEUPA(K)+TSUT)

TEST AIR VALUES USED, IF INCORRECT.RESET INTEGRATIIN VALUES

AND GD T3 750.

IF(IDABS?VRlk)-leBll.LT-l.DE*ﬂl.AND-{DABSIVU(Ql*VUl3Il.LT.l-OE~§i

1 «AND.(DABS{VZU%)=VZ2{3))elTo1.0E=4)) GO T 750
VRI2)=({VR{4)svR(1})/2.0

VUi2)¥=(vuis) +vulll)) /2.0
VZI(2)=(VI(a)+VI(2))/2.0

VR{3)=VR{4%)

VU(3) Vi &)

VZI(3)}=vIti4)
RADA(21=(RHCA{S)+RHDA(L})}/ 2.0
TEVPA[2)=(TEMPA(G)+TEMPA(2)) /2,0
VISTAR(2)= (VISTAR{4)+VISTA(LI})/2.0
T=TS

DO 710 I=],N

T130 YR(I)=2YRS(T)

IFIM,GT.,100) GO TO 800

M=M+]

GO TO 625

COMPLETE INTEGRATIIN STEP, [IF REQUIRED, WRITE OUTPUT,

750 M=]
L=L+1
TS=T
DO 760 I=1l.N

760 YRS(I)=YR{I)
VA(2)=]1.5%VR(4)~0,5%VR(] )
VR(3)=2,0=VR{4)}~VRI1)
VRl )=VRi4)
VR(4)=VYR(3)
VUl2)=1.5%VU{4)-0,.5*VUI(])




ILEVEL 21 MA TN DATE = 75045

VUL =Vt &)
VU(4)=VU( 3)
VZ(2)21.5%VZ(4)-0.5*VZ(L}

! VZ(3)22,0%VZ{4)-VZ(4&)
VIL1)=VZ{ &)
VZ(6)=VZ(3)

i RMIA(2) =1 5%RHOA(G ) ~0s SSRHOA (1)

l VUi 3)=2.0evula)=-vil{l)

RHDA(3 =2, 0*R4J4(4)=-RHOA(]1)
RHNA{L )} =RHOAL%)

R4JA{4) =RHDAL D)
TEMOAL2)=] . 5%TEMPA(G)=0,5%TEMPAL])
TEMPA(3)=2,0%TEMPA{4}-TEMPALL]
TEMPA(L)I=TEMPALSL)

TEMPA(G)=TEMPAL3)

b VISTAR(2) =) o 5%VISTAR(&4)}=0,5*VISTAR(L]}
VISTAR(3)=2,0=VISTAR(4)-VISTAR{]1)

T VISTAR(1)=VISTA(4&)
VISTAR(4)=VISTAR{3)

NTIME=NTIME~1

s 780 IFI(NOUT.EQal) eI INOUTL,EQ.3) MR, {T,GTTMAX)) 53 TO 800
IFINTIME.GTL0) 50 TO 625

. WRITE(6.+4050) T {(YRII)41=146})+RENOLD
NTIME=NSTEP-1

60 TD0 625

. 800 CONTINUE

WRITE(6,4060) T!(YR(I"I*lvﬁ,ORENULO
F WRITE(6,407T0) M

80% CONTINUE

G) TD 105
-
C FORMAT STATEMENTS
e

1000 FORMAT(215,6F10.5)

1005 FIRMAT(8F10.5)

|1 1010 FORMAT{BF10.5)

1015 FORMAT(8E1D.4%)

2000 FORMAT(LH ,8G16,7)

2010 FIRMAT(SH R ARRAY)

2020 =IRMAT(9HORC AR2AY)

2030 FIRMAT{12HOALPHA ARRAY)

2040 FIRMAT(B8HOZ AR2AY)

2050 FIRMAT{THOLAMABDA})

2060 FIRMAT{1H1,254 THE ORTHIGONAL NUMBERP [S5,13///)
2070 FDORMAT(46HOA SOLUTION CANNOT BE OBTAINED AT THIS STATION)

== 0 ;

1 F15.2)
2090 FIRMAT{L1HORETA ARRAY/(1X+8G16.7))
2100 FIRMAT(8HOV ARRAY/(1X,8G16.7))

o 3

2120 FIRMAT(THOWTYFLES/{1X:8Gl647)})

= e

130

2110 FORVAT (4ZHOTHE PASSAGE 1S CHOKEN WITH A MASS FLOW OF,Gl6.7)

15727744

2080 FIRMAT({LHO,43H AFTER 10, VII+1) «GTa 2. CPeCIP, E{1:1} =,F15.2)
2081 SORMAT{1MO,49H NI 20 LOOP, V{I,K¢1) «GTe 2.%CP*TIP, VII,X+1) =

2130 FIRMAT{1H1,114 INPUT DATA,/¢BXe2ZHMX, TXoIHKMX,y BX,2HZ1,13X,2422,
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l 1 13X, 2HRE 213K e24R2,7,(2010,4F15.5))
2140 EIRMAT (140 1Xy 5HGAMMA ¢ 13X ¢2HCP 12X IHT TPy 10Xo SHRHOTP o 11X,
1 4HHTFLQ/||F15.3|2F15.3t2515.5”
2150 FORMAT(LHO +5X,14HLAMRDA, K = 1o¢13+/+(8G15.5))
i 2160 SIRMAT(LHO,5Xs13HALPHA, [ = LosB3¢/+(8615.5))
2170 FﬁaMAT(IHO.SKcIJHPC. K = l'|l3!,v‘0615.5"
o 3000 FIRMAT(1844)
i 3010 FIRMAT(E2045,4F10e3)
3020 FORMAT(F10,2,3F10.4,2F10.3)
3030 SIRMAT(6F10, )
% 3080 FOPMAT(I5)
;4000 FIRMAT{1HL,1844)
4010 EIRMAT (1HO 13X e 5HVISREF, 11Xs @HTREF  LIX o 4HTSUT o 11Xs 4HRATR 911X,
: 1 4HDGFCy /s (E20.544F15,3))
i %020 anwatl1Ho.1ox.aqnunp.11x.4nnlap.lex.luu.11x.4nrnnx.nox.suern-~.
1 10X, SHETA=T,/4{F15.2¢3E15.442F15.31}
4030 FORMAT(1HO, X SHYR (1) s LOXoSHYR (2}, 10X, SHYR {31, 10X, 5HY2(4) 410X,
§ L SHYRUS5)» 10Xy SHYR(6),/(6F15431)
4040 FIRMAT(1HD,62H JAATILLE NOT IN PASSAGE AT FIRST POINT GIVEN, GO 70
1 NEXT CASE}
% $050 FIRVAT(LH 4F1542+7F1544)
4060 FORMAT{IMO,E15.2,TF15.4)
5070 FIRMAT(140,4H Y =,110)
. 4080 FIRMAT{1THOPRINT DATA EVERY, 172X, THSTEP(S))
% %090 FjRﬂAT!IHO.lBl.lHY'lox.SHvﬂil)olox.5HYll2I.lox.5HVR(31.lnx.
1 5HYR(4) ¢ 10X, SHYR(5) 4 10X ,SHYR{6) 49X, 6HRENOLD)
.. 5000 FIRMAT(29H PARTICLE ROUNCED OFF SURFACE,15)
ﬁ 5020 FORMAT(32HOSIMILARITY PARAMETERS. DELTA 2, F10.495X,SHTAU =,EL 2.4,
1 S5X,6HRECR =,E1244)
E END

Q19901 TINF PARCIX Y AR (D
fwe) TCIT oA sE (2-H.(~1}

sRACITING £200 CALCULATES CCEFFICIENTS Ay 8o C CF THE PARARCLA
¥ = Auxe37 4 PEX 4 Co PASSING TFROUGH THREE GIVEN XV PCINYS

[ erts |

e Tt B Miancd

PIVERSTON Y(3)lYI2)

Cl=x(?V=%x1{1}
C720v(2)1=v01 07t E2)=%11) )
a=iC1#f?-Yl3i+Y(1lllCl/(!l21-¥l3))
Bar2=(X{114X{2))%2
Cay1)=X{V)upaXl]txeidA

RETISH

FAT

fownnag

The functilon routine RUNGE has been removed {rom the

publiched form of this report to protect the copyright

of the authors of Reference 5
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SURRAUTINE CONTINGXEST ¥ CALC ¢ END o J 2o YGIV, XDEL )
}  QWPLICIT REAL®S' (A=H,0-2)

DIMENS ION X(3)4¥(3)

NS ALL=NCALL®L
] 12 ( INToNEo Lo AND NCALLSGTo50) GN T3 160

GO TO (10430060+450,604804+130),1IND
casnxeF [RSY CALL
10 NCALL=]
8 IF(YCALC.GT.YGIV.ANDJZ.EQ.L) GO TO 20
IND=2
] vYi1)=YCALC
X{1)=XESY
XEST=XEST+XDEL
) RE TURN
L 20 IND=3
Yi3)=yYCALC
X(3)=XESY
XEST=XEST-XNEL
2 RE TURN
CeenxeSECOND CALL
= 30 IND=4
v{2)=YCALC
— X{2)=XEST
XEST=XEST#XIEL
RE TURN
L 40 IND=S
v{2}=YCALC
J X{2)=XEST
XEST=XEST-XDEL
RE TURN

50 Y(3)=YCALC
“ X{3)=XEST
GO 7O 70
60 vil)=YCALC
X(1)=XEST
70 IFIYGIVLLTOMINLLY (L), Y(2),Y(3}0) GO YO (90,95),J12
75 IND=6
CALL PARCI(X,Y,APA,RPB,CPC)
DISCR=BPB**2-4 kAP AP (CPC-YGIV)
1F(DISCR.LTL0.7) GO VO 110
IF(DABS{400.*APAX(CPC=YGIV))oLF,BPBRN2) G3 Tn 78
XEST=~RPB=DS IGN(DSORT (NISCR) 4APA)
18(JZ2+EQe2eAND AP ALLT.0.0) XEST=2-BPR-DSQRT (DISCR)
XEST=XEST/2./APA
L G0 10 79
78 ALB2=APA/BPB*(CPL-YGIV)/BPAH
[F(DABS(ACB2).LE.1.E-8) ACB2=0,0
XKEST==-{CPC~YGIV)/BPB&{1,+ACB2¢2,.%ACR2%+2)
- 79 IF{XEST.GV.X(3)) GO TO 95
IF{XEST.LT.X(1)) GI TO 90
RE TURN
reassaxFIURTH OR LATER CALL - (NOT CHOKED)

[

o

132

TN s e e

.cuskwaTHIRD DR LATER CALL - SIND SUBSONIC OR SUPERSONIC SOLUTION

15727744
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80 1FIXESTGToX(3}} 30 TO 50
IFIXESTLLT.X(1)) G TO 6O
Y(2) =YCALC
X(2)=XEST
| 60 TO 70
- sesseTHIRD OR LATER ZALL /7 SOLUTION EXTSTS,
CassessanB gl RIGHT I LEFT SHIFT RFQUIRED.
90 1ND=5
-unsas EFT SHIFT
Y{3)=Y(2)
X{3)=X(2)
Yi2)=v(l)
X(2)2X(1)
XEST=X(1)=XDEL
RE TURN
95 1ND=4
Cosasa]GHT SHIFT
Yii)=Y(2)
X( 1) =X{2)
Y(21=Y(3)
X{21=X{3)
XEST=X {3) $XDEL
| RETURN
awesseT4IPD OR LATER CALL - APPFARS TN RE CHOKED
{ 110 XEST=-BPB /2. /APA
i [ND=7
EFAX(L) oLEoXESTe ANDoXESToLEX(3)) RETURN
j IFIXEST.LTX(1}) GO TO 90
GO TO 95
Cesas*EIJURTH OR LATER SALL - PROBABLY CHOKED
T 130 IF(YCALC.GE.YGIV) GO TO 80
J IND=10
RE TURN
Tl'#*‘*NO SOLUTION FIJUND IN SO ITERATIONS
1

160 IND=11
RETURN
END

SURRIJUT INE FNTGL (DX4FeNoANS )

IMPLICIT REAL®8 (A-H,0-1)

DIMENS ION FI50),ANS(50)

D0 10 I=1.N

[F{T1sEQel) ANS{L)=0.0

1F(1.EQe2) ANS{2)=DX*{F(L1)+F(2))}/2.0
1F(1.EQe3) ANS{A}=DX*{F{1) ¢4 0%xF{2}+F(3)1)1/3,0

I |

10 CONTINUE
| RE TURN
END

133

1F{1.EQue4) ANSIQD=3.0*DX*(F!lIf3.0*FI2)F3.U*F(33+FIQ’llB.O
IF(lGT %) ANS (T ) =ANS(I-2) ¢DXS(F([-2)44.0%F(T-1)#F1T)1/3.)

157217%4
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SUBRIUTINE RLICAT(R 7 ,MX (KMXy YR, IP,KPyNIUT)
IMPLICIT REAL*®8 (A-H,0-1)
DIMENSION RE21,210,2(21,2110YRI6)
NJUT=0
DD 20 (=].MX
TEIDABSIZ(T41)=2(T KMX))aLTels0E~12} GO TD 10
A={R(T o1 1=RULGKUXDIIZEZ(T oL )=Z 01 xMX)})
e (T,1)=A%2{I,1)
ATEST=AXYR(5)+R
IF(RTEST.LEL.YR(1)}) GO TO 3D
GO T0 20
10 1F(Z(1,10eGEL.YR(5)} GO TO 30
20 LCONTINUE
30 1p=1
IFLTIP.NELsL) GD TO 40
NOUT=1
RE TURN

E
E
|
|
|
| o TR{Ie 60 10 o
|
[
/
|

IF{R{MXs1)eLTe¥YP (1)) GO TO 50
NIUT=3
RE TURN
50 CONTINUE
DO 70 K=1,KMX
[F(DABS(Z(IP,K)I-Z{IP-1,K))eLT21.0E-12) G TO 60
A= {RUIP-1 K)=REIP,K}I/(Z(IP=1,K)=2(IPyK})
B=R(IP,K)=A®Z(IP4K)
RTEST=A®YR(5)+B _
17 (YR{1).LE«RTEST) GO TO 80
G0 TO 70
60 IF(Z{1P,K).GE.YR{5)) GO TO 80
70 CINTINUE
80 KP=K
IF(KP.NEs1) GO TO 90
NJUT=2
RETURN
90 IF(KP.NE.KMX) GJ TO 100
1F{DABS(Z{IP,KP)-Z (IP=1,KP))eLT41.0E-12) GO TO 110
IFIYR{1).LT.RTEST) GO TO 100
NOUT=4
100 RETURN
110 IF{YR{S).GE.Z{IP,KP)) NOUT=4
RETURN
END

|
|
|
|
i
I
[
I
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;G LEVEL 21 RBCH DATE = T5045

I

|
. 10
—
| 100

L
110
200
| 250
30

SUBRIUTINE RPACHIYR,R,Z+TyHETALNOUT)
IMPLICIT REAL®8 {A-H,D~1)
NIMENSION YR{S)oR{?1+282),ETAL2)
IF(DABS(Z2(2)=2(1))elTul . DE=~12) 30 TD 100
IFINABSIR(2)=-R{L) ) LT, 1,0E~12) GO TO 200
SMs{R{2)=R{1DI/7L2L2)=-2(1))
IF(DABS{YRIG6))LFE,1.0E-12) GO TO 10
[F(DABSIYRI{2))sLELL1.0E~12) GO TO 20
PM=YR(2)/YR(G)

2B2{Z{1)%SM=YR(S5 )*PM+YRIL)I=R{L1)}Z(SM=PN)
Ra=SMe(ZB=-Z(L) ) eR (1) ’

GO TO 30

IR=YR{5)

RA=SM=x{ ZB~Z{1)})+3(1)

G2 TO 30

RB=YR{1)

Ia={RB- RII”/SHGZGIi

GO TO 30

IE(DABS{VYR{2)) . LT.I.BE «-12) GO D 110
PU=YR{2Z)/YR{6}
RB=PM*{Z2(1)~-YR{S))I¢VYR(])

8=2(1}

GO TO 30

RB=YR(1)

Z8=1(1)

GO TO 30

IS{DABS{YR(6})eLTela0E~12) GD TO 250
PU=YR(2)}/YRI6)

RB=R(1)

Z8=(RB~-YR(1))/PM+YR(5}

Ga TDO 30

RE=R{1)

ZB=YR(S5)
DEP2DSARTI{RB-YR{1) ) *%24+{ZB-YR{5) }**2)
VM=DSQRT{YR{ 2} *«c2+YR{6)¥*2)
DT=H-DRAP/VM

TB=YR{3)¢YR{4)XDBP/VM

GAMMASDATANZ (IRI2)=RILII ¢4 2(2)=-2(L)))} -145T07963
ALPHA=DATAN2{YR(2),YR(6)})
VN=VM®DCOS { GAMMA=-AL PHA }
VTRxyM#DS IN( GAMMA~ALPHA}
VNPz<VMN*ETA{ 1)

VTRP=VTR*ETA( 2}

YR{4)=YR{4)*ETA{2)

VMP=DSORT (VNP2 ¢V TRP*%2)
BETA=DATAN2{VTRP,~VNP)
YR{2)==-yMP*DSIN(GAMMA+RETA}
YR{6)==-YMP*DCIS{GAMMA+BETA)
YR(]1)=RB+YR{2)#DT

YR{3)})=TB+YR{4)*)T

YR(S)=28¢YR(5)«DF

T=T+H

RETURN

END
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21 SPLINT DATE = 75045 15721/44

SUBROUTINE SHLTYT (XY eNoZ MAXLYINT)

IMPLICIT REAL=B (A-H,D~1)

DIMENSTION X(52),Y(50)¢S5(50),A(50),B{50)¢C(50)+F(50)W{50),58(50),
1G(50)+EMIS0)2(50) +YINT(50)

COMMON Q

INTEGER Q

D3 13 1=22,N

StId=xti)=-X({I-1)

SINYINUE

NO=N-1

DO 20 I=2,N0D

AlT1)=5(1}/6.0

R{T)I=(S(1)eSC(I#1})/3.0

C(1)=S(1¢1}/6.0
FLII=(YCT+l)=YOE) /7St el }=tY(I)=Y(I=-1)})/S(])
A{N)}==,5

Bll)=1,.0

Binl=1.0

Ci{li=—-.5

FIl1i=04,0

FIN)=0.0

Wil)=B(1)

SBEir=C(LI/W L)

611)=0,0

20 30 [=2(N

WEI)=B(I}=-ACT)%SBEtI-1)

SBLI)=C(T}/W(l)

GLI)=(F(I)-ACT)®G(TI=1))}/W(])

EM(N)=GIN)

DO 40 [=2,N 'y
K=Ne¢l=-1

CM{K)=G(K}=SBIC)*EM({Ke+1)

D3 90 I=1.MAX

K=2

IF(ZCE)=-X{1)) 6I,:50,70

YINT{1)=Y{])

Gl TO 90

TREZOT ) oLTo(Loa1EX (1 )= 12X{2)))IWRITE (6,1020)02{ 1)

GO0 TD a5

FORMAT {(17H OUT 3F RANGE I #F10.6)

TFCZUT ) oBTallal®X(N)-, 1*YI{N=1))) WRITE (6,1000)Z(1)
K=N

6N TO 85

IFL2(T)-X{(K)}) BS,75,80

YINT{I)=Y(K)

GO TO 90

K=K+l

[FI{K=N) T70,70465

YINT(I) = EMUIK=L)®(X(K)}=2(T})%2376,/75(K)+EM(K)*(Z(T)-X{¥X-1))¢s3/6,
1/SIKIEIYIRI/ZSIKI=EMIKI*S (KI5 (20T}=X{K=1))I+{Y(L=L)/S(K)=-EN{K~1)

2*S{K) /76 )% (XIK)-2(1))

CONTINUE
MXA = MAXOIN,MAX)
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o S

Example

The example case presented here used the ft., slug, second
system of units. The gas flow conditions correspond to inlet
stagnation conditions of standard sea level air. The output
that describes the mass flow through the turning vortex is
contained on the first 5 pages of the output here. The output
variables are the gas angle with respect to the meridional plane,
g, and the velocity in terms of V/Vcr.

The particle used in the example has a specific gravity of 3
and a diameter of approximately 24 microns. Initially the
particle has a velocity in the tangential direction with a
velocity of 1000 rad/sec. The trajectory data indicates that
this particle moves outward until it strikes the outer surface,
where it bounces. The bounce drives the particle back into the
inlet of the turning vortex.

The following pages contain a computer code sheet with
the data arranged in the prcper columns, and the output for
this example.
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VKNPY Example Case for NASA Reoort
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i!EVEL 21 SPLINT. DATE = 75045 15727 /4%

. 1E(0.EG16) WRITF(Hs1080) NoMAX{XCT) oYIE)oZUE)YINTLI),In1,4XA)
1010 FORMAT (2X21HND. OF POINTS GIVEN #,13,30H, NO, OF INTERPOLATED POI
- INTS #,013,710X5HX 15XSHY 12X1IHX<INTERPOL. XL LHY=INTERPOLL/ {4

2€20.8)) . |
100 RE TURN ::gg
END
n SUBROUTINE POLATE(R,Z,A4RP 2P, [PoKP, AP, ND)

{MPLICIT REAL®8 (A-H,0-2)
DIMENSTON R{21421),2(21,21),4021,21),0(2),D0(2)
DO 10 [=1,2
TA=1Pe¢)-1 ’
: IF(DABSI{Z(TAKP=1)=-2{1A,KP))oLToe1s0E~12) GO YO S
IF(DABSIRIIA,KP)=R{1A,KP=1)) oLTo 1.0E=12) GO TO 6
i AM=(R{TALKP)=RETAKP=1))/(ZCTAsKP)=Z({TAsKP=1})
BL=R{IA,KP=1 )~AMSZ{IA,KP=1)
AZ2=RP+IP/AM
ZA=(B2-B1 ) *AM/ (AM®4241,0)
RA=B2-ZA/AM
= G2 TO 10
5 RA=RP
J ZA=Z(1A,KP-1)
63 TO 10
6 RA=R{IA,KP-1)
T LAsZp
| 10 DOT)=DSORT{{RA~RP ) *%24{ ZA-2P ) %%2)
| OT=DI1)+D(2) |
- AA=(D(L)I*AL TP, KP=1)¢D{2} %A (IP=1,KP=1)}/DT
| AB={D(1)*A(IP,KP)#D(2) %A (1P=1,KP)}/DT
- DO 20 K=1,2
KA=KP-K+1 :
RC=(D(1I*R({IP, KA} +D12) %R { IP-1,KA) }/DT
i I2=(D(L}%Z(IP,KA4D(2)*2(IP-1,KA})/DT
20 ID(K)=DSQRT{{RP=RC)**24{2P=2C}*%2)
- DT=0D(1)+0D(2)
AP=({DD(1)*AA+DD(2)*AB) /DT
RETURN
~ END

N SUBRJUTINE RNUMBR{RENOLD,DGFC,COD)
IMPLICIT REAL*8 {A-H,0-1)
] I=(DABS(RENULD}eLTo1ls0E=12) RENOLD=]1,0E~12
IF{RENOLD.LT.1.D) GO TD 26
IF((RENOLD.GEe1.0).AND.{RENDLD.LT.1.0E3}) GO TO 27
| CD=DGFC*0.4 .
RETURN
26 CO=DGFC*{4,5424,0/RENOLD}
[ RETURN

27 ARE=DLOG(RENOLD)
CO={28,5-26, 0XARE+9, 0682 ARE®#2=]1,TT1I*ARE®* 30,1 7T18%ARE** 4
1 ~0+.0065%ARE®®5) *DGF]
RETURN

L END
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DISCUSSION OF RESULTS

The programs that are included here illustrate the general
complexity of the problem of determining particle trajectories
in a turbomachine. In tracing the particles all the way through
a radial inflow turbine, the constantly changing nature of the
flow requires that each region of the flow be considered indi-
vidually. These programs are used to study the particle tra-
jectories through each of these regions.

The programs havé-been developed over a three year period
and some of the programs have subroutines that were stepping
stones to the more complex routines that are explained in the
section entitled, "General Numerical Techniques". WUsers of
these programs might consider improvements by using the sophis-
ticated subroutines instead, particularly the programs that do
not allow variable particle restitution coefficients. The sub-
routine RESTCO, explained previously, can be used to describe
in general the rcstitution coefficients. Experience has shown -
that the use of constant restitution coefficients less than 1.0

causes the particles to come to rest.

Several other programs, specifically the SCRL2D and STATOR
programs could be improved with the addition of more realistic
boundaries. In the scroll program, the solution of the gas flow
is one-dimensional and the particle trajectories are two-dimensional,
A better solution of the gas flow in this region might provide a
slightly different particle trajectory pattern. In the stator
program, the hub to shroud distance has been assumed constant,
although in most real turbines, this distance is a function of
the radius. Inclusion of this factor might lead to some interest-
ing results in the study of particle trajectories in the radial
turbine. These programs could be the basis of a very large program
that could use a Monte Carlo Technique to study erosion rates from
turbine internal surfaces.
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CONCLUSIONS

This report has presénted the computer programs that have
been used to study the trajectories of particles in the radial
inflow turbine, These programs can be used to investigate the
trajectories of particles in radial inflow turbines, and provide
information concerning the locations where particles strike the
gurfaces. This information can be used to predict the areas
most subjected to erosion damage, in radial inflow turbines.
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ITable 1. Coefficients of Polynomial, aj,
Describing Variation of
Tangential Restitution Coef-
ficient with Incidence Angle*

Table 2. Coefficients of Polynomial
Describing Variation of

Normal Restitution Coefficient
with Incidence Angle*

ICoefficient of Number

value of Coefficient

Coefficient of Number

Value of Coefficient

L o A 0 s W W

10

1.819024
5.117122

- 49.252858
131.035284
~174.424912
117.872348
- 24.478854
- 16.729740
11.230019

- 1.979996

v @ =~ n e W N

10

5.721469

- 41.880784
178.168464
-424.388179
572.763055
-406.662526
87.142750
70.651124

- 50.498187
9.676744

*Angles expressed in radians

*Angles expressed in radians
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FIGURE 1. SCHEMATIC OF TYPICAL RADIAL INFLOW TURBINE
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FIGURE 3. TYPICAL FLOW CHART
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FIGURE 4, INTERSECTION OF TRAJECTORY WITH SURFACE
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Point P if surface 2 is used to
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FIGURE 5. FIRST TYPE OF BOUNCE NEAR SURFACE NODES
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if surface 1 is used to
describe surface,

FIGURE 6. SECOND TYPE OF BOUNCE NEAR SURFACE MODES
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FIGURE 7.

FIGURE 8.

METHOD ONE POINTS

METHOD TWO POINTS
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FIGURE 11, NORMAL RESTITUTION COEFFICIENT
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Materinl:
Surface - 2024 Aluminum
Particle « 3102 '
O Deta given in Reference 6
for inoidence velocity = 76.2 m/sec,

1.0
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where ¢, = f b, 8"

ne)
amd  $,(76,1) = 1,0

Tangential Restitution Coefficient
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FIGURE 12, INFLUENCE OF INCIDENCE ANGLE ON TANGENTIAL
RESTITUTION COEFFICIENT
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FIGURE 21. FLOW CHART FOR STATOR




. wewa ey peEmeRPeim PR NCTER B2 TomBRSS W — =
. OR THOGONAL> ? ors TERTEATT
N\ \\ AXIS
._‘ A \ TYPICAL FIRST
. \ \ | ORTHOGONAL STREAMLINE
\ \ =
\
\
N TYPICAL

‘ \ STREAMLINE

!
!
LAST 1
 STEAMLINE |
RADIAL % | ~ ‘,’\ <3
COORDINAT ANGULAR N
] R i COORDINATE & ,' LAST
5 I F,!RST____.I ORTHOGONAL>

NOTE: Data must be input from first to last orthogonal
and from first to last strcamline .

FIGURE 22, NOZZLE GEOMETRY AND COORDINATE SYSTEM
USED IN STATOR PROGRAM

ERT GTWRS: 73T VOINTE ) JTUR LTI T B L T RIS LR 0t T s



LJ

EAD OUA
oamn GanAL DATA

'wmrE OATA
FOR REFERENCE |

READ PART-
ICLE DATA

L 1
ECHO CHECHK
DATA

{ IRITIALIZE |
[

WRITE "OuT
OF BOuUNOS ™

WRITE SIMILARIT
PARAMETERS

LOCATE AND
CHECK PARTICLE

agut OF t

LOCATION

QUND

‘BOURDS

INTERPOLATE FLUID

PROPERTIES

(SET_UP_FiRsT STER)

RESET
INTEGRATION

-

MTNTEGRATE OVER]

ONE TIME STEP

LOCATE AND
CHECK PARTICLE
|LOCATION

OuUT OF
BOUNDS

lm BOUNDS

PROPERTIES

INTERPOLATE FLUIDSY BOUNCE PART-

WCLE OFF SURFACE

L

VALUES
INCORRECTY

ERTIES USED

TEST FLUIDS PRaP-

VALUES ] CORRECT

|
_

COMPLETE INTE-
GRATION STEP

A

CH

ECK IF OUTPUT

SHOULD\

BE FRINTED THIS STEP

NO

tNO

WBATE)
auUTeuUT
it

. YES

CRECR IF PART-

iCLE BETWEEW

FIGURE 23.

LINLET AND OUTLET

171

ROTOR FLOW DIAGRAM



%

— | NEXT

STARY

g

"READ FLUID |
FLOW DATA

ECHO CHECK

N

CALCULATE
GRID POINTS
AND GAS FLOW
AT THESE PTS

WRITE INFO.
ON THIS
ORTHOGONAL

:

SOLVE FLOW
BY ITERATING
ON ESTIMATI
HUB VEL.

]

WRITE
SOLUTION

\

RE DO FOR

ORTHOGONAL
! :
CONVERT
UNITS

fREAD PART-

IOLE DATA
I

ECHO CHEC

h-—/

[INITIALIZE]

WRITE SIM-
ILARITY PAR-
AMETER

LT

IN BOUNDS

INTERPOLUATE
FLUID PROPER-
TIES

|

SET UuP
FIRST STEP

CHECHK PART-|OUT OF
| 1CLE LOCATION BOUNDS

=

INTEGRATE

RESET OVER ONE STE
i

INTEGRATION

LOCATE

OUT OF

PARTICLE
iN ¢BOUNDS

YALUE[ TEST ‘:AS
INCORRECT, PROPERTIES

INTEGRATION
]

BOUNDS

BOUNCE
OFF SURFACE

YALUES }comen
COMPLETE

BE PRINTED THIS

CHECK IF OUTPUT SHOULD
STEP

NO A

FIGURE 24,

NO YES
WRITE |
ouTheY

BETWEEN INLET AND OUTLST

YES

VANPY FLOW DIAGRAM

172

L R el St A A s L B AL e vk

e

2 e e R A e A




ORTHOGONAL CORRESPONDING TO [=1

TYPICAL ORTHOGONAL

TYPICAL STREAMLINE

STREAMLINE
CORRESPONDING TO K=1

RC(,K),
! /

| /
Rol==--="

STREAMLINE

ORTHOGONAL
Ry - -t 4 #“| CORRESPONDING TO [=MX
'
§
[ -
O 21 Zo y4

FIGURE 25, COORDINATE SYSTEM USED IN VANPY COMPUTER PROGRAM

173

CORRESPONDING TO K=KMX




	0021A01
	0021A02
	0021A03
	0021A04
	0021A05
	0021A06
	0021A07
	0021A08
	0021A09
	0021A10
	0021A11
	0021A12
	0021A13
	0021B01
	0021B02
	0021B03
	0021B04
	0021B05
	0021B06
	0021B07
	0021B08
	0021B09
	0021B10
	0021B11
	0021B12
	0021B13
	0021B14
	0021C01
	0021C02
	0021C03
	0021C04
	0021C05
	0021C06
	0021C07
	0021C08
	0021C09
	0021C10
	0021C11
	0021C12
	0021C13
	0021C14
	0021D01
	0021D01
	0021D02
	0021D02
	0021D03
	0021D03
	0021D04
	0021D04
	0021D05
	0021D06
	0021D07
	0021D08
	0021D09
	0021D10
	0021D11
	0021D12
	0021D13
	0021D14
	0021E01
	0021E02
	0021E03
	0021E04
	0021E05
	0021E06
	0021E07
	0021E08
	0021E09
	0021E10
	0021E11
	0021E12
	0021E13
	0021E14
	0021F01
	0021F02
	0021F03
	0021F04
	0021F05
	0021F06
	0021F07
	0021F08
	0021F09
	0021F10
	0021F11
	0021F12
	0021F13
	0021F14
	0021G01
	0021G02
	0021G03
	0021G04
	0021G05
	0021G06
	0021G07
	0021G08
	0021G09
	0021G10
	0021G11
	0021G12
	0021G13
	0021G14
	0022A01
	0022A02
	0022A03
	0022A04
	0022A05
	0022A06
	0022A07
	0022A08
	0022A09
	0022A10
	0022A11
	0022A12
	0022A13
	0022B01
	0022B02
	0022B03
	0022B04
	0022B05
	0022B06
	0022B07
	0022B08
	0022B09
	0022B10
	0022B11
	0022B12
	0022B13
	0022B14
	0022C01
	0022C02
	0022C03
	0022C04
	0022C05
	0022C06
	0022C07
	0022C08
	0022C09
	0022C10
	0022C11
	0022C12
	0022C13
	0022C14
	0022D01
	0022D02
	0022D03
	0022D04
	0022D05
	0022D06
	0022D07
	0022D08
	0022D09
	0022D10
	0022D11
	0022D12
	0022D13
	0022D14
	0022E01
	0022E02
	0022E03
	0022E04
	0022E05
	0022E06
	0022E07
	0022E08
	0022E09
	0022E10
	0022E11
	0022E12
	0022E13
	0022E14
	0022F01
	0022F02
	0022F03
	0022F04
	0022F05
	0022F06
	0022F07
	0022F08
	0022F09
	0022F10



