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ABSTRACT
s

An analysis tool is constructed for the purpose of predicting the fluid
,

trar.sient in a piping system as a consequence of (or in spite of) a check
valve being present in the system. The development of the check valve model
along with its implementation into a fluid flow analysis computer program
is documented. The analysis tool requirements are outlined and the valve flow
and disk cynamics are established. A sample demonstration problem was run
using the analysis tool and the results reported. Several supporting documents

for the transient fluid flow analysis cceputer program are also included in
the appendices.

d

e

6

%

1215 223
iii



SUMPARY

This report addresses the hydrodynamic consequence of fluid transients.

in piping systems containing swing-type check valves, particularly the systems
and subsystems of nuclear power plants. An analysis tool which can be used to.

predict these consequences is constructed from the RELAPS Reactor Loss of

Coola' t Analysis Program. A dynamic check valve model was developed as a
simple, one-dimensional, junction phenomenon which reacts interactively with
the local flow field.

A demonstration problem was con'pleted. The problem consisted of a BWR

prinary feedwater line (with a check valve present) subjected to a postulated
pipe rupture. The result., from this analysis appear qualitatively and, in
many aspects, quantitatively correct, liowever, due to the complexity of the
modeled phenomena, future experimental verification is desirable. The inalysis
tool shows prcmise as a predictor of both hydrodynamic effects and valve disk
notions.

.

.

.

i215~224iv



CONTENTS

Pace

ABSTRACT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii-

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
.

I. INTRODUCTION. . . . . . . . . . . . . . - . . . . . . . . . . . . I

II. ANALYSIS TOOL DEVELOPMENT . . . . . . . . . . . . . . . . . . . . 3

1. REQUIREMENTS. . . . . . . . . . . . . . . . . . . . . . . . . 3

2. ANALYSIS TOOL TEST PROGRAMS . . . . . . . . . . . . . . . . . 3

3. VALVE FLOW DYNAMICS . . . . . . . . . . . . . . . . . . . . . 5

4. VALVE DISK DYNAMICS . . . . . . . . . . . . . . . . . . . . . 7

III. DEMONSTRATION PROBLEM . . . . 11.. . ............ ...

1. PROBLEM DEFINITION. Il.....................

2. ANALYSIS MODEL. . . . . . . . . . . . . . . . . . . . . . . . 11

3. SAMPLE PROBLEM RESULTS. . . . . . . . . . . . . . . . . . . . 11,

IV. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4

V. REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

APPENDIX A - FORTRAN VENT VALVE MODEL . . . . . . . . . . . . . . . . . A-i

APPENDIX B - DEMONSTRATION PROBLEM, RELAP5 MODEL. . . . . . . . . . . . B-i

APPENDIX C - RELAPS HYDRODYNAMICS . . . . . . . . . . . . . . . . . . . C-i

19PENDIX D - RELAPS ABRUPT AREA CHANGES AND FLOW BRANCHING. . . . . . . D-i

APPENDIX E - RELAPS ANALYTIC CHOKING CRITERICM. . E-i.... .......

FIGURES

1. Swing-Type Check Valve Schematic, Nomenclature, and Forces . . . . 2.

" Abrupt Area Change Simulation of Check Valve . . . . . . . . . . . 6.

.

'. Adverse Pressure Gradient Through an Abrupt Area Change. . . . . . 6

v

1215 225



FIGURES (Continued)

4. Basic Calculational Cycle for the Check Valve Mcdel . . . . . . . 10

*

5. BWR Feedwater Piping System . . ................12

6. RELAP5 Hydrodynamic Model of BWR Feedwater Piping System. . . . 14.

7. Pressure Distribution Along Cross-Hatched Portion of the
Piping System at Various Times. . ..........15...

8. Pressure Difference History Across the Check Valve. . . . . . 18

9. Valve Disk Motion History . . . . ...............18

10. Initial Valve Disk Motion History . . . . . . . . . . . . . . . 19

TABLES

I. RELAPS Hydrodynamic Mcdel Components. . . . . . . . . . . . . . , 13

.

4

m

1216 226
vi



NOMENCLATURE

Variables not defined within the text of the report
,

A area of valve disk
D

.

A ) g,, minimum flow area through the valve
f

A flow area at station Kg

G pressure difference across the valve disk due to gravitational
head

effects

I mass moment of inertia of the valve disk about its rocker axis

L length of the valve disk monent arm

th homogeneous mixture fluid mass flowrate

P valve closing back pressure (minimum pressure difference across
BP

the valve disk required to initiate motion)

R valve disk radius

t time
'

T torque acting on the valve disk

W valve disk weight

Greek

valve disk angular accelerationa

valve disk angular velocitye

e valve disk angular position

& angle of inclination of valve assembly

p homogeneous mixture fluid density

Subscripts
,

n time, t + n at

'

n+1 time, t + (n+1) At

max maximum

min minimum

vil.. 1215 227



I. INTRODUCTION

Swing-check type valves are in wide use in nuclear power plants, e.g. ,
as isolation and non-return valves in the main steam lines connecting the-

steam generator to the steam turbine and as protective flow limiters on
feedwater lines. During the course of the valve closure, high valve disk*

(see Figure 1) accelerations can oevelop leading to a substantial disk impact
velocity. This is especially true for the severe case of a pipe rupture in

which the major driving moment in the disk dynamics, the pressure differential
across the disk, is significant due to the severe pressure transient and flow
reversal phenomena.

In both the tripped and pipe-break closure situations several questions

must be asked, including the following:
* How fast does or can the valve close?

Can the valve really stop the flow, i.e. , if the valve slams shut*

rapidly, is it possible for the vcive disk or seat to fail due to

high impact loads?
For raoid valve closure what fluid transient results in the connecting*

' piping system and what are the consequences of such a fluid transient?
It is the last question to which this report primarily addresses itself, however,

.

the other two questions will be addressed as a consequence of this analysis.

More specifically, the goal of this project is to develop an analysis tool,

using existing technology, which can be used to predict fluid transients which
may occur in a piping system due to check valve motions. The results of such
an analysis can be used directly to calculate the loads or forcing function

inputs to a dynamic structural analysis of the system. This analysis tool was
constructed for and funded by the U. S. Nuclear Regulatory Commission (USNRC).

In the remainder of this report the basic requirements of the analysis

tool will be established and the various system computer codes which were con-
sidered for the implementation of the check valve model will be discussed. The

check valve model is then developed oy consideration of the check valve flow and
disk dynamics. A demonstration problem (a BWR reactor primary feedwater line,-

with a check valve, undergoing a pipe rupture) will be constructed to illustrate
the use of the analysis tool. The results of this demonstration problem are re--

ported. The check valve model, BWR demonstration problem hydrodynamic model,

and supporting documentation for the analysis tool are included in the
appendices.

1215 228
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Figure 1
,

Swing-Type Check Valve Schematic, Nomenclature, and Forces

(The valve is shown horizontally, thus ? = 0)
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II. ANALYSIS TOOL DEVELOPMENT

1. REQUIREMENTS,

Since the check valve may operate in a system undergoing a pipe rupture.

(potential blowdown), a primary requisite for the analysis tool is the ability
to handle wave phenomena and critical ficw in two phase systems as well as
single phase (steam or subcooled water) systems. Unfortunately, wave phenomena,
a... consequently critical flow phenomena, are not understood as well as is
desirable when two phases are present. The propagation velocities, as well as
several other aspects of wave pheonmena such as damping (diffusion), dispersion
of wave trains, and the existence and structure of shocks are strongly affected
by the interactions between the phases in two phase media. Consequently, it is
essential that single-phase results not, as is too often the case for critical
flow and propagation phenomena, be extended to two-phase media without

EIcaution Thermal non-equilibrium and phasic velocity slip considerations.

are essential.
Another requirement of the analysis tool deals with the availability of

check valve flow characteristics. Cuite often these flow characteristics are
difficult to obtain or just not available. It is therefore desirable that-

the check valve model utilized in the analysis tool be able to give reasonable
results without published valve flow characteristics.

2. ANALYSIS TOOL TEST PROGRAMS

The charter for this project was the development of a dynamic check valve
model for implementation into an already existing fluid transient ccde with
perhaps scme modification to the fluid transients code to accommodate the valve
model and not for the development of a complete fluid transients code. In light

of the previous Section II,1, it was evident that if a suitable fluid transients
code was available, it would surely be an advanced, state-of-the-art code. Four,

computer codes were identified as possible candidates into which to incorporate
. the dynamic check valve mcdel DAPSY[2,3] ,SOLA-PL00P[4,5] , TRAC [6), and,

RELAPb7*l.

* Included in Appendix C.

3
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DAPSY is a one-dimensional code developed in West Germany for the calcula-
tion of pressure wave propagation in light water reactor primary uc01 ant sys-
tems. This code uses a method of characteristics solution techniqu; (assuming
equal phase velocities and that steam is always on the saturation line) to '

solve the four equation system representing homogeneous, limited nor.-equilib-
rium flows. The equation system solved by DAPSY was considered to marginally *

meet the' requirements placed on the flow physics calculations. An agreement
with the West German government to obtain this code was already in progress;
however, it becane evident that this code would not have been available in a

timely manner.

SOLA-PLOOP is a one-dimensional code oeveloped at the Los Alamos Scientific

Laboratory (LASL) for calculating transient, non-eauilibrium, two-phase flow
in networks using a partially implicit algorithm The code was originally.

selected as the fluid transient basis for the valve model because of its
apparently simple yet capable construction. It was eventually dropped because
too much of the coding was simply unchecked, and because its ability to handle
abrupt area changes was inadequate; significant, new development of the code
itself would have been required.

TRAC is a multi-dimensional code still currently under heavy developme1t
at LASL with USNRC funding as a "best estimate" prediction tool for the anal-
ysis of postulated light water reactor accidents. The currently released
version, TRAC-P1, uses both implicit and semi-implicit solution techniques
for a two-phase, five-equation drif t-flux model . TRAC has a check valve
model; however, it is much too simple for the purpose of this project. TRAC
appeared to be a good basis for the valve model; however, TRAC-P1 was not
generally released at the initiation of this project and the last alternative

code RELAP5, yet to be discussed, was felt to offer superior capabilities for
this application because of its equation form.

RELAPS is a one-dimensional, advanced, "best estimate" code for the tran-

sient analysis of light water reactor systems, still under development at
the Idaho National Engineering Laboratory for the USNCR. RELAP5 was consid-
ered, for the following reasons, to be the superior fluid transient code for -

implementing the check valve model-
The hydrodynamic model is a two-fluid non-equilibrium model with one -

of the phases fixed at saturation.

The code, with its five equation model (overall continuity, phasic
difference continuity, overall momentum, phasic difference momentum,

and overall internal energy) also has a unique method for calculating

4
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flow through abrupt area changes .

*

The code incorporates sone unique and advanced choking models ..

The code is user oriented as far as input and output are concerned..

Although the advanced code is yet to be released, the RELAPS code was obtained
from the authors along with nuch valuable cooperation and assistance.

,

. 3. VALVE FLOW DYilAf1ICS

From a flow point of view, the check valve is represented by an abrupt area
change (see Figure 2). The flow field through the area change is analyzed to
calculate the forces acting on the valve disk to cause motion. The disk motion
is in turn tracked to get successively new flow area changes. These two steps
are repeated continuously in an explicit nanner. Appendix D presents a detailed
account of the calculation of flow through abrupt area changes.

A normal pressure gradient for a steady-state type flow is shown in Fig. 3 (dash-

ed line). Figure 3 also shows a typical , adverse pressure gradient which could result
at some time in the area change region (Fig. 2) due to a decompression wave propa-
gation through this region. The decompression wave is of finite lenoth due to a fin-
ite break opening time or an instantaneous break in a system experiencing artificial

, (numerical) viscosity phenomena. The adverse pressure gradient (pressure at K lower
than the pressure at L despite a fluid flow from K to L through an area change) could
easily occur during a transient; for example, a break may have occurred uostrean of.

point K and a decompression wave may be traveling to the right, decompressina the
f1- ' at point K prior to that at point L. A similar situation could result from
a compression wave propagating in the L-to-K direction fron sonewhere downstream
of point L; in this case the fluid at point L would compress prior to that at ooint
K. Since the flow field in the vicinity of the val 'e (area restriction) is being
treated one-dinensionally, the available pressures for application to the valve
disk are limited. Sensitivity studies were done to deternine the effect that the
selection 01 different applied pressures had on the valve disk motion. Initially

the pressure difference applied to the valve disk was P - P , wh e re P and P are
L g g

the downstream and upstream static pressures. A second, alternative approach was
also taken in which the maximum possible pressure gradient was applied to the disk;

.

(P - P ) + (Pg - P ) or simply PL - P;, where PC is the pressure occurring at the
L g C

ven contracta point. This latter assumption applits the mininum pressure occurring
,

at the vena (continued on next page)

* Included in Appendix ).

** Included in Appendix ~.
1215 232s
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contracta point to one complete side of the disk (conservative assumption).
The variation of the valve disk motion history with the two different forms
for applying pressure to the disk was found to be very slight. The second
approach outlined above for applying pressures to the disk was used in the,

sample demonstration problem to be reported in Section III.
The pressure at t|.e point of vena contracta, P , was calculated using.

C

a homogeneous. equilibrium Bernoulli equation. Assuming flow from Point K
to Point L in F gure 2, the vena contracta pressure is then calculated as:

g+fp -

pA
=P

C A g C

where the vena contracta area, A , is calculated as shown in Appendix D.
C

Upon careful inspection of the second approach for applying pressures
to the valve disk, outlined above, it becomes evident that for normal gradients
a more consistent approach (ar.d probably more accurate) would be (P -P)g L
+ (P - P ) or simply P ~

C.
This variation for normal pressure gradients

C K

was not implemented but is recomended for future apt ~ications.
The pressure difference across tha 'talve grows ratiidly once critical

flow conditions are reached, thus a good choked flow model is needed. RELAP5-

had an excellent, advanced choked flow model for two-phase ficw through the
valve (see Appendix E). For the case of subcooled liquid conditions upstream-

of the valve (minimum area) with two-phase flow possibly existing at the

minimum area (P sPsaturation) an adequate choking model had to be imple-C

mented. The assumption of flow choking upon the vena contracta pressure's
reaching the saturation pressure was adopted, realizing that this assumption
is only approximate.

4. VALVE DISK DYNAMICS

Refer again to the typical valve disk assembly and the force system
acting on it as shown in Figure 1. The motion of the disk assembly about
the rocker shaft axis is given by Newton's second law (angular version) as,

. .

. Disk Mass Moment.
.

.

Torques Acting Disk Angular, .
On Disk Of Inertia About Acceleration*

.
_

The Axis
__

7
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_ _ _ _ - .

or

ET Ia (2)=
,

The external torques acting on the valve disk are given by
.

-W L sin (e + 4) - A L (AP + PBP + Ghead) (3)T =
D

where the aP term may take on the different definitions given previously
in Section II,3.

Substituting Equation (3) into (2) gives

Ia = -W L sin e - nR2L(AP + PBP + Ghead) (4)

where c has been dropped by assuming the valve is a horizontal pipe. Finite
differencing Equation (4) gives

1
-

n *T -W L sin e - nR2L(aP +PBP + Ghead)- (6)a
'n n

.

where the subscript n indicates the time level t + n at. Integrating .

Equation (5) with respect to time by forward differencing yields

=u + at (6)wpj n n

Integrating Equation (6) similarly gives

e +1 =e + "n+1 at (7)n n

In order to accousit for valve stops at the minimum and maximum disk positions
the following checks on valve disk angle of opering were made

.

If G 2 e then e = e and a=0
max max (8)

If e s e then e = e and a=0
,min min

1215 235
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The flow area for the valve (area restriction) is then set. Any arbitrar
function may be applied; the one selected here for demonstration is[ll,12

2nR2 tan e for e <26.565A ) g, =
f p3,

n+1 (9)
nR2 for e >26.565=,

Equations (5) through (9) constitute the basic inertial swinging disk check
valve model. Figure 4 shows the basic calculational cycle for the check
valve. Appendix A contains a FOR' A.N listing of the check valve model.

.

*

J

A

1215.236

9



- . . - -

START

m

'

Calculate n fime level valve disk forces
frm n time level flow parameters

.

Calcalde n bme level valve disk accelero6ms

Inteyrde n be level valve esk acceleraGon
bire $1Me VS/tt h rward dl $ rencitty o ytt|d

, n+t Gme level valve disk velocity

Integrde n+1 Ume level valve disk velocity
bke usky Eward chililreaig byieldin

n+r time level valve disk po6& ion or a" ele
.. 9

.

Check for monom and mimm valve
ositio ts and, if necessary , set boasn

_

Calcula.te valve flow area from the disk
ang ular position

Calculate n+1 time level Row parameters

.

End no
Tim Ra wJ,y n=n+L

'

T

ges ,,
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III. DEMONSTRATION PROBLE!1

1. PROBLEM DEFINITION
,

The system selected to demonstrate the check valve analysis tool was a
.

BWR reactor primary feedwater line. The piping system was postulated to rup-
ture (instantaneous guillotine break) just outside of the containment. The
system analyzed consisted of the piping between the break and the reactor
feedring sparger with one control valve and one swing check valve. The
analyzed system,containing about 60 meters of piping, is shown isometrically
in Figure 5. The cross-hatched pipe runs will be explained later in connec-
tion with the presented output.

2. @ LYSIS MODEL

The RELAP5 hydrodynamic model of the analyzed system is shown in Figure 6.
The numbered components are identified in Table I. Appendix B gives a ccmplete
listing of the RELAP5 model initial conditions and physical dimensions.

The initial system conditions were approximately: pressure, 6.89 MPa;
6temperature, 496 X; void fraction, 0.0 mass flowrate, 2.268 x -10 Kg/hr. The

,

break boundary volume was set at: p. essure, 0.10 MPa; temperature, 373 K;

void fraction,1.0. The two feedrir,g sparger boundary conditions were set at:
pressure, 6.89 MPa; temperature, 496 K; and void fraction, 0.0.

The swing check valve disk was assumed to have a moment arm of 0.254 m,
2a radius of 0.171 m, a weight of 223 N, and a moment of inertia of 1.63 kg m ,

3. SAMPLE PROBLEM RESULTS

Pressure distributions along the cross-hatched portion of the piping system
(see Figure 5) are shown in Figure 7 at several times; 6, 20, 40, 60, 80,
100, 200, 300, 400, 450, and 500 milliseconds. Wave propagations are clearly

'

evident. The abrupt pressure step shown at the check valve at 80 milliseconds

resul..s frcm flow choking (72 milliseconds) and compleu check valve closure (75
'

milli:;econds). Comparjng the pressure distributions at 400, 450, and 50e
milliseconds reveals the cyclic phenomena of the waves reflecting back and

1215 23811
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TABLE I

.

RELAP5 HYDR 0 DYNAMIC !!0 DEL COMPONENTS

.

tItem # RELAP5 Type Component s Physical Description

' Time Dependent Volume Break Boundary Condition
3 Single Junction 0.112 m2
4 Pipe 0.118 m2, 4.42 m
5 Inertial Check Valve Swing Check Valv9
6 Pipe 0.118 m2, 2.28 m
7 Single Junction Contrcl Valve, 0.105 m2
8 Pipe 0.125 m2, 1.52 m

29 Plenum, 4 ports Tee, 0.131 m , 1.10 m
10 Pipe 0.0656 m2, 4.57 m
11 Single Junction 0.0656 m2

212 Pipe 0.0656 m , 5.18 m
13 Single Junction 0.0666 m2
14 Pipe 20.0656 m , 6.10 m
15 Single Junction 0.0656 m2
16 Pipe 0.0656 m2, 4.57 m
17 Single Junction 0.0622 m2
18 Time Dependent Volume Feedring Sparger Boundary Condition-

219 Pipe 0.0656 c , 7.16 m
20 Single Junction 0.0656 m2
21 Pipe 20.0656 m , 6.71 m
22 Single Junction 0.0656 m2
23 Pipe 20.0656 m , 4.88 m
24 Single Junction 0.0656 m2
25 Pipe 20.0656 m , 6.10 m
26 Single Junction 0.0656 m2

227 Pipe 0.0656 m , 4.58 m
28 Single Junction 0.0622 m2
29 Time Depende.nt Volume Feedring Sparger Boundary Condition

#Refer to Figure 6.

.
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torth through the piping system. This phenomenon is even more clearly brought
out by examining the time history of the pressure difference across the check
valve as shown in Figure 8. Clearly the waves are attenuating with time as
would be expected.-

Figure 9 gives a time history of the valve disk position. ine disk was
initially open 70 degrees and closed in approximately 75 milliseconds. At-

139 milliseconds the valve opened partially for approximately 46 milliseconds.
The valve position history shows that the disk inpacted the valve Jeat twice,
at 75 and 185 milliseconds, with impact velocities of 5480 and 2050 degrees /
second. The initial valve closure history is shown again in Figure 10 with
an enlarged time scale. Four distinct regions on the curve can be identified.

The initial flat .egion (0 - 4 i.. lliseconds) shows a very slight valve motion*

due predominately to gravity acting on the disk. At approximately 4 milli-

seconds the initial depressurization wave passes the check valve causing a
reduced flowrate and an increased pressure gradient tending to shut the valve
faster (4 - 48 milliseconds). At 48 milliseconds the flow through the valve
reverses, due to pressure wave reflections, causing the valve disk to further
accelerate (48 - 72 milliseconds). At 72 milliseconds the flow area through
the valve is reduced to the point that flow choking occurs, causing a severe
pressure gradient across tne disk which further increases the disk acceleration

'

(72 - 75 milliseconds). The valve motions are entirely explainable and, as
previously mentioned, appear to be relatively insensitive (based on sensitivity
studies) to the variation in technique of applying the disk pressure difference
(at least for this particular system). T M importance of a good choking
model is evident.

The hydrodynamic varicble histories necessary to calculate forcing
functions for dynamic-structural analysis were written on comouter tape for
future use.

.

.
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IV. CONCLUSIONS

The transient flow parameters calculated throughout the system may be used
~

to calculate forces acting on components (piping in particular) or to generate
forcing functions as input for structural dynamic models.

.

The analysis tool reported here consisted of the developed check valve
model structured into the RELAPS Reactor Loss of Coolant Analysis Program.
Concurrent with the check valve model development, the RELAP5 code was also

under heavy develcpment and underwent significant evolutionary change.
There are indications that RELAP5 (and most computational fluid dynamics

codes) dissipates and smears sharp waves, particularly those of short duration
(due to attenuation of higher frequency Fourier components). It is recommended
that further determination of the extent of this phenomenon in RELAPS be
made with sinple problems having known analvtic solutions.

It should also be pointed out that this analysis tool has not undergone
experimental verification. The RELAPS code, however, has successfully been
verified for a limited range of experimental conditions and is currently under-
going an extensive verificational effort. The results presented in the sample

,

demonstraticn problem appear qualitatively correct and quantitatively close to
what would be expected. However, even though this analysis tool has utilized
the latest state-of-the-art, the phenomena it represents are of a degree of
complexity that clearly recommend future experimental verificaticn. An analyst,
in trying to use this tool for problems different than the sample demonstration
problem, should give due consideration to the detailed check valve mcdel os

well as the hydrodynamic ncding structure in the vicinity of the valve.

.

.

.
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IOfHI RXA001
****4 *IDEtT RA3001

*DELLIE RPLENM.67
11 NJ s INIT(1)

IF( t4 J . C E . 0 .ANO. NJ.LT.10 1 GO TO 13+0ELET E RJkA.105
* DELETE RELAP5.3

T A P tb= CUTPU T, DEBUG = 0UTPUT. P L FIL E, PL OTFL , T A PE 12 )*

* DELE 1E RELAF5.63
500 CO N T I t,U E

+8EFCPE PLTnEC.43
kRITE(12) T If1EHY
GC 4C I I V, IV!, IVSVP=

WFIT'(12) P(I)
40 CONTINUE

Cb t r. I i I J, IJE,IJ5KP
wk1Te(12) VLL FJ (I ), VELGJ(I)

S C CON T 1t<U E
DU 6C I I J, IJE, IJSKP

WRITE _) RHOFJ(I), RHOGJfI), VOIDGJ (I )
6C CONTlNUE

* INSERT K2C56.10
C

DI H E tis I C N A P. G ( 11 ) , FCT(11)
C
*IN5ERT VALVE.21
C
C DATA S T A T E F.E N T

CATA A P. G / 0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.6,0.9,1.0 /
OATA FC1/ 0.617, 0.624, 0.632, 0.643, 0.659, 0.661, 0.712,* 0.755, 0.813, 0.892, 1.000 /

C
* DELETE VA L V F.102,V A L V9.10 4 -

C * * * * * * * * * * * * * * * * * * * * *
C INERTIAL SWING CHECK VALVE C00E0 Oe /17/ 78 8Y R. A. BERRY
C * * * * * * * * * * * * * * * * * * * * *

400 K . NOT.M ASK (4 3 ) . A ND.SH IF T (IJ 1( J ) ,16 )=

.NOT. tl AS K ( 4 3 ) . A NO. S 41F T ( I J 2 ( J ) ,1 E )L =

RHOC VOICFJ(J) * RHrFJ(J) + VdIOGJ(J) * RHOGJ(J)=

GC VOIDF J ( J ) * RHfFJ(J) * VELFJ0(J)=

* + VOIDGJ(J) * RHOGJtJ) * VELGJ0(J)
CHEAC RHCC * ( DZ(K) - DZ(L) )=

kEIGHT -222.d6 * LNGViV(I) * SIN ( THETA 0(I) * 0.017453 )=

IF( THETA 9(1).LE.t,INTHT(II.UP.IJ7(J).LT.0 ) GO TO 500
IF( lHETAO(I).LE.0.0.0P.JJ2(J).LT.0 ) GO TO 500
IF( GC.LT.O.C ) GO TO 430
P1 FJ(K)=

A1 AVOL(>>=

ElAT ATHPOT(J) * AJUN(J) / AVOL(K)n

60 TC 460__.

pg) 430 P1 P0(L)=

AVOL(L)
'

A1 =
-'

ETAT ATHROT(J) * AJUN(J) / AVOL(L)
_3

=

W 460 CONTINU6
FLCRATE=GC*Al

ps) CO 470 IVI = 2, 11
U1
CD



] DENT RXB001

ETAT - ARG(IVI)SS$ =

IF( S SS . L E .0.0 ) C0 TO 480
470 CLhTINUE
48C ETAC FCT(IVI-1) + ( FC T (IVI I - FCT(IVI-1) )=

* * t ETAT - ARG(IV3-1) ) / ( ARG(IV1) ARG(IVI-1) )-

ETAC * ATHR3T(J) * AJUN(J)ATC =

IF(ATC.LT.1.0E-5) GO TO 490
PVENC 0.5 * RHDC * (( F LJR A T E / ( R HOC * A1) ) * *2. ( FLORATE/= -

* ( R FOC* A TC ) ) * * 2. )
GO TC 495

490 PVEht 0.0=

495 IF(GC.GT.O.0) PVENC -PVENC=

DE L P= (PG(K )-00 (L ) +PVEEC+ PC V(l' + GHEAD ) * (3.1416 * RDSVLV(T)* **2.) * LNGVLV(I)
GO TC 520

500 DELP ( P0(K) - PO(L) + PCV(I) + GH E l.D ) * (3.1416 * RDSVLV(I)=

* **2.) * LNGVLV(I)
52C CONTINUE

( WEIGHT + DELP ) / H OM EN T (I )ANGACC =

0MEGA(I) UtlE G A0 ( I ) + ANGACC * DT=

THETA (I) THLTA0(I) + ONE GA(1) * DT * 57.2958=

IF ( THETA (1) .IT. MAXTHT(I) ) GO TO 560
THE T A (I ) MAXT"T(I)=

OMEGA (I) 0.0=

56C IF ( THtTA(I) GT. MINTHT(I) ) GO TO 590
HI N 1 HT ( 1 )1HETA(1) =

CHEGA(I) 0.0=

590 IF ( THETA (I) .LT. 26.565 ) GO TO 591
ATHRC1(J) 3.1416 * RDS VL V(I) ** 2 / AJUN(J)=

GO TO 592 -

591 AlHRGT(J) 3.1416 * FDS VL V(I) ** 2 * 2. * TA N ( T H E T A (I ) * .0174 5 3 )=

* / AJUN(J)
592 CONTINUE

If ( ATHROT(J) . L T. ALEAK(I) ) ATHROT(J) ALEAK(I)=

CELTAF P0 ( K )-FG (L )=

WRITE (6,600) IIMEHY, CHEGA(1), THETA (1), ATHROT(J)
600 FORH/T ( 1H O , 4 TIMEHY 4,E10 4,2X,* OMEGA *,F10.4,2X,= =

* * THETA +,F10.4 2X,* ATHROT = *,F10.4)=

kkITE (6,900) PVE hC , D EL T A P
900 FORNAT (IHO,4PVENC *,E10.4,2X,*DLLTAP =*,E10.4)=

IF ( AThROT(J) . E U. 0.0 ) GO TO 620
IJ1(J) .h0T. ?,A S K (1 ) .AND. IJ1(J )=

GO TL 1C00
62C IJ1(J) NASK(1) .0P. IJ1(J)=

VELfJ(J) 0.0=

VELGJ(J) 0.0=-

N
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.

'
.

INP-CHKs RUN CPIION !$ RUN.
INPUT UNITS ARE A55LMED BRITISH DUTPUT UNITS ARE SI
NO RESTART-PLOT FILE 15 TO BE WRITTEN. .- ,7, ,,

TIME STEP (ONTROL DATA
,

END TIME MIN.TIPE STEP max TIME SitP OPTION MINOR

!)0b0000 f0u0000
EDgi MAJOR FDTT RESTART

h.Oh0000E-01 f f Ibo1.000000h 0 7 !.000L30ho3
a >#-- ~' -"-d**"-1

000000E-01 07 03 1 1 5 300

EDIT OF COMPONENT INPUT DATA
(QUANTITIES PRINTED ARE INPUT VALUES. SET BY DEFAULT, OR SET BY ERROR RECOVERY) *

INPUT DATA FOR COMPONFNT 2e BREAK TMDPVOL . HAVING 1 VOLUMES AND 0 JUNCTIONS
VOL NO. FLOW AREA FLOW LENGTH VOL UME H RIZ. ANGLE VFRT. ANGLE EL EV. CHNGei- " " ' " - - s a'*E1 * ' ~

(M25 (M) IM31 1 EG) (DEGl (M)2010000 1.178940E-01 1.5 2 4 c 00E-01 1.796704E-02 0. O. O.
VOL.No. R UGHhE$$ HYORAULIC DIAM. E QUIL ' '

k.h72000E-05 3$87436tE-012010000

TIMEOgPENDENTCATA
'

(SEC) (Pal
0. 9.997398E+04 1.0 00 000 E +0 0
1 000000E-01 9.997396E+04 1.000000E+00 - 5-

, ...

INPUT DATA FOR COMPONENT 3, BREAK $NGLJUN e HAVING 0 VOLUMES AND 1 JUNCTION 5
JUN.MO. FRCM 90L. TO VOL.- JUNC~ ION ARE A FORWARDgOSS REgER5ELog5 "UtJUNCTION '

f)f20411E-01 b b b3000000 2000000 4000000

JUN.NO. INIT LIO. VEL.i INIT VAP. VEL. NTERFACE VEL.
IN/ I (Mit C l MI5Ecl3000000 5.e 30E+00 S.8o 430E+00 0.

INPUT DATA FOR COMPONENT 4e 18 SCH120 PIPE e HAVING 29 VOLUMES AND 28 JUNCTIONS 'i

VOL NO. FL W AREA FLOW LENGTF VOLUME H 2. ANGLE VFRT. ANGLE ELEV. CHNG.(M I (H) (M31 4 3 (0EGI (M) -' . * .4010000 .178940 -01 1. 24000 -01 1.796704 - O. O. O. ' N
4020000 ..l]s0940g-01.1 8940 -01 1. 24C00 -01 1.796704 - O. O. O.4030000 1. 24000E-01 1.796704E-02 0. O. O.4040000 1.176940t-01 524000 -01 1.796704E-02 0. O. O.1 524000 -014050000 1.178940 -01 1. 1.796704E-02 0. 0.' O.'
2898888 1:1f838:8! 1: lit 8881:81 !:588i8th:8i 8: 8: 8:~~*
4000000 1.17e940t-01 1.524000E-01 1. 7 96 70 4 E -02 0 O. O.pgj 4009000 1.178940E-01 1.5 2 4 000F-01 1.796704E-02 0. G. O.4100000 1.178440 -01 1.5240001-01 1.796704E-02 0 O. O.-* 4110000 1.176940 -01 1.52'900 mt! 1.796704E-02 0. O. O.- 4120000 1.178940E-01 1.524000 -01 1 796704E-02 0. O. O.4130000 1.116 9 4 0 t -01 1.524000 -01 l.796704E-02 0 O. O.4140000 1.176540E-01 1.524c00 -01 1.796704E-02 0. O. O.

N
LT1.
N
00-
On

. .
. . .



e

~ s

e
eJ
wJ
k

W
4 u

6 g n=
86 m wue

m aad* W e we
8 3 =%

.A ZCeeoeeeeeeee
4: es ==wo000 00 00000

>e

l' s e
si tb .J

J e eeeeseeeeseeeeseeeeeeseeeesee w
me C0000000000000000000000000000 > 00000000000

' C0000000000
e +++++++++++

e. wwwwwwwwwww
og ecoceceecce
>.=44444444444

- N NNNNNN NNNNNNN f%NN NN NN N NN NN* .NNN v44444444444
00000000000000000000000000000 swc4444444444

eseeeeeoe'eoeeee uJ ++++++++++++++**+++++++++++++ >=ec cec e c ec ec e
.0000000000C0C00 D L Jwww ww wwwwwwww ww wwwwwuwwwwwwuJ *esm f9mm em mm mmm

e C0000000000000000C00000000000 ZK e e e e e e e e e e e
4 00000000000000000000000000000 Mw44444444444
> 44444444444444444444444444444

44444444444444444444444444444
e meeG3 4e Sem emece(DetDe mece4c ce ed3 e e
u C0000000000000000000C00000000 .J

e eeoeeeeeeeoeeeoeeeeeeeoeoeeee e
se 44444444444444444444444444444 > 00000000000

00000000000
e +++++++++++

O nJJwaJwwwwJuJ.4JdJ aJ
me MCCDDDDDDDD
oJ*4 4 4 4 %) 4 4 4 4 4 4

.e mmmmmmmmmmmmmmmmmmmmmmmmmmmme v43444444444
C0000000000000000000000000000 *we4444444444

eeeoeeeoeeeoeea w +++++++++++++++++++++4 ++6++++ v nececececcece
C00000000000000 3 wwwwwwwwanwwwwwnwwwwwwe wwwuww me%mmem e'5 m mm e*m m

a COOOOOOOOOOOOOOOOOOCOOOOOOOOO 2E'eeoeeoeeoeo
es COOOOOOCOOCOCOOOOOOOCOOOCOOOO mew 44444444444
> 0000000C000000000000000000000

COOOOOOOOOOOOOOCOCOOCOOOOOOOO
e C0000000000000000000C00CC0000,

u C00000000C000000000C00C000000
e o

.e o e e e e e e..e e o e.e e.e.a.o..e.eee.e e.e.e o.e
ee eeoee eee e

e.e.e.eemee se. eem. e. YeCOOOOOOOOOOme
CO
anos
D. .J
uw

* Z
eO00000000000000000000000000000 3
04 -e

oeeeeeeeeoeeeee 2.sd
0000000000C0000 Qw

u
o

e
W.
.e

NNNNNNNNNNNNNNN
.Z

M
000000000000000 * M >=

'. l l l l i l le gggg33 c2
ewwwwwwwwwwwww .Jw
r4444444444444 wnO0000000000000000000000000000 **

t.,000 00 000 0000hre w u.e
00 Ec

no rm u r= re n te r= r= P= Pen t D og me
444444444444444 da mw *

@@@@@@@@@@@@@@@ Qw weJe
em P= p P P=e= NN to P= e=f P P= P. > >w
me,e s e-e e e .e.e-4.e-e .e.e..e
eoeeeeeeeeeoe a woeeoeeeeeeee

muCOOOOOOOOOO

e
E
4

ee .e s.o.e.4.e=e meneceame* =e me cese-a es.o.e mee spose,ewsm.e.e ,.e,e.e.e e ,e 4 e ,. H

OO O OO O ww C Ow oO *.* O w OOOOOCQwCOOOO*COOOwCOOOwCwCOO Mo=
lillllllllllill tilllllllllllIlllllll ll4| Illi O2
wwwwwwwwwuwwuww u wwwwu.w wwu.w wwwwwus uwwu. w ww ww waww .Jw
G00000000000000 ne 03 & eG> a3 a3 s Gs as ana me cc a.eJ a,oes as m ac ea3 &oue3 m
C00000000000000 .J 44444444444444444444444444444 Cu
UOuovuCOUUOQUGU D m mesersmm m enmmmm mmmm mmmw m mm ersmm mmm m ee
444444444444444 e6 444444444444444mP4444444444444 et w
epJNNNNNNNNNNNNN m A b e= P= f= N rm e= r=P= P= P= e= P= Nee P=p= h6 p= p=N P=e= >. 'B wC.= c e 4e cq3 e3 c Zs e ce ce c3a3 cap ee 23 e e.AP= N3 a3c cgW W4c c e entto co ece W4 3e es ,
eeeee 3= E * e e e e o e e o e e e o e o e o e e e o e e o e e e e e C.JO e e o e e # #eeee

,4=m ees e e e e e e e e e ese-e -en= e.e es 2wmmmmmmmmmmmmmmmmmmmmmmmmmmmem wuCCOOOOOOOOO

4
==mie e.e.e.e.e.e-e me ..e-ed =* if%e e cit %itteW4 ecee eW4cc ee oce cA c c e ceif% us ceae.w e s-sew =e.e-eae=*,

000000000000000 0000000Q000000000000000000000 m 0000000000000 0 $0 10 08 900 11I e $ 011 1 I Os0 0 00 10 1 6 001 1 I II$10 09i et 1 | 0I I Bi1ili
Jaad us uaAJ ohsaa uJ 4Jwneew n4Aa#JJ e us4#aesa#wwwdJww e.8wadadaJwusuJwwddwwwwwaaJha.s wwwnJJ uJusww edtas'aJ.

000000000000000 a 00000000000000C00000000000000 Z 00000000000
444444444444444 ad C00WO000000000000000000000000 O 44444444444
@@@@@@@@@J@@@47 .E 00000000000000000000000000000 =* @@@@@@@@@@@* me PezzemeG3eceGXD43 I NNNNNNNNNNNNNNNNNNNr%eNNNNNNNNN == c e@G3 e e s3e see
rue = P=P= rme=e= P=ce rme=em e=r= P= 0 P= 7= P=e= P=em eerwa=hNeme= P= r=P= P=e= P=e=c= f=P=rmeme= rmh P= u anf= P=eme= r* r= P= P= e= P*e=
s=b.4 assagee me== .eae****me me.eee O **O e AC Ce o e A e A A #% A d'%g4 A tt% Ae A 4 J'% A J'%id'% Ac e Z Ns=0 ame,es=e come sme.e se pee's
eeeoe OK eoeeoeeeeoeoeeoeeeoeeeeoeeoee .3 C e e o e e e e e o e eme.ese s= "e.e o e e e e e e e eeme me ansees.es.e s.es=es.* ger44444444444444444444444444444 *e w.opeweeg eere smo.e s.es es.e

000000000000000 e O0000000000000000000000000000 e 00000000000
000000000000000 O 00000000000000000000000000000 O C0000000000
000000000000000 Z 00000000000000000000000000000 Z 00000000000
000000000000000 00000000000000C00000000000000 e C0000000000
+ 4eme@ O**Nm 4 D 4 ** G3@ a

** Nm4 e 4P*e @ O**NM4 D 4.N e3 @ OmNm 4 C&e @
Z ** N ** P 4 P'e @ O"

pe e ece=*N NneNNNN NNN O O O OO O O O QQ -e.e-o ==e ce me=eNN NNNN NNNN 3 O O OC O O OO O =e*=
444444444444444 3 44444444444444444444444444444 et 44444444444

.I 258 . .__ _w



.

m -
- ..

21!8888 1:Hm8181 8: 8: 2 2:Utttil:88 2:li!!!il:88 8:
4140000 1.17 8 9 40 g-01 0. O. 0 6.356665E+00 6.356665':+00 0.
4150000 1.178940t-01 0. O. 0 6.356665E+00 -6.3566654, + 0 0 0. " -

4160000 1.178940 -01 0 O. 0 6.356665E+00
6.356665'!+00

0.
4170000 1.176940 -01 0. O. 0 6.356665E+00 6.356665 +00 0.

g.g78940-01 0 O. . 0 6. 35 6665 E +00 . ,, .6.35 6665 '+00,, 0. % , , . . , ,%....4180000
4890000 78940E-OL 0 O. 0 6.356665:+00 6.156665 +00 0..
4200000 1.17es40E-01 0. O. 0 6.356665i +00 0.

6.356665:+004210000 1.178940E-01 0 O. 0 6.356665 +00 6.356665i +00 0.
4220000 1.17tS40t-01 0. O. 0 6.356665E+00 6.356665'+00 0.
4230000 1.178940E-01 0 O. 0 6.356665E+00 6.3 5 6665 E +0 0 0. Ji
4240000 1.178940E-01 0. D. 0 6.356665E+00 6. 35 6665 E +0 0 0.
4250000 1.176540E-01 0. O. 0 6. 35 6665 t + 00 6.3 5 6665 E + 0 0 0
4260000 1.178940j-01 0 O. 0 6.356665E+00 6.356665E+00 0.
4270000 1.179940 '-01 0. O. 0 6.156665E+00 6. 3 5 6 665 E + 0 0 0.
4280000 1.178940.-01 0. O. 0 6.356665E+00 6.35 6665 E +0 0 0.

INPUT DATA FOR COMPONENT 5. INERIAL VALVE .'HAVING 0 VOLUME $ AND 1 JUNCTIONS , ,
, ,

JUN.NO. FROM WOL. TO WOL. gN TION AREA ggg5 gyg5 JUN

5000000 4010000 6000000 9 234562E-02 0. O. 100
, , _ y ,.

JUN.NO. .10 . FLOJ g P. FLOW g CE VEL.
6. 30039 dE +025000000 0. O.

JUN.HO. 8ACK PRES 5URE LEAKAGE INERTIAL VALVE
(L 8F /IN il (Z AREA OPEN) FLAGS

5000000 0 O. 0 . .

VMI M 2" "siH""'"" " -

5000000, 7.00000DE+01 0. 7.000000E+01 . ,

JUN.NO. INFRTIA ANG VEL MOMEN T LENGTH FLAPPER RADIUS
_

,
_

(FT-tB-32) (RAbi5Ed) (FTl (Fil
5000000 1.200000E+00 0. 8.3300005-01 5.625000E-01 .

INPUT DATA FOR COMPONENT 6. 18 SCH120 PIPE e HAVING 15 VOLUME $ AND 14 JUNCTION $
VOL NO. g AREA W LENGTH ME g g . ANGLE ANGLE gV. CHNG.
6010000 1 178940E-01 1 524000E-01 1.796104E-02 0. O. O.
6020000 1.l?8940L-01 1.5 2 4 C0 0E-01 1 796704E-02 0. O. O.
6030000 1 178940E-01 1.5 2 4 00 0 E - 01 1.196 70 4 E -02 0 O. O.
6040000 1.178940E-01 1.524000 -01 1.796704E-02 0. O. O.

,

6050000 1.17eG40E-01 1.52 4 000 -Cl 1. 7 96 70 4 E-02 0 O. O.m
6060000 1.178940E-01 1.524000 Mil 1.796704E-02 0. O. O.

NJ 6070000 1.178940E-01 1*524000E-01
1. 7 96 70 '.E -0 2

0. O. O.
6080000 1.178940E-01 1.524000E-01 1.7967'b E-02 0. 0.5 O." 6090000 1.17 6 r, g o g.01 1.5240004-01 1.796704E-02 0. 9.000000E+01 1.524000E-01
6100000 1.1 7 8 4 4 0 E-01 1.524000 E-01 !.796704E-02 0 9.000000E+01 1.524000E-013 6110000 1.178940t-01 1.524000:Mt1 1.796704E-02 0. 9.000000E+01 1.524000E-01
6120000 1.178440E-n1 1.5 2 4 c00E-01 1.796704E-02 0. 9.000000E+01 1.524000E-916130000 1.178940E-el 1*5240005-(1 1. 7 9 6 70 4 E -0 2 0. 9.000000E+01 1.524000 -01d 6140000 1.1769406-01 1.5 2 4 h0E-(1 1.796704E-02 0. 9.000000t+01 1.524000' -01

_y1 61-$0000 1.17c940L-01 1 524 . )E-(1 1.796704E-02 0. 9.000000L+01 1.524000 -01

O VOL NO. RCUGhNESS HTORAULLC DIAM. V OL UM E INIT. COND. I.C. VALUE 1 I.C. VALUE 2 I.C. WALuc 3

'W
-4

. . . . .



. . . . .

.

b72CCOE-05 b74368E-01 N O 1.000000E+03 4.084400E+02 06010000

3 874365(t-01
3.874s6e -H1 0 0 1.000000E+03 4.064400E+02 0.6020000 4.572000 -05

! 0 0 1.000000E+03 4.084400F+02 06030000
4.572000:-054.572C00 -05 3 874368 -01 0 0 1.000000F+03 4.084400E+02 06040000

6050000 4.5 7 2 0 00 E-0 5
3:874368 -01

0 0 1.000000F+03 4.084400E+02 0.
6060000 4.572CCOE-05 3 874368 -01 0 0 1.0000001.'*03 4.084400E+02

- 'O.
0.

6070000 4.572000 -05 3.874368:-01 0 0 1.000000F*03 4.084400E+02 *% ***O,''

6080000 4.* 72000 -05 3.874360 * -- ( 1 0 0 1.000000E+03 4.064400E+02 c.
6090000 4.$72000 -05 3.87436e!-C1 0 0 1.000000E+03 4.084400E+02 0.
6100000 4.572000t-05 3*87436eE-01 0 0 1.0 0 00 00 E + 0 3 4.084400E+02 0. ,

6110000 4.5 7 2 0 00 t-0 5 3.874360F-01 0 0 4.000000E+03 4.0844004+02 0 *

6120000 4.572000g-05 3.87436PE-01 0 0 1.063000E+03 4.054400E+02 0.
6130000 4.5 72000 c-0 5 3.874368E-H1 0 0 1.010000F+03 4.084400E+02 0.
6140000 4.574CCOE-05 3.b7436eE-01 0 0 1.rJ0000F+03 4.084400E*02 0.

,

6150000 4.572000E-05 3.87436eE-01 0 0 1.000000E+03 4.084400E+02 L<

JUN.NO. JUNCTION AREA FORW ARD LO35 REVERSE LO$$ JUNCTTON INTT 10 FLOW TNTT VAP. FLok INTERFACE VEL.
IM2) C0 EFFICIENT COEFFICIEH1 FLAGS (KGr$E I (KG/IEcl intsLLI,.

6010000 1.178940E-01 0. O. 0 6.3003 BL+02 0. O. - - - ---

8818888 1:Ht8t81:81 8: 8: 8 8:1881881:8i 8: 8:
6050000 1.17 8 9 40 L-01 0 O. 0 6.300398E+02 0. O.
6050000 1.17e940t-Oh 0. O. 0 6.300398E+02 0. O.
6060000 1.17 8 9 40 E-01 0. O. 0 6.300348t+02 0 O.
6070000 1.178940E-01 0. O. 0 6.300398E+02 0 O.
6080000 1.17e940E-01 0 O. 0 6.300398E+02 0. O.
6090000 I .17 e 940 ;-01 0. O. 0

2:188h8E6. 3003g +818: 8:
02 0 O.

U?8888 !:Hi8:8;:81 8: 8: 8
6120000 1.178940E-01 0. O. 0 6.300396t+02 0 O. .

. 6130000 1.17e940E-01 0. O. 0 6.300398E+02 0. O. *

6140000 1.17 6 5 40 E-01 0. O. 0 6.3 0398E+02 0. O.

INPUT DATA FOR COMPONENT 7. C *ti VLV $NGLJUN . HAVING %LUMES AND 1 JUNCTIONS'

,, , ,

JUN.NO. FROM WOL. TO VOL. g TION AREA g5 ggg5 JUN

7000000 6010000 8000009 1. 0 4 7017E-01 0. O. 0

JUN.NO. INIT LIO. FLOW INIT. VAP. FLOW INTERFACE VEL.
(KC#$EC D (KGtSEC) (M/5FClN 7000000 6.300398E+02 0 O.

,

"
INPUT DATT FOR CCMP'(NENT 8. 18 $CH100 PIPE e HAVING 10 VOLUhES AhD 9 JUNCTIONS

VOL ND. FLOW AREA F]d LENGTH VOLUME HukIZ. ANGLE VERT. AkGLE ELEV. CHNG.
i b0060E-02 h b80000E+01 IN24000E-018010000 6759E-01 74000E-ClN .

8020000 1.246759E-01 1. li , ~ " * C - 1.900060 -02 0. 9.000000E+01 1 5240001 -01
1.5240005 01@ 0030000 1.246759 -01 01 8.900060 -02 0. 9.000000E+01 1 Sg4000 -011.246759(t-01 1.524000E-C1 1.900060 -02 0. 9.000000E+01 1 5z4000 -018040000

'828888 1:itd!81:8! 1:212888[31 1:8888288:81 8: 8:8888881:81 1:!!t8886:816070000 1.246759E-01 1.524000 1.900060E-02 0 9.000000E+01 1.524000E-018080000 1.2467596-01 1.524000[-01t-01 1.900060E-02 0. 9.000000E+01 1 5?4000E-01
8090000 1.246759t-01 1. 5 2 4 000E - 01 1.900060E-02 0. 9.000000d+01 1.524000E-016100000 1.246159E-01 1.524000E-(1 1.9 00060 E-02 0. 9.000000L+01 1.5t4000E-01

VOL NO. ROUGHhr$$ HYDRAULIC OIAM. VOLUME INIT. CONO. I.C. VALUE 1 I.C. VALUE 2 I.C. VALUE 3
(M) (Mi FLAGS FLAG

D
oo



.

- .e .s.,

|~l 80 0000 4. 7 3.984247E-01 0
4.k 7 5 COO h-0 5

000000E+03 4. 84400E+02 0.
000 -05 3.98 4 241 -C1 0 8 000000'+03 4.884400E+0280 0000 0.

80 0000 4.572000{-05 3.98s24 i -01 0 0 1.000000' +03 4.084400E+02 0.
8040000 4.572CC0t-05 3.984247 -01 0 0 1.0000001+03 4.084400 +02 0
8050000 4.5 720 00E-05 3.9 8 4 2 4 7E-01 0 0 1 000000E+03 4.084400 +02 0
8060000 4.572000E-05 3.9 8 4 24 7E-91 0 0 1 000000E+03 4.084400 +02 0.2070000 4.572000F-OS 3.9 8 4 24 7E-01 0 0 1.000000E+03 4.084400g+*02 0.
8080000 4.572000E-05 3.98424 7F4(1 0 0 1.000000E+03 4.084400t 02 0.
8690000 4.572C00t-05 3.9 8 4 2 4 7E-01 0 0 1.000000F+03 4.084400E+02 0.
8100000 4.572CCOE-05 3.9 8 4 2 4 7E-01 0 0 1.000000E+03 4.0a4400E+02 0.

NbT. VAP.fFLOW" INTERFACE VEL.% %
JUN.NO. JUN TICN AREA F 0! REVERSE LO $ ft0N INIT 10 FLOW

CbRWARD JUNhLAGS (kG/IE IEP2 EFFICI N C OE F FIC I EN k /$Ecl (M/$tC'
801CJoO 1.246759E-01 0 O. 0 6.3003 BE+02 0 O.
8020000 1.246759L-01 0 O. 0 6.?00398E+02 0. 0..
8030000 1.246759E-01 0. O. 0 6.300398E+02 0. O.

|8t8888 1:lttH21:81 8: 8: 8 2:1881381*81 8: 8:
2060000 1.246759E-01 0 O. 0 6.300398E+02 0 O.
8070000 1.246759E-01 0 O. 0 6.300398E+02 0. O. .,,,,,,,,_,J,1. ~

1888888 1:itHt31:81 8: 8: 8 8:188Hn:81 8: 8:
INPUT DATA FOR COMPONENT 9e TEE PLENUM e HAVING 1 VOLUMES AND 4 JUNCTIONS - - - - -

VOL h0 FLOW AREA FLOW LENGTH volume HOPII. ANGLE VERT ANGLE ELEv. CHNG.
(M23 (M IM3B (DEG) (OLGI (MI

9010000 1.314578E-01 1 00328E+ 00 1.446467E-01 0. O. O. -.

VOL NO. ROUGHNESS HYOR AULIC DI AN.
VDbUNE

INIT. COND T.C. VALUE 1 I.C. VALUE 2 I.C. VALUE 3
F AGS FLAd(M) (M)

9010000 4.5 7 2000E-05 4.091177E-01 0 0 6.R94757E*06 9.500314E+05 O. C

JUN.NO. FROM %0L. 10 VOL. JuhCTION ARE A FORWARO LOSS REVERSF LOSS JUNCTION
(MP) COEFFICIENT COEFFICIENT FLAGS

90I0000 8010000 9000000 6. 2 3 3 79 4E-02 0. O. 0
'( 9020000 0010000 9000000 6.2 3 3 79 4E-02 0 O. O

9030000 9010000 10000000 6.558955F-02 0 O. 0g 9040000 9010000 19000000 6.558955E-02 0. O. O

h '""10000 iHitell " MUIEW " iWF *-
'" -

90 3.150199E+02 0. O.

N 9030000
9020000 3.150195E+02 0. O.

3.15019%E+02 0. O.
9040000 3.150199E+02 0. O.

INPUT DATA FOR COMPONENT loe 12 SCH80 PIPE . HAVING 30 VOLUMES AND 29 JUNCTIONS
VOL NO. FLOW AREA FLOW LENGTH VOLUME HORIZ. ANOLE VERT. ANGLE EL E V. CHM G.(M25 (M) (M3) (DEG) (DEG) (MS10010000 6.558955E-02 1 524000E-01 9.9 9 5 8 4 7E -0 3 0 O. O.
10020000 6.558955E-02 1.524C00E-01 9.9 9 5 8 4 7E-03 0 O. O.10030000 6.5589$5E-02

1 5 2 4 00 0E-01
9 99584 FE-03 0. O. O.1-

20040000 6.SSe95SE-02 .524000E-(t 9.995847E-03 0 9.000000E+01 1.5240005-01
3 10050000 6.558955E-02 1.5 2 4 0 00E-01 9.995847E-03 0

9. 0 0 0 0 0 0 g ++ 01 1.524000 -01
- 10060000 6.SS89$5E-02 1.524000E-01 9.9 958 4 7E-03 0 9.000000c 01 1.524000 -01' 10070000 6.55895SE-02 1.$24C00E-01 9.9 95 84 7F-03 0. 9.000000E+01 1.524000 -0110080000 6.$58955 -02

1 524000F-01
1 9.995847E-03 0. 9.000000(+01 1.524000 -0110090000 6.S589$$ -02 .524000EM(I 9.9 9584 7E-03 0. 9.000000t+01 1.524000 -0110100000 6.S $ 85 t$ -02 1.524000EH(1 9.995847E-03 0. 9.000000E+01 1.$24000E-01

@
.D

. . . . .



e
4
uJ
2

tad
O
W e"*

e
m wU

MM
40 ed
-|p o.%
.,a ZKeeeee
4 eewCOOOO
>

e

e 2
U O
e oeeseeeeeeeeeeeeeeeeeeeseeeeee a

e's C00000000000000000000000000000 *

e

me.=af
DO

N N N N NNe 1NN N N N NN N NNNNN NheNNN NNN NN N w
C00000000000000000000000000000 em

eseeoeoeoeeeeoeeeeee w +++++++++++ +++++++++++++++++++ l= %
00000000000000000000 D w uswwwwwwwww wwwww wwwww um www wwww ==o

d C 00 000 000 00 000 00 0000C O00 000000
*E C OO O OO O O O O O OO O O O O OO O O OO O OC C '3 C O .Z M

eeeee
e=OOOOO

|3e 444444444444444444444444444444
4444444444444444444444444444wt

e e ce ee m m23 G3 cm @co mE3 Se e G3e aze d es me e39 "B
U C00000000000000000000000000000 O
e eeeeeeeeeoeeeeeeeoeeoeeeoeeeee a
me 444444444444444444444444444444 w NNNNN

00000
e +++++
Q e.eewudwub
.e=m@ @ @@ @
dQ@ @ @@ C'

.* mmm mmmmmm mm eeimm mmmme mm mm m mmmm m m woe e.e eae
C00000000000000000000000000000 emOOOOOeoeeeeeeseeeoeoeoeee w ++++++++++++++++++++++++++++++ 0. s e c M e

C000000000000C000000 :D wwu.wwwwwwwwwwen.u.,wu u.wwwwwu,ww wwu w ==o == = -. .e
J COCOOOOOOOCOCOOOCCOOCCCOOOOOOO Z

as COCOOCCOOOCOOOOOOOOOCOOOOOOOCO oueoeeewmMmm
||> COCOCOCOCOCOCOCOCOOOOCCOCCCCCC

C0000000000000000000C0000000CO
e COOOOOOOOOCOOOOOOOOCCOOOOOOOCO* U COCOOOOOOOOOOOCOOOOCCOCOOOOOCOe

.e..me= -.e.a.e e o e o.e.e..e .e..e.e.e-.m.ie .e.e.. s.e.o
eeeeee oe e e eoeeee e e

== ee .a se e o = .e ZeOOOCO
C'O
me es
>* J
uw
Z

eQ000000000000000000000000000000 O
C4 -*

eeeeeeeeeeeeeeeeeeee Z .,,a
C0000000000000000000 Ow

U
*

e
>=
==

mmmmmmmemmmmmmmmmmmm Z mC0000000000000000000 == es=
001 18I O41188: 1 118881 QZ

uauuJww uauwww wwu
wu.nu.w-P= N e=e= e=N r=NNe-N P= e.suw w .awr=e c e c= P= N wmCOOOOOOOOOOOOOOOOOOOOOOOOOOOO 3 ==
44444444444444444444 EO usu@ G3 25*5-'3e c e m m D3 24 a343 m mm 43 D as MaeMe %d%MDMe9% M @eMec' D -e d Gl ue
@@@% 'P@ @ @@ @ @@ @@ @@ @ @ CP 7 Oh ww
@O70 'PO @@@&OO &O CPOOO&@ :|= DWeeoeeeeeeeoeeeoeeeee uso e e e e e@@@@ @@&&& @ CPO && CP 7&Op @ mOCOOOO

e
E
at

ee.v e.e .e .e.e.e.e.e.e .e .e s- e e == .e.e.e -.e .e .e-.e .e.eOOwOOwu"OOOO*COOOOOO O COOwo-OWOOOOv o;OWOwoOOO-OQwo m.en>aeieiTeT:: erl11 aei e1: T1T: 1i1 1: Tsi11 : I eaeT:aTa CZwwwwuauuswwwumuu.aarwwwu usw a

wwww un.a.s.a n w ww www k w wwwww wwwua.u.w*wwb.e
a 4 swQu sOOOO QQOOO COCOO C-yo er =.e.*-.e = == == = .e a s= == .e .is .o .a.e iin.= == a sa .-.e me

00000000000000000000 .,a

m mmmm mm mmmm m ****'e me mes% m e r*'a3 es ee3 es e3 uemmmWmm OUuCucuuuuuuuuuuuuuuuu .3 e as e3 eJ e az arJ ej ez ase3 c e e m e3 ep e/ m wea si s ee
4444444444#444#44444 et

@ CP @ CP @ CP@ @@ CPO @ @ @ *'PO @ @@ @@ C*@CP O@C C"e"C '
0 *E wNNNNNNNNNNNNNNNNNNNN T e 4M9 m e r 238)e ed3 e st* 2* eG3 e me ce aze c ec c h ee "B e

4%n cene d an @ce eert o@o eMan@ O ==@ Ec a.s e De3 e e3 33c3 Es e D e3 E e eeJ ee ee3 e3 e m e e ss e . mweeeeo
.e.iiv.e.e

e o e e e e e e e e e e e e * >Eeeeeeeeeeeeeeeoeoeoeeoeeoeeeee 00eeeeee. n ee-.e e e -.is.o .a.e.e.e.e ZwNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN wuCOOOO

atNNNNNNNNheNNNNNNNNNNN f f ''.P D M P & Pen s'% @@ & & & M e e @@ @ @ bM e b uJ NNNNN0 00000000000000000000 900000000000000000000000000000 m 00000til til ll t t s 1 00 0 1 8 0 1 9 8 ti ll i al l8t i l lit t 4i 4 9til lusuwwusausw l i t t i l lauumawwwua.isw.l e wu ww.asunuuswaa.1sans a awwwwwwwwuauuauwusaawuJua. 4 aw aswwMD e++ M M M DM obs hn a OOOOOOOOOOOOOOOOOOOOOOOOOOOOOu Z eeMPoceedenonn M esmeceem W OuouuovoOuOuOuuCOOuuOooooouOcu
4G @ @ e.P@ @ @ d@ @ CP @ @ # @ @@ @@ Z OvouuOucovoVOVOOOOuuCOOOOOOOcu .O

ocaca
e (P e @ p .P

, mesmazeeJdJeezeuseemetees I NNNNNNNNNNNNNNNNNNNNNNNNNNNNNe4 #w @@@@V
Den D M@ d' e M M Me e M Den u Fm ** ** *'*N NFm ** F* NemNfm e+ NN P*9* NmMPm 9* 9m PmPmT* 9% N U-DcD@D
M n M e a c M M M+ ca c M O *=De MMMM M& MM O MD MM cM ean A E Nb c MDeeeeeeeoeeeeeoeeeeee 6,3E e e o e e e e e o e o e o e e o e e e e e e e o e o e o e e OEeeeee
44 4 4 44 e3 4 44 44 4 44 4 4 4 44 Mwf44444444444444444444444444444 *nw4 4 4 4 4

00000000000000000000 e C0 000 00 00 000 000 00 00 00 000 0 00000 e 0000000000000000000000000 O C000000000000000000000000000Q0 O C000000000000000000000000 Z C00000000000000000000000000000 Z C00000000000000

**NM 40 4 P* e G.PO.0 0 0 0 0 0 00 00
0000000000

=eNm4 c Dra c@ Oe00000 00 0000000 000000
e C0000e N M4 e C P* eJ @ O J

.Nm 4 c.e e.*e.a3.&*c.eNm 4 e 4P* cO O
ef Z eeNmde=

es .e . .ma o .e =NNNNNNNNNNm O OOOOOOOOO =-.e= . NNNNNNNNNNm o C0000
00000000000.00000.0000 000.00000.00.0000000.00000000.000002 -o C0000. ---- ---. - - . .- - . - . --e . -- e-. . e. - ---

*1215 262



.

10060C00 6.5 5 8 9 3$ E-02 0. O. 0
3 15 0199(++ 02

0 O.
10070000 6.S$893Si;-0 2 0 O. 0 3.150199t 02 0. O.
10080000 6.SS8955 -02 0. O. 0 3.150199E+02 0 O.
10090000 6.55895Sd-02 0. O. e 3.150199E+02 0 O.
10100000 6.S$895SE-02 0. O. 0 3.1501991+02 0. O.10110000 6.S$895SF-02 0. O. 0 3.*l50199 ,+02 0' O.
10120000 6.SS89SSE-02 0 O. 0 3.150199 02 0. O.

895SE-02 0. O. 0 3 150199 ! ++ 0 2 0 O.
,

10130000

18148888 gd$$nist81 8: 8: 8 1:l!81881*81 8: 8:
6.SSe93Sh-0210160000 0. O. 0 3.150199E+02 0.. O.

10170000 6.5589SSE-02 0 O. 0 3.150199E+02 0. O. !--

I:NSe9$$E-02S895SE-020. O. 0 3.150199E*02 0 O.0100008
0. O. 0 3.150199E+02 0 O.

019000
0200000 6.S$895SE-02 0. O. 0 3.150199E+02 0. O.
10210000 6.S$895SE-02 0. O. 0 3.'15 01991 + 0 2 0. 0.
10220000 6.SSd95SE-02 0. O. 0 3.150199 + 0. O.

3.1501995+0{10230000 6.$5895SE-02 0. O. 0 0c 0 O.
10240000 6.SS895SE-02 0. O. 0 3.150199L+02 0. O.10250000 6.S$895SE-02 0. O. 0 3.15 0199 : + 0 2 0. C. * ~ - ~ '

10260000 6.SSe95SE-02 0. O. 0 3.150199 ,+02 0.: O.10270000 6.S$895SE-02 0. O. 0 3.150199 +02 0. O.
10200000 6.sS893SE-02 0. O. 0 3.150199F+02 0.. O.
10290000 6.55895SE-02 0. O. 0 3.150199E+02 0. O.

INPUT DATA FOR COMPONENT 11, JUNCTION $NGLJUN . H4VING 0 VOLUMES AND 1 JUNCTIONS
JUN.NO. FR0k VOL. 10 VOL. JUNCTION AREA FORWARD LOSS COEFFICJgn55 JUNCTIONREVE*5E

(M2) COEFFICIENT ,NT FLAGS
11000000 10010000 12000000 0. O. O. O

JUN.NO. INIT 10. FLOW INIT. VAP. FLOW INTERFACE VEL. -

(KG/!E i (KG/SEC) (M/SEC)
11000000 3.1501 9E+02 0. O.

INPUT DATA FOR COMPONENT 12s 12 $CH80 eIPE . HAVING 17 VOLUMES AND 16 JUNCTIONS
VOL NO. FLOW AREA FLOW LENGTH VOLUME HORII. ANGtE VERI ANGLE ELEV. CHNG.
12010000 6.55895SE-02 3.048C00E-01

'(M36 (DEGI (DEuI (M)th23 (tl
999169 -02 0. O. O.

12030000 6.)S893SE-02 3 048C00E-(1 999169 -02 0. O. O.2020000
6.) S 8 9 5S E-0 2 3.048000E-01 . 999169 -02 0. O. O.

12040000 6.Ste95SE-02 3.0 4 6 C 00F-01 1.999169E-02 0. O. O.120$0000 6.55695SE-02 3.0 4 8 c 00E-01
12898888 2:Butill:8i 1:8tH8881:81 1:388i28|-02i:8!8: 8: 8:

1.999169 0 O. O.

12080000 6.SSe95SE-02 3.04BC00E-01 1.9 9916 9 E -02 0. O. O.12090000 6.SS89SSE-02 3.048C00E-01 1.999169E-02 0. O. O.
12100000 6.SSb95St-02 3.046000F-01 1.999169E-02 0. O. O.12110000 6.S$89S$t-02 3.04 8 000$-01 1.999169E-02 0. O. O.12120000 6.S$89SSE-02 3.048C00E-01 1.999169E-02 0 O. O.N 12130000 6.5 5 895S E-0 2 3.048000F-Ol 1.999169F-02 0. O. O.121*cGOL 6.Saevsst-02 3.0 4 8 00 0E - 01 1.999169E-02 0 O. O.~ 121S0000 6.She95S(-02 3.048000E-01 1.999169E-02 0. O. O.C;s 12160000 6.SS8955t-02 3.048000 Emit 1 999169E-02 0 O. O.12170000 6.S$895SE-02 3.048000F-01 1.999169E-02 0 O. O.

N VOL NO. RCUGHNESS HYDRAULIC DIAM. VOLUME INIT. COND. I.C. VALUE 1 I.C. VALUE 2 I.C. VALUE 3
(NI (M) FLAGS FLAG@ 12010000 4.572000E-05 2.8 8 9 8 31 F-01 0 0 1.000000F+03 4.084400E*02 0.12020000 4.572000E-OS 2.889831F-01 0 0 1.000000E+03 4.084400E+02 0.

@
P

, . . . .



. . .. .

.

11818888 t3H8E8t:St 5:B83I111:81 8 8 1:888888481 :882881:8! 8:-
12050000 4.5120 COL-05 2.8 89 6 31t-01 0 0 1.000000E+03 4.084400E+02 0.

g2060g 4.5 7 2000 E-0 5 2.889831E-ut 0 0 1.000000F+03 4.084400F+02 0.

il8!8000 :h12000E05'li888!:8'i:enilli:81 8 8 1:8888881:81 :88:1881:8i 8:
120900uo 2.8 6 9 e 318-5 8 0 0 1.000000F+03 4.0844001++02

04 -

2.669831@-0),2100000 4.S72000 -05 1 0 0 1.000000E+03 4.084400 02 0
2110000 4.S??C00 -05 2.689891E-(1 0 0 1.000000E+03 4.084400'+02 0..

2120000 4.5720C0 -05 2.089 e 31 -01 0 0 1.000000E+03 4.084400E+02 0.
12130000 4.572000E-05 2.8 89831 -Cl 0 0 1.000000F+03 4.084430E+02 0. * ,,
I?1'0006 4.$12000E-05 2.889831 -01 0 0 1.000000E+03 4.084400 +02 0 -- *

12tS0000 4.572CC0t-05 2. b 8 9 P 31E-01 0 0 1.0000005+03 4 024400 +02 0.
4.Si2000t-05 2.8 6 9 8 31 E *(i 0 0 1.000000E+03 4.084400 +02 0

121600002170000 4.572CCOE-05 2. e u 9 e 3 t c-01 c o 1.00000CE*03 4.084400E+02 0

JUN.NU. JUNCTION AREA F 0u APO LOSS REVEFSE LOSS JUNCTTON INIT. LIO. FLDW INIT. VAP. FL0b INTfsFACE VEL.
(M2) C CE F F IC IFN T COEFFICIENT FLAGS (EGISECD (NG/SECl (M/$LLI

12010000

L:ltim|I:8!
6.She9SS -02 0 g. 3.1$0199E+0g g.0 O.

li8i8888 8: 0: 1:l:8133':82 8: 0:
6.S$395S -02 0 O. b 3.15 0199 k + 0 2'2040000 0. O.

120$0C06 6.S$89SSL-02 0 O. 0 3.150!i9E+02 0. O.
12060000 6.S$895SE-02 0. O. 0 3.150lvvE+02 0 O.
12070000 6.55895SE-02 0. O. 0 3.150199E*02 0 O.120e0000 6.5589SSE-02 0 O. 0 3.150199t+02 0 O.
12090000 6.S$e95SL-02 0 O. 0 3.15 0199t + 02 0 O.
12100000 6.SSe955k-02 0 O. 0 3.tS0199E+02 0. O.
!?110000 6.S$e95SE-02 0. O. 0 3.150199E+02 0 O.
12120000 6.S$89pSE-02 0. O. 0 3.150199E+02 0 O.12130000 6.S$e9sSE-02 0. O. 0 3.150199E+02 0 O.12140000 6.SS89SSE-02 6 O. 0 3.150199E+C2 0 O.
12150000 6.55895SE-02 0. O. 0 3.150199E*02 0. O.12160000 6.SS895SE-02 0. O. 0 3.150199E502 0. O.

INPUT DATA FOR COMPUNENT 13, JUNCTION SNGLJUN . HAVIdG O VOLUMES AND 1 JUNCTIONS
-- * J U N . N O . FROM VOL. TO VOL. JUNCTION AREA FORW ARD LOSS REVERSF LOSS JUNCTION

(M2) COLFFICthNT COLFFICICHT FLAGS@ 13000000 12010000 14000000 0. O. O. O

JUN.HO. INIT 10 FL0d INIT VAP. FLOW INTERF ACE VFL.N (KctIF l (FG/IECl (M/S*C)
13000000 3.1501 9E+02 0. O.7

.gh INPUT DATA FOR COMPONENT 14, 12 SCH80 PIPE . HAVING 20 VOLUMES AND 19 JUNCTIONS
VOL NO. FLOW ANEA F10W LFNGTH VOL UM E HORII. ANGLE VERT. ANGLE FL E V. CHN G.

(Mll (H) (M3l (DEG) (DEG) IMt14010000 6.SS69b5E-02 3.048C00E-01 1.999169E-02 0. 9.000000E*01 3,048000c-01
14020000 6.S$895S -02 3.04 0 000E-01 1.999169E-02 0. 9.000000E+01 3.048000 E-01
14030000 6.5Se955 -02 3.048c00E-01 1.999169E-02 0 9.000000E+01 3.048000

6.SS895S -02 3.04e000E-(1 t.999169E-02 0. 9.000000E+01 3.048000 |-01
010 4040000

0 14050000 6.SS895SE-02 3.0 4 8 00 0E-01 1.999169E-02 0 9.000000E+01 3.048000:-01
O 14060000 6.S$e95SE-02 3.048C005-01 t.999169E-02 0 9.000000E+01 3.048000E-01
O 14070000 6.S$89SSE-02 3.048000f-01 1.999169E-02 0. 9.000000E+01 3.048000E-01
r 14080000 6.S$895SE-02 3 04 8000E-01 1.999169E-02 0 9.000000E+01 3.048000E-01

14090000 6.SS895SE-02 3.048000E-01 1.999169E-02 0 9.000000E+01 3.048000E-01M 14100000 6.S$895SE-02 3.048C00' - 01

1.999169[1-02
1.999169 -02 0. 9.000000E+01 3.048000c-

1.999169 0. 9.000000t*01 "3.04R0005 01i 14110000 6.55895SE-02 3.048C00F il s-02 0 9.000000&+01 01
14120000 6.S$e9SSE-02 3.046000!-01 -048000E-01

CD

N
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17000000 16010000 10000000 4504E-02 0$ bh %"

JUN.NO. INIT LIO. VEL. INIT. VAP. VEL. INTE3 FACE VEL.~g

Ok9830E+00 kOb8$0E+0017000000 6 0

INPUT DATA FOR COMPONENT 18e BDY VOL TMDPVOL e HAVING 1 VOLUMES AND 0 JUNCTIONS ""''

VCL NO. FLOW AkEA FL0d LENGTH VOLUME H0411. ANGLE VERT. ANGLE ELEV. CHNG.IN2) (M) (M3) (DEG) (DEGI (M)18010000 1.650061E*00 3.04SC00E-01 5.663369E-01 0. O. O. -- *h, + -

VOL.ND. pCuGHNESS HYORAblIC OIAM. E QUIL .
(MI (M) FLAG

18010000 4.572000E-05 1.5 38102E + 00 0 , , -3

TIML DEPENDENT DATA
TIME PRESSURE INTEPNAL ENERGY STATIC QUALITY

'- - *(SECB (PA) (JtKG) .m-'

$000000E-01 6:89Ihhh86 9 NIO31Ik 05 0:
INPUT DATA FOR CCMPONENT 19. 12 SCH60 PIPE , HAVING 47 VOLUMES AND 46 JUNC T ION S

VOL NO. f AREA W 1ENGTH ME i . A,Nr g AN,G,tf g gg, V. CHN G.,,
,

19010000 6.55895bE-02 1.524000i-01 9.995847 -03 0. l-F O. ***'*T 0
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.
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, * , , .y .;"",, -

*
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-
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19330000 6.$589$$ -02 0. O. 0 150199E+02 0 O.19340000 6.558955 -02 0 O. 0 150199E+02 0 O.
19350000 6.S$89SS -02 0. O. 0? . '8 " N 15 0199 E + 0 2* ' ' ' O.' ' ~ 0.09 150199t+024.Oh 0. ? 0.419360000 6.S$895SE-02 0. O.

IOMM19370000 6.S t 89 5f E-02 0 O.
1*0199E+024.0b e.9'&*

n' O.
0: ""0
0 ' "' ! 1*0199t+02'." *D4 019 3 e 0000 b.S S e 9 5'e E-0 2 0 O.

19390000 6.558955E-07 0 O. l ' 0199 E + 0 2 *0 O.
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19450000 6.S$b.S$ -02 0. O. 0, 3.150199.,+02 0. O.NJ 19460000 6.S$8555 -02 0. O. 0 3.150199t+02 0 O.
.

IN5"'T DATA FOR COMPONENT 20, ' UNCTION $NGLJUN e HAVING 0 '!0LUMES AND 1 JUNCTIONS
~

JUN.NO. FROM %0L. 10 VOL. JUN TION AREA
COEFFICIh055
FORWARD REVER E S adhCTION

(M2 NT COEFF CI FLAGS
gy 20000000 19010000 21000000 0. O. O. O

^ ''" " 1: UMP '' " iuUiEW ''" IUUWS "'--

O 20000000 3.150199E+02 0. O.
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H128888 4.Si2CCCk:-05Hi888'8sf:WUHl:81 8 8 1:888888481 ::88tt88!:85 8:2:
23150000 2.8 89 8 31E-01 0 0 1.000000E+03 4.084400E+02 0
23160000 4.S72000F-05 2.8 8 9 0 31E-01 0 0 1.000000F+03 4.084400E+02 0.

Juh.NO. JLNCT1LN AREA FORWARD LOS$ REVEksE LOSS JUNCTION INIT LIO. ILOW INTT. VAP. FLOW INTERFACE VEL.
(M23 CUEF'FICIENT COEff!CIENI FLAGS (MG/$EC) (KG/SCCI (M/5kC)23010000 c.SS89SSt-02 0 O. 0 3.lS0199E+02 0 O.23020000 6.55695S -02 0 O. 0 3.lS0199E+02 0. ^.

23030000 6.SSe9SSE-02 0. O. 0 3.150199E+02 0. O.
23040000 6.p*tb9sSE-02 0. O. 0 3.150199E+02 0 O.
230$0000 6.) e 8 4 5 S E -0 2 0. O. 0 3.lS0199E+02 0 O.
23060000 6.SSA95SE-02 0 O. 0 3.150199E+02 0. O.23070000 6.55t9SSL-02 0 O. 0 3.lS0199L+02 0. O.
23080G00 6.SSt9SSj-02 0 n. 0 3 150199t+02 0. O.
23090000 t,.S$89Str-02 0. 0 0 3.150199E+02 0 O.
23100000 6.S$b95Sc-02 0. O. O b.150199E+02 0 u.
23110000 6.S$895SF-02 0. O. 0 3.190199E+02 0. O.
23120000 6.StesSS -02 0. O. 0 3.lS0199E+02 0 G.
23130000 6.SSb9t5 -02 0. O. 0

3.150199c+02 0. O.
3. 0. O.23140000 6.SSb9tS -02 0. O. 0 150199E+02

231$0000 6.S SUSS$ t 02 0 O. 0 3.IS0199E+02 0 O.

INPUT DATA FOR C0HPONENT 24 JUNCTION $NGLJUN . HAVING 0 V0LUhES AND 1 JUNCTIONS
JUN.NO. FRUP VOL. id VOL. JUNCTION ARFA FORWARD Luss REVER5F LOSS JUNCTION(M2) L0 EFFICIENT CUffFICIE.NT FLAGS
24000000 23010000 25000000 0. O. O. O

JUN.HO. INIT. L IO. FLOW INIT. VAP. FLOW 1NTERFACE Vrt.
(KG/$EC ) (kG/5EL) (M/SEC)

24000000 3.150199E+02 0. O.

INPUT DATA FOR COMPONENT 25. 12 SC H00 PIPE e HAVING 20 VOLUMES AND 19 JUNCTIONS
VOL NO. FLOW AREA FLOW LENGTH VOLUME HORIF. ANGLE VFRT. ANGLE EL EV. CHN G.(M23 I t. I IM3) (DEG) IDEG) (H)25010000 6.S$89SSE-02 3.046000E-01 1.999169E-02 0. v.000000E+01 3.04P000E-012SO20000 6.tSc95SL-02 3.04dC00E-01 1.999169E-C2 0 9.000000E*01 3.048000E-012$030000 6.'2 S 8 9 5S E-0 2 3.04a000F-01 1.9 9916 9 F -02 0 9.0000006+01 3.04S000c-01---.

2$040000 6.SSc9*25 -02 3.04HC00E-01 1.9 99169 E -02 0. 9.a00000E+0! 3.0480005-01N 2$050000 6.SS89SS -02 3.0 4 8 00 0E-I t ! 1 9 99169 E -02 0 9.000000L+0! 3.048000E-01
250t.0000 6.SSESSS -02 3.0 4 6 00 0 E -01 LI999169E-02 0. 9.000000L+01 3. 0 4 e 0 00 E -4125070000 6.556455E-02 3.0 4 6 000F-4 s l 1.999169f-02 0. 9.000000E*01 3.04P000E-01(,,,)N 2$0o0000 6.S>u95St-02 3.040C00E-01 1.999169t-02 0. 9.000000E*01 3.048000E-012$090000 6.SS895SE-02 3.048C00E-01 1.9 9 9169 E -0 2 0 9.000000L+01 3.048000F-0125100000 6.SSe9tS -02 3.048000E (1 1.999169E-02 0. 9.00uo00E+01 3.048000E-01t

N 2Sil0000 6.S$89SSt-02 3.0 4 8 000E-01 1. 9 9916 9 E -0 2 0. 9.000000t+01 3.0480006-012S120000 6.55b95SE-02 3.0 4 8 C 0 0 E - 01 1.999169t-C2 0 9.000000E+0! 3.048000E-01N 25130000 6.SSb95tE-02 3.0 4 e C0 cE-O i i.999 69E-02 0 9.000000e+01 3.048000e-0125140000 6.SS69SSE-02 3
3 048C00E-0) 1.999169,-02 0 9.000000E+01 3.0450005-04 8 000E-01 1.099169 -02 0 9.000000f+01 3.048000E 0125150000

6.S SE 95S E' 02
f.S5e955 02 OL2 Sit.oooo - 3.048(00E-01 1.999169:-02 0 9. 000000t + 01 3.048000E-0125170000 6.SSu9tSE-02 3.048000E-01 1.9 991 S9 E -0 2 0 9.000000L+01 3.048000E-0125100000 6. S S E S $*s t-0 2 3.0 4 8 C 0 0E- 01 1.999169f-02 0. 9.000000E+01 3.048000E-01?S!90000 6.S$8955t-02 3,046000F-01 1. 9 09169 f -02 0 9.00uo00E+01 3.04e000E-012S200000 6.S$e95tt-02 3.0* 8 000$-01 1.999169E-02 0. 9.000000t+01 3.040000E-01

VUL NU. kCuGHiL5S HYORALLIC llAM. VOL Utt i INIT. CONO I.C. VALUE 1 1.C. VALUE 2 I.C. VALU6 3EMI ENI FLAGS FLAd
2S010000 4.S7 N00c-u4 2.bd963tL-01 0 0 1.000000C+03 4.084400t+02 0.

03
to
O



.

.

22'8b88 ::11'8881:82 i:888811':21 8 8 l888888':81 :88:288!*8! 8:
000000k+03$ 4.57 OCOE-OS 2.889831 -(1 0 0 1 4.084400c 0.

4.084400@v022$050000 4.5 7 2CCO E-05 2.b 89 0 31E-(1 0 0 1.000000F+03 +02 0
i!898888 ::ll'b01:81 5:38%8111:81 8 8 1:8888885:81 ::82:288i:3! 8:

'
25080000 4.57 -05 2 6892315 (1 0 0 1.000000F+03 4.054400E+02 0.25090000 4.Si2000E-05 2.889831E Ot 0 0 1.000000F+03 4.084400E+02 0.
2)100000
2 4.532CCot-OS 2. 8 8 9 8 31 E-01 0 0 1*000000F+03 4.0b4400E+02 03110000 4.572000 -05 2.8996115-01 0 0 1.000000f+03 4.084400E+02 02S120000 4.572000 -05 2.80963tEwt1 0 0 1.000000E+03 4.084400E+02 025130000 4.572000 -05 2.8 8 9 8 31 E-01 0 0 1.000000r+03 4.0a4400 +02 0. '

25140000
4.572000g:-OS lig8ggg:g{ 8 8 1:888888r:8! 2:8208828i 8:

2 0 0

::s?!888 8s
1.000000g+03 4.08s400 +02 0.

1t!!8888 g e89ent 01
iti?8888 ::sli288e:8s i:i"8'llt:21 8 8 1:888888!:8] ::88t88|:81 8:2$190000 4.S72000E-05 2.989831E-C1 0 0 1.000000E+03 4.084400 +02 0.25200000 4.S72000E-05 2.8 8 9 8 31E-01 0 0 1.000000E+03 4.084400E+02 c. , , , . . , ,

iW i'''" ^"'' |Eiri!816815 !!XIt!!ih815 '""f!!8s !".!!!E!! '' " !".!!iECi'- '' " 1".J!ilACE VEL.
~'"" " -

2S010000 6.SS895SE-02 0. O. 0 3 150199E+02 0 O25020000 6.SS895SE-02 0. O. 0 3.tS0199E+02 0 O. . '''

25030000 6.S$89$SL-02 0 O. 0 3.150199E+02 0. O.2$040000 6.S$89SSE-02 0. O. 0 3.1501996+02 0 O.2S050000 6.S$895SE-02 0. O. 0 3.150199E+02 0 O.25060000 6.SS895St-02 0. O. 0 3.150199E+02 0 O.?$070000 6.S$25tSE-02 0. O. 0 3.150199E+02 0 O.25080000 6.S $ 89 5S i,=02 0. O. 0 3.150179E+02 0. O.2$090000
6.558955|-02 0. O. 0 3.150199E+02 0 O.25100000 6.S$e95S -02 0. O. 0 3.150199E+02 0 O. a-' ,

$i118888 8:littill:81 8: 8: 8 !:118!33)+8! 8:. 8:'~~* 2S l 30000 6.SS695S{-02 0. O. 0 3.150199J+02 0. O.pgj 25140000 6.5569$$~ s2 0. O. 0 3.tS0199E+02 0 O.2$150000 6.S$8955 -
r--* 25160000 6.SSe95Si 02

0 O. 0 3.150199E+02 0 O.02 0. O. 0 3.15 0199 E + 0 2 0 O.25170000 6.SSo4SSE-;c 0. O. 0 3.150199 +02 0 O.qjg
ill88888 8::18%sil:8i 8: 8: 8 1:li8i33,::8i 8: 8:

I\) INPUT D AT A FOR COMPONENT 2 6e JUNCTION $NGLJUN . HAVING 0 VOLUMES AND 1 JUNCTIONS
JUN.NO. FROM %0L. 10 VOL. J hjTION AREA pgggggggog5 RgggRjggg|5 JUNjiIgN
26000000 2$010000 27030000 0. O. O. O

JUN.NO. {Njiggjo. FLOW |NgTggAP. FLOW ggTgRgACEVEL.
~

26000000 3+ 150199E +02 0. O.

{ INPUT DATA FOR COMPONENT 27. 12 SCHE 0 PIPE . H&VING 15 VOLUMES AND 14 JUNCTIONS
O VOL NO. FLOW AREA FLOW LENGTt VOLUME

Hbhkl. ANGLE (CEGI (M)
VERT ANGLE ELEV. CHNG.O IM23 (M) (M14 (D l

ii818888 8:sitaill:8i !:8t'888F:8! !:3381881:8? 8: 3:8888881:81 1:8t'8885:8!
c
M 27030000 6.S$6sSSE-02 3.0 4 8 000E-(1 1.999169E-02 0. 9.000000E+01 3.048000 -01d 27040000 6. S $ 89 5 S E-0 2 3.0 4 h 000E-01270$0000 6.SS855Sc-02 3.0 4 e C0 0E-01 1.999169.[-02

1.999169 02 0 9.000000E+01 3.048000 -010 9.000000E+01 3.048000 -01

IE
N
e

. . .



. . . .. .

,

.

!?898888 8:ssiti!!:8' 1:8t:E885:2? !:333183|:8i 8: 8:888888'':81 1:8t:8881:816.SS895SE-Oh27080000 3.048C00E-0
1*999k69E 82

0 9.000000 +01 3.048000 -0127090000 6.S$8955t-02 3.0 48C00 -O l 1.999 69E- 2 0. 9.000000 +01 3.048000 -0121100000 6.SSESSSE-02 3.04P000 -(1 1.999169E-02 0 9.000000L+01 3.048000 -012r116000 6.SSe955t-02 3.04 8 000 -a 1.999169E-02 0. 9.000000E+0! 3.04P000 -0127120000 S$69tSE-02 3.048c00E-01 1.999169 -02 0. O. O.6.S S 8 9 5S E-0 2 3.048000E-01 1.999169|-0221130000 6 0. O. O.'27140000 6.SSt95SE-02 3.0 4 8 C 00F - 01 1.999169.,-02 0. O. O.27150000 6.SS695SL-02 3.040000E -(1 Ic999169E-02 0 O. O.
VOL NO. &CUGHhESS HYORAULIC DIAM. VOLUNE INIT. CONO. I.C. VALUE 1 I.C. VALUE 2 I.C. VALUE 3

4.)s 72000E-0 5
(P (Mt FLAGS FLAG27010000 2. 8 8 9 e l lF-01 0 0 1.000000F+03 4.084400F+02 0.27020000 4.S720 COL-05 2.8 6 9 E 31E -01 0 0 1.000000E+03 4.co4400E+0? 027030000 4.572000E-05 2.e89631E-01 0 0 1.000000f+03 4.084400E+02 0.27040000 4.S?/000t-05 2 8 6 9 8 31 E-01 0 0 1.000000E+03 4.004400F+02 027050000 4.5720006-05 z.889831E-(I o O 1.000000F+03 4.084400E+02 027060000 4.$72000L-OS 2.8 8 9 8 31 E- Cl 0 0 1. 0 0 00 00 E + 0 3 4.064400F+02 0.27070000 4.S720COE-05 2.e89831F-01 0 0 1.000000F+03 4.084400F+02 0.2PCh0000 4.5120005-05 2.Bd9eilE-(1 0 0 1.000000F+03 4.084400E+0? 0.27090000 4.S72C00t-05 2.869831E-01 0 0 1.000000F+03 4.084400F+02 0.27100000 4.S 72000 f-0 5 2.889d31E-01 0 0 1 000000f+03 4.084400f+02 0.27110000 4.S?2000E-05 2.e H9 e 31F-01 0 0 1.000000F + 0 3 4.084400F+0? O.27120000 '. 5 72 000 L-O S 2.8 6 9 6 31 F- (1 0 0 1.000000F+03 4.004400E+02 027130000 4.572000E-05 2.68903tE-01 0 0 1.000000F+03 4.004400F+02 0.27140000 4.572cc0E-05 2.889e31E-Cl 0 0 1.000000F+03 4.0u4400E+02 0.27150000 4.$72000E-05 2.8 8 9 8 31 E-01 0 0 1.000000E+03 4.054400E+0? 0.

JUN.NO. JLNCTICN AREA F UR W ARD LO rey [RSE LO5$ JUNCTfnN INTT LIO. VEL. INTY VAP. VLL. INILRFACE VEL.(P2) C LE F F IC IE N T'S C0trFICIENT FLAGS (H/$$C) (M/$ C) (M/atC)27010000 6.S$e9SSE-02 0. O. 0 5.712897E+00 5. 71 89 7E +0 0 0.27020000 6.S$b95SE-02 0. O. 0 5.712897E+00 5. 712 89 7 5 +0 0 0.27030000 6.S$8955t-02 0 O. 0 5.712897t+00 5. 71289 7f +0 0 0,27040000 6.S$895SL-02 0. O. 0 5. 712 e 9 7c + 00 5.712897E+00 0.27050000 6.SSu95SE-02 0 O. 0 5.712897E+00 5. 712 897 E +0 0 0.
11898888 2:512311:8? 8: 8: .8 i:?ti'8?!:88 i:?!!"8?':88 8:27080000 6.SSb9SSE-02 0. O. 0 5.712697E+00 5.712877 +00 0..--.27090000 6.S$e95SE-02 0. O. 0 5.712697E+00 5.712897E+00 C.

PN)2 7100000 6.SSe95SL-02 0 O. 0 5.71/b97L+00 5.712897F+00 0.27110000 6.SSb9tSL-02 0. O. 0 5.712h9/E+00 9.7128975+00 0.27120000 6.S$e9tSE-02 0 O. 0 5.71289)E+00 5.712897 +00 0.__ 27130000 6.*> $ 8 9 5 S F-0 2 0. O. 0 5. 712 69 7E + 00 5.712697 +00 0.(JN27140000 6.S$695SE-02 0. O. 0 5.712697t+00 5.'712897 +00 0

INPUT DATA FOR CCMPONENT 28. BDY Juh SNGLJUN . HAVING 0 VOLUMES AND 1 JUNCTION 3I\ JUN.NO. FROM %UL. 10 VOL. JUNCTION AREA FORW ARD LOSS REVEPSE LOSS JUNCTION%4 (M23 CUEFFICIENT COEFFICIENT FLAB 54),28000000 27C1C0C0 25000000 6.22450%E-02 0 O. O

JUN.NO. }I{7 IQ. VEL. Igj{gVAP. VEL. |giggFACEVEL.
28000000 6.01983 0E +00 6.019830E+00 0

INPUT DATA FOR COMPONENT 29. BDY VOL TMDPVOL . HAVING 1 VOLUMES AND 0 JUNCTION 5
VOL NL. ELOW AREA FLOW LENGTH Votund HORII. ANGLE VERT. AhGLE EL EY. CHNG.(M23 (Mt (Mll (DEGI (OEGI (Mt29010000 1.uSe061E+00 3.04 8 000E- 01 S.663369E-01 0 O. O.

CD
N
N



.

gGHNE55 E0 gRAULIC DIAM.VOL.NO.

29010000 4.572000E-05 1.538102E+00 0

TIME DEPENDENT CAIA

NEk3 Nkf fNh!!
O. 6.e94 7 57E+0 6 9. 5 00 314 E +0 5 O.
1.000000E-01 6.094757E+06 9.5 00314 E +05 O.

., ~

N

tP
N N
L9 LT1

, . . . . .



. . . . . .

.

50CLEh51UL^I MB @ ici = 8 18 1: 8 m:8I: f:000000E-03l'E [W.IS7= 6: *- ' 118 NtTs: i:6 u u4E+03 $in:181::
SkC

.

0 E D' f = 0 AVG.0T= 0 _tR 0. M. RAIN = 0.Acun .

RE0utsiED A0vs TOT.= 0 Eclia o REO.Di= 1.000000E-03 $EC CDU= 1.760000E+00 SEC TIME = 0. SEC

VOL.NO. PRES 5URE INT. ENERGT STATIC QUAL. EQU. QUAL. TEMPF TEMPG TEMPE VOLUME VOLUME
JPAl (J/FG) (K1 (K ) (K1 (M3) ELAL$

BREAK IMOPVOL COMP 0hENT
2010000 9.99i40E+04 2.5C605E+06 1.00000E+00 1.00000E+00 3.72774E+02 3.72774E+02 3.72774E+02 0. 0

18 SCH120 PlFE COMPONENT
4010000 6. 69 4 76[ + 06 9. 5 C O 31 E + 0 5 0. O. 4.96021E+02 5. 5 79175 + 02 4.96021E*07 1.79670k-02 0
4070000 6.89476t+06 9.5 00 3 t L *0 5 O. O. 4.96021F+02 5.57917E*02 4.96021E+0? 1.79670E-02 0*

4030000 6.t9476t*06 9*S0031 +05 O. O. 4.96021E+0? 5. 5 7917E + 02 4.9602tE+02 1.79670L-02 3
4040000 6.E9476t+06 9.50031i+05 O. O. 4 9t021E+0? 5.57417E+02 4.96021F407 1.79670E-02 0

4.96021 1.79670E-02 0
4.96021[+02

4050000 6.e94t6t+06 9.SCO31E*05 0 O. 4.v6025t+02 5.57917c+02
4060000 6.t9476E+06 1. 5 00 31 E + 05 O. O. 4.96021E+0? 5. 5 79178 +0 2 c+02 1.79670E-02 0
4070000 6.69476E+06 9.5001]c+g5 O. O. 4.96021E+0? 5.57917c+02 4.96021E+Q2 1.79670E-02 0
40a0000 6.t9476E+06 9.500hlE+u5 O. O. 4.96021E+02 5.57917E+02 4.96021E+v2 1.79670E-02 0

79670h-02409 00 6.t9476E+C6 9.50031E*05 O. O. 4.96021E+02 S.57917E+02 4.9602tE+02 1 0
410 00 6.69476E*06 9.5003tE+0S 0 O. 4.960?lt+0? 5.5 7917F + 02 4.9602tE+0? I 79670 02 0
4110000 6.69476E+06 9. S CO 3 t E + 0S 0. O. 4.96021(+0? 5.5 7917F + 02 4.9602tE+02 1.79670L-02 0

6.e94765++06
9.5 00 31 E *05 O. O. 4.96028t+0? 5.579174.+02 4.960?!E+0? 1.79670E-02 04120000 06

6.t9476t 9. 5 00 31 E *05 O. O. 4.96021E+0? 5.57917c+02 4.96021E*02 1.79670E-02 04130000
4140000 6.t9476E+06 9.5003tE+0S 0 O. 4.96021E+0? 5.57917r+02 4.9602tE+02 1.7G670E-02 0
4150000 6 49476L+06 9.S CO 31 E +0S 0 O. 4.9602tE*02 5.5 7917F + 02 4.96021E+02 1.77670E-02 0
4160000 6.89476E+06 9. 5 00 31 E + 0 S 0. O. 4.96021E+0? 5.5 7 917E + 02 4.96021c+0? 1.79670E-02 0
4170000 6.b9 4 76 E + 06 9. S CO 3 t E *05 O. O. 4.96021E+02 5.57917c+02 4.96021E+02 1.79670E-02 0
4180000 6.69476E+06 9. 5 00 31 E +05 O. O. 4.96071E+0? 5.57917@+02 4.96021E+0? 1.79670L-02 0
4390000 6.t9476E*06 9 SCO31E*05 0 O. 4.96021Ee07 5.57917c+02 4.96021E+0? 1.79670L-02 0
4200000 6.69476L+06 9 5 003tf +0S 0. O. 4.96021E+02 5.57917G+02 4.96021F+02 1.79670E-02 0
4210000 6.69476E+C6 9.5023tE*05 O. O. 4.96021E+02 5.5 7917c + 0 2 4.960?lc 02 1 79670L-02 0

4.96021C++0? 1.79670E-02 0.4220000 6.69476E+06 9. 5 0u 31 E + 05 0. O. 4.960?tE+0? 5.57417f+02
4230000 6.t9416E+06 9.5 00 31 E +0 5 O. O. 4.960?lt+02 5.57917 +02 4.360218+0{ l.79670E-02 0
4240000 6.e94/6E+06 9.50031F+05 O. O. 4.96021ce07 5.57917 +02 4.96021f+02 1.79670E-02 0
4250000 6.69476f+06 9.5 00 31 E + 05 O. O. 4.96021E+02 5.57917 +02

4.96021[+02
4.96021 1.79670L-02 0

0? 5.57917 +024.9602tg++02 5.57917E+02 4.96021E+0? 1.79670E-02 0
t407 1.79670E-02 04260000 6.89476t+06 9.5 00311 +05 O. O._.

4270000 6.E9476E+06 9.50031 +0S 0. O. 4.96021c
NJ 4{90000 6.t9476E+06 9.5 00 H +05 O. O. 4.96021E+0? 5. 5 791 Ff' * 0 2 4.96021E+0? 1.79670E-02 080000

4. 6.89476L*06 9.$0031E+0$ 0. O. 4.96021L+02 5.57917t+02 4.96021E+02 1.79670L-02. 0
18 Schizo P1PE COMPONENT

& 6010000 6.t9476t*06 9.56031(405 O. O. 4.96021E*0? 5.579178+02 4.96021E+0? 1.79670E-02 0
6020000 6.t9476t+06 9. 5 00 31 t +0S 0. O. 4.96028t+0? 5. 5 79176 +02 4.96021E*07 1.19670L-02 0
6030000 6.694Z6E*06 9.5 00 31 E +0 5 0. O. 4.96021E+02 5.57117c+02 4.96021 +02 1.79670L-02 0
6040000 6.494/6E+06 9.50031E*05 0 O. 4.96021E+0? 5.5 7917E *0 2 4.96021 +0? 1.79670E-02 0g
6050000 6.29476E+06 9.50031 +0S 0 O. 4.9602tg+02 5.57117c+02 4.9S021 +0? 1.79670L-02 0

' %J 6660000 6.69476E+06 9. $ 00 31 +05 O. O. 4.96c 11,+02 5.5 79175 + 02 4.96021 +02 1.74670L-02 0
6.t947t +06 9.50031 +05 0. O. 4.960211 +02 5.579170+02 4.90021E+02 1.79670E-02 0
6. 4 9 4 7 6 e[ + C 69. $ 00 31 +05 O. O. 4.960214+02 5.57917E+02 4.9602tE*07 1.79670E-02 0

6070000@ 6080000
6090000 6.89476L+06 9.50031E*05 O. O. 4.96021E+02 5 57917r+02 4.;6021 -+02 1.79670L-02 0
6100000 6.69476E+06 9.5 00 31 E + 05 0. O. 4.96021E+0? 5 57917#+02 4.960?! !+0? 1.79670c-02 0
6110000 6.69476E+06 9.50031]+05 O. O. 4.9602tE+0? 5.57917c+02 4.96021E+0? 1.79670E-02 0
6170000 6.t9476E406 9.50031 ,+05 0 O. 4.96021E+0? 5.57917E+02 4.9602tE402 1.79670E-02 0
6130000 6.69476E*06 0 O. 4.9 6021 E +0 ? 5.57917E+02 4.96021E*02 1.7967CE-02 0

9. 5 00 311( + 059.S0031 +05 O. O. 4.96021E+02 5.57917c+02 4.96021F+02 1.79670E-02 06140000 6.89476E+06
6150000 6 69476E+06 9. S CO 31 c + 05 0. O. 4.96021L+02 5.57917E+02 4.96021E+02 1.79670L-02 0

18 SCH100 PIPf COM.*0hf NT

6.694 76E +N 9.k00D E +05
O. O. 4.96021E*07 5 57917E+02 4.96021E+0? 1.90006E-02 08010000

6.t9476E+ 4 003tE+05 O. O. 4.96021E+0? 5 57917c+02 4.96021F+0? 1.90006E-02 08070000
6030000 6.69476t+06 9 50031Ee05 0 O. 4.96028t+02 5.57917 +02 4.96021F +02 1.00006E-02 0
8040000 6.89476t+06 9 5 00 31 E + 05 O. O. 4.96071E+G7 5.57917 +02 4.96021[+0? 1.90006E-02 0
6050000 6.t9476L*06 9.5 00 31 E * 0 5 0. O. 4.96021E+02 5.57117 +02 4.96021L+02 1.90006L-02 0

@
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.&
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2 8888 1:188 26:82 3:iE8g:+82 8: 8: 2:328f1:81 1:iT8W:8' 2:328!U:8! 1:n882c8! 8
8080000 6.29476E*06 9.5003 05 O. O. 4.9602 E*02 5.57917!+0f 4.96021d+02 1.90006 |-02

-02 0
8090000 6.E9476t*06 9.50031E+05 0 O. 4.96021E+0? 5.57917c+02 4.96021E+02 1.90006 ; 0
e100000 f.t9476t+06 9 5003tE+05 0. O. 4.96021E+02 5.579176+02 4.96021E+02 1.90006.-02 0

TEE PLENbM COMIONENT
09010000 6 894/6E*06 9.5603 O. O. 4.96021E+02 5.57917E+02 4.96021E+02 1.4 4 6 4 7h-01

,12 SCH80 PIFE COMP 0 HEN}E+05
80010000 6.t9476E+06 9.$ 0031E +05 O. O. 4.96021E+02 5.57917E+02 4.96021E*02 9.995MSE-03 0
100?0000 6.t9476E+06 9.5003tE*05 0 O. 4.96024E+0? 5.57917E+02 4.96021E*02 9.9958SE-03 0
10030000 6.t9476E*06 9.50031E+0) O. O. 4.96021E+02 5.57917c+02 4.96021E*02 9.995eSE-03 0 . . .

10040000 6.89476(+06 9.50031E+05 0 O. 4.96021E+0? 5.57917E+02 4.96021E+02 9.49585b-03 0
100SC000 6.f9476t+06 9.S C0 31 E + 05 O. O. 4.96021E+02 5.5 7917F + 02 4.96021E+02 9.99583,.-03 0

4.96021 0? 5*57917E+02 4.96021E+02 9.9958S|.-03 0006C000 6.t9476t+06 9.S CO 3 t E +0 5 O. O.
4.96021k+02 S. 5 7917t + 02 4.9602tE+02 9.9958 5E-03 00070000 6.t9476t+0c 9.SC031E+0S 0. O. + .

100B0000 6.69476E*06 9.500 3 t E +05 O. O. 4.9602tE+0? 5.57917F+02 4.96021F+0? 9.995aSE-03 0 -

\ 10090000 6.89476E*06 9.50031E+0S 0 O. 4.96021E*07 5. 5 7 917 E + 02 *.96021E+0? 9.9958SE-03 0
10100000 6.t9476;*C6 9.50031E+0S 0. O. 4.96021E+02 5.57917c+02 4.960?tE+02 9.9958SE-03 n

5.57917g+02 4.96021E+02 9.9958SE-03 0 , .6.t9 4 76 .+06 9.50031 +0S 0 O. 4.9 60 21 E +0 2 5.57917 +02
101100000120000 6.694 7 6 : +06 9.50031 +05 O. O. 4.96021E+07 4.96021E+0? 9.9958SE-03 0 ==

10130000 6.t9476E+C6 9.50031 +05 O. O. 4.9 6021 t +0 2 5.57917 . +02 4.9602tE+02 9.9958SE-03 0
101400C0 6.09476E*06 9.SCollE*05 O. O. 4.96021E+02 5.57917 +02 4.96021E+02 9.99585E-03 0
10850000 6.69476E+C6 9. S C0 31 E + 05 0. O. 4.96021E*02 5.57917 +02 4.9602tE+02 9.9958SE-03 0 *,
0160000 6.e94761;+06 9. 5 00 31 E 405 0 O. 4.96021E+0? 5.57917c+02 4.960?IF+02 9.99585E-03 0

10170000 * 9.5 00 3] E +0S 0. O. 4.96021E+0F 5.57917!+02 4.96021E+02 9.995e5E-03 0
6.t947k E+C6 9.SCO31E+05 O. O. 4.960?!E+0? 5.57917E+02 4.96021E+02 9.99585E-03 0

10160000
6.6947 06

0190000 6.69476E*06 9.5 00 3 t E 405 O. O. 4.96021E+02 5.57917 +02 4.96021E+02 9.99585E-03 0
10200000 6.t9476E+C6 9.50031E+05 c. O. 4. 9 60 21 t +0 ? 5.57917 +02 4.96021E+02 9.995855-03

- 0 ,- " U s' .$ m

10210000 6.t9476 +06 9.50031E+05 O. O. 4.96021t+0? 5.57917 +02 4.96021E+0? 9.9958SE-03 0
10220000 6.09476 +06 9.50031E+0S 0. O. 4.9602tE+0? 5.57917 +02 4.96021E+02 9.9958SE-03 0
10730000 6.t9476 +06 9. S C0 31 E +0 S 0 O. 4.96021E+0? 5.57917r+02 4.9602tE*02 9*9958SE-03 0
10240000 6.89476t+06 9.5 00 31 E +05 0 O. 4.96021E+02 5.57917E+0? 4.96021E+02 9 9958SE-03 0 - ' -

10250000 6.t9476E+06 9. S CO 31 E * 05 O. O.
4.96021h++0?

5.57917 +02 4.96021E+02 9 9958SE-03 04.96021 0?
5.57917 +02 4.96021F+0? 9*.9958SE-03 010260000 6. 694 76 E + 06 9. S CO 3 t F +05 0. O.

9 0. O. 4.96021E*02 5.57917 +02 4.96021E+02 9.9958SE-03 010?70000 6.09476E*06
9.0 00 3 4 E +0S0 O. 4.96021E*02 5.579175+02 4.96021E+02 9.9958SE-03 0 J, +' #10280000 6.69476E+C6 5003tE405

10? % 000 6 t9476E*06 9.SCO3tE+0S 0 O. 4.96021E+02 S.57917E*02 4.96021E+02 9.9958SE-03 0
10300000 6 69476E+C6 9. 5 CO 31 E +05 0. O. 4.9602tE+02 5.5 7917E + 02 4.96021E+02 9.995eSE-03 0

12 SCHd0 PIFf CJMP0hEh!
I?010000 6.b9476E+06 9. *; 00 3 t F + 05 O. O. 4.9602tE+0? 9.579175+02 +.9602tc+0? 1.9991?E-02 0
120?C000 0.09476E+06 9.S0031E+05 0 O. 4.96021E*07 S.57917e+02 i.96021E+02 1. 9 9 917 E-0 2 0
1/030000 6.69476t+06 9.50031 +0S 0 O. 4.96021E+0? 5.579176+02 .96021 '+02 1.9991TE-02 0
12040000 6.69476E+C6 9.50031 +0S 0. O. 4.96021g+02 5. 5 79175 + 02 4.96021 |+02 1.99917L-02 0 .12050000 6.29476E+06 9. S CO 31 +05 O. O. 4.96021t+0? 5. 5 7917E +0 2 4.96021e+0? 1.999175-02 0
!?060000 6.e9476E*06 9.S c0 31 t + 0 5 0. O. 4.9602ti+02 5.57917E*02 4.96021E+02 1.99917t-02 0
12070000 6.89476E406 9.SC031E405 0. O. 4.96021E+02 5.57917F+02 4.96021E+02 1.99917E-02 0
12000000 6. t9 4 76 E + 06 9. 5 00 31E +05 0 O. 4.96021E+02 5.57917 +02 4.9602tE+02 1. 9 991 7 E-02 0
I?C90000 6.89476E+06 9.5 0031 E +05 0 O. 4.96021t+0? 5.57917 +02 4.96021E*02 1.9991?E-02 0.

1210C000 6.t947eE*06 9.SCO31E+0S 0. O. 4.96021t+0? 5.5 791,7e +02 4.9602ir.02 i.99917E-02 0
7 +02 4.96021E+0? 1.99917c-02 0

12110000 6.e9416E*06 9.SC03ie+05 O. O. 4.9602ie.02 5.579
!?l20000

6.89476E.+06
9.50031E405 O. O. 4.9602t +0? 5.5 7917F + 02 4.96021 +02 1.99917,-02 0

1.99917:;-0217130000 6.894764 36 9.50031E+05 0.* 0 4.96021 +0? 5.57917C+02 4.960?! +02 0
12140000

6.0 9 4 761: + 06
9.5 00 31E +05 O. O. 4.96021 +0? 5.57917E+02 4.96021 +02 1.99917 -02 0

12150000 6.09476 +06 9.S CO 31 E +0S 0. O. 4.96021E+02 5. 5 7917 F +02 S021E+02 1. 99917 E-02 0
4f.96021E+0212160000 6.69476E*C6 9. 5 00 31 E + 0) O. O. 4.9 6021 E +0 ? 5.57917E+02 1. 9 9 917 E -0 2 0,

12170000 6.89476E406 9.50031E405 O. O. 4.9602tE*02 5.57917E+02 4.96021E+02 1.99917E-02 0
12 SCHoo P2PE COMP 0hENT
14010000 6.69476E+06 9.5CO31E+cS 0 O. 4.96021E+0? 5.57917E+0? 4.9602tE*02 1.99917E-02 0
14020000 6.t9476L+06 9. S C0 31 E +05 0. O. 4. 9 6 021 t +0 2 5.57917E+02 4.96021E+02 1.9 9 917E-02 0
14030000 6.69476E+06 9. S CO 31 E + 05 O. 0 4.96021E+0? 5.57917F+02 4.96021F+0? 1.99917E-02 0
1404C000 6.e9476L*C6 9.S CO 31t +0S 0. O. 4.96021E+02 5.57917E+02 4.96021E+02 1.99917E-C2 0

W
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Lfs
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T 1 828888 1:18t?tt:82 8:'hC0311:88114 81 8:b:. 4328111:81 1:1?8!?h8! :u8i!!:8! 1:80'il:8' 8
14070000 6.89476E+06 9. 405 0. 4.96021E+02 5.57917E+02 4.96021E+02 1.999k7E-02 0

(fN 14080000 6.89476E+06 9.5C03tE*05 0 O. 4.96021E+02 5. 5 7917E * 02 4.96021E+02 1.999174-02 0
1409C000 6.89476E*06 9. 5 00 31 E * 0 5 0 O. 4.96021E+02 5.57917E+02 4.9602tE+02 1.99917s-02 0
14100000 6.69476E*06 9.$C031!+05 0 O. 4.9 60 21 E + 0 2 5.57917E*02 4.96021E*02 1.999171 -02 0

N 1 !)8888 :13:nl:82 4:188115:81 8: 8: 2:3281i1:81 1:1181T1:81 :h8ill:8! 1:8881 L:81 0N 14130000 6.69476 +06 9.5 03
03h++5 O. O. 4.96021E+02 5.57117c+02 4.96021g+02 1 99917E-02 0

5 0. O. 4.96021E+02 5.57917#+02 4.96021c+02 1 99 917 E-02 014140000 6.89476 +06 9.5

14150000
6.e9476t+06 J.Sc031E*05 O. O 4.96021E+02 5.579175+02 4.96021E+02 1 99917E-0 2 0

4160000 6.894764+Cp 9.5003tE+0S 0. O. 4.96021E+0{ 5.57917E+02 4.96021E*02 1.99917E-02 0.
14170000 6.t9476t+00 9. S C0 31 E +0 S 0 O. 4.9 6 0 21 E +0 c 5.57917E+02 4.96021E+02 1.9991FE-02 014I80000 6.89476E*06 9. 5 00 31 E +0 5 O. O. 4.96021E+02 5.57917 +02 4.96021E+02 1.99917E-02 0
14190000 6.69476E+06 9.5 CO31E +05 0. O. 4.90u21E*02 5.57917 +02 4.96021E 02 1.99917p-02 0

4.96021f++02 1.99917c-02 014{00000 6 8 476E*06 9.5CgE+05 0 O. 4.96021L+02 5.57917 +02
60 0 .E 476E+06 b O3tE+05 O. O. 4.96021E+02 5.57917E+02 4.96021E+02 1.9991 75-02 0
6020C00

6.8947kh*+06 8SCO31E*056.8947 06 5 00 31 E +05 8
O. 4.96021t+02 5 57917 +02 4.96021E+02 1.9 9917t-02 . , c

5 7917[. +0216C30000 ,'
. O. 4.96021E+02 5 4.96021F+02 1.99917L-02 0

16040000
6.09476k++06 9 * S G0 3 t E + 0S 0

O. 4.9602tE*02 5.579175+02
4.90023F'.02 1.99917 ,-02 006

16050000 6.t9476 9.50031E*05 O. O. 4.96021E+02 5.579178+02 4.9602nu 02 1.9 99 t Fi.-02 0
16060000 6.69416[+06 9.50031 0 O.9.5003th+0S 5 57917c+02

4. 9 6021 h ++0 2
960218

4 96021E++02
1. 99 917 E-02 016070000 6.E9476t+06 4.96021 02 5 57917E+02+05 0 O. 4 02 1.99917E-02 0

16C0C000 6. t9 4 76 E +06 9.5003 +0S 0 O. 4.9602It+02 5.57917 +02 4.96021 +02 1.99917t-02 0

16090000 6.69476E*06 9.5003}: +05 O. O. 4.9602tE+02 5.57917 +02 4.90021 +02 1.99917E-02 06100000 6.69476E+06 9.50031 +05 O. O. 4.96021E+02 5.57917 +02 4.96021 +02 1.9991?E-02 0
16110000 6.69476E+06 9.50031E+05 O. o. 4.9602tg++02 5. 5 7917f ++ 02

4.960?IE+02 1.99917E-02 05.57917F
16120000 6.69476E+06 9.SCO31t+0S 0 O. 4.9602)c 02 02 4.96021E+02 1.99917 -02 016130000 6.t9476(+06 9. $ 00 311 +05 O. O. 4.96021t+02 5.579178+02 4.96021E+02 1.99917 -02 016140000 6.t9476t+06 9.5003) +05 O. O. 4.96021c+02 5.5 7 917E +02 4.96021E+02 1.99917 -02 0
16130000 6.69476E*06 9. 5 00 31. + 0 5 O. O. 4.96021E+02 5. 5 7917E + 02 4.96021E+02 1.99917E-02 0
ObOO'

ti + 0 6 E*05 0. O. 4.96021E+02 5.57917E+02 4.96021E+02 0. 012 SCH80 P1FE C3d P O M hi
19010000 6.69476E+06 9.SC0!!E+0S 0. O. 4.96021E+02 5.57917C+02 4.96021E+02 9.995R5E-03 0

19020000
6.t947cE+06 9. S C0 31 E +0 5 O. O. 4.96021c9030000 6.e9476E+06 9.5003tf+05 0 O. 4.96021E++02

s.57917E+02 4.96021E+02 9.9958SE-03 0
02 3.5 7917E + 02 4.96021E+02 9.9958SE-03 019040000 6.09476E+C6 9. 5 C O 31 E + 0 S 0. O. 4.9602tp402 5.579178+02 4.960?!E*02 9.915PSg-03 019050000 6.094 76E + 06 9.S CO 31E + 0 5 O. o. 4.96021t+02 S.579tFE+02 4.96021G+02 9.9958St-03 01906C000 6.09476E+06 9.SCO31E*0) O. O. 4.90021E+02 5.57917E+02 4.90021E+02 9.9958SE-03 019070000 6.t9476E+06 9. 5 00 31 E +0 5 0 O. 4.96021E*02 5.57917E+02 4.96021F+02 9.995RSE-03 019060000 6.69476E*06 9.5 00 31 E +05 O. O. 4.96021E+02 S.57917e+02 4.96021E+02 9.9958SE-03 019090000 6.09476F+06 9. 5 00 31 F +05 O. O. 4.96021E+02 5.5 7917t + 02 4.96021E+02 9.9059SE-03 0

06 9. 5 00 31 E +05 0 O. 4.9602tE+02 5.57917@+02 4.96021E+02 9.995HSt-03 019100000
6.094764+06 9. 5 00 31 E 4 0 5 O. O. 4.9602tE+02 5.57917E*02 4.96021E+02 9.9958SE-03 019110000 c.E9476r+

19120000 6.E9476L+06 9.S C0 31 E +0S 0 O. 4.960215+02 5.57917E+02 4.96021E+02 9*9956SE-03. 019130u00 6.89476E+06 9.S 00 31 E +0 5 0. O. 4.96021E+02 5.5 7917E * 02 4.96021E+0? 9.99585E-03 0'

18118888 :28 3 21:82 8:288!!!:81 8: 8: ::328111:85 4:l?3Hl:81 ::328M:8i 3:881316:81 819160000 6. 694 '6E +06 9.50031E+0S 0. O. 4.96021E+02 5*57917E+02 4.96021E+02 9.9958S 09.99585I0319170000 6.874 5E+06 9.50031E+05 0. O. 4.9 6021 E 40 2 5.579178+02 4.9602tE+02 03 0g
191R0000 6. 694 76 4!+ 06 9.S0031 +0S 0 3 4.96021E+02 S.57917 +02 4.9602tE+02 9.99585E-03 0L 19190000 6.89476L+06 9.50031 +05 O. O.

4.96021h*02
5.57917 +02 4. 9 6 0 21 E + 02 9 99585E-03 0020 19200000 6.69476t+06 9.50031 +05 O. O. 4.96021t+ 5.57917 +02 4.96021E+02 9 99595t-03 0o 19210000 6.89476E+06 9. 5 00 31 E +0 5 O. O. 4.96021E+02 5.579178+02 4.9602tE+02 9.99585E-03 0

c 19220000 6.t9476E406 9.$0031F+0S 0 O. 4.96021E*02 5.5 7917E +02 4.96021F+02 9.9958SE-u3 019230000 6.69476E+06 9.S CO 31E +05 O. O. 4.96021E+02 5. 5 7917E + 02 4.96021E+02 9.99585E-03 0y
19240000 6.69476E+C6 9.5003t&+0S 0 O. 4.96021t+02 5.579tFE+02 4.96021E+02 9.995eSE-03 0H 19250000 6.t9476E*06 9.5003tE405 O. O. 4.96021E+02 5.57917F+0? 4.96021E+02 9.94585E-01 019260000 6.t9976E*06 9. S CO 31 E + 0 S 0. O. 4.96021E+02 5.57917E+02 4.96021E+02 9.99585E-03 0
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l W ES88 2:13 M21:82 3:128111:8? 8: 8: :'2811 -

4.k60211:+8J 2:1?8!?|:8! 2:48i!! 8! 3:%@k:-038!8
'192 0000 6.t9476{+05 9.50031E+0S 0 O.19300000 6.e9476t+06 9.5003tE+05 O. O.

02 5.57917 +02 4.96021E+02 9.99%5S 04.9602tE+02 5.57917E+02 4.96021E+0? 9.995cSE-03 019310009 6.E9476 +06 9.50031E+05 0 O. 4.96021E+02 5.57917E+02 4.96021E+0? 9.9953% -03 019320000 6 09476 +06 9.5CO31E+05 0 O. 4.9602tE+02 9.57917E*02 4.96021E+02 9.99585 -03 019330000 6.tv476 +06 9.5C031E+0S 0. 0+ g.96021t+02 5.57917(+02 4. 76021 E + 02 9.9958S -03 019340C00 6.69476F+06 9. 5 00 3I E + 05 0 O. 4.960?tE+0? 5. 5 7917F + 02 4.96021E+0? 9.99585 03 019350000 6.Ev4 76 E +o6 9.5 00 3 t E +05 0. O. 4.96021E+02 5. 5 7917E + 02 4.96021E+02 9.99585E-e3 019360000 6.69476E*06 9.50031E+05 0 O. 4.96021(+0? 5.5 7917F +0?19370000 6.69476E+06 9.SCO31[+05 O. O. 4.96021c+02 5.57917c+u2
4.96021

:[ ++ 02
9.9948SE-03 019380000 6.09476E*06 9.50031F+05 0 O. 4.960211+07 5.579178+02 4.96021 +02 9.9958St-03 0

4.96021 02 9.9958Sh-03 019390000 6.09476E*06 9.SC03tE+05 0 O. 4.96021 +0? 5.57917f*02 4.96021E+02 9.9958)E-03 019400000 6.69476E*06 9.3003tE+05 O. O. 4.96021 +02 5.579178+02 4.96021E+02 9.9958st-03 019410000 t,.e9476c+06 9.SCO3tE+05 c. O. 4.96021E+0? 5. 5 7917e + 02 4.96021E+02 9.9958SE-03 019420000 6.69476 +06 9.500319.S0031;+0% 0 O. 4.96021E+0? 5. 5 7917F +02 4.96021E+02 9.9958St-03 019430000 6. t94 76 +06
9.50011!+05

0 O. 4.96021 +0? 5. 5 7917E * 02 4.96021F+02 9.9958SE-03 019440000 6.69476 +06 +05 O. O. 4.9b021 +02 5.5 7917E +02 4.96021E+02 9.9958SE-03 019460000
9450000 6.t94'6E+06 9. S CO 31 E +05 O. O. 4.9602tE+02 5.57917E+02 4.96021E+02 9.995SSE-03 06.894)\E+04 9.5003tE+05 0 O. 4.9602tE+0? 5.579178+02 4.96021F+02 9.99585E-03 019470000 6 E94765+C6 9 S CO 31E *05 0. O. 4.96021E*02 5.5 7917E + 02 4.96021E+02 9.995sSE-03 0

,

12 SCH80 PIFt COMIchEhi

118i8888 2:23:521:82 3:188111:81 8: 8: 2:n8ill:8! 1:lMill:81 2:n8ill:81 1:30!P:8f 8 v2I030000 6.69476 +06
h5003kl++05

0S 0 O5003 O. O. 4.960'IE+02 5.5 7917 +02 4.96021F+02 1 99917k-0221040000 6.89476 +06 04.9602nE+0? 5.57917 +02 4.96021]+0? 1 99917E-02 0210$0000 .

6.t9 4 76{ + 06 9.5 00 3| E +0S 0 O. 4.96021 02 5.5 7917 +0221060000
4.9602th++0?6.e9476 +06 9.50031E+05 O. O. 4.96021' + I 99917E-O O5.57917F+02 4.9602'4+02 t!99917E-01'21070000 6.t94766+06 9. 5 00 31 : + 05 O. O. 4.96021E+0? 5.57917F+02 4.9602.L+02 1.99917E-02 0

0? 021080000 6.89476E*06 9.50031 O. O. 4.96021E*022109C000 6.69476E+06 9.5C031;+05 5.57917 02 4.96021E+0? 1.99917E-02 05.5 7917g ++ 02:+0S 0. O. 4.96021E+0?21100000 6.09476;+06 5 00 3 t E *05 0 O. . 4.96021E+02 1 9 9917E-02 0
'

4.9602;|+0?4.96021 + A? 5.579 75+02 4.96021E+02 l '. 9 9 917 E-0 221110000 6.69476 +

?!!?OOOO 6.894764+06 $ 00 3 t E +05 O.. O. 05.579 ??+02 4.96021E+0? 1. 9 991 7 E -02 006 9.5 00 31 E + 0 5 0 O. 4.9602.t+02 5.579 7E+02 4.96021 +02
c

21130000 6 E9476s*06
9.3 00 3 k E +859. S M 3 E * 50. O. 4.960786+0? 5 5 79178 + 02 4.96021 +02 1.99917 02 - - 0- * - - * ."-

I 99917 02 0O. O. 4.96021:+02 5 57917E+02 4.96021 +02 1 99917(-0221140000 6 69476E+C6 c 0 ..

$11!8888 i:28321:82 h l8811E'8s 8: 8: ::#8i21:8i 1: W l?l:85 ::328sil:85 i:8 Mile:8i 821170000 6.69476E+06 9.%0031E+0S 0 O. 4.9602 E+0? 5.5 79175 +02 4.96021C+02 1.99917E-02 0
21180000 6.69476E*06 9. 5 63 31C + 0s 0 O. 4.9 60 21 E + 0 2 5.579178+02 4.96021E+02 1.99917E-02 0
21190000 6. t9 4 76 E *06

9.500'f#+05E+05O. O. 4.9602tE+02 5. 5 7 917b' ++0 2
s O. O. 4.96021t+02 5.57917 02 4 9602tE*0221200000 6.69476E*06 9.SCO3 1 99917E-02 021210000 6.E9476E*06 9.$0031E*05 O. O. 4.96021E+02 5.57117e+02 4.96021E+0? I 99917E-02 0

4.9602tE+02 II99917t-02 021220000 6,89476E+06 9.* C0 3 t E +0S 0. O. 4.96021E+02 5.579175+02 4.96021E+02 1 999171-02 0
12 $CHUO PAFE CJMP0hEhi72^10C00 6.89476E+06 9.sc01tE+05 0 O. 4.96021t+02 5.5 7 317F + 02 4.96021E+02 1.99917E-02 0
23020000 6.t9476E*06 9.50031E*05 0 O. 4.96021E+0? 5.5 7917F + 0 2 4.96021E+02 1.99917E-02 0
23030000 6.89476E+06 9. 5 CO 31 E +05 O. . O. 4.96021E+02 5.57917C+02 4.'$021 +02 1.99917E-02 0

.~23040000 6.89476E*06 9. 5 00 31 E +0 5 O. O. 4.96021E+0? 5. 5 7917E +02 4.96021 +02 1.99917t-02 0
230$0000 6. 6 9 4 76 E * 06 9.5 00 31E +05 O. O. 4.96021E+0? 5.57917F+02 4.96021 +02 1.9991 0!!898888 :23:!!1:82 3: 88?ll:8 8: 8: 2:3t8!!t:8i 1:tRM:8! :48ill:8! i:Uud7 -02 8

-

N) LbCG06 :81$'$G90000 6.29476E+06 9.S CO 3| E *05 O. O. 4.96021c+0? 5.57917F+06.69476E406 9.50031E+05 O. O. 4.96021E+02 5.57917E*'2 4.96021E402 1 999175-02 0
_,

2310C000 6.29476E+06 9.S CO 31E + 05 0 O. 4.96021E+0? 5.57917E+02 4.96021F+
2 4.96021F+02 1 99917c-0 2 0m 23110000 6.69476t+06 9.5 00 31E +05 O. O. 4. 9 60 21 E +0 ? 5.57dl7F+02 4.96021G+02 1*999176-02

99917E-02 02312CC00 6.t9476t+06 9.5 00 ll E +05 O. O. 4.96021E+0? 5.57917C+02 4.96021F+02 1.99917E -02 0
0? 1. 023130000 6.F9476E+C6 9. 5 00 31E +05 O. O. 4.96021E+0? 5.5 7917F +02 4.96021E+02 1.99917E-02 ON 23140000 6.69476E*06 9.5003tE*05 O. O. 4.9602tE+02 5.57917 +02 4.96021E+02 1. 99917L-02 0

231S0000 6.t9476E+06 9.SCO31E+05 O. O. 4.96021E+0? 5. 5 7917 + 0223160000 6.t94 76c +06 9. 5 00 31E +0S 0 O. 4.96021E+02 5.S7917 +02 4. 9 60 21 g ++ 0 ? 1.99917E-02 04.96021. 02 1.99917E-02 0
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IV
-J
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12 $CH80 PIFE COMP 0hENT
25010000 6.tC476E+06 9.50031E+05 O. O. 4.96021E+02 5.57917E+02 4.9602tE*02 1.99917E-02 0
2SO20000 6.69476E+06 S.S CO 31E +05 n. O. 4.96021E+02 5. 5 7917E * 02 4.96021E+02 1. 9 9917(-C 2 025030000 6.69476E*06 9. 5 00 31 E + 0 5 0 O. 4.96021t+02 5.5 7917E * 02 4.9h021E+02 1.9 9 91 7 t -0 2 0
25040000 6.67476E+06 9.SCO31E*05 6 O. 4.96028t+02 5. 5 7917E + 02 4.96021E+0? 1.99917L-02 025050000 6.19476E+06 9.5 00 31 E + 05 O. O. 4.96021E+02 3.579175+02 4.96021E+02 1.99917E-02 02$060000 6.69476E+0' 9.5C031 +05 O. O. 4.96021E*02 5. 5 7917E +02 4.96021E+02 1.99917E-02 025070000 6.P9 4 76r +N 50031 +05 0 o. 4.96021E+02 5.57917e+02 4.96021E*02 1. 9 9 91 7 t -02 0
2SOPC000

6. h 9 4 76': + o a
,'.50031 +05 0 O. 4.9602aE*02 5.57917f+02 4.96021E+0z 1.99967t-02 02S000000 6.<9;76 +0L 9.50031 +0S 0. O. 4.96021E+02 5.57917E+02 4.96021E+02 1.99917E-02 0

2$100000 6.tv476E9C6 9. $ C 0 31 +05 O. O. 4.92021'+02 5.57917E+02 4.96021E+02 1.99917t-02 025110000 6.89476Ee06 9.50031E+05 0 O. 4.960211 +02 5.57917f*02 4.96021E+02 1.99917E-02 --* 025120000 6.E9476t+06 7.5 00 31 E + 0 5 0 O. 4.96021 +02 5.5 7917E + 02 4.96021E+02 1.999171-02 0
25330000 6.694/6E+06 9.50031E*05 0 O. 4.960?lt+02 5.57917E*02 4.9602tE*02 1. 9 991 7 E -0 2 0
2$140000 6.E9476[+06 9.50031(+0) 0 O. 4.9602*:r02 5.5 7917E +02 4.96021E+0? 1.9 9 91 7 E -0 2 0
25150000 6.69476t*06 9.50031Es05 O. O. 4.9602ac.02 %.57917F+02 4.96021E+0? 1.99917E-02

..

025160000 6.89476g+06 9.50031E+0S 0 O. 4.96021t+0? 5.5 7917F + 0 2 4.96021F+02 1. 9 9917 E-02 0
25170000 6.&9476t+06 9. 5 00 31E +05 0. O. 4.96021g+0? 5.5 7917E +02 4.96021 00? 1.999171-02 0
2S160000 6.69 4 76 E + 06 9. S 00 31 | + 05 0 O. 4.96021t+02 5. '917F+02 4.96021 +02 1.99917E-02 0 . .-2$190000 6.89476E+06 9 50031 :+05 0 O. 4.96071E+02

5.
. ' 'c+02 4.96021 +02 1.99917E-02 0 - ' - '

5.'$ 79. . . + 0225200000 6 t947tE+06 9 SCO31:+05 O. O. 4.96021E+02 4.9o021E+02 1.99917E-02 012 SCH80 PIPt COM OkFhi
27010000 6.49476E+C6 9.5 00 31 E +05 0. O. 4.96021E*02 5.5 7917E + 02 4.96021E*02 1.99917E-02 0 ' . _ , . . .27020000 6.b9476E+06 9. 5 00 31 [ + 05 ' 0. O. 4.96021F+02 5.5 7917F + 0 ? 4.96021F+02 1.99917E-02 0 . ' *
27030000 6.09476E+06 9.50031E+0S 0. O. 4.96021E+02 5.57917E+02 4.96021E+02 1.999174-02 027040000 6.6947tE+06 9. $ 00 31 E + 0 5 0 O. 4.96021E*02 5.57917F+02 4.96021F+02 1.99917t-02 027050000 6.E9476E+06 9. 5 00 31( + 0S 0 O. 4.96021E+02 5.579179+02 4.96021E+02 1. 9 9 917E -0 2 . 0- .27060000 6.49476E*06 9.SC03 O. 02 4.96021E+02 5.57917F+02 4.96021 02 1.99917E-02 0

H 838888 h M : n 3: n 8i|E+05D81 b:.8: ::u8|lB85 i:U8UH8i :n8?l|+*82 1:388tM8i 8
g 5003kE *05 4. 9 6021 g +*02 } . 5 7917j ++ 02 4.96021E+02 1.99917k-0227090000 s.e9476E*06 O. 0??l000C4 6.69476E+06 5 00 31 E +05 0 o. 4,96021 02 . 57917- 02 4.96021E+02 1 99917E-02 027110000 6.69476E*C6 9.5003I|+05 O. O. 4.96021E+02 5.5 7917F + 02 4.9602tE+02 1.99917E-02 027120000 6.t94 76 E + C6 9.$0031 +0) O. O. 4.96021$+02 5.57917F+02 4.96021E+02 1.99917E-02 027130000 6.E9476E+06 9.$C031 +05 0 O. 4.9602 8 t +0 2 8.57917E*02 4.96021C+02 1.99917(-u2 0

.C27140000 6.89476(+06 9.5 00 31 E *0 5 O. O. 4.9602tE+02 5. 5 7 917F + 0 2 4.96021E+0? 1.99917E-02 07150000 6.E9476t+06 9. 5 0 0 31 E + 0 5 O. O. 4.96021E+02 5.5 7917E + 02 4.96021E+02 1. 99917E-02 0Bu{7 VOL T8DPVOL COMP 0hFNT__.
29010000 6.19476E+06 9.SC031E+0S 0. O. 4.96021E+02 5.57917E+02 4.96021E+02 0. O

VOL.NO. RHC RHOF RHOG V010G la uc
$0UNDhi

HEAT INPUT- - * (kCtr39 (kG/N35 (kC/M33 (J7kGI (J/KGB (n/St (WATTSI2010000 4.s0269E-01 9.S t 393E +02 5.90269E-01 1.00000E*00 4.17 3 76E +05 2.50605F+06 4. 38 7 3 4E + 02 04010000 e.40714 +02 8. 4 0 714 E +02 3.59168E+01 0. 9. 5 00 31 E +05 2.5n2604+06 1.25691E+03 0
4020000 6.40114 +02 8. 4 0 ?! 4 E +02 3.5 916 8 E + 01 0. 9.50031t+05 2.5R 260E +06 1.25691E+03 0.4030000 t.40718 +02 S.40714 +02 3.59188E+01 0 9.50031 +05 2.58260F+06 1.2S691E+03 0.N 4040000 8.4071w+C2 s.4C714 +02 3 5910 8E + 01 0 9.50031 +05 2.5*260f+06 1.25691E+03 0.y 4050000 8.40714E*02 8.4 C 714. +02 3.591teF+01 0. 9. $ 0011 +05 2.58260E*06 1+256911+03 0.-4060000 0.40714E*02 de40714E+02 3.591eeE*01 0. 9.5003tE+05 2.58260F+06 1.2S$91 +03 0.O 4070000 6.40714E+02 8.4 0 714 E +02 3.59188E+01 0. 9.5003tE+05 2.59260f+06 1.25691 +03 0.40800uo u.4 0 714 E + 02 8. 4 0 714 E + 02 3.59168E+01 0 9.$0031E*05 2.58260E+06 1.25691E+03 0.4090000 8.40714E+02 5.40714E+0? 3.S9888E+01 0 9. 5 00 31 E + 05 2.58260E+06 1.25691F+03 0.+10:000 U.40714[+C2 8.40714f+02 3.591eeE+01 0 9 20031 05 2.582605+06 1.2S691g+03 0.4110000 8.40 714L + 02 8. 4 0 714 E + 0 2 3.59188E+01 0. 9 50031'E ++ 0 5 2.58260E+06 1.2S69tt+0i 04120000 6.40714E+02 a.40714E+02 3.S9186E+01 0. 9.50031|+05 2.58260F+06 1.25691E+03 0.4130000 8.40714E+02 8. 4 C 714 , ++ 0 2 3.59188E+01 0. 9. 500 31 E +0 5 2.59250F+06 1.2569tE+03 04140000 e.40714(+02 d.40714 02 3.591eeE+01 0 9.50031E*05 2.58260f+06 1.25691E+03 0.- 4150000 E.40714E+C2 8.40714 [+02 3.59186F+01 0 9.> 00 31 E * 0 5 2.58260F+06 1.25691E+03 0.4160000 8.40714E+02 8.4C714;+0? 3.59108E+01 0 9.50031E+05 2.56260E+06 1.2S691E+03 0.4170000 8.40 714 E + 8.40714E+02 3.5918eF+01 0. 9.50031E+05 2.58260F+06 1.2S691E+01 0.e . 40 714 L .02 8.40?l4E+02 3.59188E*01 0. 9.$0031E+05 2.51260E+06 1. 2 S 691E + 0 3 0.4180900 02
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c0 i



.

.

i~i 2188888 i:281! ::81 ::28I12-:81 1:18185E+81 8: 3:18811i:81 1:i"itai:82 1: lit 311:81 8:4210000 e.40714.+02 8.4 0 714 I +0 2 3.59188E+01 0. 9.50031 05 2.58260E+06 1.25691E+03 0
4220000 8.40714E+02 8.40714E+02 3.59188E+01 0. 9. 5 00 315 ++0 52.58260F+06 1.25691E+03 0
4230000 8.40 714( +02 8.40714 +02 3.59188E+01 0 9.50031E+05 2.58260E+06 1.2$691E+03 0.4240000 6.40714t+02 8.40714 ,+02 3.591ePE401 0 9.50031;+05 2.55260E+06

1 25691E+03
1 04250000 8.40714E+02 8.40714.*02 3.59168E+0! 0.

9.50031|+05
2.58260E+06 .25691t +0 3 0.4260000 8.40714E+02 8. 4 0 714 E + 0 2 3.59188E+01 0. 9.50031 +05 2.58260F+06 1.25691(403 0.4270000 6.40714t+02 8.40714E402 3.591e80+01 0 9.50031E+05 2.582608+06 1 25691t+03 0

4280000 8.40714E+c2 8. 4 c714 E *02 3.5 918 8 E + 01 0 9.50031E+05 2.58260F+06 1.25691E+03 0.4290000 8.40714c+C2 8.40714E+02 3.5918SE+01 3 9. 5 0 0 31 E + 0 5 2.58260E+06
1 25691E+03 ,

L+
1 0.6010000 8.40714E+C2 8.40714E+02 3.591eaE+01 0. 9.50031E+05 2.58260F+96 .25691E+03 0. - - ss- -

6020000 U.40714E+02 8.40714E+02 3.59188E+01 0 9.50031E*05 2.58260E+06 1.2S691F+03 06n30000 8. 40 714 E +02 8.40714E*02 3.59188E*01 0. 9.50031E*05 2.5 8 260E +06 1.25691F+03 0.6040000 0.40714E+02 8.40714E+02 3.59188E+01 0. 9.50031E+05 2.5 8260E +06 1 25691c 0
05 2.58260F+06 1.25691E+036050000 6.40714 8. 4 0 714 E + 02 3. 5 9 18 8 E + 01 0

2898888i:2811t|+02:8! i:t8?ltl:8i 1:181586:81 8: 9.500314+31 i:i:$28'+82 1:ist31'!81 8:
+03 0.

8:1881||:
6060000 8.40714E402 8.40714E+02 1.59188E+01 0. 9.50031E+05 2.59260l+06 1.2$691h+03 0.6090000 8.40714E+02 a. 40 714E +02 3.59188E+01 0. 9.50031F+05 2.5 826 0E +06 1.25691E+03 0.6 - 'e*\a---4--'
6100000 8.40714L*02 a. 4 0 714 E +02 3.59168 +01 0 9*50031t+05 2.58260E*06 1.2$691E+03 0.6110000 8.40714 j *+ 0 2 d.4b7k4E+81

3.591808.4 +01 0 9.500 3 t E +05 2.59260r+06 1 25691E+03 0.
6!20000 8.40714s C2 7 4E+ 3.5916e +01 0 9.50031E+05 2.58260c+06 I 25691E+03 0
6130000 8.40714 +02 8. 4 0 714 F +02 3.59188E+01 0. 9.5 00 31 E +05 2.58260F+06 1.2S691E+03 0

..,

6140000 8.40714 +0. 8.4C714-402 3.59188E+01 0. 9.50031E+05 2 58260e+06 1.25691E+03 0.t

2818888 i:2811th:81 2:28ilt|;;8i !:18it!g:81 8: 8:288111:81 i:2e!!8|:82 1:!st31|*81 8: - - -

6150000 6.40114 +02 a.4C714 +02 3.59188 608 0 9.50031E*05 2 58260f+06 1 25691E+03 0.

E

18!8888 8:t81126:81 i:t8iltt:81 1:s818tt:81 8: 8:188!!!:8s 2:i!?t8i:82 1:!!a8il:8! 8:B050000 B. 40 714 h * 0 2 8.40714E+02
3. 5 91 u 8 [++ 01

0. 9.50031E+05 2.58260E+06 1.2S691E+03 08060000 8.40714E*02 8.40714E+02 3.59188t 01 0. 9.50031E+05 2.58260F+06 1.25691E+03 0.8070000 8.40714E+02 8.4 0714 E +02 3.591reE+01 0 9. $ 00 31 E +0 5 2.58260E+06 1.2S691E+03 06080000 8.40714E*02 8.40714;*02 3.59188E+01 0 9.50031E+05 2.58260F+06 1.25691E+03 0.0090000 B.40114E+02 8.40714 *02 3.59100c+01 0 9.50031E+05 2.58260c+06 1.25691E+03 08100000 8.40714 +02 S.40714:+02 3.5918eC+01 0.

18818888 8:t8112[::8i:18iltt:8f 1:281 "!:81 8: 8:28811E:9.50031g+8i !:l!?602.582ggf+g6
05 1.25691E+03 0.- - - -

F.08 i:ist3!f:8! 8:10020000 8.40714E402 8. 4 0 714 ' + 02 3.59188E+01 0 9.50031E+05 2.59260E+06 1. 2 5 691E + 0 3 0.10030000 8.40714E+02 8.40714 ;+02 3.59108E+01 0. 9.50031E+05 2.58260c+06 1.25691E+03 0
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-
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3I818888 8 8 8 8 8 8 8 8 8 8 8 9, 8 8
2 7C30C00 0 0 0 0 0 0 0 0 0 0 0 % . 0 0

'27040000 0 0 0 0 0 0 0 0 O O O V O O
27050000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27060000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27070000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27080000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27090000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27100000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27110000 C 0 0 0 0 0 0 0 0 0 0 0 0 0
21120000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27130000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27140000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27150000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
29010000 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Juh.NO. FROM VOL. TO VOL. L10 VEL. VAP. VEL. INTRFC. VEL. JUN AREA THROAT RATIO JUNCTION CHOME ND.ADVS. CHOKED
(M/$EC1 (M/SEcl in2I FLAGS QAG'*"#**LD11 -TOT AL , *,-COMPONENT (M/SEclBREAN $NGLJUN - -

3 m f!8 efi P M 8 b 5.86 M3E+ 5.86M3E+0u 3.46H6E+00 1.120M E-01 1.00000E+00 0 0 0 0
18
4010000 4010000 4020000 6 35666E+0 C 6.35666E+00 S.34413E+03 1.17894F-01 1.00000(+00 0 0 0 0
4020000 4C20000 4030000 6.35666f+00 6.35666E+00 5.34413 ;+03 1.17P04d-01 1.00000c+00 0 0 0 0
4030000 4030000 4040000 6. 3 3 6 e s e+ 0 0 6.336666+00 3.34413 .+03 1.17894e-01 i.00000e+00 0 0 0 0
4040000 4040000 4050000 6.35666F+00 6.35666E+00 5.34413E+03 1.178 9 4 E-01 1.00000E+00 0 0 0 0
4050000 40$C000 4060000 6.35666E*00 6.35666E+00 5.34413E+03 1.17894c-01 1.00000E*00 0 0 0 0
4060000 4060000 4070000 6.35666E+0C 6.35666F+0o 5.34413 +03 1.17894#-01 1.00000E+00 0 0 0 0
4070000 407C000 4060000 6.;56e6E+GO 6.35666 +00 S.34413 +03 1.17894E-01 1.00000E+00 0 0 0 0
4080000 4080000 4090000 6.35666E+00 6.356eo +0C 5.34413 +03 1 17894F-01 1.00000 E +00 0 0 0 0
4090000 4090000 4100000 6 35666E+0C 6.35666 +00 5.34413E+03 1.17894E-01 1.00000E+00 0 0 0 0
4100000 4t0C000 4110000 6.35666E+00 6.35666E+00 5.34413E+03 1.17894 -01 1.00000E+00 0 0 0 0
4110000 4110000 4120000 6.35666 +00 6.35666 +00 S 1.17894 -01 1.00000E+00 0 0 0 0

5 3 4 413E + 0 34120000 4120000 4130000 6.35666 +00 6.35666, +00 34413E+03 1.17844 -01 1.00000E+00 0 0 0 0
4130000 4130000 41407:0 6.35666 +00 6.35666 +00 S.34413E+03 1.17994 -01 1.00000E*00 0 0 0 0
4140000 4140000 4150000 6.35666E+00 6.35666E+00 5.34413E+13 1.17894 -01 1.00000E+00 0 0'g O O
4150000 4150000 4160000 6.35666E+00 6.35666E*00 5.34413E+03 1.17894 -0t 1.00000E+00 0 0 0 0
4160v00 4160000 4170000 6.35666F+00 6.35666E+00 5.34413E+03 1.17844 -01 1.00000E+00 0 0 0 0
4170000 4170000 4180000 6.35666[+00 6.35666E+00 S. 3 4 413E * 0 3 1.179948-01 1*00000E+00 0 0 0 0
4 80000 4150000 4190000 6.35666F+00 6.35666E+00 5.34413E+03 1.17mo4f-01 1.00000E+00 0 0 0 0
4110000 4190000 4200000 6.35666E+00 6.35666E+00 5.34413s+03 1.1789 4 E-01 1.00000E+00 0 0 0 0
42.9000 4200000 4210000 6.3S666E+00 6.35666E+00 .34413E+03 1.17 8 9 4 E -01 1.00000E+00 0 0 0 0*

*4211000 421C000 4220000 6.35666E+00 6.35666E+00 34413E+03 1.17894 -01 1.00000E+00 0 0 0 0
422L900 4220000 4230000 6.35666j+00 6.356664+00 >. 3 4 413E + 0 3 1.17994 -01 1.00000E+00 0 0 0 0
4230000 4230000 4240000

6 35666.35666!+00
6.35666E+00 S.34413E +0 3 1.17R94 -01 1.00000E+00 0 0 0 06 +

4240000 4240000 4250000 00 6.35666E+00 5.34413E+03 1.17894 -01 1.00000E+00 0 0 0 04250000 42$0000 4260000 6.35666E+0C 6.35666E*00 5 34413L+03 1 17894E-01 1.00000E+00 0 0 0 0
4260000 4260000 42700C0 6.356e6E+00 6.35666E+00 5 ! 3 4 413E + 0 3 1.17n94E-01 1.00000E+00 0 0 0 0
4270000 4270000 4280000 6.35666E+00 f.35666(+00 S.34413E+03 1.17R94E-01 1.00000E+00 0 0 0 0
4280000 428C000 4290000 6.356t6E+00 6. 3 Sb66 t + 00 5.34413E+03 1.17894E-01 1.00000E+00 0 0 0 0__,INERIAL VALvt Cd%PONENT

N 500C000 4290000 6010000 6.35665E+00 6. 5.34412E+03 1.17894E-01 7.83294E-01 100 0 0 0
le SCH120 PafE COMP 0hENT-* 6010000 6010000 60200C0 6.35665E+00 0 5.34412E+03 1.17894E-01 1.00000E+00 0 0 0 0

& 18?8888 28i8888 18!8888 2:luill*88 8: 2:!t:Hi:81 1:lmt!:81 1:88888Pe88 8 8 8 8
6040000 6040000 e950000 6.356tSE+00 0. 5.34412E+03 1.17a94E-01 1.00000L+00 0 0 0 0
6050000 6050000 60600C0 6.356tSE+00 0. 5.34412E+03 1.178946-01 1.00000E+00 0 0 0 0N 6060000 6060003 6070000 6.356tSE+0C 0. 5.34412E+03 1.17894c-01 1.00000E+00 0 0 0 0

CQ 6070000 6f#0000 (0800C0 6.35665E+00 0. S.34412t+03 1.17804?-01 1.00000E+00 0 0 0 0
6080000 6 0 t' 000 0 6090000 6.35665E+00 0. 5.34412E+03 1.17894E-01 1.00000E+00 6 0 0 0
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60h0000 6h9kbOO
6100000 6.35665f+00 0

5:34412+03
1.178:4E-01 1.00000E+00 0 0 0 06t 0000 t e e110000 6 35665E+00 0 5 4412 +03 1.17894E-91 1.00000E+00 0 0 0 0

611000u 611C000 t120000 6.35665E+00 0. 5.34412 +03 1.17894F-01 1.00000E+00 0 0 0 06120000 6120000 c133000 6. 0 5.34412 +03 1.17894E-01 1.00000E+00 0 0 0 d

!!'888 1128888 lt8888 8:g566gE+0082 8: 1:lttill*81 1:lil%:i:81 1:888881:88 8 8 8 83st5f:
CNT$kW SNCLJUN COMPOhENT

7000000 6150000 8010000 7.15758E+00 0 6.01747E+03 1.04702E-01 1.00000E+00 0 0 0 018 $Cd100 P1PE COMP 0hENT
801,000 0010000 8020000 6.01087E*00 0. 5.05342E+03 1.246765-01 1.00000E+00 0 0 0 08020000 8020000 6030000 6.010e7E+00 0. 5.05342E+03 1 246764-01
8030000 6030000 8040000 6.01087E+00 0 5.05342E+03 1.24676E-01 1.00000E++00

1 000006 0 0 0 0
00 0 0 *0 06040000 eC40000 e0500C0 6.010eFF+00 S. 5.05342E+03 1 2 46 76E -01 1.00000E+00 0 0 0 06050000 6C50000 6060000 6.01087E+00 0 5.05342E603 1.24676c-01 1.00000E+00 0 0 0 06060000 0060000 eJ70000 6.01087E+0C 0. 5.05342E+03 1.24676c-01 1.00000E+00 0 0 0 08070000 407C000 80800C0 6.01007E+00 0 5.05342E+03 1.24676@-01 I.00000E+00 0 0 0 0e0e0000 eCec000 8070000 6.0i0e7E+00 0 5.05342E+03 i.24676E-01 1.00000E+00 0 0 0 06090000 aC90000 8100000 6.010e7E+00 0. 5.05 34 2 E +0 3 1.24676c-01 1.00000E+00 0 0 0 0TEE PLENCH COMP 0hENT

9010000 8100000 9010000 6.01087E+00 0. 5.05342E+03 6.23379F-02 1.00000 +00 0 0 0 F, ~*O,'
9020000 010C000 9010000 6.01087E+00 0. 5.05342E+03 6.23379c-02

1 00000
1 +00 0 0 0 09030C00 9010000 1C010000 5.71288E+00 0 4.60290E+03 6.55895E-02 .00000 +00 0 0 0 09040000 9C10000 19010000 5.7[20BE+04 0. 4.80290E+03 6.55995E-02 1 00000 +00 0 0 0 012 $CH80 PIPE CJMPONENT

10010000 10010000 10020000 5.71288 ;+00 0 4.e0290i+03 6.55995E-02 1.00000 +00 0 0 0 010020000 10C20000 ICO30000 5.71208 +00 0 4.80290E+03 6.55895F-02 1.00000 +00 0 0 0 010030000 1003C000 10040000 5.712t8'+00 0. 4.80290E+03 6.55895E-02 1.00000 +00 0 0 0 0
10040000

20040000 10050000 5. 712 e 8 E + 0 0 0. 4.80290E+03 6.55R95F-02 1.00000 +00 0 0 0 00050000 100$0000 10J60000 5.712fCE+00 C. 4.80290E+03 6.55895F-02 1.00000E+00 0 0 0 040060000 10060000 103/0000 5.71268E+04 0 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 010070000 10C70000 10080000 5. 712 8 8 E + 0 ( 0 4.80290L+03 6.55695c-02 1.00000E+00 0 0 0 010080000 10C80000 1C090000 5.71228E+00 0. 4.80290E+03 6.55895t-02 1.00000E+00 0 0 0 010090000 10090000 10100000
$ .712 8 8 E + 0 0
5 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 010100000 10100000 1C1100C0 71288E+00 0 4.80290E*03 6.55895E-02 1.00000E+00 0 0 0 010110000 10110000 10120000 5. 712 e 8 6 + 0 0 0 4.00290E+03 6.55R95$-02 1.00000E+00 0 0 0 010120000 1C12C000 10130000 5.712E8E+00 0. 4.8 029 0E + 0 3 6.558955-02 1.00000t+00 0 0 0 010130000 1013C000 1C140000 5.7120e[+00 0. 4.eO290E+03 6.55845E-02 1.00000E+00 0 0 0 010140000 10140000 10150000 5.71208t+00 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 010150000 10150000 10160000 5.712e8E+00 0. 4.80290E+03 6.55895c-02 1.00u00E+00 0 0 0 010160000 10160000 10170000 5.712f8E+00 0 4.60290E+03 6.55895F-02 1.00000E+00 0 0 0 010170000 IC170000 10180000 5. 712 f 8 E + 0 0 0 4.80290E+03 6.55895c-02 1.00000E+00 0 0 0 0__.

10160000 10100000 10190000 5.7*?e8F+at O. 4.80290E+03 6.554454-02 1.00000E*00 0 0 0 0PNJ 10190000 10190000 102000C0 5.7 288f+00 0 4.60290E+03 6.55995E-02 1.000000+00 0 0 t 010200000 10200000 10210000 5 . 74 288F+00 0 4.80290E+03 6.55R95F-02 1.00000E+00 0 0 3 0~~* 30210000 10210000 10220000 5.7.2F8E+00 0 4.80290E+03 6.55895F-02 1.00000(+00 0 0 0 0(yg 10220000 10220000 10230000 5.7f288E+0C 0 4.80290E+03 6.55895E-02 1.00000c+00 0 0 0 010230000 10230000 1C240000 5.712e8E+00 0 4.80290E+03 6. 5 5 9 9 5 E -0 2 1.00000t+00 0 0 0 010240000 1024C00C 10250000 5.712eRE+6f 0. 4.80290E+03 6.55C956-02 1.00000E+00 0 0 0 010250000 10250000 10260000 5.71288E+00 0 4.80290E+03 6.55R95 -02 1.00000E+00 0 0 0 0N\3 10260000 1026C000 10270000 5.71268E+00 0. 4.80290E+03 6.55895 -02 L.00000t+00 0 0 0 0sc) 10270000 1027C000 10280000 5.712e8E+0H 0
4.80290g+:03 51*81! 81 1:888881:88 8 8 8 3

6.55995 -02 1.00000E+00 0 0 0 0
c23 '8!*!!!! !!'*8888 18i88888 8:T11111:88 8: ::28138e 81 8:

-
JUNCTION $nGLJUN COMPONFNT
11000000 10300000 120100C0 5.712e8E+00 0. 4.8J290E+03 6.55895E-02 1.00000E+00 0 0 0 0

e 12 $CH80 PIPE COMPONENT
2010000 12010000 12020000 5.712tHE*00 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 'J 0 012020000 12020000 12030000 5.712f8E+00 0 4.80290E+03 6.5 $ R 4 5 5 -0 2 1.00000E+00 0 0 0 0' 12030000 1203C000 12040000 5. 712 08 E * 0 0 0. 4.80290E+03 6.55a95F-02 1.00000E+00 0 0 0 0* 12040000 12C40000 120500C0 5.71288E+00 0. 4.80290g+03 6.55995#-02 1.00000 +00 0 0 0 012050000 12050000 12J60000 5.712E8E+00 0. 4.80290c+03 6.558956-02 1.00000 +00 0 0 0 0

CP
W
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15898888 11898888 118!8888 i:?ll!!':88 8: 2:88f381:81 2:li:8 :8i 1:88888!:88 8 8 8 8
12080000 12C80000 120900C0 5.712e8 +00 0. 4.80290E+03 6.55895 -02 1.00000s+00 0 0 0 0
120900C0 12090000 121000C0 5.71208 +00 0 4.80290E+03 6.55895 -02 + 0 0 0 0

1. 0 0000<! + 0012100000 1210C000 12110000 ).712E8 +00 0. 4.80290E+03 6.55895E-02 1.00000 00 0 0 0 0
12110000 12110000 12120000 2.71288 +0 C 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
12120000 12120000 12130000 5 712e8E+00 0. 4.80290E+03 6.55895E-02 1.00000,l+00 0 0 0 0
12130000 12130000 121400C0 $ 712f8E+00 0. 4.80290E+03 6. 5 5 89 5 F -0 2 1.00000 +00 0 0 0 0
12140000 12140000 12150000 5. 712 8 8 E + 0 0 0 4.80290E+03 6.55895E-02 1.00000!+00 0 0 0 0
12150000 1215C000 12160000 5. 712 8 8E +0 C 0. 4.80290E*03 6.55895E-02 1.00000E+00 0 0 0 0
12160000 1216C000 12170000 5.71268[+00 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0

JUNCTION $NC(JUN COMP 0 KENT
13000000 121i0000 14010000 5.7128PE+0it O. 4.80290k+03 6.55895E-02 1.00000E+00 0 0 0 0

12 $CH80 P!ft COMP 0 KENT
14010000 14C10000 14020000 5.712tBE+00 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
14020000 4C20000 140300C0 5.712tBE+G( 0. 4.80290E+03 6.55895F-02 1.00000E+00 0 0 0 0
14030000 4030000 14040000

$ 712e6E+00 0. 4.80290E+03 6.55A95 -02 1.00000s+00 0 0 0 05
14 7000 s4040000 14050000 712e8E+00 0. 4.80290E+03 6.55e95 -02 1.00000E+00 0 0 0 0
1 + 10 14C50000 14060000 5.71228E+00 0 4.80290E+03 6.55895 -02 1.00000E+00 0 0
I '. o 30 14C60000 14070000 5. 712 e 8 0 + 0t t O. 4.80290E+03 6.55895E-02 1 00000E+00 0 'O

. _0 .0
O '-0

1 30 14070000 14080000 5. 0. 4.80290E+03 6.55A95E-02 1.00000E*00 0 0 0 0
5.112f8E+001*ss0000 14060000 14090000 rt 2e8E+0 C 0 4.80290E+03 6.55895 -02 1.00000E+00 0 0 0 0

14090000 14090000 14100000 5.71228E+0u 0. 4.80290t+03 6.55895 -02 1.00000 +00 0 0 0 0
71268E+00 0. 4.80290E +03 6.55895 -02 1 00000 ;+00 0 0

' , , ' ,, .

o 014100000 14100000 14110000
5 * 712 0 8 E + 0 0$. 0. 4.80290E+03 6.55e95c-02 1.00000!+00 0 0 0 014110000 14110000 14120000

14120000 1412C000 14130000 5.712E8E+00 0 4.80290E+03 6.55895E-02 1.00000E*00 0 0 0 0
14130000 14130000 14140000 5 . 712 e 8 E + 0- ( 0. 4.80290E+03 6.55P95E-02 1.00000E+09 0 0 0 0
14140000 14140000 14150000 5 71200E+00 0

4 80290 +03 6.55895 -02
80290 +03 6.55895 -02 1 0 0 0 01 00000S+ci14150000 14150000 14160000 5. 712 e 8 E + 0 0 0. .00000E+00 0 0 0 04.

14160000 14160000 14170000 5.71288E+00 0. 4.80290 +03 6.55A95 -02 1.00000E+00 0 0 0 0
14170000 14170000 14180000 $.71288(+00 0 4.80290E+03 6.55R95E-02 1.00000E+00 0 0 0 0
14180000 4180000 14190000 5.712e8E+00 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
14190C00 419C000 14200000 5.712E8E+00 0 4.80290E+03 6.55895E-02 1.00000k+00 0 0 0 0JUNCTION NCLJUN COM P 0 hE NT
15000000 14200000 16010000 5 712tBE+00 0. 4.uo290E+03 6.55895E-02 1.00000E+00 0 0 0 012 SCH80 PIPE COMPONENT '

16010000 16C10000 16020000 5.712 90E + 0 C 5.71290E+00 4.80291E+03 6.55895E-02 1.00000E+00 0 0 0 016020000 16C20000 16030000 5.71290E+00 5. 712 90 E + 00 4.00291E+03 6.558958-02
1 00000E+00
t 0 0 0 0

16030000 16030000 16o40000 5.71200E+00 5.71290E+00 4.80291E+03 6.55895E-02 .00000t+00 0 0 0 0
16040000 16040000 16050000 5.71290E+00 5.71290E+00 4.80291E+03 5.55R95E-02 1.00000E+00 0 0 0 016050000 16050000 16060000 5 . 712 9 0 E .0 0 5. 712 90 E +00 4.80291E+03 6.55R959-02 1.00000E+00 0 0 0 016060000 16060000 16070000 5.71290E+00 5.71290E+00 4.8029tE+0! 6.558456-02 1.00000E+00 0 0 0 0
16070000 16070000 16080000 5.712904+00 5. 712 90 E + 00 4.80291C,03 6.55P95E-02 1.000COE*00 0 0 0 0
16060000 16080000 16090000 5. 1290 +00 5.71290E+00 4.862 1E+03 6.55895E-02 1.00000E+00 0 0 0 016C90000 16100000 5 12 9 0 ' + 0;( 5.71290E+ou '..e0291E+03 6.55895E-02 1.00000E+00 0 0 0 016090000 16100000 16110000 5 1290F+00 5. 712 90 E + 00 4.80291E+03 6.55895G-02 1.00000E+00 0 0 0 06100000
16110000 1611C0C0 161200C0 5. 712 9 0 E + 0 0 5.71290E+00 4.80291[+03 6. 5 5 8 9 5 E -0 2 1.00000E+00 0 0 .0 016120000 16120000 16130000 00 5.71290E+00 4.80291t+03 6.55895@-02 1.00000E+00 0 0 0 0
12128888 121!8888 lil58888 B.ili!8E:5.71290g+88 1:11$381:88 ::18f?ll:81 8:li;;il:81 1:888881:88 8 8 8 8

--

IN) 8 0 Y JUN SNGLJUN COMP 0 KENT
17000000 16150000 180100C0 6.01983E+00 6.01983E+00 5.06095E+03 6.22450E-02 1.00000E+00 0 0 0 0__.

12 $CH60 PIPE COMP 0 KENT
(JN 19010000 19010000

140'10000 5.712e8|+00 0. 4.80290E*03 6.55995E-02 1.00000E+00 0 0 0 00000
19020000 19C2000C 190 5.71288s+0C 0. 4.80290E+03 6.55R95E-02 1.00000E+00 0 0 0 019030000 19030000 19040000 5.71288J+00 0. 4.8 0 29 0E + 0 3 6.55R95F-02 1.00000E+00 0 0 0 opgj 19040000 1904C000 190500C0 5.71228E+00 0. 4.80270E+03 6.55895E-02 1.00000E+00 0 0 0 019050000 19050000 19060000 5.712e8F+00 0 4.80290E+03 6.55895F-02 1.00000E+00 0 0 0 0NI) 19060000 19C60000 15070000 5.71228E+0C 0. 4.60290E+03 6.55895C-02

1 00000i+00
1 0 0 0 019070000 19070000 19060000 5.712E8E+00 0. 4.80290E+03 6.558958-02 .00000E+00 0 0 0 0,_.

19080000 1906C000 15090000 5.712EeE+0( 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0

Op
@
-0

. . .



. . . .. .

.

18f28888 18i38888 181?8888 i:?' lit::82 8:. 2:H8188":81 8:1188!6.55895P 8! '.:88888! 88 8 8 8 81:
5.7k2ee:+00 4.80290d+0319110000 19110000 191200C0 02 00000E+00 0 0 0 0

19120000 19120000 19130C00 5.71288E+00 0. 4.80290E+03 6.55895F-02 000006+00 0 0 0 0
19130000 1913C000 191400C0 5 712Eef+00 0 4.80200E+03 6.55995E-02

1 00000E+00
1 0 0 0 0

19140000 19140000 19150000 5 712eeE+00 0 4.80290g+03 6.55995E-02 .00000E+00 0 0 0 0

!!'28888 13!!8888 !!i98888 i:ll!!al:8? 8: 2:!8i38E:81 8:li'31!:81 1:88888t*88 8 8 8 8
13'l8888 11!!8888 !3188888 i:lll**1:88 8: 1:18588t:81 8:!!"845:8! 1:888882:88 8 8 8 8
19190000 19190000 19200000 5.71288E+00 0 4.80290E+03 6.558958-02 1.00000E+0G 0 0 0 0
192000C0 1920C000 19210000 5.71288F+00 6 4.80290E+03 6.55495F-02 1.00000E+00 0 0 0 0
9210000 1921C000 192200C0 5.71288E+0C 0. 4.80290E*03 6.55n955-02 1.00000E+00 0 0 0 0
9220000 19220000 19230000

5.7128BE+00
00 0 4.80290E+03 6.55P95c-02 1.00000g+00 0 0 0 0

9230000 192300CC 192400C0 5.71228t+ 0. 4.80290:+03 6.558954-02 1.00000c+00 0 0 0 0
19240000 19240000 19250000 5.71228 +00 0 4.80290 ,+03 6.55895F-02 1.00000E+00 0 0 0 0

55895f-02 1.00000E+00 0 0 0 017250000 1925C000 192Q00 ) .712 { 8 +0(
P +00 0. 4.80290.+03

192r00[Q 6 55R95F-02 1.00G49E+00 0 0 0 019260000 19260000 uo S.712c 0. 4.80290E+03 6
19213000 19270000 192d0000 5 712e8E+00 0. 4.80290E+03 6.55895E-02

1.0mobh+00
00 0 0 0 0

19280000 192eC000 192900C0 5 712eeF+00 0. 4.80<00E+03 6.55n95F-02 1.00000 + 0 > 0 0
19290000 19290000 }9100000 5.717eeE.00 0 4.80290E+03 6.55995E-02 1.00000E+00 0 0 0 019h00000 1930C000 a9310000 5.712f8E+0( 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
19310000 19310000 193200C0 5.712 tee +00 0. 4.80290E+03 6. 5 5 8 9 5 E -02 1.00000L+00 0 0 0 0
19320000 19320000 19330000 5.71288E+00 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 019330000 1433C000 193400CJ 5.71268c?q0 0 4.80290 C3 6.55895F-02

1 00000E+00
1 0 0 0 019340000 1934C000 19 35 00 C 0 5.712e8E+0L 0 4.dO290!+03 6.558951-02 .00000E+00 0 0 0 0+

19350000 19350000 19360000 5.71288E*00 0 4.80290L+03 6.55995E-02 1.00000E+00 0 0 0 0
19360000 19360000 19370000 5.71288E+0C 0. 4.80290E.03 6.55895F-02 1.00000E+00 0 0 0 019370000 19370000 193800C0 5.71268'+00 0 4.8 0290E +0 3 6.55895E-02 1.00000E+00 0 0 0 019360000 1936000C 193900C0 5.712881 +00 0. 4.80290E+03 6.558958-02 1.00000E+00 0 0 0 019390000 19390000 19400000 5.7128d +00 0. 4.80290E+03 6.558055-02 1.00000E+00 0 0 0 0194000u0 1940C000 19410000 5 * 712 e 81 +0C O. 4.80290E+03 6.55R95c-02 1.00000E+00 0 0 0 019410000 1941C000 19420000 5.71288E*00 0 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 019420000 19420000 19430000 5.712ePF+00 0. 4.00290E+03 6.55A95E-02 1.00000d+00 0 0 0 019430000 1943C000 19440000 5. 712 6 8 E + 0 0 0 4.80290E+03 6.55895F-02 1.00000E+00 0 0 0 019440000 1944C000 194500C0 5.712eAE+00 0. 4.80290E+03 6.55895f-02 1.00000E+00 0 0 0 019450000 19450000 194600C0 5.712f8E+00 0. 4.80290E+03 6.55P95F-19460000 19460000 19470000 5.71288E+00 0. 4.80290E+03 6.55895d 02

1.00000E+00 0 0 0 G
02 1.00000E+00 0 0 0 0JUNCTION ShCLJUN CdMP0hENT

20000000 19470000 21010000 5.712 8 8 E + 0 0 0. 4.80290E+03 6.55895F-02 1.00000E+00 0 0 0 0.

12 SCH80 PIFE COMP 0hENT
'21010000 21010000 210200Cu 5.71288E+00 0. 4.80290E*03 6.55a95c-02 1.00000E+00 0 0 0 021020000 21020000 2!030000 5.71288E+0C 0. 4.80290E+03 6.55295F-02 1.00000E+00 0 0 0 0-* 21030000 21030000 21040000 5.71208F+00 0. 4.80290E+03 6.55R95F-02 1.00000E 0 0 0 0

rsi !!848888 !!858888 11818888 i:?!!!!!:88 8: 2:88i38t:81 8:liR3!!:8! i:88 88!:+00 8 8 8 888
__. ?!060000 2106C0C0 21070000 5.7120eE+0H 0 4.80290t+03 6.55895E-02 1.0a000E+00 0 0 0 021070000 21070000 21080000 5.712 88 [+0t t O. 4.80290E+03 6.55895E-02 1.00000 +00 0 0 0 0CJN 21080000 21080000 21090000 5.712Eet+00 0. 4.80290E+03 6.55895E-02 1.0000G +00 0 0 0 021090000 21090000 211C0000 5.712e8E+00 0 4.80290L+03 6.55895E-02 1.00000 +00 0 0 0 021100000 211CC000 21110000 5.712t8E+00 0. 4.00290E+03 6.55895C-02 1.00000E+00 0 0 0 0
F$) 21110000 21110000 21120000 5.71288E+0C 0 4.80290E+03 6.55a95#-02 1.00uo0E+00 0 0 0 021120000 21120300 21130000 5. 712 8 8 t + 0 C 0. 4.80290E+03 6.55R95E-02 1.00000E+00 0 0 0 0%I) 21130000 2: '+1000 21140000 5.712E8E+00 0. 4.60290E+03 6.558g5c.02 1.00000E+00 0 0 0 0pgj 21140000 es!40000 21150000 5. 712 t B E + 0 C 0 4.80290 +03 6.55895E-02 1.00000E+00 0 0 0 021150000 21150000 21160000 52 88E+00 0 4.80290 +03 6.55R95F-02 1 00000E+00 0 0 0 021160000 2116 C0 C 0 21170000 5.7 68E+00 0 4.80290 +03 6.55P95c-02 1.00000E+00 0 0 0 02117G000 2117CCCO 21160000 5.7 88E+0H 0. 4.R0290E+v3 6.558955-02 1.00000E+00 0 0 0 021180000 2118 C000 21190000 5.712E8E+00 0. 4.e0290E*03 6.55995E-02 1.00000t+00 0 0 0 021190000 21190000 212000C0 5.71288E+00 0 4.80290E+03 6.55895F-02 1.00000E+00 0 0 0 021200000 2120C0C0 21210000 5.712 tee +00 0. 4.80290c+03 6.558956-02 1.00000E-to 0 0 0 0

00
-P
O



.

'" ~

J'Allf82 (A'lS82 2gggggg,,5.712e8E+00 0. 4.80290E403 6.55895e-02 1.00000e+00 0 O 0 0

2200C000 2122C000 23010000 5 712e8E+0C 0. 4.e0290E+03 6.55895E-02 1.00000E+00 0 0 0 0

h3bUbbo $bkC000 b
2 30$0000 h*hkhE8E+00 b. 4.80290E+03 6.55n95E-02 1.00000E+00 0 0 0 02

3020000 2302C000 e8E+00 4.80290E*03 6.55895F-02 1.00000g+00 0 0 0 0.

23030000 23030000 23040000 5.71228 +00 0. 4.80290E+03 6.55895E-02 1.00000t+00 0 0 0 0
23040000 23C4C000 230500C0 5.712 er +0 C 0 4.80290E+03 6.55805 -02 1.000004+00 0 0 0 0
23050000 23C50000 23060000 5.71288 +0C 0. 4.80290E+03 6.55895 -02 1.00000 .+00 0 0 0 0
21060000 2 3 0t.C000 23070000 5.712e8 +00 0. 4.80290E+03 6.55895 -02 1.00000:+00 0 0 0 0
23079000 2307C000 23080000 5.71288E+00 0 4.60290E+03 6.55895r-02 1.00000E+00 0 0 0 0
2308J000 23080000 23090000 5.7128BF+00 C. 4.80290E+03 6.55895@-02 1.00000E+00 0 0 0 0
23090000 22C90000 23100000 5.71288F+04 0 4.00290t+03 6.55E95E-02

1 00000E+00
1 0 0 0 0

23100000 2510C000 23110000 5.7tze8 +00 0 4.80290E+03 6.55895E-02 .00000E+00 0 0 0 0
23 10000 2311C000 23120000 5.712eSi+00 0. 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
23120000 23120000 23130000 5.71288E+0d O. 4 80290E+03 6.55895c-02 1.00000E+00 0 0 0 0
23130000 23130000 23140000 5.712886+00 0. 4.80290E+03 6.55?95E-02 1.00000E+00 0 0 0 0
23140000 23140000 23150000 5.71288E+00 0 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
23150000 23150000 23160000 5.712e8E+00 0. 4.802"JE+03 6.55895E-02 1.00000E+00 0

.

'JUNCTInta SNGEJUN COMPONENT ^ 0 0^"' d. 0~*

2+000000 2 316 L000 2$010000 5.712 e8 E +0 0 0 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
12 ;CH80 PIPE COMPONENT
2$010000 25010000 2$0?0000 5.71288E+0C 0 4.80290F+03 6.55895E-02 1.00000E+00 0 0 0 0
25020000 25020000 25030000 5.712eeF+00 0. 4.80200E+03 6.55895E-02 1.00000E+00 0 0 -JUd 0 0
{5030000 2SC3C0C0 2t040000 5.712E8E+00 0. 4.80290E+01

6.55P95$ 02
6.55895c- 1.00000E*00 0 0 0 0

<5040000 25C40000 2$050000 5.71288E+00 0 4.80290E+03 02 1.00000E+00 0 0 0 0
2S050000 2S05C000 25060000 5.71288E+0C 0. 4.80290E+03 6.55895E-02 1.00000g+00 0 0 0 0
25060000 25060000 25070000 5. 712 8 8 + 0 0 0 4.00290E+03 6.55R95E-02 1.00000t+00 0 0 0 0

5. 712 e e[t +0 025070000 2$07C000 25080000 0 4.60290E+03 6.55R95E-02 1.00000E+00 0 0 0 0
25080000 25C80000 250900 5. 712 e 8 E + 0 0 0 4.80290R+03 6.55895E-02 1.00000E+00 0 0 0 025090000 25090000 2510000t

5*712eaf+00
5 0. 4.8 029 0E + 0 3 6.55895E-02 1.00000E+00 0 0 0 0

25100000 ?510C000 251100C0 71288E+0C 0. 4.80290E+03 6.55495E-02 1.00000E+00 0 0 0 0
2$110000 25110000 2$120000 5. 712 2 8 E + 0 0 0 4.80290E+03 6.55895E-02 1.00000E+00 0 0 0 0
25120000 25120000 25130000 5.71228E+0C 0. 4.80290E+03 6.55895E-02 1.0000CE+00 0 0 0 0
25130000 25130000 25140000 5 712f8E+00 0 4.80290t+03 6.55a95E-02 1.00000E+00 0 0 0 05
25140000 25140003 25150000 .il288E+00 0. 4.80290E+03 6.55895F-02 1.00000E+00 0 0 0 025150000 2SISC000 2S160000 5.71288E+0C 0. 4.80290 +03 6.55A95c-02 1 +00 0 0 0 0

1 0000025160000 25160000 25170000 5.71288E+00 0. 4.80290 +03 6.55895f-02 .00000 +00 0 0 0 0
25170000 2t170000 25180000 5.71288L+0C 0. .80290 +03 6.55895E-02 1.00000 +00 0 0 0 0a

2$180000 2518C000 25190000 5.712e8E+00 0. 4.80290E+03 6.5 5 A 9 5 F-0 2 1.00000E+00 0 0 0 0
25190000 2$190000 25200000 5.71208E+00 0 4.80290E+03 6.55P95E-02 1.00000E+00 0 0 0 0JUNCTION $NCLJUN CJMP0hENT
26000000 2520C000 27010000 5.71288E+00 0. 4.00290E+03 6.55895E-02 1.00000E+00 0 0 0 012 SCH80 PIPE OMP0hENT
27010000 ??01C000 2(I020000 5.71290E+00 5.71290E+00 4.80291E+03 6.55895E-02 1.00000E+00 0 0 0 027020000 27020000 27030000 5. 712 9 0 E + 0 0 5.71290E+00 4.80291E+03 6.55895E-02 1.00000E+00 0 0 0 027030000 27C30000 27040000 5.71290E+00 5.71290E+00 4.80291d+03 6.55895E-02 1 0 0 0 01 00000E+00T 27040000 2704COCJ 27050000 5.71290E+00 5.71290E+00 4.80291E+03 6.55R95E-02 .00000E+09 0 0 0 0
27050000 (70$0000 27060000 5

5 71290E*0C 5.71290E+00 4.80291E+03 6.558955-02 1.00000E+00 0 0 0 027060000 .7060000 270r0000 712 90 E +0 C 5.71290E+00 4.80291g+03 6.558954-02 1.00000E+00 0 0 0 0-* 27070000 2707C000 27080000 5.71290E+00 5.71290E+00 4.80291L+03 6.55895E-02 1.00000E+00 0 0 ' 0 027080000 27080000 27090000 5.71290E*00 5. 71290 :+ 00
4.802914+03 6.5 5 A95E-02 '.00000E+00 0 0 O O03I\3 27090000 27090000 27100000 5.71290F+0it 5.71290 +

s__. 27100000 27100000 27110000 5.71290E+00 5.71290!+00
4.80291 + 6.55895E-02 1.00000t+00 0 0 0 0

00 4.80291E+03 6.558955-02 1.00000E+00 0 0 0 0r . 27110000 27110000 27120000 5.71290E+00 5.71290E+00 4.80291E+03 6.55895$-02 1.00000t+00 0 0 0 0f.P% 27120000 27120000 27130000 5.71290E+00 i.71290E+00 4.80291E+03 6.55895E-02 1.00000E+00 0 0 0 027130000 27830000 27140000 5. 712 9 0 E + 0 0 5.71290E+00 4.802 91E * 0 3 6.55895E-02 1.00000E+00 0 0 0 027140000 ??t4COC0 2 71 $ 0000 5.71290E+00 5.71290E+00 4.8029'E+03 6.55R95E-02 1.00000E+00 0 0 0 0TN) 80Y JUN $ NCL LN COMP 0hFNT
28000000 27150000 29010000 6.019 8 3 E +0 0 6.01983E+00 5.06095E+03 6.22450E-02 1.00000E+00 0 0 0 0)

(./'J

03 .

%_

% . e 4 . .



. . . . .

.

" ' S' '' * I''"" " - tuk!i3. 7j?A3tE-0 V$lci YS! c.
3000000 9.56393E+02 5. c26 4.17376E+05 2. 50605|E +06 1.00000E+00 1 00000E+00 1.00000E+00
4010000 8.40714E+02 3.59188 +0 9.50H31;+05 2*58260 |+06 0. O. O.

3 9.50031 +05 2 58260 :+06 0. O. O.
3.p 51ee +0

8. 40 ]s 14 E + 02
0.40 !4E*024020000

2.58260g+06 0 O. O.2918e +01 9.50031 :+054030000

2818 ":28ilth:8i !:it'ill:81 3:18?til:8s i:liit8e:82 8: 8: 8:
- -

4060bO8 8.40 714 f *02 3.5% e6E+01 9.50C31E+05 2.5a260E+06 0. O. O.
4070000 6.407i4i+02 3. 5 5188 E + 01 9.50031E+05 2.5 82 60E + 06 0. c, O.
40e0000 e.407141 +02 Ze59188F+01 9.50031 +05 2.58260 +06 0 O. O.
4090000 8.40714i +02 3 5518BE+01 50031 +05 2 58260 +06 0. O. O.
4100000 8.40714 +02 3.5518eE+01 9:9 5a(31 +05 2.58260 +06 0. O. O.
4110000 8.40714E+02 3.5Sle8E+01 9.50031E+05 2.58260E+06 0. O. O.
4120000 8.40714E*02 3.55188E+01 9.50031E+05 2.58260E+06 0. O. O.
4130000 8 . 4 0 ? ! 41 02 3.5918e +04 9.50031E+05 2.58260E+06 0. O. O.

2128888 8:28?lt;+!8f 1:silei[!!8! 8:28111':81 1:281281:82 8: 8: 8:!

1198888 i:18 Htt:8i 1:llii'l:81 3:188111:81 i:li!!81:82 8: 8: 8: - c --- a o m '

2188888 B:28ilth:8i 1:181285:81 8:288111:8i !:liit81:82 8: 8: 8:
i 4200000 8.40714E+02 3.59128E+01 9.50031E+05 2.58260E*06 0. 0 O. ,

'

4210000 8.40714E+02 3.39188;*01 9.5 0 0 311| + 0 5 2.58260|+06 0 O. O. i

0.500311-+05 2.5u260 '+06 0 O. O.4220000 h.40714E+02 3. 5 S l e e ,! ++01 9.50031!+05 2.56260 0. O. O.
d++063.541eh 014230000 8.40714E402 06 0. O. O.4240000 B.40714E*02 3 591E8E+01 9.50031E+05 2.58260

4250000 8.40714E+02 3.59188E+01 9.5003tr,05 2.58260 E+06 0 O. O.,

2.*3260 0. O. O.:
*

4260000 9.40114E+c2 3.351e8 +01 9.5 0 0312 + 0 5 2.58260!+06i +06 0 O. O.4270000 8.40114|+02 3.59186 ;+01 0.50031E+05

| 50b0000 8 ON4E02 !*k9108! Ok 9.508311 05 2.k82k81+ k 0. 1.00000E-05 !00000E-05* * * " '

2818888 R:28?ltt:8i i:soligi:81 3:18811F:8s i:llit81:82 8: 8: 8:'
6030000 8.40714E+02 3. 5 9188E +01 9.5 0 C 31E +0 5 2.56260E+06 0. O. O. . ' . ,

6040000 8.40714E+02 3.55188E+01 0.50u31E+05 2.58260E+06 0. O. O.
~

i

6050000 b. 40 714 E + 0 2 3.591e8E+0' 9.50 0} l E +0 5 .58260E+06 0. O. O.
3 6060000 8.40714 +02 3.59188E*0; 9.500stE+05 *0260E+06 0 O. O.

9.50031E 05 *$6260E+06 0. O. O.6070000 6.40114 +02 3.5 51e0 E + 0
6080000 8.40714 +02 3.5918BE+01 0.50031E.'05 2.58260E+06 0 O. O.

.

6090000 8.40714E+02 3. 5 Gl e8 E +01 9.50031E+05 2*56260E+06 0. O. O.

6100000 8.40714E+02 3.551eeE+01 9.5003tE+05 2.58260E+06 0. O. O.
# 6110000 6.40714E*02 3.5s188E401 9.50031E+05 2.58260E+06 0 O. O.

6120000 8.40714E+02 3.5G188E*01 9.50031E+05 2.58260E+06 0. O. O.
6130000 8.40714E+02 3.55188E+01 9* 50 C 31 + 05 2.56260E+06 0 O. O.
6140000 8.40 714 E * 02 3.5%16BE+01 9.50031 +05 2.58260E*06 0. O. O.

__.
7000000 B.40714E+02 3.551eeE+01 9.50031 +05 2 5e260E+06 0 O. O.

rsa e0iOOOO 8.40714s+02 3.5sie8 +0t 9.50031E+05 2*58260e.06 0 O. O.
8020000 0.40714E*02 3.55188 +01 9 50031E+05 2.58260E*06 0. O. O.
8030000 8.40714 +02 3 59188 +01 0 50031F+05 2.58260E+06 0 O. O.-'

(Js eq40000 8.4071s +02 3.591eeE+01 9.500stE+05 2.58260E+06 0. O. O.
8050000 8.40714 +02 3.59188E+01 9.50031E+05 2.58260E+06 0. O. O.
8060000 8.40714 +02 3.59188E+01 9.50031E+05 2.58260f+06 0. O. O.
8070000 8.40714 :+ 02 3.5 4108E +01 9.50031F+05 2.58260E+06 0. O. O.* gy%
P080000 8.40714 ;+02 3. 5 91 e8 E * 01 9.5 0 0 31E +0 5 2.58260E+06 0 O. O.

si) 8090000 8. 4 0 714 : + 0 2 3.59188[+01 9.50031E+05 2.58260E+06 0. O. O.
9010000 8.40714t+C2 3.5Sleec+01 9.50(31E*05 2.5e260E*06 0. O. O.

Eb" 9020000 8.40714E*02 3.5 91 e8 E +01 9.50031E+05 2.58260E+06 0. O. O.
9030000 0.40714k+02 3.591eeE+01 9.50031E+05 2.5P260E+06 0. O. O.
9040000 6. 40 714 E + 02 3.59108E+01 0.5003tE+05 2.58260E406 0 O. O.

10010000 a.40714E+C2 3.5sle8E+01 9.50031E+05 2.Su260E+06 0. O. O.

G
4
N



.

188!8888 1:281[ti:85 !:221281:81 3:288111:82 !:18!!8!:82 8: 8: 8:10040000 8.407 4g+02 3.591e8E*01 9.50031g+05 2.5e260 ,+06 0 o. O.
g00500go
18898808 .40714,:+02:t811tt 8f 1:liii!!:81 3:38?!ll:8s i:llit8s:82 8: 8: 8:

8 3.541eeE+01 9.50031c;05 2.58260 +06 0. O. O.

100e0000 t.40714E+02 3.551e6E+01 9.50C31:+05 2.58260E*06 C. O. O.10090000 8,40114E+02 3.5 5 t eeE +01 9.500111+05 2.58260E+06 0. '. O.10100000 e.40114E+02 3.541e6E+01 9.50031 ;+05 2.58260E+06 0 O. O.
10110000 2.ko714E*02 3 5GleeE*01 9.50 C 31i: + 0 5 2.5e260E+06 0. O. O.10120000 8.40714E*02 3 49128E+01 9.50031E+05 2.58260E+06 0. O. O.10130000 8. 4 01141, + 0 ' 1.>C18eE+01 G.50031F+05 2.58260E+06 0 G. O.10140000

8.40 #14b *02
C2 3.591bec401 9.$043tE+05 2.5H260E+06 0 O. O.10150000 8.40714.+ 3.59108E+01 a.50031E+05 2.So260E+06 0. O. O.10160000 8.40?!4E+02 3.$916tE*01 9.50031E+05 2.56260E+06 0. O. O. -101700C0 8.4G714t+02 3.5 9188 E +01 9.5 0i t 31 F +0 5 i.58260E+06 0 O. O.10180000 8.40?!4t+C2 3.$51eEE+01 9.50031E+05 2.58260E+06 0. O. O.10190000 8. 40 714E +02 3.591P8 +01 9.50031E+05 2.58260E+06 0. O. o.10200000 8.40

14E*8! $ 551u8 +01 9.50031E+95 2.5 82 60 E +06 a. O. O.,0210000 8.40 14E+ 5G188 +01 9.50031E+05 2.58260F+06 0. O. O.
. ""~L . *-,-

8!i8888 i:t811:l:8i 1:121:21:81 3:188111:8s i:!!!!8~f*88: 8: 8:10240000 6.40714E+02 3.551te +01 9 50031E+05 2.56260 06 0. O. O.10250000 8,40714E+02 3.591a8 +01 9*.5043tE+05 2.58260E+06 0. O. O.
8260000 3.40714E+C2 3.551Eb +01 9 50031E+05 2.58260E+06 0. O. O.270000 8.40714E+02 3.SSte8 +01 9 5003 tF+05 2.58260E+06 0. O. O.|028 0( JO 8.40714E+02 3.55188 +01 9.50031E+0S 2.58260E+06 0 O. O.10290000 8.40714S+02 3.59188E+01 9.50031E+05 2.58260E+06 0. O. O.11000000 8.407141,02 3.5stebE+01 9.5 0 ( 31 E +0 s 2.56260E+06 0. O. O.12010000 6.40714E+0i 3.59188E+01 9.50031E+05 2.58260E406 0 O. O.12020000 8.40 714 E +02 3.5 4108 E +01 9.50031 +0S 2.58260;+06 0 "J . O.12030000 8.40714E+02 3. 5 91881 + 01 9.50031 +05 2.58260 +06 0 0. ' O.

,

15828888 8:28iltt:8! !:liti!J:8' 3:1881!,:8% i:ltit8i:82 8: 8: 8:3.59188E+0k 9.50031E+0512060000 8.40714E*02 2.58260E406 0. O. O.12070000 8.40714E*02 3.SG188:+0! 9.50031 +05 2.58260E+06 0. O. O.12080000 6.40714E+C2 3.S9186
12090000 8.40ll4E+02 3.SG18e!++01

9.50031 +05 2.56260 +06 0. O. O.01 9.50031 +05 2."*260 +06 0 O. O.12100000 6.40714E*02 3.59188E+01 9.5003tE+05 2.: d260 +06 0. O. O.12110000 8.40714E+02 3.59188E+01 9.50031E+05 2.5R260E4(a 0 O. O.!?l20000 8.407146+C2 3.$51e8:*01 9.50031E+05 2.58260E+0r 0. O. O.12130000 8.40714E402 3.59188 ;+01 9.50031F+05 2.58260 +06 0 O. O.12140000 8. 4 0 714 E + 02 3.5918e +01 9.50031E+0S 2.5e260 +06 0. O. O.2I50000 8.40714E+0 :+01 9.50031E+05 2.56260 +06 0. O. O.
?!88888i:281!ti:8|3.59168;;81 3:188111:8s 1:ll!!8F:82 8: 8: 8:1:43188

14010000 8.40 714 E * 02 3.59168
14020000 8.60714E*02 3.5918e9+01

9.50031;+05 2.58260E+06 0. O. O.01
0.50031 +05 2.58260E+06 0. O. O.14030000 8.40714E*02 3.591e8'+01 9. 5 0 ( 31, + 0 5 2.$8260E+06 0 O. O.E+

14040000 8.40 714 E * 02 3.5 9168 E +01 9.50031 +05 2.58260E+06 0 O. O.14050000 8.40714E+02 3.59186 +01 9.5 0 0 31 E + 0 5 2.Su260E*06 0. O. O.14060C00 8. 40 714 4 + 02 3.S$ 66 +01 9.50031 +05 2 06 0 O. O.2 58260i+0614070000 8.40714 ,+02 3.59 86 +0! 9.50031 + 0 $- 28g60 + 0. O. O.14080000 8. 4 0 714 '. + 0 2 3.5% 28 +01 9.50031 +05 g.38260!+06 0 O. n.

lii38888 i:281!:l:81 1:23!!81:21 3:188?ll:8s 2:lli!86:82 8: 8: 8:14110000 8.40714E+02 3.5 Gl e8E *01 9.50031g+05 2.582605406 0 O. O.05
14120000 8.40714E+02 3.59188E+0! 9.50031t+ 2.58260c+06 0. O. O.14130000 8.40714E*02 3.SsletE+01 9.50031 +05 2.5e260E+06 0. O. O.14140000 8.40714E*02 3.5 4188 E +0i 9.50031 +05 2.58260E+06 0. O. 1
14150000 d.*J7141+02 3. 5 916 8 E + 91 9.$0031 +0S 2.58260E+06 0. O. O.

-

gg __.

MF C/s
03

N
si) , , - * *

L.D



. . . ,. .

.

.:'98888"h:.281t!:851:}tillt:81 3:188111:8s i:28!! l'82 8:
8: 8:

2.58268E+06 0. O. O.4180000 9.* 5 0 0 31 E + 0 5 2.58260E+06n. O. O.407 4 02 3. Sl eP E +01 9
8.40 714 d +02 3.5 91 t S E +01 50(31E+0514190000 +

118?8888 ::2811 ':81 1:13fi81:8! 3:186111:81 i:llit81:82 8: 8: 8:
16020000 8.40714 +02 3 59188E+01 9.50 03 t E +05 2.58260E+06 0. O. O. m

16030000 8. 40 714 E + 0 2 3.59188E+01 9.50031E+05 2.58260E+06 0. O. O.
16040000 8.40714E+02 3.5 9100' +01 9.5003tE+05 2.58260E+06 0. O. O.
16050000 8.40714E*02 3.591e8f+01 9.5003tE+05 2.58260E+06 0 O. O.
16060000 8.40714E+02 3.55186E+01 9.50031E+05 2.58260E+06 0. O. O. , , y,.>y' . . * ,

16070000 8.40714E+02 3 591e8E+01 9.50031E+05 2.58260E+06 0. O. O.
160h0000 8.40714E+02 3. 5 9168 E +01 9.50031E+05 2.58260E*06 0 O. O.
16090000 e.40714L+02 3.5$le8E+01 9.50031E+05 2.58260E+06 0. O. O.
16100000 8.40714d*02 3.59168E+01 9.50(31E+05 2.58260E+06 0 O. O.
16110000 8.40714E+02 3.59188E+01 9.50 031 E +0 5 2.58260E+06 0. O. O.

121$8888 8:28?lti 8i 1:221!!! 81 3:28811!:8S i:l!!!8'' 82 8: 8: 8:
0. O. O.16140000 8.40714E+02 3.55188E+01 9 * 5 0 0 31 | ++ 0 5

2.58260 ; +* C 6 " ~ ~ * * , ,
17000000 8.40714E+02 3.59188E+01 9.50i(31 ;+05 2.58260|: 06 0 O. O. --- 'r - - , . ,

9.50031 2.582SOE+06 0. O. O.
9.50031?+0519010000 e.40714E+02 3.54168E+01

05 2.58260E+06 0. O. O.19020000 8.'n'14E+02 3.59188E+01
19030000 8.4t :14E+02 3.59188E+01 9.50031E*05 2.5P;60E406 0. O. O. ,,

17040000 8.40714E+02 3.59188E+01 9.50031F+05 2.5ee60E+06 c. o. O.

18818888 8:2811tt:8i 1:18!881:01 8:186?ll:8% i:itit81:8% 8: 8: 8:
19070000 8.40714E+02 3. 5 416 8.: + 01 9.50u31E+05 2.58260E+06 0. O. O.
19080000 8.40714E+02 3.5 9188 E +0 L 9.50031F+05 2.58260E+06 0. O. O.
19090000 8.40714E+02 3.5 516 6 E + 01 9.50031E+05 2.58260E+06 0. O. O.
19100000 8.40 714 F + 02 3.5 9188E +01 9.50031i+05 2.56260 +06

0 O. O.05
8.40114E+02 3.59188E+01 9 50031 + 2.58260 +06 0. O. O.

1911000091200008.40714E+02 3 59188E+01 9 50031E+05 2.58260 +06 0. O. O. -

.

19130000 8.40714E+02 3.59188E+01 9.50031E+05 2.58260E+06 0. O. O.
19140000 e.40714E+02 3.SS188E+01 9.50031E+05 2.58260E+06 0. O. O.
19150000 8.40714E+02 3.55188E+01 9.50031E+05 2.58260E+06 0. O. O.
19160000 8.40714E*02 3.59188E+01 9.50031E+05 2.58260E+06 0. O. O.

8.40714E+02 3.59188E+01 9.50 031E +0 5 2.58260E+06 0. O. O.
19170000 8. 40 714 E + 02 3.5 9188 E *01 9.50 031 E + 0 5 2.58260E406 0 O. O.9180000-

0. 0 O.
2.562601|+06

19190000 8.40714E+02 3.5918eE+01 9.50C31E+05
2.58260 +06 0. O. O.19200000 8.40714E+02 3.59106E+01 9.50031 +05

19210000 5.40714E+02 3.54188E*01 9.50031 +05 2.58260.+06 0. O. O.
-* 19220000 8.40714E*02 3.59108E+01 9.50031 +05 2.58260E+06 0. O. O.

06 0 O. O.19230000 8.40 714 E + 0 2 3. 5 910 8 E + 01 9.50131E+05
2 . 5 32 6 0 l ++ 06IN) 19240000 8.40714E+02 3.5 9188 E +01 9.50031E+05 2.58260 0 o. O.

18'!8888 1:281!:l:8s !:!3!!il:8! 8:!88111:8s !:l!!281182 8: 8: 8:--

0 O. O.
9:50031E+05 2:58260E+06LJN 19270000 e.40714E402 3.5 9188 , ++01 2 58260E+06 0. O. O.9 50031E+0519280000 8.40714E+02 3.59188 01

19290000 8.40714t+02 3.5S188 ,+01 9.5003tE+05 2. 5 8 2 6 01 +( * 0 O. O.
+t- O. O. O.PN) 19300000 P.40714t+02 3.5 Git 8 +01 9.50031E+05

2.58260'!+2.58260 0 O. O.19310000 t.40715E+02 'g.59188E+01 9.50031E+05
'I) 19320000 E.40)..;402 . 59188E+01 9. BOO 31E*05 2.58260E+bt O. O. O.
(fs 19330000 8.40714E+02 3.5 918eE +01 9.50 031 E +05 2.58260E+06 0. O. O.

- 19340000 8. 40 714 E + 0 2 3.59188E+01 9.50031E+05 2.58260E+06 0 O. O.
T 19350000 8. '.0 714 E + 02 3.59188E+01 9.50031E+05 2.58260E+06 0. O. O.

O 19360000 8.00714E+02 3.59188E+01 9.50031E+0% 2.58260E+06 0. O. O.

18188888 #:28i1:1:8i ?:lil"il:81 8:188111:8s 1:liit81*82 8: 8: 8:
d 19340000 e . 40 714 +02 3.5 918e +01 9.50031E+05 2.50260 +06 0 O. O.
d 19400000 8.40114 +02 3.5918e +01 0.50G31E*05 2.56260 +06 0. O. O.

19410000 8.40114 +02 3 55186 +01 9.50031E+05 2.5e260 +06 0. O. O.

00
4
JP



.

13 58888 B:t811tt:81 1:stiill:81 :188111:8s 1:281281:82 8: 2: 8:
8! 1:22 ill:8' 8:'2083t5:81 2:18?t81:8% 8: 8: 8:13ti8888 1:2812:l:

3.59 88E+0k 919460000 8.407 4E+02 E+05 2.58260E+06 0. O. O.
20000000 8.40714E+02 3.5918e 01 9.50031E+05 2.58260E+06 0. O. O.

ii818888 ::2811tt:81 1:stlii|+81 :188111:81 i: lift 86:jt 8:: 8: 8: -

il8!8888 ".:28Titt:81 1:231 81:81 ::288111:8i i:i'i!8':2.58260l+02 8:8: 3:
210$0000 8 40714E+02 3.591061 01 9.50031E+05 06 0. O. O.

|+0121060000 8.40714E+02 3.59188 + 9.50C31 +05 2.58260 +06 0 O. O.
21070C00 e.40714E*02 3.$9106.+01 9.50031 +05 2.S8260 +06 0. O. O.
21000000 8.40Z14E+0 s.3918eE+01 9.50031 +05 2.58260 +06 0 O. O.

8. 40 s 14 E * 0)' 3.59188E401 9.50031E+05 2.58260E+06 0 O. O.21090000
21100000 8.40714E+02 3.591884401 9.50031E+05 2.58260E+06 0. O. O.

11118888 ::2811th:81 1:!%liif:81 :1881!l:8 i: lift 81:82 8: 8: 8:
ill:8888 *:2811tt:83 1:s!!!s':81 :18slil:8i 1:li!!8f:8 8: 8: 8: - o=e<> ' s ' "
21150000 8.40714 02 3.5910e +01 9.50031E+05 2.58260E+06 0. O. O.
21160000 8.40 714|| ++ 0 2 3.5 91 A8t +01 9.50031 +05 2.58260E+06 0 O. O.
21170000

8. 40 714 |++ 02 3.$9,88E+01 9.50031 +05 2.58260E+06 0. O. O. ''
e.40714 02 3.59188E+01 9.$0031 +0S 2.S8260E+06 0. O. O. . . ' , , . ,, ..''21180000 :

21190000 8.40714 +02 3.39. 88E*01 9.50031E+05
2 * 5 82 60 l ++06

0. O. O.
21200000 8.40784 +02 3.59,88E+01 9.50031E+05 2.56260 06 0. O. O.
21210000 8.40714 +02 3.59188E+01 9.50031 +05 2.58260E+06 0 O. O. ,

8.40714 3.59168E+01 9.50031 +0S 2.58260E+06 0. O. O.22000000
8. 40 714 E ++ 0 23.5918eE+01 9.50d31 +0S 2.56260E+06 4. O. O.23010000 02

23020000 8.40714E402 3.59188E401 9.5043tF+05 2.58260E406 0. O. O.
23030000 8.40714E+02 3.S9188E+01 9.50031E+05 2.58260E+06 0. O. O.
23040000 8.40714E+02 3.591881 01 9.500311+05 2.58260E+06 0. O. O. ' '. '-

'1828888 i:281126:81 1:18188;+:81
:18811i:81 i:ilit8'1:82 8:i 8: 8:

43070000 8.40714E*02 3.$9188E401 9.50031E+05 2.58260 406 0 O. O.
23080000 8.40714E+02 3.59188E+01 9.50031E+05 2.58260 +06 0. O. O.
21090000 8. 40 714E + 02 3. 5 9108 E *01 9*50031E+05 2.S8260 +06 0. O. O.
2;100000 8.40714E+02 3.591e8E+01 9.5 0,( 31 E +0 5 2.58260 +06 0. O. O.
23110000 8.40714E+02 3.5918eE+01 9.50031'+0S 2.58260E*06 0. O. O.
23120000 8.40714E402 3.59188E+01 9.50031 [+05 2.58260E+06 0. O. O. ' ,

23130000 8.40714E+02 3.59188E+01 9.50031 +05 2.$8260E+06 0 O. O.
23140000

8. 4 0 714 8~ ++ 0 2
3*59186E+01 9.50031E+05 2.58260E+06 0. O. O.

23150000 8.40714 02 3.59100E+01 9.50031E+05 2.S8260E+06 0. O. O.
24000000 8.40714E+02 3.59188E+01 9.50031E+05 2.58260E+06 0 O. O.
25010000 8. 40 714 E + 02 3.$9188|+01 9.5 0 0 311|- + 0 5

9.50u3t|+05 2.58260 +06 0 O. O.
. 25020000 8.40714E+02 3.59188

3.59180!+01
2.58260 +06 0 O. O.

9.50031 '+ 2.58260 +06 0. O. O.' 2$030000 40714E*02 +01
9.5003tP+05k40714E+02 3.59188E+0125040000 05 2.58260E+06 0. O. O. -

2$050000 6.40714E*02 3.5 9138 ; +01 9.$0031E+05 2.SB260E+06 0 O. O.
25060000 8.40714E*02 3.59188 .+01 9.5003tr+05 2.58260E+06 0. O. O.--*

25070000 8.40714E+C2 3.59186 -+01 9 2.56260E+06 0 O. e
E+01. 9 500311+05I\) 25080000 8.40714E+02 3.59188 .50031J+05 2.58260g+06 b. O.

fli38888 ::2811ti:8i 1:i%lseh+
'

81 :1881!E;gg j gejgg jgg g g g---

9.50031k+05 2.58260h+06(JN 25110000 8.40714E+02 3.S9188 01 c. O. O.
25120000 8.40 714 E + 02 3.59188E+01 9.50031E+05 2.58260E+06 0 O. O.
2$130000 8.40714E+02 3.59188F+01

9.5 0 ( 31( ++ 0 5
2.S8260E+06 0. O. O.

Pgj 25140000 8.40714E+02 3.591eSE401 9.5003tt 05 2.58260E+06 0. O. O.
25150000

8. 4 0 714 t ++ 0 2
3.59188E+0! 9.50031E*05 2.$8260E406 0. O. O.NI) 25160000 8.40714t 02 3.59188E401 9.50031E+05 2.58260E+06 0. O. O.

%sj 25170000 8.40714L+02 3.59188E+01 9.50031E+05 2.Sd260E+C6 0 O. O.
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O

I' ABSTRACT ,

'

.

The objective of the RELAPS project is to provide NRC with an efficient,*-

*

advanced LWR system transient analysis code. A major goal in meeting this

objective has been to develop a hydrodynamic model which is both numerically

efficient and which includes the important n'onhomogeneous and nonequilibrium
~

characteristics of two-phase flow. This goal has been achieved and the resulting

hydrodynamic model and the associated numerical scheme is documented herein.

The model has been tested in a PILOT code and applied to the analysis of pipe

blowdown experiments as well as hypothetical checkout problems. Good agreement

with data has been obtained. The PILOT code effort is summarized and continued

development will proceed in a computer ef'. ient and user-convenient system code

structure.
.

.

.

.

et

;' -

.

.

O

i
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SUMMARY AhD CONCLUSIONS

'

The objective of the RELAPS project is to provide NRC with an advanced,
f

.

fast running, one-dimensional, transient best estimate systems code which is also

suitable for a next generation evaluation model and is capable of economically-

performing repetitive calculations in both the best estimate and evaluation motel

modes. This objective is being accomplished in~a timely manner by development of

a relatively simple two-phase nonhomogeneous and nonequilibrium hydrodynamic model

in a NLOT code, by utilizing the reactor system modeling technology already

developed in the RELAP4 series of codes, and by combining these developments

in a computer efficient and user convenient RELAPS system code structure. The

pilot code phase of the RELAPS hydrodynamic model development (1)(2)(3)@)M) and

associated numerical scheme development is now complete and the purpose of this

report is to document the results of this work. The hydrodynamic model has also A

been installed in the RELAPS system code structure and all future development will'

.

be done using this version of the code..

The RELAPS hydrodynamic model is a two-fluid nonequilibrium model in which

one of the phases is fixed at saturation. Five field equations are employed:

(1) the overall continuity equation, (2) the difference of the phasic continuity

equations, (3) the overall momentum equation, (4) a difference of the phasic

momentum equations, ard (5) the overall internal energy equation. The field

equations are supplemented with constitutive relations for the equation of state,

interphase mass exchange, interphase momentum exchange, and wall friction. An
,

existing water properties subroutine has been improved and incorporated, and pre- ,' .'

,

. ,

*

liminary models have been developed for the other constitutive relations. The
' models were formulated primarly for the purpose of code checkout and are relatively

!S
simple. However, simulation of blowdown and steady critical flow experiments

ii
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have produced results in good agreement with data. The constitutive relations

will be improved as more comprehensive modeling results become available from

r LWR research progradis.

Process models are included in the PIL0T code for flow choking, abrupt -

,,

area change (4) , and parallel branching. These models permit the code to be
,

applied to a variety of experimental data for developmental verification.

Additional process models for pumps, valves, ECC injection, etc. will be

required for reactor systems description. Many of these models will be

obtained by conversion of RELAP4 models for inclusion into the RELAP5 system

code structure.

The RELAPS field equations are numerically approximated by difference

equations through ua of a staggered computational grid. Mass and energy

control volumes are connected by flow junctions at which the momentum equations

p are applied. The spatial derivatives and source terms are evaluated through use

of limited implicitness. The general guidelines used in selecting the degree

of implicitness are: (1) consistent evaluation of mass and energy flux terms,'

.

(2) numerical stability, and (3) tight interphase coupling to provide damping.

The differencing scheme is such that all implicit terms are linear in the new

time variables. In addition, by judicious choice of implicit terms, the

difference equations are easily reduced to a single equation per control volume

in tems of the new time pressures. Thus, for a system of N fluid volumes it is

only necessary to solve an NxN linear time advancement matrix either directly

or by iteration, whichever is faster.

*

The numerical scheme includes a time step control algoritnm based on mass ,,
fs

conservation. The time step is continuously adjusted to maintain a preset r *
,

accuracy. In particular, mass truncation error is controlled at phase boundary
,

p crossing, where the system bulk properties are essentially discontinuous. A

iii
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small time step is used at the point of phase boundary crossing and then is
O

rapidly increased once the discontinuity is crossed. A restart feature is

included which allows rejection of a time step having excessive truncation ;

error and permits restart from the previous solution point with a smaller time*

..

s tep. This feature is used whenever the truncation error exceeds a preset limit
,

or a dependent variable exceeds the legitimate range within a constitutive

rela tionship .

The PILOT code has been tested on n'ar,y " thought" problems for checkout

of the basic numerical scheme, constitutive models, and process models. In

particular, two-phase steady flow calculations for abrupt enlargements, con-

tractions, and branched systems have been made to checkout the abrupt area

I4)change model The results appear qualitatively correct when compared with.

single-phase data. The branching model has been applied to blowdown of a

symmetric loop witu the result that symmetric and qualitatively correct results n
were obtained.-

The PILOT code has been used to simulate the Edward's 73 cm and 206 mm -

.

pipe blowdown (3)(5) The results of the 73 mm pipe simulations are in excellent.

agreement with the data, both long- and short-term. Nodalization studies using

10, 20 and 40 volumes have demonstrated rapid convergence. The use of proper

exit boundary conditions (a velocity model when chokec) is primarily responsible

for the sharp convergence. The Edward's pipe blowdown simulation using 20 f'.uid

volumes required less than 17 cpu seconds of CDC 7600 computer time to complete

blowdown to 0.5 second. The cpu time per node per time step is 0.0005 second

(these calculations have also been made using the RELAP5 system code with slightly 1,,

faster execution times).-

,

4

iv
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n
:- The computational efficiency of the RELAP5 hydrodynamic model and associated

numerical scheme has been successfully demonstrated in a PILOT code framework. '

"
.

Good agreement between calculated and experimental results have been achieved ,

in application of the code. Develcpment of the efficient and user-convenient

system code structure has progressed tc the point that it now includes the PIL0T

code hydrodynamic model and process models for abrupt area change, branching,

flow choking and time step control. In addition, the systems code has general

heat conductors, generalized systen component coupling and a preliminary version

of the RELAP4/ MOD 6 heat transfer surface. All future model development work

can now be most effectively accomplished directly in the system code framework.

O
.

4

h

4

#I
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,

4
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A
NOMENCLATURE

Latin :ymbols ..

'

A Cross sectional area, coefficient matrix.

B Coefficient matrix -

.

B Body force in x coordinate direction
x

C Virtual mass coefficient .

C Drag Coefficient
d

C Specific heat at constant pressure
p

C Specific heat at constant volume
y

c Speed of sound

DISS Energy dissipation function
2

E Total energy (V + v /2)

FIF, FIG Interphase drag . coefficients, liquid and vapor
A

FI Interphase drag coefficient
.

FWF, FWG Wall frictional drag coefficients, liquid and vapor ,

.

G Mass velocity

h Enthalpy , heat transfer coefficient

J Junction velocity

N Number of system nodes, number density

n Unit vector

P Pressure

Q Volumetric heat addition

T Temperature
,, [
.; -

t Time '.

.

U Internal energy, vector of dependent variables
.

V Volume, specific volume with subscript a

vi
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P
,tt0MEtlCLATURE (contd. )

"

v Fluid velocity
'

'

X Static quality
..

x Spatial coordinate .

Greek Symbols

a Volume fraction

B Coefficient of isobaric thennal expansion

o Donored property

r Mass volumetric generation rate

A Eigenvalue, interface velocity parameter

Coefficient of isothermal compressibilitye

Mixture density, component density with subscripto

b Kinematic viscosityv
.

ax Increment in spatial variable
.

At Increment in time variable -

Subscripts

e Thermodynamic equilibrium

f Liquid phase

fg Heat of vaporization

g Vapor phase

I Interface

j,j+1,j-1 Spatial noding index, junctions
.

. ' 'K,L Spatial noding index, volumes ,;
-

.

m Mixture property

o Reference value
'

O
p Particle number density

j}jg 309vii



NOMENCLATURE (contd.) g

Superscripts
..

n,n+1 Time level index -

,

s Saturation value '

.

Overscore

- Vector
..

Donored quantity.

,

n
.

.

.

'
.,

;;.

.

.

a
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O
RELAPS PROGRESS SUMMARY

:-
PILOT CODE HYDRODYNAMIC MODEL AND NUMERICAL SCHEME '

.

I. INTriODUCTION-

.

The objective of the RELAP5 project is to develop an advanced, one-

dimensional, transient, system analysis code for use in light water reactor

safety analysis. This objective is being accomplished in a timely manner

by development of a relatively simple two-phase nonhomogeneous and non-

equilibrium hydrodynamic model and by utilizing the reactor system modeling

techn0 logy from the RELAP4 series of codes. A new computer efficient and

user-convenient system code structure has been designed and both the hydro-

dynamic model and converted RELAP4 models are being systematically incorpor-

(*N ated into this structure.
'

The hydrodynamic model was initially developed in a simple PIL0T code
.

which could be readily modified to test flow modeling techniques and numeri- ,

cal solution schemes. This phase of the effort is now complete and the

purpose of this report is to document the hydrodynamic model and associated

numerical scheme which has been developed. The goal of this phase of the

RELAPS project has been achieved; i.e., a relatively simple, fast running

nonhomogeneous, nonequilibrium hydrodynamic model has been developed, tested

and shown to be feasible for use in a light water reactor transient system

analysis code.
.

The logical continuation of the RELAP5 project will emphasize develop- ,,

a .

ment of the hydrodynamic model and process / component models within the system'-

code structure. This approach will yield maximum benefit for the effort -

I expended since model conversion from the PILOT code to the system code is

eliminated. A second benefit is that more experience with application of the

k.b'



.

%

system code version is accumulated as the code is developed, thus enhancing --

*
early reliability of the code.

.

This report records the PIL0T code phase of the hydrodynamic model.

develcpment. The phasic conservation equations are recorded in differential

form and subsequently the numerical solution scheme and the associated

thermodynamic relations are developed in detail. The process models for

abrupt arr.a change, branching and flow choking are briefly described.

However, the flow choking model is still under development. and complete

documentation will follow completion of this work. Finally, the results

from the application of the code to pipe blowdown problems are given.

n
.

.

.

.

..

|'.

.

.

a
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p II. t10tlEQUILIBRIUM HYDRODYtlAMIC MODEL (2VT Tk sat)

1. GENERAL..

'
.

The hydrodynamic model selected for development in the RELAPS code was...

chosen to include the important physics of the two-phase flow process, while

incorporating any simplifying assumptions consistent with the end use of

the model; i.e., light water reactor transient analysis including LOCA. The

principal simplification used is the specification that one of the phases be

at saturation. Generally it is sufficient to specify that the least massive

phase be at saturation; i.e., the phase which is either appearing or disappearing.

The specification of one phase temperature greatly reduces the amount of con-

stitutive infonnation which must be provided relative to interphase and overall

energy transfer. All interphase energy transfer mechanisms are implicitly lumped

f into the vapor mass generation model. Thus, a single correlation replaces the
.

need for constitutive relations for interphase energy transfer, interphase mass
.

transfer, distribution of external energy transfer between phases, and distri- *

bution of energy transfer between sensible and heat of vaporization. In

addition, only a single overall energy equation is required.

The two-fluid nonequilibrium hydrodynamic model as implemented in the PILOT

code includes set.al options for simpler hydrodynamic models. These include

a drif t-flux model, a homogeneous flow model, and a thermal equilibrium model.

The two-fluid, drif t-flux or homogeneous flow models can be used with either

the nonequilibrium or equilibrium thermal models; i.e., six combiaations. All
.

six of these models have been checked out, however, most of the developmental ,'
,

effort has been performed using the 2VT 7 model.-

k sat
.

3
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The primary reason for inclusion of the homogeneous equilibrium option is
A

permit the RELAPS code to be corrpared to existing homogeneous equilibrium.

code results for the purpose of checkout and development. However, this ..

option might also be of use in . establishing EM versions of the code. The'

..

drif t-flux option was included to permit comparisv.s of results with other
.

advanced codes based on the drif t-flux model.

2. FIELD EQUATIONS,

model consist of the two phasicThe basic field equations for the 2VT Tp sat

continuity equations, the two phasic r.umentum equations and the mixture total

energy equation, a total of five equations. The equations will be recorded

here in differential stream-tube form for tin.e and one space dimension as

independent variables and in terms of dependent variables which are time and

volume average quantities. The development of such equations for the two-phase n
process has been recorded in several references (0)(7)(0} and will not be-

reported herein. The equations will be recorded in the basic form with dis- -

,

cussion of those terms which may differ from other developments. Subsequently,

the manipulations will be descr: bed which are required to obtain the form of

the equations from which the numerical scheme was developed.

The phasic mass conservations equations are:

a(a o )/at + (1/A)a(o o v A)/ax = r , (1)gg ggg g

a(afpf)/at + (1/A)a(afpf f )f ax = Tf. (2)vA

.

Here A is the cross-sectional area of the flow passage normal to the stream L'
t.

r,

direction (the remaining variables are described in the table of nomenclature). .

.

4
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In general the flow does not include mass sources or sinks and overall

continuity consideration yields the requirement that the liquid generation
..

term be the negative of the vapor genc.ation; i.e.,
, .

rf=-r. (3)'-

g

The phasic conservation of momentum equations are used, and recorded nerein,

in the so-called nonconservative form as follows:
_

g g g (aV /ax)= -a A(aP/ax)Vapor; a o A(av /at) + a o vAgg g g g

+ a o B A - (a o A)FWG(v ) + r A(vgg-v ) - (a o A) FIG (v -v )ggx gg g g g gg g f

- Ca a oAp(v -vf)/at + vf(av /ax)- v (av /ax)] (4)gf g g g f

afof (av /at) + a pf f (av /ax)= af (aP/ax)Liquid; A vA A
f f f

b
*

+ a o B A - (a pf )FWF(vf) + P A(v ;-v ) - (afpf )FIF(v -v )A Affx f f f f f g
.

.

a pA[3(v -v )/3t + v (av /ax)- v (av /ax)] . (5)- Caf g f g g f f g

The force terms appearing on the right-hand sides of Equations (4) and (5) are:

the pressure gradient, the body force, wall friction, momenta due to interphase

mass transfer, interphase frictional drag and force due to " virtual" mass. The

coefficients, FilG and FWF, are the part of the wall frictional drag which is

linear in the velocity and is the product of the friction coefficient, the fric-

tional reference area per unit volume, and the magnitude of the fluid bulk velocity.
,

The interfacial velocity apoearing in the interphase momentum transfer term is the |,I
,

'

unit momentum with which phase appearance or disappearance occurs. The coefficients
.

FIG and FIF are the parts of the interphase frictional drag which is linear in the
O relative velocity and are products of the interphase friction coefficients, the fric-

tional reference area per unit volume and the magnitude of interphase relative velocit:.

5
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The virtual mass acceleration terms appearing in Equations (4) and (5)

are a special case of the objective or frame iridifferent formulations proposed

by Lahey (9) The coefficient of virtual mass is the same as that used by
-

.

' Anderson (10)in the RISQUE code, where the value for C depends on the flow regime.
.

A value of C > b has been shown to be appropriate for bubbly or dispersed flows (ll)32) ,.

while C = 0 may be appropriate for a separated or stratified flow.
,

Conservation of interphase momentum requires that the sum of the force terms

associated with interphase mass and momentum exchange sum to zero; i.e. ,

g gg + (a o ) FIG (v -v ) - Ca a o[a(v -v )/at+vf(av /3x)-v (av /ax)]rv gg g f gf g f g g f

f fg + (afof)FIF(v -v )+Tv f g

+ Cafa o[3(v -v )/at + v (av /ax) - v (av /ax)] = 0 (6)
g f g g f f g

AThis particular form for the interphase momentum balance results from consideration
.

of the mon'entum equations in conservative fom. In particular, the terms r vgg

and r v are not interphase momentum transfer terms, but are a result of writing-

ff
the equations in nonconservative form. The force terms associated with " virtual"

mass acceleration in Equation (6) sum to zero id; itically as a result of the

particular form chosen. In addition, it is usually assumed (although not required

by any basic conservation principle) that the interphase momentum transfer due

to friction and cue to mass transfer are independently equal; i.e. ,

gg=v;E v; p)v
f

and .

..

FIG = a of FIF E a afo of FI . (8) fuo.

f g ggg

These conditions are sufficient to assure that Equation (6) is satisfied.-

O

6
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The fifth field equation used as a basis for the RELAPS hydrodynamic model

development is the mixture energy equation.
..

+ afof f)/at + (1/A)3(a o v E A + a cf f f )/axa(a o E E vEAgggg f ,ggg
..

*

= - (1/A)a(a v PA + a v PA)/axgg ff

+ afpf f)B.x.+ Q (9)+ (a o v vggg

The viscous work term duc to dilation of the fluid in the flow direction is small

and is neglected (normal viscous work) and E = U + v /2.

In all the field equations recorded herein the correlation coefficients

are assumed unity so that the average of a product is shown as the product of

the averaged variables. While these correlations are neglected in the development

of the basic numerical fluid dynamic model, the effect of nonunity correlations

will be considered in component modeling where consideration of such effects may
,

be important. The case of a dividing tee is one example of a component where
.

*

correlations of cross-sectional area average properties must be considered.

This model is under development in the systems code and will not be described

further.

The mass, momentum and energy field equations have been recorded in a basic

fom in order to most clearly indiccte the standard and general nature of these

relationships. However, these forms are not the most convenient for development

of the numerical model and the following discussion will describe the manipulation

necessary to obtain the part:rular forms actually used.
,

The phasic mass conservation equations are summed and differenced to obtain .!
,

,

ap/at + (1/A)a(a p v A + afpf f )/ax = 0, (10)vAggg

and

p(aX/at) + (1-X)/A[a(a o v A)/3x] - (X/A)[a(a pf f )/ax] = r . (11)vAggg f
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Equation (3) has been used to eliminate the term r and the relation betweenf A
quality and void f raction has been employed; i.e.,

X = o o /p . (12,)
~

gg
,

''

Equations (10) and (11) are the phasic mass conservation field equations used
,

for numerical scheme development.

The momentum equations are also used as a s,um and difference. The sum

equation is obtained by direct summation of Equation, (4) and (5) with the

interface conditions, Equations (6), (7) and (8), substituted where appropriate

and the cross-sectarnal area canceled throughout. The resulting sum equation

is

a o ('v /3t) + a pf(av /at) + a o v (av /ax) + afpf f(avf/ax)v
gg g f f ggg g

= - 3 P/ a x + p B -aov WG - afpf f FWF - r (v -vf). (13)v
x ggg g g

A

The difference of the phasic momentum equations is obtained by first dividing

the vapor and liquid phasic momentum equations by a o and afof respectively
*

gg,

and subsequently subtracting. Here again the interface conditions are used and

the conmon area is divided out. The resulting equation is:

av /at - avf/at + v (av /ax) - v (avf/ax)g g g f

= - (1/p -1/pf)(aP/ax) - v FWG + vf FWFg g

+ r {p vy - (a fo f g + o o v )]Aa o a o f)v ggf ggfg

.

2 (pg f)][3(v -v )/at f.- pFI(v -vf) - C[p / p g fg,

-

+ v (av /ax) - v (avf/ax)] . (14)-

f g g
a

8
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The total energy equation is transformed into the equivalent thermai

energy equation by using the momentum equations to obtain a mechanical energy

equation, which is subsequently subtracted from the total energy equation.-

.

The result of this algebraic manipulation is
:-

.

a(pU)/at + (1/A)a(a o v U A + a pf f f )/axvUAgggg f

= - (P/A)a(a v A + a v A)/ax + Qgg ff

+ (a o )FWG(v )2 + (afpf)FWF(v )2 + (a a o o )FI(v -v )'gg g f gfgf g f

+ r (1/2- A)(v -v )2 + Ca afo (v -v )[a(v -v )/3tg g f g g f g f

+ vf(av /a x) - v (av /ax)] . (15)g g f

where the interfacial velocity v . has been defined as
7

'

+ (1-A) vf. (16)7 = Avgv

'

.

This definition for v has the property that if A = 1/2 the interphase morentum
7

transfer process associated with mass transfer is reversible. Other constant

values lead to either an entropy sink or source depending upon the sign of r .
g

However, if A is chosen to be 0 for r positive and +1 for r negative; i .e. , a
g g

donor formulation , then the mass exchange process is always dissipative. The

latter model for v; has been chosen as the most realistic for the momentum

exchange process and is used for the numerical scheme development.

The thermal energy source term associated with the virtual mass acceleration
,

term is not necessarily positive or zero. However, consideration of the second -.

''

law of thermodynamics dictates that such must be the case. This contradiction
.

is not resolved at this tinie and since the energy dissipation associated with
b virtual mass acceleration force is small, the energy source terms associated
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A
with this force are cmitted. The resulting form of the mixture thermal energy

equation which is used in the development of the RELAPS numerical hydrodynamic -

,

*

model is thus
.

3(pu)/at + (1/A)a(a o v U A + afof f f )/axvUA. gggg

(P/A)a(a v A + af f )/ax + QvS=
gg

f)2+ (a o )FWG(v )2 + (a pf)FWF(vf)2 , (,g,f,g f)pg(yg _ygg g f g

(|r|/2)(v-v)2 (17)+
g g f

.

The reason for selecting the thermal energy equation rather than the total

energy equation will become more apparent in development of the numerical scheme.

However, at this point note that the thermal energy equation does not involve

time derivatives of the kinetic energy and thus fewer new time variables will.

appear in the numerical approximation. The field equations which form the basis for
,

the RELAPS hydrodynamic model are summarized as Equations (10), (11), (13), (14)

and (17). The field variables which appear in temporal der ~ vati'es are o, X,

v,v and(pU). These are the basic field variables which are use.d in the
g c

numerical scheme.

3. ETATE RELATIONS

The dependent variables which appear in the five field equation temporal and
~

spatial derivatives are: density, o; pressure, P; static quality, X; mixture internal
''

er rgy, U; and the two phasic velocities, v and vf. All of the phasic propertiesg

also ap;, ear in the derivatives and as coefficients of the derivatives. To obtain a,

determinant system the state relationship must be employed wherein density as well O

as all of the phasic properties are expressed as functions of the pressure, static
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quaiity and mixture internal energy. The state of the system cannot be establishedg
fron the information above since the phase temperatures are in general different.

The irdeterminancy is the result of using only the overall energy equation and
.

is removed by specifying one of the phases to exist at the prevailing saturation..

conditions. Generally, the least massive phase will be assumed to be saturated; *

1.e. , that phase which is either appearing or disappearing. This specification

is considered to be an adequate approximation for LWR transient and LOCA

analysis.

The state of each phase is established by specification of tha pressure and

phasic internal energy (only tt.e pressure is needed to specify the state of

tne saturated base). For the case of su';co'. lei liquid or superheated vapor,

those states art established using tabular ec,uilibrium data as a function of the

pressure and phasic incernal energy. For the pseudo-states of superheated liquid

p and subcooled steam, the propertfes are extrapolated along isobars using
'

properties and property derivatives evaluated at the corresponding saturation
.

state. In addition to the state properties, derivatives of the mixture der.sity .

with respect to the pressure, static quality and mixture internal energy are

required in the numerical solution scheme. The way in which these derivatives

are used will be explained in the course of numerical scheme development.

The necessary state relations will be developed for the two cases, vapor

saturated and liquid saturated, by first assuming the vapor to be saturated

and then indicating the juxtaposition required to obtain the corresponding

relatior for the case of the liquid phase saturated (the procedure for the
-

pseudo-states will also be discussed separately). ,,

.. ,

The mixture energy is defined in terms of the phasic energies and quality ',

by -

f U = XU
S

g (P) + (1-X)U (P,X,U) , (18)f
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where the superscript s is used to designate the saturation state and the p

functional relationships are designated by parentheses (P,X,U are the inde-

pendent variables and all other state properties are to be expressed in terms
'

,

.

of these). The partial derivatives of the liquid phase energy are obtained .

by differentiation of Equation (18) with respect to P, X and V and solving .

for the respective derivatives to obtain.

s
(au /aP)X,U = -[ /(1-X)](dU /dP), (19)

f g

s
(au /aX)P,U = (U -U )/(1-X), (20)

f f g

and

(au /aV)P,X = 1/(1-X). (21)f

Derivatives of density are required for the numerical scheme, however,

the state relationships are in terms of specific volumes. Therefore, we will n

work in terms of specific volumes and later develop the required density
*

derivatives in terms of the specific volume derivatives. The vapor specific
.

volume is a function of pressure only

Vs , y f), (22)
s

9 9

and the corresponding derivacives are

s s
(aV j3p)X,U = dV /dP, (23)

s
(3V j37)P,U s 0, (24)g

and
.

s
(aV /au)P,X s0 (25) ;|g

- r
e-

9

12
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The functional form of the liquid specific volume and the associated derivatives

are:
''

f = V (P,U ) = V (P,U (P,X,U)), (20)V
f f f f

.

:-
(aV /au )p (au /aP)X,U' (27)(aV /aP)X,0 = (aV /aP)U +

f f ff f
f

.

f .au )p (au /aX)P,U , (28)(BV /BX)P,U " (8 / f ff

and

(aV /au)P,X " (8Y /BU )p (au /au)P,X. (29)
f f f f

The properties needed in evaluating the derivatives are obtained using water

property subroutines. First the properties at the saturation state are evaluated,

which are a function of the pressure only. The saturation properties for the
s svapor include specific volume, Vs; internal energy, U ; temperature, T ;

g
s sp specific heat at constant pressure, C ; enthalpy h ; isothermal compressibility,

g

S
e; and the isobaric coefficient of thermal expansion, B . All other required

g
.

properties can be derived.
,

The derivative of vapor phase specific volume with respect to pressure is

obtained as follows

dV /dP = (3V /3P)s + (BV /3T)s (dT /dP), (30)
s

g g p g

where
,

s s s s sdT/dP=T(y-V})/(h-h), (31)

and

$

(3V /aP)T * - Y # (32)'

g

,,

S s
(aV /3T)p = V S . (33) -

g,

The final expression for the specific volume derivative is, .

O s s ss SdV /dP = - V <s y g (dT /dP) (34)

13
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The thennodynamic properties for use in evaluating the derivatives of the A
liquid phase specific volume are obtained as a function of the pressure and

liquid phase internal energy, where the liquid phase internal energy is '.
,

' obtained by solving Equation (18) for U in terms of the mixture internal
f ,,

, energy U; i.e.,

U (P,X,U) = [U-XUs (P)]/(1-X). (35)
f

Here it is assumed that Uf corresponds to a subcooled liquid state, later

the generalization for the superheated state will be developed. The properties

of the liquid phase are also obtained using a water properties subroutine. The

properties required include specific volume, V ; temperature T , specific heat
f f

pf; enthalpy, h ; isothermal compressibility, ef; andat constant pressure, C
f

the isobaric coefficient of thermal expansion, s .
f

The required derivatives of liquid specific volume with respect to P and Uf
Oare obta Med by considering the functional relation

'

f = V (P,U ), (36)V
f f

.

and application of standard equilibrium single-phase thermodynamic relations (3)'

,

Thus

(3V/aP)U " ~ f'f vf ( pf-PV 3 ) (37)!
f f ff

and

(aV /aU )g = V s /(Cpf-PV S ), (38)f f ff ff

where

2
Cy7 = Cpf-TVsff7 /<f . (39)

The derivatives of density required by the numerical scheme can now be *

,,

, expressed entirely in terms of known quantities. The mixture specific volume
,

in terms of the phasic properties is

V = XVs + (1-X)V (40) ef

14
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and the mixture density is simply

o=h. (41 )
..

The derivatives of density are found by application of the chain rule to Equations
,

(40) and (41) to obtain-

! (42)
~

(ap/aP)X,U " -0 f X,U ,
~

)P U], (43)(ap/aX)P,U " "D f + (I- )(3 f
and

[(1-X)(aV /3U)p,y] . (44)(ap/au)p,y = -p f

The corresponding thermodynamic relations for the case where the liquid

phase is assumed to be at saturation can be obtained by juxtaposition of the

f with g subscript and X with (1-X). The necessary relations for this case are

summarized below.

b (au /aP)y,g = - [(1-X)/X](duf/aP) (45)g
,

'

s
(au /3X)p,g = (U -U /$ (46) -

g g f

(BU /aV)P,X = 1/X (47)g

s

dVf/dP = (3V /aP)s + (aV /3T)s(dT /dP) (48)f f 7

(3v /aP)X U " (3v /3P)y + (aV /au )p(au /aP)X,U (49)g g g g

(aV /aX)P,U " (3 g/au )p(au /aX)p,g (50)g g g

(aV /aV)p,y = (aV /BU )p (au /au)p,y (51 )
'

g g g g.,

.

dTf/dP=T(y-Vf)/(h-hf) (52)
s s s

15
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dVf/dP=-Vfes y sf(dT /dP) (53)
s s
f g

(3V /aP)U 9*5 vg/(C -PV s ) (54)*~
.

g pg gg ,

g

.

(aV /au )p = V s /(C -PV s ) (55)g g gg pg gg

-T V sg g g /c (56)C =Cyg pg g

(Bo/aP)X,U" ~P ( 3 )X,U + (1-X)(dV /dP)] (57)
9 f

(Bo/aX)P,U " -P -Vf + X(aV /aX)P,U] (58)g g

(ap/au)P,X X(aV /BU)P,X (59)= -p
g

The properties for cases where the vapor is subcooled or the liquid is

superneated, are obtained both by using~ properties at saturation and extra- A

polation at constant pressure. The following procertia are evaluated and.

'

held fixed at saturation; C ,c, and 8. The temperature and specific volume are
p,

extrapolated at constant pressure from the values at saturation. This extra-

polation is illustrated for the case of the liquid held at Saturation and the

vapor subcooled. The internal energy of the vapor phase is obtained by solving

the mixture energy relation, Equation (18), in terms of the liquid phase energy

and the mixture energy; i .e. ,

sU = [U-(1-X)U ]/X . (60)g

The vapor will be subcooled if
.

s ''
U <U (61).

g g ,,

<

The temperature and specific volume are obtained by a two-term Taylor series
* extrapolation from saturation conditions holding pressure constanti i.e.,

2"5

5
(aT /au )s (U -U ), (62)

sT =T +
g g g gp g

15
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and

V =Vs + (aV /3U )Sg p (U -U )- (63)g g g g g

The temperature and specific volume derivatives in Equatiuns (62) and (63) are
..

evaluated at saturation conditions from standard thermodynamic relations (13)

(aT /au )s = 1/(Cs _py g ) (64)
ss

-
g gp g

and

(aV /au )s , y g /(Cs _py g ) . (65)
ss ss

g gp pg

The derivative of density with respect to pressure, quality and mixture energy

can now be evaluated in the same manner as previously described. The case of

liquid superheated with the vapor phase at saturation occurs for the condition.

Uf>Uf. (66)

The appropriate extrapolation equations for temperature and specific volume

are obtained by juxtapositioning X and (1-X) and the subscript. f and 9 In

b this case, the properties Cpf,37 and cf are held fixed at saturation value.
,

* 4. VAPOR GENERATION MODEL ,

The preliminary vapor generation model used in the PILOT code is a simple

relaxation model based on the work of Jones et al .(''4) Jones has shown that.

the vapor generation terms can be written as

r = A h (T -T )/(h fg ). (67)A
g 7g g f

It is also shown in Reference (14) that the temperature difference (where one

phase is at saturation) is proportional to the difference between the local
.

static quality and the equilibrium quality; i.e. , ''

/
'

.

.

s
(T -Tf ) s (X-X ). (68)g e

,

O
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It is further assumed for the PILOT code model that the product of the interphase n

energy transfer coefficient, b , and the energy of vaporization, hfg, are constanty

and is proportional to the local quality with an additive constant. Thus, the,
.

*

volumetric vapor generation rate, Equation (67), can be written ..

r = -K (X+X )(X-X )* (09)-

g g e

whe:e X is a constant which characterizes the rarly germination process (afterg

nucleation has taken place)and K is an overall rate constant dependent upon

flow regime.

The vapor generation model has been used to simulate blowdown and steady

flow phase change experiments with good results. Values for the constant K and

X , which give agreement with Reccreux's(15) data for steady critical flow
o

experiments are:

7K = 1.145x10 , (70)
and A

X = 1.0x10-5, (7)). g

.

An empirical correlation is given in Reference (15)which could be used to give *

the dependence of K on local flow variables. For this case K becomes the

function

1.89'/660P .515,g .95a
0 0K=-

m .
(72)y

Nucleation depends upon the fluid properties as well as system variables such as,

pressure, dissolved substances, surface roughness and turbulence level. The

effect of delayed nucleation is to cause the liquid phase to superheat relative

to the saturation temperature at the prevailing pressure (in the case of pura vapor,
.

the vapor becomes subcooled relative to the saturation ' temperature). In '

''

situations occurring in nuclear reactor LOCA the maximum superheat is only a .

few K and the associated nucleation delay does not have a major effect on system,

blowdown. In view of this, a simple nucleation model is included in the PILOT O
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code which is based on exceeding a given constant superheat. Nucleation is

also assumed to have occurred if the vapor phase (or liquid for condensation)
'' is present as a result of convective transport.

< .

While a constant superheat criterion is used in the PILOT code, a correlation,,

'such as that found in Reference (16) could be as easily used. The referenced

correlation gives the degrees of superheat as a logarithmic function of the

mass velocity and is being considered as a nucleation model for use in the RELAP5

systems code. This correlation is

in(ATs ,f) = 13.64 - In(G). (73)

The vapor generation tem can be a dominant tem in the continuity relation-

ship and for this reason the relaxation parameters are evaluated implicitly in

the numerical scheme. Equilibrium quality is not one of the field variables

and therefore must be expressed in tems of the field variables by means of a

two-term Taylor series expansion about the old time level. This expansion requires '

the partial derivatives of the equilibrium quality with respect to the field-

.

variables P and U.

The required derivatives for a two-phase equilibrium state are obtained by

starting with the definition of the mixture energy at equilibrium

S SU = X U (P) + (1-X )U (P) (74)e e

and taking derivatives with respect to P and U to obtain

(aX /3P)U e(dU /dP) + (1-X )(dU /dP)]/(U -U ) (75)
s S S*

e g e f f

and,

S S
(3X /3U)p = -1/(U -U ) . (76) ; -

e
.

The derivatives of the phasic saturation energies are: ,

S ss s s SdV /dP = [Cs _y g p y (dP/dT)(Pic -TS )]/(dP/dT) (77)g

,
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and

s s SdUf/dP=[Cs_yg}p,y(dP/dT)(Pe-T6f)]/(dP/dT), (78)pf

where the derivative of the saturation pressure is given by the Clasius-Clayper.on
'

-

.

relation; i.e.,
.

s S sdP/dT=(h-h)/[T(V_y})3, (79)-

f g

The derivatives of quality with respect to .p.,ressure and enerov are zero for

all single-phase equilibrium states. The numerical implementation of the mass

transfer model will be developed in the next section along with the basic

numerical scheme.

5. INTERPHASE DRAG

The interphase drag term appearing in the .aomentum equations, Equations (4), (5)

and (14), is the force arising from viscous shear effects between phases. The n

drag tern is written as FI (v -vf) where the FI is the drag coefficient which. g

depends upon the relative velocity as well as other flow variables such as flow
.

regime.

The PILOT code model includes three options for FI. These are a spherical

particle drag formulation based on a constant particle / bubble population density,
30a free slip option (FI = 0) and a homogeneous or FI infinite option (FI = 10

in the code). These options are user-selected and are based on simple flow

regime considerations wherein the flow regime is a function of void fraction and

mass velocity. The flow regimes and the associated model for FI are
.

2(i) G>G = 2700 KG/M , 0 a5 0 (80)1g,

churn-turbulent (FI = 1030)
-

.

e.

1216 332
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.- -

(ii) G < G , a < 0.5 (81 )g

dispersed Lubbly flow (FI = spherical bubble)

:-
(iii) G < G , a > 0.5 (82)'

g ,

'

dispersed droplet flow (FI = spherical particle)
.

For case (i) the flow is assumed homogeneous and the interphase friction,
30FI, is set to 10 , which causes the velocities of each phase to be equal. The inter-

phase drag correlations used in cases (ii) and (iii) are based upon the drag of

a single bubble (droplet) times tne number N of bubbles (droplets) per unit
p

volume (I7) In both regions.

a a fo o f FI = (3/8) o[C IVf-Vg!+I2("/Fo)]A (83)g g d

and

+aff. (84)v=av vgg

For region (ii) the frontal area.A is given as

A = o /r , r =( q )1/3 (C5)
3a

*

g g g

and for region (iii) as -

3af 1/3
A = af/r , r = (4g ) (86).g g

p

7 3At present N is a specified constant, typically lx10 7g ,p

In addition to the above three flow regimes, a separated flow regine can be

approximated by setting FI equal to zero. This option has been usea for some

developmental testing of the code on problems in which the interphase drag is

expected to be small.

The flow regimes and inte,' phase drag correlations described above have been.

f,adequate for the PILOT code developmental objectives. Further refinements and
.

gereralizations will be added in the RELAPS system code structure as they are

They will include a flow reqime map similar to one proposed by Lekach (18)
-

needed.
O

with four flow regions and five transition regimes. The additional interphase

drag correlations needed in these regimes will be modeled in a manner similar

to that proposed by Liles(I9) '.
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A
III. NUMERICAL HYDRODYNAMIC MODEL

" . '1. GENERAL

.

.

The numerical solution scheme is based on replacing the system of differen-
,

tial equations with a system of finite difference equations which are partially

implicity in time. The terms which are evaluated implicitly will be identified

as the scheme is developed. In all cases, the implicit terms are formulated

so as to be linear in the dependent variables at new time. This results in a linear

time advancement matrix which is solved by either direct inversion or by an

iterative scheme, whichever is faster. An additional feature of the scheme is

that the implicitness has been selected such that the five field equations can

be reduced to a single difference equation per fluid control volume or mesh cell in

terms of the hydrodynamic pressure. Thus, only an NxN system of difference equations

must be solved simultaneously at each time step (N is the total number of control
,

volumes used to simulate the fluid system). .

.

The system of five differential equations which form the basis for the numer-

ital scheme consist of: (1) the overall continuity equation, Equation (10); (2) the

difference cf the phasic continuity equations in tems of quality, Equation (11);

(3) and (4) the sum and difference of the phasic momentum equations, Equations (13)

and (14); and (5) the mixture internal energy equation, Equation (17). The fol-

lowing discussion will describe the development of the difference or computing

equations from these differential equations.

It is well known(10)(15) that the system of differential equations constitute -

an ill-posed initial-value problem. This fact is of little concern physically |'
.

since the addition of any second order differential effect, regardless of how

small, such as viscosity or surface tension, results in a well-posed problem (20) ,

However, the ill-posedness is of some concern numerically since it is necessary

that the numerical problem be well-posed. The approximations inherent in any

22 -
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numerical scheme modify the solution somewhat (truncation error) and these
b

effects can be either stabilizing or destabilizing.

,. A well-posed numerical problem is obtained in the method developed herein

as the result of several factors. These include the selective use of implicitness *

(evaluation of spatial gradies.t terms at the new time), donor formulations for
,

the mass and c. orgy flux terms and use of a " donor like" formulation for the

momentum flux terms. ihe term " donor lik,e" is used because the momentum flux

formulation consists of a centered formulation for the spatial gradient of velocity

plus a numerical viscosity term which is similar to the form obtained when the

monmntum flux terms are donored with the conservative form of the momentum

equations . The well-posedness of the final numerical scheme (as well as its

accuracy) has been d'monstrated by extensive numerical testing during development.

2. DIFFERENCE EQUATIONS

O
The difference equations are based on the concept of a control volume or .

" mesh cell" in which mass and energy are conserved by equating accumulation to-

.

rate of i.; flux through the cell boundaries. This model results in defining mass

and energy volume average properties and requiring knowledge of velocities at

the volume boundaries. The velocities at the boundaries are most conveniently

defined through use of momentum cor, trol volumes or " cells" which are centered

on the mass and energy cell boundaries. This approach results in a numerical

scheme having a staggered spatial mesh. The scalar properties (pressure, energy

and quality) of the flow are defined at cell centers and the vector quantities

(velocities) are defined on the cell boundaries. The resulting one-dimensional-

,,

spatial noding is illustrated in Figure 1. The term cell is used throughout the I
,

discussion to mean an increment in the spatial variable, x, corresponding to the
,

p mass and energy control volume.

23
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The difference equations for each cell were obtained by integrating the

mass and energy equations, Et ations (10), (11) and (17), with respect to the

spatial variable, x, from the junction at x3 to xj ). The momentum equations ,
,

_

, Equations (13) and (14), were integrated with respect to the spatial variable

from cell center to adjoining cell center (X to X ), see Figure 1.g L
.

Mass and Energy Control
Vector flode Volume or " Cell"
or Junction cs -

VVgf Scalar !!cde [#P

N I'X'U
I

I
vi -e g i

t-. - f - C -
'

iK [L'
I f I -r-- J Junction'

I Velocity

. - w

Momentum Control Volume -

, or " Cell"

Figure 1. Difference Equation Nodalization Schematic

Each junction is assumed to move with velocity J in order to obtain a
3

~

genera. nunerical scheme applicable to time-dependent control volumes. This

generalization is for the purpose of tracking points of discontinuous change
.

such as might occur at material interfaces, hydrodynamic shocks, phase change , ' , '
'

fronts, etc. Aside from presenting the general numerical scheme, the methodology -

for interface tracking will not be developed herein.,

c
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When the mass and energy equations, Equations (10), (11) and (17), are

integrated with respect to the spatial variable from junction j to j+1,
''

differential equations in terms of cell average properties and cell boundary

.. fluxes are obtained. The resulting equations are

a(pV)/at + [a o (v -J)A] I + [a pf(v -J )A] d+I = 0, (88)gg g f f

J j

- X[a of(v -J)A] +I = Vr , (89)Ip[3(XV)/3t] + (1-X)[a pg g(v -J)A] f f gg

and J J

3(pVV)/at + [a o U (v -J)A] d*I + [afpf f(v -J)A] +I
0ggg g f*j *j

= - P[a v A + afv A] d*I + QV + a o vg g g (FWG)V
2

gg f

*j

+ afpf f (FWF)V + a o a pfFI(v -v )2Ve ggf g f .

.

+ r (h -A)(v -v )2V, (90)
~

g g f

where the brackets with subscripts and superscripts indicate the integration

limits for the enclosed quantity. The quantities not enclosed in brackets are

volume averages and the energy source term due to virtual mass effects is omitted.

The sum and differenced momentum equations, Equations (13) arid (14), are

integrated from cell center to cell center to obtain

1/A [(a o ) 2(v V) /3t + (afpf) 3(v V) /Bt] + a o v [v -J] + a o v [v -J],fff fgg g f ggg g
,,

x

= - [P] L + o ( (x -x ) - (a o v M + x p f fv M )(x ~*K}-
g ggg f L

b -r (v -v )(x -*K) (9I)g g f L
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and

2
(1/A)[l+C//(oof)][a(vV)/at-a(vV)/at]+[v + Cv p /( g f)][v -J]g g f g f g

g f)][v -J] = - (1/p -1/of)[P]- [v +Cv o /(p
- [v FWG-v FWF](x '*K}

p
f g f g f L

.

r[pv-(ofpfg+aov)]/(aoaaf)f(x'*K)-pFI(v-vf)(x'*K). (92)+~ v
g y ggf ggf L g L

Here the common area term, A, has been factored from most terms. The quantities

shown in square brackets with limits are evaluated at the indicated limits while

the coefficients are averaged over the cell or integration interval. The indi-

Cdled derivatives are now derivatives of Cell average quantities. Since the

integration interval is centered on the junction these averages are approximated

by the junction values. In all cases, the correlation coefficients for averaged

products are taken as unity so that averaged products are replaced directly with

products of averages.

Several general guidelines were followed in developing numerical approxi-,

mations for Equations (88), (89), (90), (91) and (92). These guidelines are -

.

summarized below.

(i) Mass and energy inventories are very important quantities in water

reactor safety analysis and as such the numerical scheme should be consistent

and conservative in these quantities (a greater degree of approximation for

momentum effects was considered acceptable). Both mass and energy are convected

from the same cell and each are evaluated at the same time level (i.e., mass

density is evaluated at old time level so energy density is also evaluated at

old time). ,. -
(ii) In order to achieve fast execution speed implicit evaluation is used Y

.

only for: those terms necessary for numerical stability, elimination of the wave
.

propagation time step limit, and those phenomena kncwn to have small time a
constants. Thus, implicit evaluation is used for the velocity in mass'and energy
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transport terms, the pressure gradient in the momentum equations and the

interphase mass end momentum exchange terms.

.

(iii) To further enhance computing speed, the time level evaluations were''

,

selected so that the resulting implicit terms are linear in the new time variables..

.

Where it was necessary to retain nonlinearities, Taylor series expansions about
.

old time values were used to obtain a formulation linear in the new time variables

(higher crder terms were neglected). Linearity results in high computing speed

by eliminating the need to iteratively solve systems of nonlinear equations.

(iv) To allow easy degeneration to homogeneous, single-phase and drift-

flux formulations, the mcmentum equations are used as a sum ard a difference

equation. The particular difference equation used is obtained by first dividing

each of the phasic momentum equations by a o and a of for the vapor and liquidgg j

phase equations, respectively, and then subtracting.

p Using the above guidelines,. the finite difference equations for the mass

, and energy balances, corresponding to Equations (88), (89) and (90), are
.

~

o"+ V" - L g"v" + [0"0"(V -J) 1+ "0"(Vf-J) 1]A +1L f j

-[d"5"(v-J)[I+d"f6"(v -J)[I]A fat = 0 (93)g g f j
and

o"(X"*I " -X"V") + (1-X")[s"5"(v -J)] Aj#)-d"6"(v -J) A ]atV
L g g g j

A) - 5"6"f(vf-J )g"*IA ]at = V"(r )"+I (94)-X{[i/6"(v-J)j"
r

f j j g .

,

eI

e*

. _
e
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( L L)"+ Y - ("L L)"V" + [d"6"0" (v -J) g" ) + d"f6"0" (v -J) " ]A) )U U atg g f

- [d"6"0"(v -J) + d"6"0"(v -J) I]A atg g f j
.

,

.

= - P"[(a"v" + a"v"f)),)A ,) - (a"v" + a"v"))A ] atg j g j ,

+ Q"V"at + DISS"v"at . (95)Ll

The term DISS" which appears in Equation (95) is the sum of the energy dissipation
L

te""'. which appear in Equation (90). These terms are evaluated at old time using

volume averaged variables.

The quantities having a dot overscore are donored quantities based on the

junction relative velocities, v -J and v -J. The donored quantities are volume
g f

average scalar quantities and are defie.ed analytically as
o

i=b(o+t)+b - *- } (*K *L) , (v- / 0, (96) -

g L
-

where 5 is any of the donored properties and v is the appropriate velocity; i.e.,
"

vapor or liquid. For the degenerate case of v-J s 0 a simple centered formulation

is used -

5=h(;g+t),(v-J)E 0. (97)L

where donored values are not used at junctions, linear interpolations between

neighboring cell values are used.

A similar approach is used to obtain the finite difference form for the

phasic momentum equations. In this case, the volume average properties for the -

momentum contrcl v61ume are taken as junction properties; i.e., linear inter- F .

polations between mass and energy control volume centers. The momentum flux terms
,

are approximated using a " donor like" formulation which results in a centered a
velocity gradient term and a viscous like term. The resulting difference

equations are:

*
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(a o )"(v "+Iax"+1 -v" ax")3 + (a p f),(v
" n+1

n+1_y 3x )j
n n6x

g fg gg g

+ (a o v )][(v -J)" - (v -J)"]at + (apf f)][(v -J)" - (v -J)"]at: vggg g g f f,

-[(a o )] VISG" - (agf)]VISF"]at. gg

f,P(-P )"+I at + f p" -B - (a o )3(v )"+I FWG"
"=

g J x gg g

-(apf)](vf)]+I FWFj - (r )" (v -v )] f ax"at, (98)g g f J

and

2 n+1 n+1_y n n n+1 n+1_y 3x )3[1+cof(,9,f)3gg(y n n3x 3x ) _ (y 3x
9 9 j

2
+[v+Cvpf(9,f)3jg(y _g)n _ (y _g)n]at - VISG"atg g 9

O
2

-[v+cvpf(,9,,)3jg(y_gyn_(yf_g)n]at + VISF"at
'

f g f

.

gf)]](P-P)"*Iat-fFWG(v)"#I - FWF"(v )"+I= - [(of-pg)/(p p g g g f

- [r (ov -apf g-a o v )/(a o 2pf)]]v
g i ggf gg

(pFI)](v-v)]+ax]at, (99)g y

where the viscous terms are defined as

VISG) = h f|(v )) j+(v ))|[(v )) )-(v )3] - |(v )3+(v )j_)|[(v )3-(v )3_)]f (100)'
*

g g g g g g g g ,,

: '

and

=hfj(v)j,)+(v)j|[(vf)),)-(v)3]-|(v)j+(v))_))[(vf))-(vf)_)]f(101)VISF
f f f f f

29

1216 341



A multiplier which is zero or unity is included on the inertia terms in the

subtracted equation, Equation (99), to allow reduction to a drift-flux formula.

A second multiplier on the interphase drag term is used to permit reduction to .

'

homogeneous flow. In Equations (98) and (99), the scalar or thermodynamic -

variables needed at the junctions are linear interpolations between the
,

neighboring cell values. The generalization of the momentum equations to model

abrupt area changes, orifices, etc. has been documented in a previous report,

Reference (14), and will not be described herein.

3. NUMERICAL SOLUTI0fl SCHEME

The basic five difference equations for mass, monentum and energy, contai,

terms which involve six variables at the new (n+1) time level. The six variables

are the pressure, P; mixture density, p; static quality, X; mixture energy, U,

which appears as the product pV; and the phase velocities, v and v . The
g f

additional relationship necessary to render the difference equations determinant .

is provided by the state relationship by which the density can be expressed as
.

a function of the pressure, static quality and the mixture energy (an additional

constraint is implicit in the state relation wherein one phase is assumed to be

at saturation conditions). The state relationship is highly nonlinear and the

basic data are in tabular form. Thus, in order to preserve the linearity of the

r.americal scheme, the density relationship in terms of the other state variables

is expressed by a two-term Taylor series expansion about the old time level; i.e. ,

p "*I = p" + (ap/aP)X,U(P"+I -P") + (ap/3X)P,U( ^X
, , -
;' .

+ (ap/ au)P,X(U"*I -U" ) . (102)
'

.
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The energy variable which appears in the difference equations is the product,

9U, which contains two dependent variables. Application of the chain rule to
'"
- accomplish a change in independent variable in the Taylor expansion produces

. ' . the result

p"+I = p" + (ap/3P)",pu (P +I -P") + (ap/aX)p g(X"+I -X")
U"

X

and

+[ap/a(pV)]p,y[(pu[+I - (pV)"], (103)

where the derivatives with respect to P, X and (pV) are expressed in terms of

the thermodynamic derivatives developed in Section II,3 and are as follows:

(ap/a P)"X,(pV) = p"[(ap/a P)X,U /[p + U"(ap/BU)p,y]. (104)
"

(ap/ax) P,(pV) = p"[(ap/ax)" g]/[o" + U"(ap/au)",X] , (105)Q .

,

and

[ap/3(pV)]",x = [(ap/BU)",y]/[o" + U"(ao/3U)P,X]. (106).

Equation (103) can now be used to eliminate the density at the n+1 time level from

the difference equations to obtain a system of five difference equations in terms

of the five dependent variables, P, X, (pV), v and vf.g

thAt this point the numerical time advancement (frcm the n time level to

the n+1 level) could be accomplished by simultaneous solution of the SNx5N system

of linear equations which results from application of the five difference equations

at each of the N nodes (the _ application of appropriate boundary conditions is
.

necessary, but will be discussed later). However, the judicious choice of implicit'
1

terms in the momentum equations permits the time advancement problem to be--

reduced to the solution of an NxN system of linear equations. This is accomplished

by elimination at a node of all the dependent variables except the pressure. This

elimination is possible because the difference equations are linear in the new

time variables and because the momentum equations only involve the velocities

'
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and the pressures. The elimination process consists of solving for the phasic

velocities in terms of adjoining cell pressures. The velocity equations are

then used to eliminate the velocities from the mass and energy equations. :
'

.

Three equations per cell result which involve energy and quality of only
,

the cell under consideration. Thus, the system of three equations can be -

reduced to a single linear equation relating the cell pressure to the pressure

of adjoining cells. This procedure is in effect carried out for each cell of

the system so that the result is an NxN system of equations for the new time

pressures. The procedure is reversed so that the remaining field variables are

obtained by back substitution. The NxN system of linear equations is diagonally

dominant, in all cases examined to date, and thus the solution may be obtained

either by direct inversion or by iterative inversion, whichever proves more

efficient. The PILOT code uses direct inversion by means of a sparse matrix

rou ti ne. n
After solution for the field variables as just described, only the product

(ou) is known rather than values of p and/or U. The energy is required in order .

to apply the state relationship and thus obtain density as well as all other

thermodynamic variables. The density-energy separation is obtained without

iteration by using an auxiliary difference equation for the mixture density, p.

For this purpose the mixture continuity equation is used along with the momentum

equation for the velocities as described earlier. Thus, the density may be

solved at each cell in terms of the already established pressure field (This

solution is accomplished very efficiently in the PILOT code since all the

.

convective terms have already been calculated in the course of the pressure ..

'

field solution). The mixture energy is then calculated from the relation ,

U"+I = (pV)"*I/p * "+l , (107)
O

where o " in the mixture mass density calculated from the mixture continuitym

rel a ti on .
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. _ - . _ - _ _
____

The state relation is used to calculate the mixture thermodynamic d.mc it:,. . ,
O

using the state variables, P, X and U, as described in Section II.2 of this

report..

F

'

4. TIME STEP CONTROL
'

.

In general, the density obtained from the state relationship is not equal

to the density calculated from the mixture continuity equation. The difference

between these two densities is a measure of the truncation error associated

with the use of the Taylor expansion, Equation (103). This truncation error

is sensitive to change in the density derivatives, Equations (104), (105) and

(lL6). In a tv 2-phase system the density derivatives may be highly discontinuous

at points of transition between single-phase and two-phase regions. Consequently,

any numerical scheme will have significant truncation error at such points

unless these points are explicitly tracked and appropriate jump conditions

applied, or unless the time step is made sufficiently small for the time step
,

which spans the single-phase to two-phase transition. This error is controlled
-

'

in the PILOT code by the latter approach using an automatic time step control.

The truncation error measure provided by the density difference is used as

the basis for the automatic time step control scheme and this approach has been

very successful in controlling mass truncation error and at the same time making

fast execution possible through use of efficient time step sizes. The error
measure is defined by

c = f (pj-pgj)/c i i = 1,2,3...N (108)m .

If the error measure exceeds a preset value (5.0x10-5 KG/M has been used in the

PILOT code) the'n the time step is rejected and the time step is repeated with

half the preceding time step. Likewise, if the error ~.easure, Equation (108),
.

is less than a preset minimum (1.0x10~5
has been used in the PILOT code)
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then the next time step advancement is made at double the previous time step.

At intermediate values for the error measure the integration is continued with the

same time step. '

-

The halving or doubling time step adjustment process is overriden for
,

'

print interval control and the Courant stability limit. The print interval .

override assures that a time step will coincide with the times where output

is desired. The Courant condition limits the maximum time step such that

material is never transported through more than one spatial cell per time step.

TFis condition is expressed analytically by

at<[Ax/(|vggi,|vfj|) max 3j min'
*' ''''

Generally, the truncation error control is more restrictive than the Courant

condition for transient problems.

A
5. BOUNDARY CONDITIONS

'

.

Boundary conditions are usually established by a combination of physical ",
considerations combined with a characteristic analysis to establish permissible

number / combinations of boundary conditions. However, because the system of

differential equations are not totally hyperbolic it is not possible to use

characteristic arguments directly. In view of this situation, it is necessary

to draw on experience with single-phase hydrodynamic models, such as the

Navier-Stokes equations, to conclude what combinations of boundary conditions

are acceptable.

The first and most obvious boundary condition to be considered is a closed
.

'

'end or null condition. In this case it is clear that the appropriate boundary .~

conditions are that both the phasic velocities are zero. The momentum equations
,

at such a junction are not required and the solution of the difference equations O

is determinate.
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The second case to be considered is that of a constant pressure source or

sink. In the case of a source, all the volume properties are required so that

'* the quality, X, and energy, U, must be specified (this situation exists if

either or both phasic velocities are such as to cause inflow to the system).,
,

Specified pressure is sufficient for a pure sink. A less obvious situation

arises in the momentum calculation at either a source or a sink. The momentum

convective terms require velocities at junctions upstream and downstream from

the boundary junction and thus information is required beyond the source or

sink volume. In this case, the boundary conditions are supplemented by the

numerical condition that the derivatives of velocity are zero beyond the last

junction; i.e., the velocities are constant, which pennits evaluation of the

momentum convection terms.

The last and most subtle boundary condition is associated with specified

p nonzero velocities. In this case, the boundary volume properties must be

.

specified for the inflow case. If both velocities are specified in addition
*

to the pressure, quality and energy, then the problem is overspecified since
.

there are only five field equations (the analogous case for a single phase flow

would be specification of the pressure, energy and velocity, which could only

be the case if the flow velocity were greater than the sound speed; i.e., super-

sonic). The specification of five conditions could only be correct if the flow

were choked or supersonic. However, since the system of equations is not totally

hyperbolic the criterion for choking is obscure. In general, the flow will be

less than sonic so that one is forced to conclude that fewer than five specifi-
'

cations is appropriate. It can be shown that only one velocity need be specified
u

and the remaining velocity can be calculatea from momentum considerations. '
,,

However, even in this case additional numerical boundary conditions must be

h employed in order to calculate the momentum flux terms as discussed prev ously.i

This requirement for additional boundary conditions is comon to nost finite
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difference schemes and does not seem to cause any significant problem. In
G

conclusion, one can specify both veloc.ities as well as the state properties and

generate reasonable results, but some caution should be exercised when posing -:
, .

and/or interpreting the results from such problems. -

..

.

O

e

e

i,

s.
'

I
.

.

4
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IV. PROCESS / COMPONENT B0DELSg3

1. GENERAL..

f

The PILOT code includes process / component models for abrupt area change,..

branching and choking. The models for area change and branching have been
,

documented in a separate report, Reference (4), and will only be briefly

described herein.
.

2. ABRUPT AREA CHANGE AND BRANCHING

The abrupt area change model is based on the Bourda-Carnot( ) formulation

for a sudden enlargment and standard pipe flow relations, including ';ena-contracta

effect for a sudden contraction and/or an orifice. Quasi-steady continuity and

momentum balances are employed at points of abrupt area change. The numerical

[") implementation of these balances'is such that the hydrodynamic losses are

independent of the upstream and the downstream nodalization. In effect, the.

.

.

quasi-steady balances are employed as jump conditions which couple fluid

components having abrupt change in cross-sectional area. This coupling process

is achieved without change to the basic linear semi-implicit numerical time

advancement scheme. Thus, the fast execution time objective is not impacted

by incc rporation of these models.

The area change and parallel branching numerical models have been

installed and tested in the RELAPS PILOT code and have produced correct results

for single-phase flows and two-phase flows with slip. The parallel branching
,

model has been tested on a synt;etrical system blowdown problem and correct ],
fresults were obtained.-

.

P
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3. CH0 kit 1G
A

Choking is used to describe the process or flow condition under which
-:

the flow is independert of downstream conditions. Choking 1.' single-phase
..

flow occurs when the fluid velocity equals the local speed o f sound. At '

such a condition, acoustic signals can no longer propagate apstream, the flow "

velocity is independent of downstream conditions and the flow is said to be

choke,. Usually the point at w.lich a flow chokes will be a point of minimum ,

area ..1though not necessarily. The flow process in the vicinity of choked flow

enoral'y is characterized by large spatial gradients in pressure and fluid

density, thus closely spaced spatial nodes are required for accurate numerical

modeling of such a process.

In the case of two-phase flows, the criterion for choking is more obscure

than in the single-phase flow case because the sound speed associated with acoustic
Asignal propagation is not easily defined. On the other hand, to model such

.

processes in detail requires fine spatial noding which limits the overall time

step and requires excessive computational time. While it is possible to "..odel -

choked flow in detail with the numerical scheme described herein, the approach

was judged inefficient for modeling reactor blowdown problems. Particularly,

where the blowdown occurs over an extended period of time and relatively coarse

nodc'ization is used for the bulk of the system representation. The fine

nodalization required at the break or point of choked flow is inconsi; tent with

the reprr aentation of the remainder of the system and is computational inefficient.

Choked flow is modeled in the PILOT code by application of an appropriate
,

..

criterion to detect choked flow and subsequent application of analytically based ;' , -
boundary conditions. The criterion for choking and the boundary conditions were

derived from a characteristic analysis. A brief description of this analysis '

C
will be presented.

38

1215 350
'



The RELAPS system of partial differential equations can be written in

vector / matrix notation as follows:
..

- A(30/at) + B(a0/ax) = c (110)
-

where 0 anc C are vectors and A and B are fifth order square matrices. The
'

characteristic problem is posed by raising the question: Jo surfaces (lines)

exist such that Equation (110) is an indeterminate or inteior operstcr? This

situation is investigated by choosing a surface orientation defined by a normal

vector n and then transforming the system of equations, Equation (110), to a

new set of coordinates, one direction of which coincides with the characteristic

surface normal and the other being tangent to the surface. Transformation of
'Equation (110) yields:

A[(30/an))(an)/at) + (30/an2)(a"2/St)]

O
+ B[(a0/an )(an /ax) + (30/an )(3"2/ax)] = c (111)

3 3 2

,

, If n) is chosen as the coordinate nomal to a characteristic ;rface and n
2

tangent to the surface, then the characteristic property is expressed by the

determinantal equation

|A(an)/at)+B(an)/ax)|=0 (112)

or

| A A - B| = 0 (113)

where

A = - (an)/at)/(an)/ax) (114),

Here -A is the slope of the normal to a characteristic surface in the x, t plane.'
~.

The characteristic equation, Equation (113), has all real roots for a

hyperbolic system. However, the system of equations used to model the RELAPS.

b
hydrodynamics is such that the characteristic equation has a pair of complex

conjugate roots as well as real roots. These complex roots are common to all

'
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two-fluid two-phase models( ) and are the result of imperfections in the repre-
.m

sentation of high frequency phenomena. Thus, the complex nature of the roots is

not of any physical significance and a well-posed numerical problem can be obtained -:
by sufficient numerical dissipation (i.e. , in'plicitness and donor flux ^

formul a tions ) . s

The propagation velocities associated with the complex roots can be shown

to be between the phasic velocities, thus they do not govern choking behavior.

A choking criterion is developed by looking at the real roots which are found

af ter factoring out the complex conjugate pair. Of the remaining real roots,

the smallest ene (slope corresponding to the outermost charactristic surface)

is the limiting path along which acoustic signals can propagate. The condition

that the smallest root ( A) var.bn, which corresponds to the condition that acoustic

signals no longer propagate upstream, is the choking condition (the corresponding

characteristic surface is vertical in the x,t plane); n
.

[-Areal max = 0. (115)
,

.

The analytic factorization of the characteristic equation resulting from

analysis of the RELAPS system of equations is a near impossible task (A fifth
order polynomial must be factored). This problem is made tractable by either

assuming complete thermal equilibrium or assuming the interphase mass transfer

rate to be zero. Each of these assumptions reduce the characteristic problem

to factorization of a fourth order polynomial. Fortunately, the roots consist

of a complex conjugate pair and a pair of real roots in each case. An approximate

analytic factorization can be u 2d to obtain the complex roots. The remaining
'

.,

two real roots are subsequently obtained using the quadratic fcrmula. "

,

.

e

4
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Only the case of complete nonequilibrium without added mass effe.ts will

be presented since the general model is under development and will be the subject
''

-

of a future report. The characteristic equation for this case is
,

f g (A+v )2[(3 yf)2
2 2I'

/c7 _j3 ,gf (3 yf)2[(3 yg)2/c -1] = 0 (116)ap
g

.

Disregarding fourth-order terms relative to second-order terms yields a second-
'

order polynomial in A which can be easily fc. !.ored to obtain approximate values

for the complex rcots.

1,2 ("f g "g + "g* f f)/("f*g * "g f)A * V P

+ (i) (afc p o )* (Vf-v )/(a of g + a of) (117)gfg g g

The original polynomial can now be divided by the product of the two complex

p conjugate factors to obtain a reduced second-order polynomial in A. Analytic

factorization of the second-order equatio1 yield the remaining two roots, which are,

.

("f g f + "g f g)/('f g * "g f)A * # V D V P c3,4

where c is the stratified sound speed. The choking criterion, Equation (115),
yields

(afo vg f + a of g)/(a o + a of) = c. (118)v
g f g

The sound speed appearing in Equation (118) is a function of the interphase

coupling due to virtual mass effects and can be shown to be the homogeneous

sound speed for large virtual mass coefficients (such as would be typical of.

..

dispersed droplet or bubbly flows).
f

.

Equation (118) provides a relation between the velocities and the scalar

variables of the flow (the sound speed is a function of the pressure, quality

and energy). When the two-phasic momentum equation are combined with Equation (118)

the three simultaneous linear equations can be solved for the variables v'g, v and
f

P at the point being investigated for choking.
"
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If the values for v and vf calculated by the normal solution scheme yieldg ,,

a value for the left-hand side of Equation (118) which exceeds c then the flow

is choked and the values for v , v and P from the choked solution are imposed. -:g f

This procedure numerically decouples the upstream solution from the downstream
..

conditions, which is in agreement with the situation known to exist physically.
,

The choking model has been applied to modeling of Edwards'( ) pipe blowdown

experiments for both 3 and 8 inch pipes. The results are in excellent agreement

with data as illustrated in Section V of this report.

A

.

.

e

9

il

.

%

'
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V. SAMPLE CALCULATIONS.g

1. GENERAL
' . '

.
,

The RELAP5 PILOT code has been tested on several hypothetical problems
,

.

for the purpose of checking the code, model characteristics and constitutive
.

da ta . The code has also been applied to the simulation of two two-phase

experiment: those of Edwards (22)(23) and Reocreux(I } The code results.

in both cases are in excellent agreement with the experimental data. Only

the results for application to the Edward's experiment will be reported on

herein; however, these results demonstrate all the features of the code,

both the abrupt area change and choking models were used in producing

these resul ts. The application to Reccreaux data i , sti t i in progress and

will be reported upon completion of that work.

b
2. EDWARD'S PIPE BLOWDOWN EXPERIMENT

.

Edwards (22)(C3) has perfcrmed transient blowdown experiments using
'

.

73 mm (3 in.) and 206 mm (8 in.) pipes which were both 4.09M in length.

The pipes were filled with water, heated and pressurized. A glass disc

at one end wae ruptured to iniciate the blowdown. The initial conditions

which were used in the codc to simulate the experiments are tabulated in

Table I. All the results which are prescribed herein were obtained using

20 nodes ar volumes to numerically model the pipe. However, the ca'culations

were performed using 10 and 40 volume representations. The 10 and 20 volume
,

representations differed only slightly (less than 10%) and the 20 and 40 ..

nodalizations were e'sentially identical (less than 1%)...

.
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TABLE I

INITIAL CONDITIONS USED FOR SIMULATION OF EDWARDS' EXPERIMENT

. ' . '

73 mm 206 mm
-

2 6 6Pressure (N/M 1 7.0 x 10 5.723 x 10 ,

UTemperature ( K) 502 K 527 K

Pipe Length (M) 4.09
~

4.09

Pipe Area (M ) 4.185 x 10-3 3.333 x 10-2

Exit Area (M ) 3.641 x 10-3 3.333 x 10-2

The boundary conditions used were specified zero velocity at the closed end

and the choking model descriDed in Section IV of this report was used for choked

flow at the open end. The abrupt area change model was used for the 73 mm pipe

which had a 137, reduction at the exit due to fragments of the rupture disk O

'

remaining af ter initiation of the depressurization. The data taken were

pressures at up to seven cauge stations stationed along the pipe from the open -

end (GS-li to the closed end (GS-7 for the 73 mm pipe and GS-8 for the 206 mm

pipe) and vtid fraction measured at gauge station 5.

3. 73 MM PIPE BLOWDOWN RESULTS

The pipe blowdown calculated results are presented in two parts. The first

part consists of the short-term results (0 to 20 ms) and the second, the long-

term results (0 to 500 ms). At 500 ms, the pipe interior is approximately at
.

ambient pressure. In all cases, the data are shown as solid curves with the ,' .
!

PILOT calculations shown as dashed curves.
.

'

4
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The short-term PILOT code calculated pressure histories d'.x compared

to Edwards' data, obtained from Reference (24), on Figures 2 and 3 for
''
. gauge stations 1 through 7, respectively. The results are in good agreement

with the data. The calculated results do not show the large pressure under-.
,

shoot measured at gauge station 7, although small undershoots at other
.

gauge stations are in agreement with the data. Another interesting observa-

tion is that the calculated depressurization wave leads the data by about

0.5 ms at all gauge stations. The constant difference at all stations

indicates that the depressurization wave propagation velocity is correct,

but that the effective time of break- initiation may be slightly different

than reported,

f

Isometric plots of the short-term calculated results at2 presented in

Figure 4. The pressure, liquid fraction, liquid velocity and vapor velocity
O

are shown. In each of these pints, the condition all along the pipe are

[ displayed as a function of time. The open end is on the lef t for the

- pressures and the void fractions while the open end is on the right for

the velocity plots. Interesting features of these plots are the initial

depressurization wave in the pressure plot and the high velocity gradients

which exist near the open end in the velocity plots.

The long-term results (0 to 500 ms) are shown plotted on Figures 5

and 6 as pressure histories at gauge stations I through 7. The agreement

with the data (solid curves) is excellent except at station 6. The lack
.

of agreement at GS-6 is probably due to the use of a uniform energy ..

corresponding te 502 K, while it is reported in Reference (24) that the--

initial temperature may have varied by as much as 8 K with the highest
>

.
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O
temperature in the vicinity of gauge station 6. Note that the calculated pressure

at GS-1 and GS-2 are in much better agreement with the data than reported in
,

References (25) and (26). The improved result herein is due to the use of a ch'oked '

, .

'

flow velocity boundary condition rather than the pressure boundary conditions used
.

in References (25) and (26). The analytical results presented in Reference (27)

support this conclusion.

All results presented herein have been calculated both with and without pipe

wa'? friction and thus support the findings in Reference (27) that pipe friction

has no effect on the blowdown results.

The measured and calculated void fractions atgauge station 5 are shown on

Figure 6. The long-term void fraction agrees very well with the data, but at

early times (up to 0 :50 sec) the calcul.ated profile is very similar to the results
,,

obtained in other analytical investigations [ References (25), (26) and (27)].
,,

Here again nonuniform initial test energy may be responsible for the early time .

.

void fraction variation at gauge station 5 Void fraction profiles at ott er sta-

ions along the pipe did exhibit a variation similar to the data at gauge station 5.

Isometric plots of the long-term cal:ulated results are shown on Figure 7.

Here again, the open end is on the left f(r tne pressure and liquid fraction plots

while the open end is o i the right for the velocity plots. The void propagation

wave is very evident in the liquid fraction plot. Note that a small void wave

is initiated at the closed end and this merges with the main wave from the open
.

end. The velocity plots show that up to 50 m/s relative velocity is predicted to ; ,'
r .

exist late in the blowdown. -

4
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0

4. 206 MM PIPE BLOWDOWN RESULTS
,,
.

Edwards et al,(23) have repeated the pipe blowdown experiment using an
.,

_

206 mm pipe in order to obtain better void fraction resolution. These experiments
,

were also modeled using the RELAP5 PIL0T code and results are compared to the

data on Figures 8 through 11. The short-term (0 - 20 ms) pressure histories

are presented on Figures 8 and 9. The calculated results show only fair agreement

- with the data. In general, the calculated pressures are lower than the measured

pressures. However, the measured pressures show a continual decrease and approach

the calculated values at 20 ms. The disagreement is suspected to be due to vertical

temperature stratification in the pipe which is' a result of the heating by

free convection from the pipe walls (the temperature measurements confirm the

p existance of vertical gradients). ' The long-term calculated results are compared to

the measured data on Figures 10 and 11. The calculated pressures agree well with
.

,

'

the data except at the open end, GS-1 and at the closed end GS-8. The disagree-
.

ment at the open end is probably due to the existence of large pressve gradients

1 in both the axial and radial direction which exist due to the abrupt discharge.

.;
This effect does not appear to be significant since the correct rate of mass dis-

charge was calculated (long-term pressure agreement at the pipe internal stations

is evidence that the overall mass discharge rate is correct).

The measured and calculated void fractions are compared in Figure 11. The

early and late time results are in good agreement. The discrepancy between,

0.1 s and 0.2 s could be due to variation in the mean energy profile along the
.

'

pipe as speculated in the case of the 73 mm resu~ ts (the calculations were made

using a uniform initial energy).

47
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0
A' STRACTs

.

As a part of the RELAP5 advanced two-phase hydrodynamic model develop-
.

. ment project, models have been developed for abrupt flow area change and
'

flow branching. The area change models are based on accepted principles for

single phase flow and are similar to two-phase models available in the

literature, but with a significant improvement for establishing the void

fraction change at the area change. liith this improvement, a numcrically

simple and realistic modei has been tested and found to produce qualitatively

cerrect results.

A parallel branching model has been developed and subjected to limited
,

testing. For the cases investigated, the model has produced correct re-

sults. ,
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O
NOMENCLATURE

.

A Area=
.

Void fractiona =-

.

AP
f

Dynamic press"re loss=

AX Length of hydrodynamic control volume=

Time increment in finite di.~.'erence equationsat =

Arca ratio, A /A)c =
2

T Area ratio, A /A)c =
T

.

Area ratio, A /A=oc c T
..

Phase mass generation rateT =

Liquid phase wall friction coefficientFWL =
,

FWG Vapor phase wall friction coefficient=
.

FI Interphase drag coefficient=

.

gZ Acceleration due to gravity=
,

Dynamic head lossh =
l

J Multiple junction=

L Equivalent length for interphase drag=

P Pressure=

Densi typ =

Timet =

.

VelocityV =
,

X Length coordinate=-

.

Z Elevation change coordinate=

D
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.
.

.

(g Subscripts

1 Upstream stat'on, or multiple junction index=

' '

Downstream station, or multiple junction index2 =

.

Liquid phaset =
.

'

Vapor phaseg =

Vena Contra '.ac =

T Point of minimum area=

j Junction station=

.

K Center of upstream controi volume=

L Center of downstream control voluma=

Superscripts '-

Time level in difference schemen =

Unit momentum for mass exchange(as
s =

.

.
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I. INTRODUCTIONp
The RELAP5 project is an effort to develop a transient one-dimensional

.

two-phase hydrodynamic model for use in water reactor system analysis. A '

primary objec'ive is to produce a fast running code having contemporary.

.

hydrodynamics which can be used for system safety analysis of nuclear power

rcactors. At the present time a two-velocity limited nonequilibrium fluid

model (2VT TSAT) has been developed and tested in a PILOT code. The modelg

has been used to simulate pipe blowdown experiments and good agreement with

data was obtained.

The general reactor system contains pip:ag networks which consist of

sudden area changes, orifices and flow branct.es. In order to apply the RELAPS

hydrodynamic model to such systems, analytical models for these components

have been developed. This report documents the analytical formulation of
O
- these models. Included are a development of the two-phase cne-dimensional -

transient flow equations for sudden enlargements, sudden contractions, an
,

orifice, and parallel branching with area change., Tbe basic hydrodynamic

model is formulated for the case of slowly varying (continuous) flow area

variaticns, therefore special raodels are r.ot required for this case (the
2VT T hydrodynamic model is being documented separately).g SAT

The abrupt area change model developed herein is based on the Bourda-

Carnot formulation for a sudden enlargement and standard pipe flow relations,

including vena-contracta effect, for a sudden contraction ind/or an orifice.

Quasi-steady continuity and momentum balances are employed at points of,

abrupt area change. The numerical implementation of these balances is such *

.

G

g3\l
nd'

'
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.

.

/~N that the hydrodynamic losses a. e indeptsJent of the upstream and the.

downstream nodalization. In effect, the quasi-steady balances are employed
.

as jump conditions which couple fluid components having abrupt change in
.

cross sectional area. This coupling process is achieved without change-

'

to the basic linear semi-iraplicit numerical time advancement scheme. Thus

the fast execution time objective is not impeded by incorporation of these

'dels.

The area changes and parallel branching numerical models have been

installed and tested in the RELAPS PILOT code and have ,..muced correct

results for single phase flows and two-phase flows with slip. The parallel

branching model has been tested on a symmetr,ical system blowdown problem and

correct results were obtained.

Future efforts will include ter. ting the area change and parallel
O

branching models on system typc network problems for which experimental data
.

areavailable(i.e.SemiscaleIsothe]malBlowdownExperiments).
.
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II. ABRUPT AREA CHANGE IDDELING ASSUMPTIONSgg

Tne general assumptions which are used for transient ca'culation of
,

.

two-phase flow in flow passages having points of abrupt area change are
'

as follows: 1) the transient flow process can be approximated as a quasi- *

steady flow process .that is instantaneously satisfied by the upstream and

downstream conditions, 2) transient inertia, mass and energy storage at

abrupt area change are neglected, however all upstream and downstream flow

volunes .are treated as a fully transient flow, 3) interphase inass and

energy transfer are neglected in the area change flow proccss.

The buses i: the above assumptions are several fold. A primary consid-

eration is that the loss correlations which 'are available are based on data

taken during steady flow processes, however transient investigations which

are underway [2] have verified the adequacy c.f the quasi-steady assumption.g

*
The volume of fluid and associated mass, energy ar.d inertia at points of

abrupt area change is generally smalb compared to the volume of the upstream *

and downstream fluid components. The transient mass," energy and inertia

effects are approximated by lumping them into the up and downstream flow

volumes. Finally, the quasi-steady approach is consistent with the modeling

of other important phenomena in transient codes, i.e. heat transfer, pumps,

valves, and break flow.
.

e

0

e

9
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III. REVIEW 0F SINGLE PHASE aCRUPT AREA CHAllGE !!ODELS
s

l. General
,

The modeling techniques which are used for dynamic pressure losses
,

associated with abrupt area change in a single phase flow will be reviewed
,

briefly before discussing the extension of these methods to. two-phase flows.

In a steady incompressible flow losses at area change are modeled by the

inclusion of an appropriate dynamic head loss tenn, h , in the one dimensional

modified Bernoulli equation.
.

2
(v /2 + P/p)) (v /2 t /p)2 + hL (I)=

..

The particular form of the dynamic head loss is obtained by employing the

Bourda-Carnot assumption for calculating the loss associated with the ex-

pansion part of the flow process at points of abrupt area change.
.

22. Exoansion
,

,

Consider a steady and incompressible flow undergping a sudden increase

in cross-sectional area (expansion) as shown in Figure 1. Here the flow is

4

.

6 o

A) A =A A
T c 2

.

e c

: 1

(A -A) I
2 1-

2P .

Figure 1. Abrupt Expansion

4 *
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p assumed to be from left to right with the upstream conditions denoted by

the subscript 1 and the downstream condition by 2. Here the upstream and
.

downstream conditions are assumed to be for enough removed from the point
,

of area change that flow is one-dimensional, i.e. none of the two dimensional.

.

effects of the abrupt area change exist. These locations can range from

several diameters upstream to as many as 30 diameters downstream. However,

for purposes of modeling the o W rall dynamic pressure loss the entire process

is assumed to occur as a discontinuous jump in flow conditica at the point of

abrupt area change. In this context, the stations 1 and 2 refer to locations

immediately upstream and downstream of the abrupt area change.

The dynamic head loss for the abruri, expansion shown in Figure 1 can be

obtained using the Bourda.Carnot assumption, i.e. the pressure acting on

the " washer shaped" area, A2 - A), is the upstream pressure, P). Wht.n this
O

assumption is enployed in an overall momentum balance the head loss is
,

,

A 2 *

2
1/2 (1 p))h v (2)=

l 3
2 -i

-

where c = A /A is the expansion area ratio. The loss is dynamic pressure2 l

associated with the area change is related to the head loss by

i/2 p (1 - f) v) (3)aP ph= *
f

3. Contraction.

The flow process at a point of abrupt reduction in flow orea (contraction) '

.

is idealized in much the same manner as for the expansion, except that an
,

O -

$3)] @:~.,

5
.
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.

(~5 additional process must be considered. The flow cc. .es to contract

beyond the point of abrupt area reduction and forms a vena centracta, see
.

Figure 2. The point of vena contracta is designated by c. The far up-,

stream and downstream conditions are designated by 1 and 2, respectively..

.

.

E

6 4.

1
.

A) A A Ac 2
t - .,

7 N1
.. ;

c 2

Y /

O I

.

s

-
.

Figure 2. Abrupt Contraction"

Consider a sudden contraction in a steady inccmpressible flow. Tne

loss in dynamic pressure from the upstream station to the vena contracta is

usually neglected (measurements indicated that the contracting flaw experi-

ences a loss no larger than AP '4 051/2p v 2 [1] where v is the velocity
f c, c

at the vena contracta). The dynamic pressure loss associated with the

expansion from the area at vena contracta to the downstream area is modeled,

using the Bourda-Carnot assumption and is given by Equation (2) with the.

condition at vena contracta as the upstream condition, that is
.

,.- -,,

6
.
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.

O AP 1/2 p (1 - A
^2 (4)= V

f 'c c

.
.

where from continuity considerations

. .

Av22
v (5)=
C A

C

The contraction ratio A /A , is an empirical function of A /A ranging
2 2 l

I.ooo
between 0.617 and -0 30- for values of A /A ranging .setween 0 and 1.0 respectively2 j

(see Appendix A). Combining Equations (4) and (5,' 1; ads to
.

.

A 2
2 2

f 1/2 p (1 - g-)AP v (6)
=

2 ,,

c

as the dynamic pressure loss for a contraction
.

4. Abrupt Area Chance with an Orifice

The most general case of abrupt area change is a contraction with an -

orifice at the point of contraction. Such a configur.ation is illustrated in

Figure 3. In this case an additional flow area, the orifice throat area,

A N- -

% A Ac 2m,.
,

.

| 2
y c.

_

1 T

n'

Figure 3. Orifice at Abrupt Area Change } ]2b
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.

.

O must be specified. Conditions at the erifice throat station will be desig-

nated by c subscript T. At this point it is convenient to define three
.

area tios which will be used throughout this aevelopment. The first is.

the contraction area ratio at vena contracta relative to the linimum-

.

physical area, cc"A/h,thesecondistheratiooftheminimumphysicalc

area to the upstream flow area, cT " ^T/A), and the third is the ratio of

the downstream to upstream flow area, c = A /A).2

The dynamic pressure loss for an abrupt area contraction combined

with an orifice is analyzed in a manner parallel to that for the simple

contraction. The area A is the throat or minimum physical area. The loss
T

asseciated with the contracting fluid stream.from station 1 to c, the point

of vena contracta, is neglected whereas the dynamic pressure loss associated

p with the expension from the vena contracta to the downstream section is

given by*

.

1/2 p (1 - A ^2)aP (7)
= V -

f , .,c c

where c =Ac ^T is the same empirical function of cT " ^T/A) as given in
AVTTAppendix A. Using the continuity equations, v " V I*c' ""

*

T T"Vc AAV c22
A g, Equation (7) can be written as

T

f
21/2 (1 - *)aP v (8)

=

'c 'T 2
.

Equation (8) is a generalization applicable to all the cases previously.

treated. For a pure expansion c = 1 and c = 1, and c > 1; for a con--

T c
O

13\7
q,'c '

8
.



-
. .

.

p traction c = c < 1 and c < 1; hence cach of these is a special case of
T c

Equation (3). The two-phase dynamic pressure loss model is based
.

upon an adaptation of the general single-phase head loss given by
.

Equation (8). .
.

.

.

..
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p IV. TWO-PHASE ABRUPT AREA CHAl1GE MODEL

.. 1. General

The two-phase flow through abrupt area change is modeled in a manner-

very similar to that for single phase flow by defining phasic flow areas.
,

L * two phases are coupled through the interphase drag, pressure gradient

and the requirement that the phases coexist in the flow passage.

The one-dimensional phasic stream-tube momentum equations are:

a(fv 2)av

"t h. "t t 9 + FWL v - FI (v -v )P + o + " S"t t at "t t ax g g g

..

g(7-v) (9)+ P
3 g

and -

O
3(fv 2)av-

,

* "g "g fg 9 + FWG v - FI (v -v )g g at + "g#g ax
"a o z g g g

.

-.,
.

g (s -v) (10)+ r v
g g

,

The flow at points of abrupt area change is assumed to be qJasi-steady

and inccmpressible. In addition the terms in the momentum equation due to

body force, wall friction and mass transfer are assumed to be small in the

region affected by area change (the effect of these terms is not neglected

since the full transient equations are solved on both sides of the point of*

abrupt area change). The interphase drag terms are retained since the gradient-

in relative velocity can be large at points of abrupt area change.
,

O'

}3l7 W10
,



.

.

Equations (9) and (10) can be inte, rated approximately for a steady
O

incompressib'? smoothly varying ficw to obtain modified Bernoulli type

equations;,

.

~

(1/2 p v 2 + P) (1/2 o v 2 , p)2 + I ) (Vt1 - Vgi) ll=
gg gg *

)

' + ( ) (vt2 - Vg2) '2 (II)

and

(1/2 p y + P)) (1/2 o v + P)2 + ( ) (#91 - Vd ) L)
=

gg gg
)

(h)2 g2 12) '2 (12)(v -V+
p g

.

The interphase drag is civided into two parts, associated with the upstream
,

and downstream parts of the flow affected by the area change.

2. General itodel

flow consider the application of Equations (11) and (12) to the flow of

a two-phase fluid through a passage having a generalized abrupt area cnange,
*

in particular consi'er the ficw passage illustrated in Figure 4. Here the

area A is the thrcat or minimum area associated with an orifice located atT

the point of abrupt area change. Since each phase is governei by a modified

Bernoulli type equation it seems reasonable to assume that the losses associated-

with changes in the phasic flow area can be modeled by separate dynamic pressure *

.

loss terms for each of the liquid dr.d gas phases. Ilence we assume that the .

*In Figure 4 the flow is shown as a separated flow for clarity. The models
developed are equally applicable to separated and dispersed flow regimes.

"
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O g A)liquid o

phase
,

.

_
"tT A i "12 2AT

-

,~
t ,

^
A"gT T f.

,

g] A)-
'

935 Q
a Aphase 92 2*

9

| 2

cr
i

1 T

.

Figure 4. Schematic Flow of Two-Phase flixture at Abrupt Area Change

liquid sustains a loss as if it alone (except for interphase drag) were
O

experiencing an area change from a ) A) to a A to a A and the gasg tT T 2 2
"

phase experiences a loss as if it algne were flowing through an area change

to a A E #. (In particular, note that the area changesfrom og) A) gi T "g2 2
-

_

for each phase are the phasic area changes, see Figure 4.) When the . losses

for these respective area changes, based upon the Bourda-Carnot model and

given by Equation (8), are added to Equations (11) and (12) we obtain

12 ' 2

(1/2 o v 2 + P)) = (1/2 o v
2

.p)2 + 1/2 o (1
,LT c) (12)gg gg g c

tc T

+ ( )] (Vg-Y ]) L) + ( )2 (V12 g2) '2 (13)-V
g,

'
.

and
.

O-

'
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.

"2* 2

2 + D)) = (1/2 o v 2 + P)2 + 1/2 o (1 - s2)2(1/2 p v
g g gg g " 'gc 'T

.

.

(h)) (v)-v))L)+(h)2(Vg2 - V12) '2 II4)+
.

g g
g g ,

as phasic mcmentum equations to be used across an abrupt area change.

In Equations (13) and (14) e and c are the same ;abular function of area
tc gc

ratio as in the single-phase case except that the area ratios used are the

phasic area ratios, -

("tT "il) 'T (15)/*
cTt u

.

and
O

.

cT ("gT/ 91) 'T i (16)*
g

,

-.

respectively. The area ratios c = A /Al and cT = A /A) are the same as for2 7

single phase flow. The interphase drag effects in Equations (13) and (14)

are important. These terms govern the amount of slip induced by an abrupt

area change and if they are omitted the model would always predict a slip at
*

the area change appropriate to ompletely separated flow situation and hence

give erroneous results for alspersed flow.

3. Model Application.

A few remarks concerning the way in which Equations (13) and (14) are *

.

applied to expansions and contractions both with and without an orifice are
,

p necessa ry. In a single-phase steady flow situation if one is given the up-

}3}7 93\13
,



.

O streara conditions v) and P) then by use of the continuity equation .

= v A ) and Equation (1) we can solve for v and P . Equa tions(v)Aj 22 2 2,

(13) and (14) along with the two phasic continuity equations can be used
,

~ in a similar manner except now the downstream void fraction is an addi-
.

tional unknown which must be detennined.
,

3.1 Expansion

For the purpose of explanation, consider the case of an expansion

(utT " "ti , c > 0, cT " I' 'ic * 'g c " I ' " I = 0) for which Equations (13)
and (14) reduce to

"

(1/2 o v + P)) = (1/2 p v 2 , p)2 + V2 o (1 ,* )2(V12)gg gg g

+( )2 (V12 ~ Vg2) l (I7)2

and*

3

~

.

+ P)) = (1/2 o v 2 , p)2 + 1/2 pg(1 )2 (Vg2)(1/2 o vgg gg

+( )2 (Vg2 - V12) '2 (18).

These two equations along with the continuity equations (inccmpressible)

V # * V A (I9)"El il 1 "12 12 2 '
.

.

and*

"gl gl A) g2 g2 2
Y = a Y # (20)

,

14
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.

.

O are a system of four equations having four unknowns at2 ("g2 " I""12)'

vt2' Vg2, and P2 in terms of the upstream conditions a ) (o ) = l-a )),g g g,

vil' Vgl and P). It is important to note that the downstream value for the -

*

liquid fraction (at2) is an additional unknown compared to the single-phase ,

case and is determiacd (along with the downstream velocitics and pressure)
,

by similtaneous solution of the four equations, Equations (17), (18), (19)

and (20) without additional assumptions. It is reassuring that by taking a

p roper linear ccmbination of Equations (17) and (18) the usual overall

momentum balance obtained using the'Borda-CarnotEI) ass:mption can be obcained. ,5,6,<

The resulting expression is (see Appendix B for development)

,,

"tl tl il 1 + "gl gl gl A) + A P) 12 12 12 2
P V # P V = a # V A

2

O
*

P (21)P V A2+A2 2+ag2 g2 g2 .

If, as is t'e case in the cited literature,[4,5,6,7],only the overall momentum

belance is used at an expansion there will be an insufficient number of

equations to determine all the downstream flow parameters at2' V12' Vg2, 2
nd P '

The indeterminacy has been overccme in the cited work by means of Saveral
*

different assumptions cor..erning .he downstream void fraction. In the model

developed herein, Equations (13) and (14), the division of thc overall loss

into liquid and gas parts respectively results in sufficient conditions to
.

determine all the downstream flow variables including a In addition, the
12

.

E43*J. G. Collier mentions three different assumptions that have been used: .

1) a =o), (ii)a is given by a hcmogeneous model, and iii) a 15g 12 12
give / the hughmark' void fraction correlation.

k515
,



.

present model includes the force terms due to interphase drag
'

in Equations (13) and (14), which are necessary in order. to predict the

proper amount of slip and void redistribution that occurs at points of-

abrupt area change. An example illustrating th.. particular effect will.

be given later.
,

3.2 Contraction

itext consider the application of Equation (13) and (14) to a

contraction. An additional consideration needs to be made in this case in

order to determine both the downstream conditions and the throat conditions

from the upstream values of a ) (a )), v ), v ), and P). To obtain the throatg g g

values we apply the momentum equations valid for the contracting section of

flow (here the L) portion of the interphase ' force is associated with 6he

contraction):

O
(1/2 o v + P)) (1/2 p v + P)T + FI)(v )-v )) L) (22)=

. gg gg g g

.

(1/2 o v 2 + P) + FI)(v ):v )) L) (23)(1/2 o v + P))
=

gg gg g

"El il A) tT AT T (24)V = a V A .

*gl gl 1 "gT gT b .. (25)V A * V

These four equations are solved simultaneously for the values of atT("gT)
.

vtT* VgT, PT at the throat section (minimum physical area). fio additional or
'

src::al assumptions are made concerning the throat conditions since they

follow as a direct consequence of the unique head loss models for each phase..

O

16 }}}7 @ A
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.

p Af ter the throat values have been cbtained, the conditions at the point

of vena contracta are established assuming the void fraction is the same

. as at the throat. Thus c and c are established using the tabular -

ic gc

function from Appendix A and the throat area ratios e T and c T defined-

t g ,

by Equations (15) and (16). Equations (13) and (,14) can be applied

directly from station 1 to 2 or the expansion loss equations can be used

from the throat section to station 2. Both approaches produce identical
'

downstream solutions. As in the case of an expansion, because the proper

upstream and downstream interphase drag is included, this modeling approach

establishes the phase slip and resulting void redistribution. An orifice

at an abrupt area change is treated exactly as the contractica explained

above, i.e. with two separate calculations to establish first the throat

and then the downstream flow variables.
D

4. Countercurrent Flow
.

In the preceeding development it has been implicitly assumed that the
,

flow is cocurrent. The changes necessary to model countercurrent flow are

described belcw. These changes ha e not beer, tested numerically yet.

Equations (13) and (14) are applied exactly as is the case of cocurrent

flow except tnat the upstream sections (section 1) for the respective

phases are located on different sides of the abrupt area change. The diffcrence

appears in the manner in which the throat and downstream voiCs are determined.

To determine the throat properties equations similar to Equations (22), (23),

(24), (25) are used with the upstream values appropriata for each phase. These.

four equations are then solved for c1T ( gT)' YtT' VgT, P . After these throat
"

T
.

values are known, a straight forward application cf the appropriate steady-
.

O
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.

state momentum and mass equation for ea .fi phase gives the downstream properties

for each phcsc (remembering that the downstream sections are on opposite

sides of the abrupt area change in countercurrent flow),

.

.

e

G

fe

.

3

.
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V. TRAllSIEllT TWO-PHASE liUllERICAL I'0 DEL FOR ABRUPT AREA CilAllGE
,

.

The basic finite difference scheme used for the RELAPS 2VT Tg SAT,

'

transient model is partially described in References [3] and [8]. A com- *

'

plete description is being prepared. The. scheme is based on staggered ,

spatial control volumes. The relationship between the cell centered control

volume for mass and energy and the junction centered control volume for

mor entum is illustrated ir. Figure 5. The scalar quantities are located at

cell centers (K and L) and velocities are located at cell boundaries (j-1,

j and j+1), see Figure 5.
'

.

..

momentum
control volume

p g . . .

I | -

l AJUN 2f i | |
*

.I
I

-

| :|

| .w| + -i y 10 v
,

I "jl I

! '*

. - . .

| j+1
'

. . .

j-1
j

1
.

K 1 T/C 2 L

Figure 5. Cell Configuration Used in fiumerical Scheme at Area Change.

.

*

For the purpose of developing th numerical scheme it is convenient
.

to define two additional stations, K and L, see Figure 5. The other,

19
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.

p stations: 1, upstream; 2, downstream; I, throat or minimum area;

and c, vena contracta have been previously defined in the development of

the abrupt area change model. The additional stations, K and L, designate,

.

the upstream and downstream momentun control volume halves respectively, while.

.

the stat' 5 timediately upstream of the junction and station 2 is

ir Liately .ans. ream, ::ee Figure 5. Recall that the flow process associated

w e.h ,r';pt arca ChP,19e is .Jdeled as a quasi-steady process occurring at a

point (upstream and downstream lengths occur as parameters at a junction for

the purpose of defining the effect of interphase drag, however these lengths

do not correspond to physical lengths in the transient numerical model). Thus

the numerical model for momentum calculatio;at a point of abrupt area change

consists of three parts. The normal momentuu effects for a constant area

passage corresponding to the K half cell, a quasi-steady model of the flow
O process at the abrup; area change, and the normal momentum effects for the L
.

half cell. The momentum control volume associated with this process is
*

illustrated in Figure 5.
,, ,

In general, at a junction j, two velocities are defined, one for each

phase. When an abrupt area change occurs at a junction j three velocities

need to be defined for each phase: @ (v )3) representing the liquid velocityg

immediately upstream of the abrupt area changes, h (v )j2 representing theg

liquid velocity downstream of the area change and h (v )), a referenceg

junction velocity which is calculated in the transient solution and will be

defined later. Three corresponding velocities are defined for the gas phase.,

The jump conditions, represented by Equations (13) and (14), are applied at.

.

junction j across an element of zero length. '
.

O~
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.

1. Phasic Mc_ mentum Ecuationp
The basic approach to obtain the monentum equations at an abrupt area

"'

change junction is to sum up three separate contributions: (i) the momentum .,

equations for the K half cell upstream from the arca change. (ii) the.

,

momentum jump conditions defined by Equations (13) and (14), and (iii) the

momentum equations for the L half cell. The wall drag, gravity and inertia

terms are included in the K and L half cell momentum expressions. In these

expressions the friction drag and inertia terms are functions of (v )3g andg

(v )jL for the liquid phase, and (v )jg and (v )j for the vapor phase in the Kg g g

and L half cells respectively. When these three contributions are added we

obtain for the liquid momentum equatior, at junction j:
,

n +1 n n+1 n

1/2(a pg g)] [aXg(- ) + AX )36 L o

.

+ 1/2 (a o )] [(v")2 (yg)2 ] + Viscous Dampingn -,

gg L g
-.,

,

- (ag)] (P"*I - P"g+I) + (ag)](aP)"g
+

=
f

- 1/2 [FWL (VL)]k+ L (VI)JL3 + ( L 1)Jg 9 j

-1/2[FI"g(v-v)])+I+FI"L(V-V "+ " "
9)J2 ] + (r )J (v 'v )Jg g L t i1,

-
.

.

(26) ,

O'
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.

(aP )g"p A similar equation is obtained for the gas phase. In Equation
f

is given as
..

a" c 2^

(aP )"[I 1/2 (pg]] (1 - ) !(VL) 2 (VI) (27)!
=.

f n n
"tT *1c 'T

The values for a"T and a''2 are obtained by the solution scheme describedt g
*

following Equation (25) with upstream values (ag)]) = (ag)"g,(v)h,(v)]),g g
n

P).j

Equation (26) involves two velocities (v )j) and (v )j2 which are relatedg g

by steady state continuity considerations. However, we need to write

Equation (26) in terms of a single velocity... This requirement is

satisfied by defining a reference velocity, (v )), at junction j based upong

the junction voiu fraction (donored), junction area A
j

nd continuitya

i.e.,
4

b

'

(ag)) (v )) Aj a) (v )3) A (28)=
g g g ,,

.

or

(ag)) (v ) (a )2 (VI)j2A A (29)=
.

Lg

When Equations (28) and (29) are used to express (v ))) and (v )j2 I"g

', tems of (v )) and substituted into Equation (26) only a single velocity,g

'. (v ) remains as follows:g

*flote that (ag )"g has been used as the upstream void fraction in the jump-

b' conditions. This is consistent with the donor cell approximation and gives
stable resul ts.

22
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. .
,

ax 6x
K ][(v)j+ ~ (v )J]/atp 1/2(ao)]agj j [a "

A -+
tt A a i id

-
.

2 2

[ +1/2(a0)][(v)n_(y,)n] + viscous damping11 t g

-(ag)](P n+1 , p n+1) , (,g) (3p )n+1= ,

g fg

.

FWL" FWL"
~

L j
(a )" A (ag) Ag g L

E * 93 13 E3
d ' Y[ (a )" (a )" ^L (ag)"

]+ [1/2 A -

t g

p _ ("aS(v}S] E}K [ Ed( 1} - ( E} ( 1}+ 1/2 A ](a )g j ,
K (a )) (a ))'

g1 g g

.

(r,)" (a,)](v,)]+1
+ [ - (a,)](v)]+1)t

L (a )n (,*) ]; , (30)-
g

g2

Equation (30) is the phasic momentum equation for the liquid phase. The

vapor phasic momentum equation is obtained by interchanging the i and g

subscripts. The two phasic momentum equations are used in the numerical

scheme as a sum and difference equation. The diffe, ice equation is formed

by first dividing each phasic momentum equation by tou respective op products*

,

_

and then taking the difference of the liquid and vapor equations.
,

.

D -
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O The numerical formulation of the cwentum equations described above

was tested on single-phase expansions, contractions and orifices and gave
,

,

.- correct results. Several two-phase problems were also run. The results
.

of three of these are presented below. In each case a transient calculation
,

was made until steady-state was achieved and the steady-state results are

shown on the figures. All the results appear reasonabic.

2. Sample Calculations

The numerical results for two different expansion cases, which demonstrate

the capability of the model, are shown in Figures 6 and 7. The first case is

an idealized problem with the interphase drag equal to zero which simulates a

separated flow with an area ratio of 1:2. In this case an approximate analytic

solution can be obtained because the pressure rise has little effect upon the

liquid flow rate (p o ). The approximate solution shows the liquid movingg g g

through the expansion with little or no change in velocity. The area change,.

is then accomodated by a large reduction in the vapor velocity. The code
.

. -

v = 10.00 v = 4.48g g

I
v = 10.00

g ;

! Ia = .810 a = .905y g g
I I.

,

5i C \ P = 16.740 x 10 ;y
i P = 16.737 x 10 I

'

v = 10.00 --- ~ -- - | -

g

i
.

'

v = 10. 00 v = 9.976. g g

.

O'
Figure 6. Separated Flow Expansion
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O

y = 9.98 '

v = 4.96..
9 9

..

. a * *. s
y = 10.00

g i> *
o

'' *
|sr . . ,

* a = .811 "g = .816
*

|a
9 o ~e | .

5 . o
l P = 16.697 x 10 |

-'
u- L

5.'

|" P = 16.739 x 10 t,,* .g , .

I*y = 10.00 o
L . .

|
,

v = 10.05g v = 5.14

<,

p Figure 7. Dispersed Flow Expansion
.

results for this case are within 0.5% of the idealized analytic solution.
4

The second example is for the same expansion geome,try and boundary conditions

but with an interphase drag, FI, appropriate to a dispersed flow regime.

In this case we see that the interphase drag is sufficient to force the

liquid to slow down approximately to the same velocity as that of the gas.

Since both phases remain at approximately the same velocity the void fraction

change is approximately zero across the expansion. This is in contrast ta

the free slip case where the void fraction changes abruptly as a result of

the small change in liquid velocity, i.e. for free slip a t2 % *tl A)/A ',

2

These expansion examples demonstrate the range of capability of the nucerical '

model. With the appropriate interphase drag the correct phase velocity and .

O

1317 'W
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.

void distributions downstream from an area ;hange can be calculated.

Figure 8 shows the calculated results for a typical contraction and an

interphase drag appropriate to the dispersed flow region. Here again quali--

', tatively correct results were obtained and only a small change in void
' fraction occurs due to the large interphase drag associated with dispersed

flow.

Y, = 9.96 v = 20.30
1

< v = 20.41
9-

a = .796 | |
9 y o = .804 y- ~g

\. .

5 5 |
| P = 17.03 x 10 x- P = 16.755x10

1

*
v) = 19.63*

I

v) = 10.18 v = 18.82g

-,,

Figure 8. Dispersed Flow Contraction

Using the described model and associated numerical scheme, all the

loss calculations are independent of the adjoining cell sizes (cells K and
*

L). Hence there are no time step or nodalization restrictions due to the
*

inclusion of abrupt area change. The calculated magnitude of the losses at.

abrupt area change also is independent of the volume of the adjoining cells.-

O'
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p VI. PARALLEL "IEE" l'0 DEL

In order to model flow in interconnected piping networks it is necessary.. .

.
.

to model the two-plase fluid process at tees. A general description of the
.

two-pnase flow process is ccmplicated by the possibility of phase separation '

effects which can occur at d tee where flow division occurs. However,

there are many situations wiv a parallel or plenum branching tee model is

adequate for both flow merging and division. Typical situations when such

a parallel model is adequate are parallel flow paths through the reactor core,

jet pump flow mixing sections and any branch from a vessel of large cross-

section (in this case the fluid momentum is small and it is entirely penaissible

to neglect the momentum convective terms). 'Further generalizations of the

para'lci tee are planned in which it will be possible to partially model phase

p separation effects from mechanistic momentum considerations and where this

approach is found to be inadequate, empirical separation / loss models will be '

used to augment thr mechanistic model . -

The parallel tee model which has been formulated and tested consists of

a single control volume that has multiple junctions (three or more) at its

- n - ~,
i

_
- s

eJ ^jl,K N
1 - s

's
,

1.)K[ [_ : ._- .- +
* n0 K

l

--(v )Kg :-

Ao2 j2,K.
. - , - . ,

.
,

. <

s e
% o~ .''

1(~ -
_ _.

O-
_

j j+1

Figure 9. Typical Parallel Branching Junctions
.
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O edges but the junction velocities are all parallel (see Figure 9). An

additional distinction is made wherein junctions are identified as right
~

Junction J) ano J , shown in Figure 9,or left junctions on a volume.
2

.

4

are left junctions while junction j + 1 is a right junction relative to*

*
volume K.

The modeling for this case is rela *.ively simple. We assume ideal

mixing in cell K. Thevolumevelocities,(v)K and (v )g associated withg g

the lef t junctions of cell K are obtained from a quasi-steady mass balance

J. g

( t)K (P ) [(Vt)"3
"

t LEFT K" ( L)J (# ) (v )J. A3
A (30),

i1

..

J

9 9 (31)(a )a (p )a (v )] A3( g) (P )K E(Vg) 2 LEFT g3 A =
g g g g

j

.

These volume velocities are then used to evaluate t::e momentum flux terms
'

2(1/2cv ) in the momentum equations for all left junctions ccnnected to cell

K.

To calculate the losses associated with these junctions an assumption

must be made for the fraction of the area A that is "seen" by a typicalg

junction connected to cell K. A junction flow with high mass flow rate

would be expected to "see" a larger proportion of the volume area Ag

than a junction flow with a low mass flow rate. We assume that each junction,

' on cell K expands or contracts from the area of the junction, A , to an
3

,

.

aportioned area in volume X (see Figure 9). The flow area of volume K is
.

C-

28'
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p assumed to be aportioned according to a mass flow fraction defined as

follows:
.

. .

("t)j P ) (Vt)j^j !+!("q) IPg) (Vg) A!Ar. j K
(32)

,

fl("t)j (0 ) (V)Al+|("g)(D)"(Vg) Alff j g j2

With the above areas defined the standard abrupt area change model described

in the previous sections is applied at all junction connected to cell K.

Other assumptions are possible for (A ) but.the one defined by Equation (32)g

has proved satisfactory in limited tests.

The only other additions to the basic code structure necessary to

incorporate the parallel tee capability were a generalized indexing of the *

junctions and the flow logic necessary to keep track of which junctions are ,

connected to a multiple junction volume. All this, information is processed

in the input routine for user controlled input.

Limited check out runs have ban made using this branching option.

Figure 10 shows the results of a symetric two channel core through flow

probl em. The problem was run solely to see if the flow which developed was

symmetric throughout the transient and at steady state. No deviation from

symetry was present in the six significant figures printed out. The final

steady state pressures are seen in Figure 10..

- .

e

e
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Figure 10. Symetric Pressure in Typical Parallel Channels
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O
APPEliDIX A

..

,. The tatrie below tabulates the contraction coefficient, c n rmally
c

used in single phase flovt as a function of the area ratio [13,*

..

'T
_ Area at Throat

Upstream Area

'T' 'gT' *tT 'c' 'gc' 'ic

0.0 0.617

0.1 0.624

0.2 ,,0.632

0.3 0.643

0.4 0.659

0.5 0.681
e

0.6 0.71 2
.

0.7 0.755, ,,

0.8 0.813

0.9 0.892

1.0 1.00

.

O

.q r o
,' \bi,l
.
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p APPEfWiX B ,

The purpose of this appendix is to show how Equation (21) can be,

.

.' derived from Equations (17) and (18). To this end consider Equation (17)

.

= v +P2 + 1/2 pg (1 - t2 g)221/2 p y
+ P) 1/2 p, Vgg g 12

+ ( ) (vt2 - Vg2) '2 (B1).

i

Using the steady state mass conservation, Equation (19), in (B1) gives

2

2+P) 1/2 o v 2,p2 + 1/2 p v )2 () _ c)
ti1/2 o v =

g g gg 3g
12

(, )2 (V12 - Vg2)l2+ (82)

O
Or '

2 + P)
21/2 o v 1/2 o v 2+P2 + 1/2 pg (v ) - v 2)=

gg g

(h)2(v12 - Vg2) '2 (B3)
+

1

Multiplying (83) by a A we obtain after some rearrangement22

"12 A Pj=at2 t2 Pv A2 + "12 AP2 2 - ("12 122 ) P V1 ilAV

+A FI2 (V12 ~ Vg2) '2 (B4)2 -

.

.

\ 3 \ 1 ':: '
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.



''
.a

O If we again use Equation (19) to rewrite the last term in Equation (G4) we

obtain

AE 8VA) + 12 2 l * "12 1 I A2 + "t2 AP# V"Il 1 L 22'

+A FI2 (V12 - Yg2) L (BS)
'

2 2

A similar development starting frca Equations (18) and (20) leads

to

A V A2+ g2 2 2A) + ag2 2 P) = a 2 "g g
A PP V"gl g g g

+A II2 (Vg 2 '' V12) L2 (B6)2

Adding Equations (BS) and (B6) will then give the desired Equation (21) of

the text, i.e.

9

A) + a ) o)vfA)+Ag g g 2 P) = c12 t2 2 2
# Y A"l # V'

i ti I

-,,

P. (B7)V A2+A2 2+ag2 #g2 g

,

!
,

.

O-
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ABSTRACT

(s
The conditions for chcked two-phase flow are investigated analytically.

,

by application of the theory of characteristics to a one-dimensional transient ,

' model. Two situations are considered, that of thermal equilibrium betwt.en
.

phases and the case where the phases are isolated thermally. The basic hydro-

dynamic model which is analyzed is a two-fluid model including relative phasic

acceleration terms.

The analytical results provide an algebraic choking criterion analogous

to that for a single-phase flow except that terms due to relative phase motion

are included. The criterion has been applied to pipe blowdowns with choked

discharge and the thermal equilibrium model is found to agree very well with

data.

.

,

e
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INTRODUCTION AND SUMMARY

O
The choked flow of a two-phase mixture is an important phenomenon in

,

.

many two-phase flow situations. In particular, the depressurization rate

'. (and the resulting water inventory) in a nuclear reactor during blowdown

under loss-of-coolant accident conditions is controlled by the choked mass,

discharge rate. In the post relatively simple semi-empirical models have been

used to predict the choked mass discharge rate for use with system transient

analytical models, such as RELAP4. The development of more general and

physically based models for the two-phase flow process, be'ing urAertaken in

the RELAP5 project, has necessitated development of consistent choked flow models.

The two-fluid nonequilibrium hydrodynamic model which is used in the

RELAp5 code embodies additional degree sf freedom compared to the homogeneous

equilibrium model used in RELAP4. An associated choked flow model is developed

p herein which is analogous to the transient choked flow criterion for single-

phase flows. Choking is known to occur in single-phase flow when the fluid,

,
velocity attains the local speed of sound In two-phase flows the speed.

of sound governing choked flow is much lower than the phasic sound speeds, but

the txact value has been difficult to establish analytically except in very

special cases, such as homogeneous equilibrium flow.

In this report, a new choking criterion is developed for nonhomogeneous

equilibrium and ' frozen (thermally isolated) flows. It is based on the two-fluid

analytical model for two-phase flow and an analytic expression is developed

which relates the phasic velocities to a mixture sound speed. The mixture
*

sound speed is a function of the interphase momentum coupling due to relative
e'

acceleration (virtual mass).and it is shown that the well-known two-phase sound

speed depression is a direct result of this coupling. The choking criterion*

O has been used to model choked two-phase flow from pipe blowdowns and the results

ii
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obtained using the equilibrium model are in excellent agreement with data.

(~% While the choking criterion is based on the thermal equilibrium assumption,

the nonequilibrium RELAPS hydrodynamic model is used to model the transient
,

' flow throughout the system. ,

-

The analytic expressions which are developed can be used to establish
,

the choked mass flow rate for a variety of fluid flow conditions. These

relations are particularly useful in conjunction with numerical calculations

of transient two-phase flows. The use of a choking criterion eliminates the

need to model the flow process numerically in the immediate vicinity of the

choked flow point. Normally, large spatial gradients in the flow properties

occur near points of choked flow and fine spatial noding is required for

accurate resolution. The use of the choking criterion and appropriate boundary

conditions eliminates the need for this detail which can be expensive in terms

of computer storage and computational time.

O
,

.
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NOMENCLATURE

O
A,B General Matrix Functions

,

a Sound Speed
.

'

C General Vector Function
'

c Coefficient of Virtual Mass

D Coefficient of Relative Mach Number in Choking Criterion

L Length

M Mach Number -

P Pressure

S Phasic Entropy

t Time Coordinate

U Vector of Dependent Variables

v Mixture or Phasic Velocity with Subscript

O Spatial Coordinatex

'
a Void Fraction

A Characteristic Operator*

o Mixture Density or Phasic Density with Subscript

SUBSCRIPTS

f Liquid Phase

g Vapor Phase

HE Homogeneous Equilibrium
.

HF Homogeneous Fr ten
___

' v Mass Mean Mach Number
~

1317 16~~9r Relative Mach Number
,

b

iv

,



SUPERSCRIPTS-

I Imaginary Part of Complex Number
,

R Real Part of Complex Number ,

'

s Saturation Property
.

Total Derivative of a Saturation Property With Respect to Pressure*

Partial Derivative With Respect to Pressure'

.

1317 161
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RELAP5 PROGRESS SUMMARY

O ANALYTIC CH0 KING CRITLRION FOR TWO-PHASE FLOW

'

I. CH0 KING THEORY

a

.

Choking is defined as the condition wherein the mass flow rate teecomes
,

independent of the downstream conditions; i.e., that point at which further

reduction in the downstream pressure does not result in change to the mass

flow ra te. fundamental reason that choking occurs is that acoustic signals

can no lons: propagate upstream. This occurs when the fluid velocity just

equals the propagation velocity.

For a differential operator, the path lines for signal propagation are

established from a characteristic analysis. Consider a system of n first-order

quasi-linear, partial differential equations of the form

p A(0)[30/at] + B(0)[a0/ax] + c(0) = 0 (1)
.

The characteristic directions (or characteristic velocities) of the system are

defined [4][5]as the roots, A (1 n), of the characteristic polynomial *

j 5

(AA-B) = 0. (2)

RThe real part of any root, A , gives the velocity of signal propagation along

the corresponding characteristic path in the space-time plane. The imaginary

part of any complex root, Af, gives the rate of growth or decay of the signal

propagating along the respective path. For a hyperbolic system in which all

the roots of Equation (2) are real and nonzero, it can be shown that the,

number of boundary conditions required at any boundary point equals the number
* i

of characteristic lines entering the solution region as t increases. I f we

consider the system, Equation '(1), for a particular region 0 x5L and examine the$
-

A boundary conditions at x = L, i.t follows that as long as any A is lds's than
$

.

1

} 3 } 7 9 (.'



zero we must supply some boundary infomation in order to obtain the solution.

OIf, on the other hand, all the A are greater than or equal to zero, then no
g

boundary conditions are needed at x = L and,hence,the interior solution is ,.,

unaffected by conditions beyond this boundary.
;

A choked condition exists when no information can propagate into the
'

solution region from the exterior. Such a condition exists at the boundary

point x = L when

3 = 0 for j<n (3)A

Aj > 0 for all i / j. (4)

These are the mathematical conditions which are. satisfied by the equations

of motion for a flowing fluid when reduction in downstream pressure ceases to

b3result in increased flowrate. It is well-known that the choked condition

for single-phase flow occurs when the fluid velocity just equals the local sound

O speed.

In the following sections the appropriate conditions for choked flow of*

a two-phase fluid are developed for two cases: (1) thermal equilibrium between-

phases, and (2) adiabatic phases without phase change (frozen). These two cases

bound actual two-phase flows in which thermal nonequilibrium as well as nonhomo-

geneous flow exist (it will be shown in what follows that current interphase mass

transfer models are not adequate to enable analysis of the nonequilibrium flow

ca se ) .

.

<
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II. CHOKING IN NONHOMOGENE0VS EQUILIBRIUM TWO-PHASE FLOW

P
The two-fluid model for the conditions of themal equilibrium (equilibrium

.

interphase mass transfer) is described by the overall mass continuity equation,
.

two phasic momentum equations and the mixture energy equation. This system of-

equations is as follows '

a(a o +a of)/at + a(a o y + afofvf)/ax = 0 (5)gg f ggg

a o [av /at+v (av /ax)] + a (aP/ax)gg g g g g

+ ca a o[av /at+v (av /ax) - av /at - v (av /ax)] = 0 (6)gf g f g f g f

a of[av /3t+v (av /ax)] + af(aP/ax)f f f f

+ ca a o[av /at+v (av /ax) - av /at - Vf(av /ax)] = 0 (7)fg f g f g g

O
a(a o S +a of f)/at + a(a o S v + a o S v )/ax = 0 (8)Sggg f gggg ffff .

The momentum equations include the interphase force terms due to relative

acceleration [6] These force terms have a significant effect on wave pro-.

pagation velocity and consequently also on the choked flow velocity. The

particular form chosen is frame invarient and symmetric and the coefficient

of virtual mass, ca afo, is chosen so that a smooth transition between pureg

vapor and pure liquid is assured. For a dispersed flow the constant c has a

theoretical value of 0.5, while for a separated flow the value may approach
,

zero. The energy equation is written in terms of mixture entropy which is
*

constant for adiabatic equilibrium flow (the energy dissipation associated 5

with interphase mass transfer and relative phase acceleration is neglected). ,

O

3
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The nondifferential source terms, C( ), in Equation (1) do not 2nter into

Othe characteristic analysis and thus do not affect the propagation velocities.

For this reason the source terms associated with wall friction, interphase,

drag and heat transfer are omitted for brevity in Equations (5) through (8).
%
~

In the thermal equilibrium case pg,pf,S and S are known functions ofg f
'

the pressure.only (the vapor and liquid values along the saturation curve).

The derivatives of these variables are designated by an asterisk as follows

*s s
do /dP, pf = do /dP (9)=o

fg

* *s s
S dS /dP, Sf = dS /dP (10)=

fg

The system of governing equations, Equation (5) through (8), can be written

in terms of the four dependent variables, ag,P,v and v , by application of
fg

the chain rule and the property derivatives, Equations (9) and (10). Thus, the

O system of equations can be written in the form of Equation (1) where the A and
,

8 are fourth-order square coefficient matrices. The characteristic determinantala

equation, Equation (2), corresponding to this system is,

oc(A-vf)(A-v ) + afo (A-v )2 + a of(A v )2fg g g g

+f[p
* *

g( A-v ) - of( A-v )] [a o s ( A v ) + afpfsf ( A-vf)]/(S -S )g f gg g g f

- (a o pf + a o o )( A-vf)(A-v )f x f(A-vf)( A-v )
*

fg gf g g

/ g)( A-v )2 + (coa /pf)( A-v )2+ (cpaf p =0 (11)f g g,

*

The characteristic polynomial is fourth-order in A and factorization can only

be carried out approximately to obtain the roots for A and thus establish the,

O

4
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choking criterion. The factorization is presented in Appendix A and produces

b the following results. The first two roots are:

fafo + pc/2 i [(oc/2)2 _ ,g,f,g f}b y
g g

,

+ pc/2 + [(pc/2)2 _ ,g, 0g f)La

{:
+ o yzp

f .
g

l'2 = (12)A

(a o + pc/2) + (a of + pc/2)fg g

These two roots are obtained by neglecting the fourth-order factors relative to

the second-order factors in ( A-v ) and ( A-v ) (there are no first- or third-orderg f

factors). Inspection of Equation (12) shows that the A have values between1,2

and vf, thus the fourth-order factors (A-v ) and ( A-v ) are small (i.e.,v
g fg

neglecting these terms is justified). The values for A may be real or complex1,2

depending on the sign of the quantity [(oc/2) -a a o of].gfg
O The remaining two roots are obtained by dividing out the quadratic factor

'

containing Al,2, neglecting the remainder and subsequent factorization of the

remaining quadratic terms (this procedure can be shown to be analogous to *

neglecting the second and higher order tems in the relative velocity, (v -v ).g f

The remaining roots are:

3,4 = v + 0 (v -v ) + a (13)A g f

where

v = (a o v + a pf f)/pv (i4)f
,ggg

gg h(cp2 ,(,g,f ,f,g)3f(c,2 ,g,f) (3 3)
- a=a

and
'

(a of - a o ) o of(a pf. -ao)g fg g f gg _aHE (16)
99

((pc + a of g + o pf) p(p pf + cod) o of(S -S ) ,g g g fg ,

O The quantity a is the homo;eneous equilibrium speed of sound and is defined
HE

in Appendix A. The roots A have only real values.
,3,4
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The general nature and significance of these roots is revealed by applying

Othe characteristic considerations discussed in Section I. The speeds with

which small disturbancer propage t.e are related to the values of the characteristic,

roots. In general, the velocity of propagation corresponds to the real part
3

of a root and the growth or attenuation is associated with the complex part of
*

the root. The choked flow condition concerns the velocity with which a dis-

durbance propagates from a boundary, thus, the criterion for choking is

established from examination of the real part of a characteristic root.

Chokirg will occur when the signal, which propagates with the largest velocity

relative to the fluid, is just stationary; i.e.,

Af = 0 for j $ 4 (17)
and

A > 0 for all i / j. (18)

/9 The existuc( of ccmplex roots for A makes the initial-boundary-value3y

problem ill-posed. Inis prc51em has been discussed by many investigators [ H 8].

and we only note here that the addition of any small second-order viscous effect,

E7H9renders the problem well-poseo The whole ph'nomena of systems with.

mixed orders of derivatives, and in particular a first-order system with the

addition of a small second-order term, has been discussed and analyzed by

Whitham He has shown that the second-order viscous terms do give infinite.

characteristic velocities, but very little information is prcpagated along

these characteristic lines and the bulk of the information is propagated along

the characteristic lines defined by the first-order system. We conclude that.

the ill-posed nature of Equations (5)-(8) can be removed by tne cdaition of
.

small second-order viscous terms and that these terms will have little effect

upon the propagaticn of infomation. Therefore, the choking criterion for the,

O wo-phase flow system analyzed here is established from Equation (17).t

6

1317 C



_ _ _ . _ _

The explicit character of the choking criterion for the two-phase flow

model defined by Equations (5) through (8) will now be examined. Since the
'

two roots 1 are between the chase velocities v and v ,.the choking criterion1,2 f g
'is established from the roots A and Equation (17). The choking criterion3,4,

is -

v + D(v -v ) = + a (19)g f

The choking criterion can be rewritten in terms of the mass mean and relative

Mach numbers

v/a, Mr " (V -Vf)/a (20)M =
y g

as
M + DM =+1. (21 )y p

This relation is very similar to the choking criterion for single-phase flow

wherein only the mass average Mach number appears and choking also corresponds

O to a Mach number of unity.
. 4

The choking criterion, Equatic . (21), is a function of the two parameters
eD and a. In Figure 1, a is plotted as a function of the void fraction o for

g

a typical steam-water system at 7.5 MPA with c equal zero (the stratified

equilibrium sound speed), c equal 0.5 (the typical value for a dispersed flow

model) and in the limiting case when c becomes infinite (homogeneous equilibrium

sound speed). From Figure 1 it is evident that the virtual mass coefficient

has a significant effect upon the choked flow dynamics in two-phase flows .

To establish the actual choked flow rate for two-phase flow with slip,

the relative velocity term in Equation (21) must also be considered. The-

.
relative Mach number coefficient, D, is shown plotted on Figure 2 for values

,

of c equal to 0, 0.5 and =. It is evident frcm these results that the choked
.

flow velocity can differ appreciably from the mass mean velocity when slip
O cccurs. It is significant, that the variation of the choked flow criterion

from the homogeneous resiilt is entirely due to velocity nonequilibrium, since

these results have been obtained under the assumption of thermal equilibrium.

'
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III. CHOKING Iti liONHCM0GEfE00$ FR0ZEtt
TWO-PHASE FLOW

In Section I the extreme of thermal equilibrium was analyzed to show the.

effect of nonhomogeneity on choked flow. These results will now be contrasted
'.

with the case of frozen nonhomogeneous two-phase flow (this case is more
'

specifically characterized as two-component immiscible flow without mass or

energy transfer between components). The governing equations are similar to

' hose for equilibrium flow except that continuity and energy equations must

now be written for each phase. The system of equations is

a(a o )/at + a(a o v )/ax = 0 (22)gg ggg

a(a'fpf)/at + a(afofvf)/ax = 0
_

(23)

a o [av /at + v (av /ax)] + o (aP/ax)gg g g g g

+ ca a o[3v /at + v (av /ax) - av /at - v (av /ax)] = 0 (24), gf g f g f g f

=

a of[av /at + v (av /3x)] + a,(aP/3x)f f f f

+ ca a o[av /at + v (av /ax) - v /at - v (av /3x)] = 0 (25)fg f g f g f g

3(a o S )/at + a(a o S v )/ax = 0 (26)ggg gggg

a(a o S )/at + a(a pf f f)/ax = 0 (27)Svfff f

.

The phasic equations of state for the frozen system are
*

,

= o (P,S ) and of = pf(P,S ). (28)o
g g fg

-

8
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.

The system of Equations,, Equations (22) through (27), can be written in

terms of the six dependent variables ag,P,v.v.Sg f
and S through use of

g f

the equation of state and the chain rule as was explained in Section II..

When the corresponding characteristic determinant is expanded, the following <

.

polynomial equation for A is obtained.
,

(A-v)(A-V){pc(A-v)(A-vf)+afo(A-v)2+,g,f(x,yf)2g f g g g

- [(apph+apfp )(A-v)(A-vf)]fg g g

/ g)(A-v )2 + (en o/of)(A-v )2]f = 0x[( A-v )(A-v ) + (cof p (29)g f f g g

where

o = (apg/aP)3 , of = (apf/aP)3 (30)g g 7

O Except for the added factor of ( A-v )( A-v ), Equaticn (29) is identical
g f

to the case for thermal equilibrium with the following values for the entropy
eand density derivatives:

* * * . * i

S = 0, Sf = 0, o = o , and of =pf (31)g g g

Thus, the factorization completed for Equation (11) in Section II is equally

valid for Equation (29).

The roots of Equation (29) are:

fao + pc/2 + [(oc/2)2 - a a o of] vg g gfg g
,

+faog f + [(pc/2)2 - a a o of] f (32)
- vgfg

' '

(c pf g + pc/2) + (a pf + pc/2)g

O

))\] ?\*
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and

3,4 = v + D(v -v ) ! a (33)A g f
P where

ggh(cobp(aof+ao)]/(cp2 , ,f) (34)a=a-

g fg

and
.

I g f ~ "f g) g f("f f - "g g)# AD D D

0=h (35)
f g + a of) + p( g f + cp2)

.(pc + a o.

g

Tha homogeneous frozen sound speed, aHF, which appears in Equation (34), is
*

a special case of the homogeneous equilibrium sound speed in which S = 0 and
g

*

S = 0 (see Appendix A).
f

The choking criterion is identical to the equilibrium case; i.e.,

M + CMr"IIy

except that the sound speed and the factor D, given Ly Equations (34) and

O (35) respectively, are simply special cases of the previous . result. The
'

variation of a and D with the void fraction and c (all other conditions are

the same as for the results presented in Section II) are shown plotted on*

Figures 4 and 5. The trends with c are similar for both the sound speed and

D, but the trend with void fraction is quite different, particularly at low

void fraction (compare Figures 1 and 3 for the sound speed and Figures 2 and 4

for D). The significance of this difference and the implications as far as

nonequilibrium models are concerned is discussed further in Section IV.

.

e
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IV. APPLICATION OF THE CH0 KING CRITERION

O
The choking criterion is established from Equation (21) with the con- '

'

sideration that either right or left traveling acoustic waves, corresponding
'

to. the +, may satisfy the criterion. The result is.

.

|M + DM | = 1 (36)y p

When a flow is known to be choked or it is desired to calculate the flow rate

for a choked flow, Equation (36) is used as a boundary coadition for the flow

solution. Since the relative velocity, in addition to the mass average velocity,

enter into the choking criterion, Equation (36) must be solved simultaneously

with the equations of motion. The amount of slip, (v -v ), which exists in ag f

flow approaching a point of choked flow, will affect significantly the choked

flow rate. This fact makes the calculation of a choked flow more complex for

p two-phase flow than for a single-phase flow.

In the RELAPS code, the choking criterion, Equation (36), is checked each '

time step at each flow junction and if the quantity .

M =|[M +DM]exp! ( 7)exp y r

exceeds unity the flow is assumed to be choked (the subscript exp is used to

indicate that the criterion is checked using explicit calculations for the

velocities). When choking occurs, Ecuation (36) is solved implicitly with the

upstream vapor and liquid momentum equations for v , vf and P at the point ofg

flow choking (upstream is with reference to the mass average velocity, v).
,

This solution is used as a boundary condition so that the upstream solution is
* decoupled from the downstream conditions. If M on any time step is less

.

exp

than unity, then the process is reversed and the flow is calculated as in the *

A normal unchoked case,
t

11
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The application of~ this criterion is illustrated on Figures 5 and 6 for

/"the two cases of equilibrium and frozen flow which have been analyzed in

Sections II and III of this report. The results shown on Figure 5 are for an
,

equilibrium flow having velocities of v = 150 M/S and vf = 110 M/S and forg

values of c equal to 0, 0.5 and . The Mach number defined by
$

M=|M +DM| (38)y r

is plotted as a function of the void fraction. The points where choked flow

exists for these conditions are where the curves intersect the Mach number

unity line. Similar results for the frozen flow case are illustrated on

Figure 6. These results cre for values of the velocities v = 400 M/S andg

f = 360 M/S. Here again, choked flow is attained at those points wherev

M = 1.0 is satisfied.

The conditions and/or parameters which enter into the choked flow criterion
O

include all of the flow parameters as well as the added mass coefficient and
e

the thennal equilibrium or frozen assumption. Of these variables only the
*

degree of thermal nonequilibrium which exists is free or must be established

by comparisons to data. The flow variables and the value of the virtual mass

coef ficient are established from inoependent analytical modeling considerations.

The flow variables are established from solution of the equations of motion

for the flow preceding the point of flow choking and the virtual mass coefficient

has been established from analytical considerations For dispersed bubbly.

and droplet flows the value of the virtual mass coefficient has been established
.

to be approximately 0.5 and for separated flows the value approaches zero. Thus,

the coefficient is known within a narrow range..

.

.
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The degree of thermal nonequilibrium which exists in a two-phase flow has
O

a large effect on the choked flow rate. This can be seen by comparison of

the equilibrium calculations shown on Figure 5 are for v = 150 and vf = 110
*

g

with the frozen flow results shown on Figure 6 are for v = 400 and vf = 360.
'

g,

The choked flow velocities differ by more than a factor of two in these cases. #

This range becomes even larger at low void fractions.

The effect of partial thermal nonequilibrium cannot be included in the

choked flow analysis at present due to limitations of current relaxation-type

vapor generation models. In particular, a differential model for the vapor

generation terms, such as is the case for equilibrium, is necessary in order

for the nonequilibrium effects to be reflected in the choking analysis

(algebraic relaxation models appear in the analysis as nondifferential source

terms). A relaxation model correctly predicts transient nonequilibrium

effects in the finite difference hydrodynamic model, but does not enter into

the characteristic analysis. For this reason, the degree of nonequilibrium *

which should be included in the choking analysis must be investigated .

empirically. Both the equilibrium and the frozen models have been used to

model the results of pipe blowdown experiments, wherein the discharge flow

is choked and pipe internal pressures are known functions of time, and to

limited cases of steady choked nozzle flow. It has been found.that the

.

choking model in which thermal equilibrium is assumed to exist agrees well

with data while the frozen model predicts blowdown to occur in about half

the actual time.
.

The comparison of the calculated results, using the equilibrium model,
'with pipe blowdown data is presented on Figures 7 through 11. The data are-

those of Edwards' for blowdown of a pipe 0.073 M in diameter by 4.09 M *

p long. The pipe is initially pressurized to 7 MPA and heated to approximately

13 CC\3\1 -



510 , then a glass disk is ruptured at one end allowing the pipe to blowdown.
I The pressures are plotted versus time on Figures 7 through 10 for Gauge

Stations 1, 3, 5 and 7. Gauge Station 1 is near the open end while 3 and 5.

are at intermediate points and 7 is at the closed end. The pressure

histories are very dependent upon the mass discharge rate; however, the
6

results are in excellent agreement with data. These same calculations using

the frozen model show blowdown being completed in about half the actual time

<nown by data. Further evidence that the blowdown characteristics are-

properly predicted by the thermal equilibrium medel is provided by comparisons

of the calculated and measured void fractions at Gauge Station 5 which is

shown on Figure 11.

.

.
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.

V. CONCLUSIONS

O
A computationally efficient choking model for the choked mass discharge

.

of a two-phase mixture has been developed for the RELAPS system code.
s

Calculations using the model agree with data in the limited number of cases-

examined. Future work will include comparison of the model to more of the '

choked two-phase flow data available in the literature. In particular,

the applicability of the model to flows near saturated liquid conditions

will be investigated in order to determine if nonequilibrium effects need

to be considered in more detail.

.
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APPEt40:X A
O

FACTORIZATION OF CHARACTERISTIC POLYNOMIAL
,

.

'
The fourth-order polynomial obtained as the solution to the characteristic.

analysis must be factored in order to obtain a choking criterion. This can -

only be carried out approximately for the general case of unequal phase
~

veloci ties . However, some useful insight can be obtained by first considering

the case of equal phase velocities; i.e., v =vf=v. For this case,
g g

Equations (11) and (29) of the main text can be factored exactly with the

resul ts;

(A-1)A 1,2 " Vo

3,4 * Vo ! a. (A-2)A

p where the sound speed, a, is defined as before by Equation (15) of the text.
'Hence, for small values of (v -v ), we expect two of the roots to be near theg f

mixture velocity, v, and thus the factors 1-v and A-v will be of the same '

g f

order as (v -v ). This being the case, it is possible to obtain a closeg f

approximation to two of the roots by neglecting the fourth-order factors in

A-v and A-v relative to the second-order factors. The remaining two rootsg f

are expected to be of the order (v i a) and the factors .A-v and A-vf to beg

of the order i a,; i.e. , not small . The root 1 may be interpreted physically1,2

as the paths along which kinematic effects propagate at the fluid velocity while

the roots, \3,4, are the paths along which acoustic phenomena propagate at.

speeds v ! a.
,.

.

n
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The slower kinematic roots are obta:ned by neglecting the fourth-order

P factors in A-v and A-v and subsequently enctly factoring the remainingg f

second-order polynomial; i .e. ,
,

oc(A-v )(A-v ) + afo (A-v )2 + o of(A-v )=0 (A-3)g f g g g f

'

The corresponding roots are:

{afo + pc/2 i [(pc/2)2 , ,g,f,g,f3yg g

+{aof+pc/2i[(oc/2)2 - a a o of] vf (A-4)gfgg

(a of g + pc/2) + (a of + pc/2)
'

g

The remaining two roots are obtained by neglecting other than the first-

order factors in v -v . Each of the phasic velocities can be written as theg f

sum of a mean velocity and a relative velocity term as follows:
O

= v + [(afof)/p](v -v ) (A-5), v
g fg

.

f = v - [(a o )/p](v -v ). (A-6)v
gg g f

When Equations (A-5) and (A-6) are substituted into the fourth-order polynomial,

Equation (11), the factors expanded, and only the terms first order in (v -v )
g f

retained, the following roots can be obtained

A)
=v

2(v -v ) ~ ( + afo )a pff-($)+aof)ao'. g f g g gg^2*V+- (A-7)p
, oc + og + g

,

*

.

which are slightly different approximations to the kinematic roots, Equation A-4,
'

obtained by exact factorization of the second-order polynomial, Equation (A-3).
O

18
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.

The remaining roots of the fourth-order polynomial are:
O

3,4 = v + D(v -v ) + a (A-8)A g f,

where-
,

+ a pf f)/p (A-9)v = (a p v*

v
fggg ,

2* 2*
a pf - a ofg A of(afpf - a o ) E("a g g + f f f)0 b 0 3pa

a g gg
( A-10 )+ -

2) o pf(S -S)oc+aof g + a of g g fg ,

a=a [cp + p(a pf + a o )]/(cp +p g f) (A-ll)p
HE g fg

The homogeneous equilibrium sound speed is defined as

2 * *

f)("g g g + a pf f)/(S -S )]-1 (A-12)
* *

"HE " (O P /P)E 0 Dfgf' g f g - (P A S SA P -Pgf f g fg

where the asterisk denotes differentiation with respect to pressure (see

Equations (9) and (10) of the text). '

-
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