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PREFACE &‘
This report documents work performed under - E
Independent Research and Independent Exploratory ‘2‘.
Development (IR/IED) Project No. A43115, h's
’ 2
"Compressible Pipe Flow Simulation." Principal
investigator was Paul J. Lefebvre (Code 3711). :i:‘:
)
' Associate investigator was Richard F. Hubbell :'::
N \
(Code 3711). Technical reviewer was William G. '.g
Fennell (Code 3634). :
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TRANSIENT COMPRESSIBLE FLOW IN A PIPING NETWORK: I
I’
A SCLUTION METHOD AND COMPUTER SIMULATION :.
2
INTRODUCTION 3- 7
»\
This report describes work conducted under the NUSC Independent (:
fd
i Research and Independent Exploratory Development project titled ;x-
"Transient Compressible Pipe Flow Simulation." The main objectives of ;r
this project were to develop numerical techniques for calculating !.
transient compressible flow of a fluid through complex piping networks :;‘
and to create a user-oriented computer simulation sufficiently general tc S
be applicable to a wide variety of networks. The end result of this bj:
effort is a computer program called COMP, which has been implemented at !ﬁ
the Naval Underwater Systems Center on a Digital Equipment Corporation 5&
.\
VAX 11/780 computer. 3

-y w

Several simulations for adiabatic flow of compressible gas in

relatively complex piping networks have been developed over the past 20

e

years (see references 1 through 5). Each, however, was written for a

specific application and consequently has serious drawbacks when applied Qf
to other networks. Specifically, the simulations are not user-oriented !ﬂ
(making it difficult to define and set up the network), are not applicable . EE'
to choked flow across throttling devices such as nozzles and valves, and Ny
are not readily applicable to transient flow where a combination of ;ﬂ
conditions (e.g., constant pressure, constant volume, or variable volume) Q,
may exist at supply and receiving tanks. \‘
(

N

The simulation described in this report overcomes these drawbacks. Ny

In addition, it provides a new technique for rapid convergence of mass L'
flow rate distributions at junctions common to two or more pipe lines, E:‘
can account for any ide2]l gas, and employs numerical techniques for all j:
calculations requiring iteration or integratiocn. It can be expanded to :n

accommodate practically any piping network.
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The simulation assumes adiabatic flow in each line.
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It accounts for

irreversibilities encountered in throttling devices and for frictional

effects in the pipe and fittings by treating them as equivalent pipe

lengths.

Figure 1 shows the network used in the simulation.

Circled

numbers in the figure indicate tanks, uncircled numbers indicate pipe

sections, and circled letters indicate junctions.

two junctions or a tank and a junction.

up to 10 pipe lengths arranged in series.

Pipe sections connect

Throttling devices can be

Each pipe section can consist of

substituted for pipe lengths, but cannot be the first or last lengths in

a section.
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THEORY v:
I.‘

)

RN

; The general approach used here in solving the transient compressible :
flow problem in a piping network is similar to that used in reference 1. :j~
Namely, adiabatic frictional flow is assumed to exist in each line of the k}‘
network and the system's mass flow rate is determined by balancing mass ng
flow rate and stagnation pressure at a single point (called the common ?..
point), which is subject to the total system mass flow rate. For the A
3
initial time increment in this transient flow problem, calculations first ,ﬁ
proceed in a forward direction from the most remote supply tank to the ; .

®

common point, and then in a backward direction from the most remote

receiving tank to the common point. Stagnation pressure values at the

common point as calculated by these forward and backward computations or h#
"passes" are then compared. If they are not approximately equal, the ;}f
mass flow rate calculations undergo repeated iterations until they K
balance. Once convergence of stagnation pressures at the common point E:,
occurs, the simulation employs a Runge-Kutta integration scheme to set up 3;2‘
tank conditions for the beginning of the next time increment, whereupon i
the calculation process for stagnation pressures at the common point is R 3
repeated. ?;
| o

B
The equations used to calculate compressible adiabatic flow are taken g&:t
from reference 6 and are not repeated here. The convergence scheme, ‘?_
however, was developed along with the simulation itself. The scheme is 5},
programmed as one of the simulation's main subroutines (subroutine RATIO) 'Ef
and is discussed z2long with other subroutines later. :xf
T
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ASSUMPTIONS

Assumptions made in conducting this analysis are as follows:

L i W

1. Flow is one-dimensional, quasi-steady, and adiabatic.

K 2. Ratio of specific heats is constant.

3. Ideal fluid compressibility factor, Z, is constant and equal to

A unity.

: 4, Friction factor, f, for any length of pipe is equal to the

average of the inlet and outlet steady-state friction factors.

S. Minor losses due to elbows, reducers, etc., are introduced as

" equivalent pipe lengths.

6. No reverse flow exists in any line.

7. Isentropic stagnation pressures are balanced at each junction of

two or more pipe lines.

% i S Tk

8. Isothermal thermcdynamic processes exist in each tank.

-

STRATEGY

The junctions between pipe sections are assumed to be isentropic,
since any frictional effects due to the junctions may be compensated for
by adding equivalent pipe lengths to the network. The isentropic
condition at junctions forces the conclusion that there must be a single
common stagnation pressure for all pipe lengths common to a junction.
This assumption is critical to the analysis because it leads to the

condition that the stagnation pressure is the property to be iterated

upon at each junction in order to determine mass flow rate distribution.
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One important exception to this condition is evident when throttling
or choking occurs in a pipe terminating at a junction. The stagnation
pressure calculated at the end of this pipe may be greater than the
junction stagnation pressure, with the pressure difference being lost in

the choked pipe as the flow enters the junction.

The overall approach to célculations in the forward direction is to
assume a mass flow rate in the most remote and always present supply tank.
This is tank 1 and mass flow rate 61 in figure 1. Throughout the
b transient there must be some absolute flow from this tank since it
iy controls the overall calculation process. Calculations proceed to the
first junction (junction A in figure 1), where a stagnation pressure at
the end of pipe section 1 is calculated. The program next assumes a
mass flow rate from tank 2 into pipe section 2 (ﬁz), and calculates a
L stagnation pressure at junction A from section 2. If this stagnation
X ~ pressure is within 1 psi of that calculated from section 1, calculations

proceed to section 4; if it is not, adjustment is made to 62, via the

¢
L= convergence scheme (subroutine RATIO), while il is held at the initial
;' value. As soon as agreement is reached (usually 2 to 5 iterations on
:. M5), an arithmetic average of stagnation pressures at junction A is
. made and calculations continue.
I
!
‘; Mass flow rate m, is then taken to be the sum of m; and m,.
The starting pressure for section 4 is taken as the junction stagnation
' pressure obtained from sections 1 and 2. A stagnation pressure at
‘ .
;: ] junction B from section 4 is then calculated. The iterative procedure
)
:{ used to calculate the tank 2 flow is next employed again for tank 3 to
\ obtain a value for B3 and a stagnation pressure at junction B. This
completes the forward pass, since junction B is the common point where
: the forward and backward calculations meet.
A
Al
K<
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L
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The backward pass begins at the receiving tanks and proceeds toward
the common point, junction B. It is assumed that whatever mass flowed
into the system from the supply tanks will flow out of the system into
the receiving tanks during any particular time step. To ensure that this
condition is met, the program takes a percentage of the mass flowing into
junetion B from the forward calculations, and uses that as the mass flow
in section 9. The remainder goes to section 10. The flow in section 9
is then divided between sections 11 and 12 (initially 50 percent in
each). Calculations proceed to determine the stagnation pressure at
junction F that would be required to prodice that estimate of éll-
Stagnation pressure at junction F from section 12 is calculated next and
compared to the pressure from section 11. If the two do not agree, a

mass flow rate adjustment is again made via subroutine RATIO.

Once agreement is reached, By is used to back-calculate the

stagnation pressure required at junction E for a flow rate of 59, The
program proceeds identically in sections 13 and 14 to junction E. If the
stagnation pressure at junction E from section 9 does not match the one
from section 10 within limits se; into the program (presently 1 psi), then
subroutine RATIO adjusts n‘19 and élO until agreement is reached. The
correct @y and m), values are rapidly obtained, resulting in a

calculated stagnation pressure at junction E from the backward
calculation. Note that if ﬁg and &11 are adjusted, then éll

through m,, gust also be adjusted and all backward pass calculations
repeated from the tanks.

Calculations proceed to the beginning of section 8 where stagnation
pressure at junction D is obtained. The flow then splits into the
parallel branches of sections 6 and 7. Under the initial assumption that
the flow is equally split between sections 6 and 7, the pressure at

junction C based on each section's contribution is then determined.
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If agreement is achieved within the set limits of 1 psi, the parallel

branch caiculations are complete and the simulation zalculates the
conditions for section 5. If there is nc agreement, subroutine RATIO

adjusts the percentage of flow going to section 6 (which then gives a new

flow rate in section 7 since M, = mg - mg) until convergence is
achieved. Stagnation pressure at junction B is then calculated. This

completes the backward pass, since junction B is the common point.

The overall convergence scheme of subroutine RATIO is once again
accessed. It now compares the stagnation pressure at junction B from the
forward pass with stagnation pressure from the backward pass. If they
mateh (within 1 psi) the network is solved for that time step. If they

do not match, an adjustment t0 m, is made via subroutine RATIO and the

forward and backward pass calculations are again repeated with the new

value for @ . Iterations on m continue until stagnaticn pressure
values at common point B as calculated from the forward and backward

passes agree. At that time, all distributed mass flow rates and junction
pressure values are correct, values for that particular time increment
are ocutput to the output file, and calculations for subsequent time
increments begirt. Initial cdnditions used for the subsequent time

increment are determined by a Runge-Kutta integration.

RUNGE-KUTTA INTEGRATION SCHEME

The accuracy of the program in predicting the transient behavior of
the network depends, in part, upon the technique selected to update the
conditions within the supply and receiving tanks. The experience of the
authors with different numerical integration schemes led to the selection

of a fourth-order, Runge-Kutta technique, which is ideally suited to this

particular application.
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The technique is straightforward. The initial condition of each tank
with respect to volume, temperature, pressure, and type of gas bheing used
is known. The initial mass of gas contained within each tank is first
calculated by the perfect gas law, the forward and backward passes are
run, and the overall convergence criteria are applied at the common
point. Once convergence at the common point is achieved, the mass flow
rate from (or into) each tank, as well as that through all the pipes, and
across each junction is known. With the injtial mass within a tank and
mass flow rate known, it is possible to calculate a new mass within the
tank by means of a Runge-Kutta integration. Figure 2 illustrates this
concept. Once the new mass is found, the perfect gas law is once again
used to obtain new pressures under the assumption of isothermal tank
processes. Having new pressures at the beginning of the next time

increment allows the calculation process to begin again.

KNOWN ORIGINAL
/ MASS

A

KNOWN SLOPE, m4
N
NEW PREDICTED
/ MASS
MASS |
{lbm) I
I
|
I
I
I
=
ONE TIME

STEP

Figure 2. Runge-Kutta Integration Scheme
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In the event that the tank has a variable volume, the user may employ l_
a differential equation to describe the volume rate of change of the tank 53
4
with respect to time. The differential equation can be non-linear, but ~
must be ordinary. In running the simulation, the user inserts the ¢
equations into the FORTRAN main program in a section clearly labeled with L
comment statements. An example would be the following equation: 2
y
]
dV2/dt = 2 x Time x Time + 32.0 X
’
LA
which would be inserted into the program as ;»
F(2) = 2 ®# TIME * TIME + 32.0 "¢
)
in the section marked for tank 2. It would also be necessary to t
initialize the volume of tank 2 in this example at time = 0. The FORTRAN ﬁl
statement is Y(2) = 32.0, which would indicate an initial volume of 32 (s
cubic feet. '.
o
i
0
CONVERGENCE TECHNIQUE N
. ’
L .
The assumptions that the flow is adiabatic and frictional provide no %
explicit equation for pressure drop in terms of a mass flow rate through ﬁ'
o
a pipe, as would be the case for isothermal pipe flow. Instead, the iy
problem involves a set of very non-linear algebraic equations that must 4
be solved simultaneously. The problem experienced when the wrong mass 5
flow rate is initially selected is that the stagnation pressures do not f 
match at the junctions. For example, consider section 2, with m,
flowing to junction A. At junction A a value for stagnation pressure %.
o
from section 1 has been obtained and it is now necessary to arrive at the N
correct value of m, in order to have the junction A stagnation pressure GL:
from section 2 match the pressure from section 1. In short W, must be 5
)
g
&
9 -

i sl 6N ST b ¢ NN




made to converge to the correct value. Since the equations being used to
calculate junction pressures are non-linear, a technique had to be
devised to cause r;12 to converge rapidly. Indeed, one of the main
contributions of this study is the method that was developed to cause the
mass flow rates to converge. The method is extremely fast and general.
For example, with an initial estimate of 52 of 0.1 lbm/s when the

actual converged value should be 100.0 lbm/s, the method used here will
yield the correct value in only six iterations.

The pethod is as follows: an initial value of 62 is estimated from
which a stagnation pressure at junction A is calculated. If the estimate
does not result in convergence it must be adjusted and the procedure
repeated. If the stagnation pressures from sections 1 and 2 are far
apart at junction A, then a relatively large adjustment must be made, and
the direction in which the adjustment must be made is known. If the
value calculated for section 2 was too low at the junction, then éz
must be reduced so there is less pressure drop through section 2, thus
increasing the section 2 stagnation pressure value at the junction. If
the calculation for section 2 was too high at the junction, then 52
must be increased in order to lower the section 2 pressure value. It is
not desirable to simply add or subtract a fixed amount to 62 because it

is not possible to know ahead of time how large 62 should be.

For efficient convergence, a method was developed that is sensitive

not only to the size (and sign) of the pressure difference at junction

A, but to the size of m, as well. The method uses the exponential
function:

Ynew = (¥o14) exp (Constant ¥ x)

where y = B> and x = junction A stagnation pressure from section 2
minus the stagnation pressure from section 1.
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The choice of constant will depend on how quickly convergence is

desired and how sensitive x is to small changes in y. The constant value
in'the simulation as it currently exists is good for most situations, but
may have to be changed for very small pipe diameters. Tables la and 1lb
illustrate convergence for two very different size y-values when the

constant equals 0.00005.

Table la. Small y-Value Convergence

Gt @ T

®
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T

X Yo1d Ynew
+ 1000.0 0.1 0.1051271
+ 50.0 0.1051271 0.1053903
- 10.0 0.1053903 0.1053376
- 0.2 0.1053455 Convergence 0.1053u44

Table 1lb. Large y-Value Convergence

x Y014 Ynew
+ 1005.0 ' 85.0 89.380385
+ 500.0 89.380385 91.643061
+ 300.0 91.643061 93.028068
+ 60.0 93.028068 93.307571
- 5.0 93.307571 93.284247
+ 0.2 93.284247 Convergence 93.285180

This convergence method 1s also used to adjust the ratio of mass flow

rates at a junction having two pipe sections leaving or entering from it.
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At junction C, for example, RATIO(6) can be defined as m

A% Pal a?. "

T N R R R R A O T N Y DY DY DY T DY I Y

6/Beotal *

Then, by adjusting RATIO(6) using two equaticns (see figure 3) it is

possible to split the flow by the appropriate amount:

')
" (1]

/\ (1-a)
RATIO = 1-(1 - a) exp (C2x) '—J‘

RATIO(G)new

RATIOQ( 6)Old exp(clx)
1l - exP('Cax) + RATIO(6)old » exp(-sz)

(for C; > 0 and x > 0)
(for Cr > 0 and x < 0).

RATIO {6)
1.0

l RATIO = a exp (-Cq x}

| _

-— NEG x

Figure 3.

x POS ————Po

Ratios of Mass Flow Rates

The following summary shows where in the piping network the convergence

scheme of subroutine

1. At
2. At
3. At
U, At
5. At
6. At
7. At

Junction
Junction
Junetion
Junction
Junetion
Jjunetion

junction

RATIO is applied, as well as the the order of use:

Q =1 w >

m O ™

to
to
to
Lo
to

to

adjust
adjust
adjust
adjust
adjust
adjust

for overall convergence, to adjust m,

Uses 1 and 2, above, are for the forward pass; uses 3 through 6 are for

the backward pass.
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THROTTLING DEVICE; FORWARD PASS

Throttling devices control, monitor, or limit flow rate in a pipe.
Examples are valves, orifices, and nozzles. The effectiveness and/or
discharge coefficient of such devices may be a constant or may be a
function of time, Reynolds number, or some other parameter. Throttling

devices are represented schematically as shown in figure 4.

®

UPSTREAM DOWNSTREAM

Figure 4, Throttling Device in Pipe Section

The equations used in the program to define the mass flow rate
through a throttling device are taken from reference 7. These equations,

which were derived for orifices with pipe taps, are as follows:

P, - P

Y =1« [0.333 « 1.145 (52 + 0.755 Y 12513)] ‘i—vg-g (1)
1

m = 172 (unchoked condition) (2)

= CDYA[Zng(Pl - Pa)]

| (choked condition) - (3)
L .

Tzl | ( )2/(Y-1)] 1/2
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(w)

5> y/(y-1)
P = P —————
2 crit 1 erit ( Yy +1 )

(5)
where:
= throttling device reference area (ft2)

discharge coefficient
= acceleration of gravity (ft/s?)

®m O >
o
"

= mass flow rate (lbm/s)

= upstream pressure (lb/ftz)

downstream pressure (lb/fta)
gas constant [(ft-1bf)/(1bm-OR)]

= temperature (°R)

[\V]
"

(53.3 for air)

® = v v 'y He.
H
"

= diameter ratio (throttling device/upstream pipe)
= weight density (1lb/ft3)

<
"

specific heat ratio

and the subscript "o" specifies stagnation properties and "ecrit" specifies
properties at critical (throttled or choked) flow.

The conditions upstream of the throttling device are known prior to the
point in the ccmputer program at which the throttling device calculation

takes place. These known conditions include values for 6, M

1 POl’ and

Tol' The calculation proceeds as follows:

1. The critical mass flow rate (m, ... ) is calculated via equation (3).

2. If m is greater than m ..., 6 then the estimate of flow rate from

tank 1 is too high and is reduced by o Calculations

erit/me
begin again from tank 1.
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3. Ifmz=m , then the flow is choked and will pass m. For this J
crit )

i case downstream properties are calculated via equations (4) and (5). 4
b
~

L] . L] L] .N
4. If m is less than m, .. the flow is not choked and will pass m. %
Downstream properties are calculated next via equations (1), (2), o

and (3). x
o

THROTTLING DEVICE; BACKWARD PASS L
¥
ﬁ«
‘l
When a throttling device is encountered in the backward pass E
.i
calculations, downstream conditions (point 2 in figure 4) will be known kﬁ

(i.e., m, MZ’ Py2, and Toz)' The main difference between the forward ﬁ
and backward pass throttling device calculations is that the mass flow rate :ﬁ
is not iterated in the backward pass when 5 is greater than &e' Instead, :‘
the upstream pressure is adgusted to accommodate the required mass flow b

] rate. The specific procedure is as follows: k
h P
w:‘
La%t
i 1. Downstream static pressure, P2v is calculated. o
! 2. Critical upstream static pressure, P, ..., is calculated via :‘
\ equation (4). :
W
. 9.0
3. Unchoked upstream static pressure, Pl unchoked, 1S calculated via &
equations (1) and (2). Note that this is the upstream pressure L.
. ]
required to produce a mass flow rate across the device equal to m. -9
bo If Py unchoked 1s less than or equal to Py .njt, then $g
; Pl unchoked i3 the upstream static pressure, Pl' and the E,
\ upstream stagnation pressure is calculated via equation (5). ¢.

§ .
A

]
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5. 1If Pl unchoked is greater than Py ..;., then the flow across
the device in choked and upstream stagnation pressure, Polv is
calculated via equation (4). In this case, when total convergence
for the entire network 1s satisfied all the properties downstream
of the throttling device will have to be recalculated in a forward
pass fashion. The reason for this is that the mass flow rate is so
high in this line that there is a loss of stagnation pressure from
the end of the line into the tank.
This concludes the calculations across a throttling device. Although
most of the calculations are straightforward, calculating the unchoked
upstream static pressure, Pl unchoked '’ of step 3 can be difficult. Here,
this was overcome by means of a Newton-Raphson technique (reference 8).
This technique was implemented by obtaining a single algebraic equation at
point 1 for Py as a function of m, effective area, discharge coefficient,
specific heat ratio, and the static pressure at point 2. This equation,
which was solved by the Newton-Raphson technique for Py is as follows:
m D P2
c* t2ge 2R -G -pp 2 Ty TR -8,
8% %o 172 1% T 5
where
C* is the product of discharge coefficient (CD) and the effective
area of the throttling device,
o (&) :
- ’
2Yg Al ':
»
o)
and -;';
o4
-
7
D = n’ 2
" a,%gvRT ' R
Al 8%
16
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Next, an equation was derived to calculate the static pressure at

point 1 in terms of CEE

2)_1_ :
P

which is the value for unchoked static pressure at point 1.

2gY

—

PBOGRAM STRUCTURE
MAIN PROGRAM

The main program (program MAIN) initializes all constants and reads
all input data from an input filé. Next, the initial estimate for the
controlled flotr rate from tank 1 is specified via the terminal. Once all
the data are fed into the computer, program MAIN calls various
subroutines to calculate the pressures and flows at the pipe junctions

throughout the system.

Program MAIN calls subroutine CTANK to calculate pressures in all
pipes leading away from the input tanks. Subroutine REVERSE is called
upon to calculate the pressures and flow rates from the receiving tanks
back to junction D. Once the flow is known at junction D, subroutine
REVERSE calculates all necessary pressures and flow rates in the parallel
branch. REVERSE then evaluates the pressure and flow rate in the last

pipe (section 5) of the backward pass to the common point, junction B.

Program MAIN then checks the difference in stagnation pressure at the
common point. If the difference is large, MAIN will change the control

flow rate via subroutine RATIO, and will repeat the entire calculation
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procedure until agreement is reached and state conditions at all
Jjunctions of the flow network are satisfied. MAIN will print the

results, increment the time step, and repeat the procedure.
Appendix A presents flowcharts of the main program and major
subroutines. A brief description of the subroutines follows.

MAIN SUBROUTINES

Subroutine PRES calculates the end pressure for a pipe length in the

forward pass under the assumption that specific heat ratio, gas constant,

" mass flow rate, stagnation temperature, stagnation pressure, pipe

.'\'f'ﬂ '\'{l '\).‘\". .\’-.'.\ -‘f.'f“ . ] "\.-‘\-_" LY \-)\ W w N V\'\..’ \(\.\ RS TR RN ~
..... e BOACA A e R R R RLALHERVAY N

dimension, and pipe length are known.

Subroutine TANKPR calculates tank stagnation pressure at the end of

each time step using a Runge-Kutta integration.

Subroutine BKVALVE performs throttling device and pipe flow
calculations for the backward pass.

Subroutine FVALVE performs throttling device calculations for the

forward pass.

Subroutine CTANK calculates end pressures and flow rates of pipes

leaving the tanks in the forward pass network and in pipe section 4.
Subroutine RATIO, the convergence subroutine, adjusts the flow rate,

using an exponential function, until the correct value for the flow rate

is found.
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Subroutine REVERSE controls the backward direction calculations,

which calculate end pressure and flow rate for all junctions between the

common point and the receiving tanks. It also calculates all pipe length

pressures and flow rates in the backward pass.

REAL FUNCTION SUBRCUTINES

Real function FRIC determines the Darcy friction factor at a point in

the pipe where the Mach number, stagnation temperature, stagnation
pressure, specific heat ratioc, gas constant, mass flow rate, and pipe

diameter are known.

Real function DYNVIS uses Sutherland's equation (reference §) to

calculate the dynamic viscosity.

Real function MALPHA calculates the Mach number at the end of the
pipe length (outlet condition), using fL*/D ratios:

fL‘/D = (fL /D)lnlet - (fL'/D)outlet

where L* is the length of duct required to develop a flow from the Mach

number at the position under consideration to the sonic point, f is the

average friction factor, and D is the pipe diameter.

Real function BETA solves the equation that relates Mach number to

friction given a known Mach number, M, and specific heat ratio, Y:

1 - M v + 1 (Y + 1)M2
- n s
YM 2+ (y - 1M

L /D =

.s.l.ti';l.".nl‘u AaOACACAGSIASALN ‘.’0 ."
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Reaikfunction FF is a digital equivalent of the Moody chart for
friction factor as a function of pipe roughness and Reynolds number.

(Units are in feet with roughness = 0.00015 for commercial steel pipe.)
Real function MARAT calculates the Mach number at the pipe inlet.

Real function TEMP calculates the temperature at any point given the
Mach number and specific heat ratio.

Real function CVEL calculates the speed of sound for a specified

temperature.

Real function VEL calculates the velocity of the fluid at any point

in the pipe given the Mach number.

Real function RHO calculates the density of the fluid at any point in

the pipe given the Mach number and velocity.

Real function REND calculates the Reynolds number at any point given

the Mach number, temperature, density, and velocity.

DEFINING THE NETWORK
ORGANIZATION OF INPUT DATA

Input data for the compressible pipe flow computer program is set by
the user via a computer file. Figure 1 i1s the model for the input data,
and networks up to the complexity shown in figure 1 can be simulated.
Tank 1 must always be present, but any of the other tanks can be deleted
as long as at least one receiving tank is available. Pipe sections can
also be deleted as long as continuity in the flow path is maintained.
Each pipe section can be defined by up to 10 individual pipe lengths,
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each with its corresponding diameter. Throttling devices are substituted
for pipe lengths, but they cannot be located as the first or last lengths
of a pipe section. This is of no serious consequence, since if a
throttling device located at the end of a pipe section in a real network
must be simulated, a relatively short pipe length of large diameter
(which would have a negligible effect on the calculaticns) can be input
in the simulation after the throttling device. The organization of the

input file (see appendix B for a sample input data file) is as follows:

Line 1 - Identification line for the problem as defined in columns 1
to 110 of the data file.

Line 2 - Stagnation temperature (°R) in the network. The FCRTRAN
format is F10.34.

Line 3 ~ Initial stagnaticn pressure (1b/ft2) in each tank. The
format for this line is 7F10.4 and is in the following tank order: 1, 2,
3, 11, 12, 13, 14. 1If a tank is not present, stagnation pressure of 0.0

is input.

Line 4 - Initial volume (ft3) of each tank. The format for this
line is 7Fl0.4. Tank order is the same as for line 3. If a tank is not

present, volume (0.0 is input.

Line 5 - Flags specifying which tanks are in the system. Foruat is
7I4. Tank order is the same as for line 3. An integer value of 1 is

used if a tank is in the system; 2 if a tank is not in the system.

Line 6 - Flags to specify the conditions in each tank. The format
for this line is 7I4 with the tank order the same as for line 3. An
integer value of 0 is used if a tank is not present; 1 for constant
pressure; 2 for constant volume; 3 for variable volume defined by

user-supplied differential equation.
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Lines 7-8 - The number of different pipe lengths in each pipe

'y section, Maximum is 10. Format is 7I4. Information is given in the

following order:

Line 7: Pipe sections no. 1, 2, 3, 4, 5, 6, 7
N Line 8: Pipe sections no. 8, 9, 10, 11, 12, 13, 14

If a pipe section is not present in the network an integer value of 0 is

input. Each throttling device counts as a single pipe length.

Lines 9+ -~ Pipe length and diameter data (ft) for each pipe listed in

lines 7 and 8. For each pipe section present in the network as shown in

the order given in lines 7 and 8, two lines of information are required.

The first specifies the length of each pipe in that section in the order

A S Y

-_r

of direction of flow; the format is 10F10.4. The second line contains

the diameter data in the same order and format as the length data. Even

| A g -

though the format of each line is 10Fl10.4, only data for the number of

. lengths in that section are required. If a section is not present no

lines of data are input for it. If a throttling device is to be
simulated, a value of -99.0 is input for length and diameter. (Area and

discharge coefficient data for the throttling device are inserted into

the throttling device subroutines as discussed in the next section.)

Last line - Contains the values of specific heat ratio and gas

constant (ft-1bf)/(1bm-°R) in that order and in format 2F10.4.

Pl o 2% o 3% g8 o8 5]

THROTTLING DEVICE AND TANK CONDITIONS

(AL Sy

;: Throttling device and tank condition data are still required to

LSS Y

i’ completely define the network. Since the respective subroutines are

based on equations that are peculiar to a particular type of throttling
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device or tank condition, the user must edit the program to change
equations and constants for discharge coefficient, area, mass flow rate,
expansion factor, etc. The subroutine source listings contain comment

statements to help the user.

Throttling device calculations are performed by subroutine FVALVE for
pipe sections 1 through 4 and subroutine BKVALVE for pipe sections 5
through 14. In these subroutines there is a separate calculation for
each pipe section so that different throttling device characteristies can
be defined. The mass flow rate and expansion factor equations that are
presently used in the subroutines are shown in the "Thecory" section of
this report. Should these not apply to a particular throttling device,
then other equations must be substituted. In any case, discharge
coefficient and related area must be inserted in the form of a constant
or a function of time (time is transmitted to the subroutine through its

argument).

Subroutine CTANK calculates tank conditions at the end of each time
step using the Runge-Kutta integration scheme. When a variable volume
tank condition is specified (via an integer value of 3 on line 6), the
main program must calculate the rate of change of volume with respect to
time via a user-supplied differential equation prior to calling the CTANK
subroutine. As explained earlier, the equation to define the slope for
the variable volume must be inserted into the main program. Similar to
the throttling device subroutines, these calculations use separate
calculation sections in the main program for each tank. The CTANK
subroutine assumes an isothermal thermodynamic process between time
steps, but can be changed by the user to include other processes as

required.

This coneludes all requirements for defining the network.
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PROGRAM EXECUTION

The compressible flow computer program is presently configured to run
on a Digital Equipment Corporation VAX 11/780 computer with the user
providing setup data via interactive terminal. Prior to any
calculations, the program asks the user for the input and output data
file names, the time increment interval in number of time steps at which
results are to be written to the output file, the integration time step
size (s), the maximum run time (s), and the initial estimate of mass flow
rate (lbm/s) from tank 1. This is all the information required to

execute the program. Note that if the user sets integration time step
size equal to the total run time, then the program provides a

steady-state network analysis.

Program termination occurs when one of three criteria are met: when
the maximum specified run time has been reached, when the pressure in the
supply tank(s) is less than or equal to that in the receiving tank(s), or
when flow from tank 1 has stopped. As mentioned in the "Theory" section,
tank 1 is the main supply tank and controls the calculations; hence it

must always produce a flow in the downstream direction.

QUTPUT

Appendix C contains the output file which resulted from executing the
program using the sample input file of appendix B. Note that all input
data contained in the input data file are initially written to the output
file, permitting verification of input data. Results of program
calculations at each time step for which results were to be written are
listed next. At each output time step, the following data are written to
the output file:

1. Time averaged mass flow rate (lbm/s) through-each section
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2. Time averaged stagnation pressure at the end of each pipe section

3. Time averaged Mach numbers at the end of each pipe section
4, Tank pressures at the end of the time step

5. Tank volumes at the end of the time step.

SUMMARY AND CONCLUSIONS

A method of calculating the transient flow of compressible fluids
through complex piping networks has been developed, and a coamputer
program implementing this method has been written. This report has
documented the theory and logic upon which the solution method and
computer program are based. It also serves as an introduction to the
program, which was designed to be used by persons having minimum

knowledge of compressible flow theory.

The program is shown to be sufficiently general to handle a wide
variety of complex piping systems. Supply and receiving tanks can each
be defined as having either constant volume, c¢onstant pressure, or
variable volume; flow can be either steady or unéteady; flow-limiting
conditions resulting from wall friction, changes in pipe diameter, and
throttling devices can be simulated; and the number, length, diameter,
and configuration of pipe sections can be easily varied. Numerical
techniques such as Runge-Kutta integration and Newton-Raphson iteration
have been incorporated in the program wherever possible. The program,
besides being versatile and adaptable to a wide variety of piping

networks, provides rapid solution convergence.
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‘ DIMENSION ALL VARIABLES l ‘_,h
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l READ INPUT OATA FILE ] '
OETERMINE INITIAL MASS IN EACM TANK
4 by
| ESTIMATE FLOW(Y) l [ ]
Y
‘ *u
ey
CALL SUBROUTINE CTANK TO FIND =
PRESSURES AND FLOW RATES FAOM
SUPPLY TANKS: CALCULATE PAESSURE AT ] )
COMMON POINT IJUNCTION 3) Q
L}
" Ll
CALL SUBACUTINE REVERSE TO FIND |
PAESSURES AND FLOW RATES IN ’;
RECEIVING TANKS ANO ALL PIPES BACK TO A
JUNCTION 8
o,
T A
COMPARE PAESSURES AT JUNCTION 8 -
CALL SUSROUTINE RATIQ TO | FAILS QBTAINED FAOM SUBROUTINES CTANK N
AQJUST FLOWLY) TEST ANO REVERSE. (THIS IS THE OVERALL -
CONVERGENCE TEST) »
PASSES | TEST «'.:,;
\
OVERALL PASS IS COMPLETE: COAAECT ot
FLOW(1) IS KNGWN: CORRECT MASS FLOW X
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STAGNATION PRESSURES FQUND ‘
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AS A FIRST ESTIMATE USE
[— WRITE OUT RESULTS T e oW )
\ - 5
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ODIMENSION AND INITIALIZE

]

CALCULATE FROM TANK 1 TQ JUNCTION A
VIA PIPE SECTION 1
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ACJUST ELOW () VIA NO

CALCULATE FROM TANX 2 TO JUNCTION A
VIA P1PS SECTION 2

1

CHECK STAGNATION PRESSURES FROM
PIPR SECTIONS t AND 2 AT JUNCTION A

;

0Q PRESSUAES CONVERGE ?

SUBRQUTINE RATIQ

; YES

CALCULATE FROM JUNCTION A TOQ
JUNCTIQON 8 VIA P1PE SECTION 4 USING
FLOW (4) = FLOW (1) « FLOW (D)

'

ADJUST FLOW (3) VIA NO
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SUBAQUTINE BXVALVE

"PE

DOES PIPE LENGTH REPRAESENT A PIPE

OR A VALVE ?

VALVE

=

AT THE CUTLET CALCULATE RATIC = A/A®

4

CALCULATE QUTLET STATIC PAESSURE.
PSTAT2

:

CALCULATE VALVE AREA

b

ASSUME UNCHOKED CONDITION:
CALSULATE INLET STATIC PRESSURE
(PSTATIUN)

'

NO
| RATIC. LT. 1.0 7 _]_—..___._

o

4

AMSE PQ2 SO THAT
RATIO = !
| ,
CALCULATE MACHZ BASED

! MACHZ = 1 1 N RATIO
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CALCULATE A FRICTION FACTOR BASED OM
QUTLET CONDITIONS

CALCULATE INLET STATIC PRESSURE FCR
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v
N
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RATIO14 = FLOW(14)/FLOW(IO}

{
4
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\ A S TN RATIO 0O PRESSURES CONVERGE ?

TV T Y

y YES

CALCULATE FROM JUNCTION F TO
JUNCTION E VIA PIPE SECTION 9

;

CALCULATE FROM TANK 14 TQ JUNCTION
Q Via PIPE SECTION 14

=

CALCULATE FAOM TANK 13 TO JUNCTION G
{FLown3ia FLOWNGN nowuq A PP e SECTION 1y

! 4

= CHECK STAGNATION PRESSURES FRAOM
{FLowr14 = AaTIO14- FLOWND) | PIPE SECTIONS 13 AN 14 AT JUNCTION G

'

AOJUST RATIONS NO
WITH SUBROUTINE AATIO DO PRESSURES CONVEAGE ?
e meesnd [ FLOWU0 :c; VLF"WCTANK._]
1]
v ves n
) CALCULATE FRGM JUNGTION G TO ‘
JUNCTION E VIA PIPY SECTION 10 FLOWN = RATICS FLOWCTANK
GHECK STAGNATION PRESSURES FROM ADJUST RATICY )
#IPE SECTIONS 3 ANO 10 AT JUNCTION £ WITH SUBRGUTINE RATIO
¢ $
NO
0O PRESSURES CONVERGE ? .
f ves
]
]
iy .
.
]
A .
;

o)

e e T e R




4

S R T TR R~ U T R R T N VIR IY VLS 5 o 2o

A~~~

o,

f‘:{ !g_r{_-

L5 |

S

SUBRACUTINE REVERSE (CONT'D)
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APPENDIX 3
SAMPLE INPUT DATA FILE -
o
d
SAMBLET NITACRK .,
34049 T
2032.0,52383.0,2033.04513940,14Q0.2412C.0,4140. -4
2204532049329.4270.,20044220.,209. "]
lealylylslslsl -
2920292929252 Tt R
3439352924252 X
2920292924252 WYy
12.9124,16, . ?
«i11,.3835.070 0
13-’16.)12- :
-035!0081'.077
léeyleayl3. .
007510081'0077 *
13.9-33
L033,.111 N
15.,15. o
0125’0105
16'!1-6.
«039,.085 -
1309150 :
«155,.185 .
150,12- ;
«175,.185 -
100'13.
.035,.083 )
12.’9. '.
.079,.083 .
13.,-93. ‘.
«071,.283 .
ll.'llc
«039,.083 -
12.,12, ;
0111'-125 :
12.99. '.
0132,.101 :
10615303
N
s\
9
s~
\
B-1/8=2
Reverse 3lank x

------------------



APPENDIX C
SAMPLZ CUTPUT DATA FILE

SAwPLE NZTaC2X

TNAYT 4T3 LISTING
INPUT 2ATA FILENANME = INPUT

STAGNATION TEWPERATURE = $40.0900 DESGRESS RANKINE
SOICTIMLIC n3AT UATII » 1.4000
345 CCaSTANT » £3.3000 FT/JEGRIES TANKINS

TANK DATA

TANK # 1 . STAGNATICN PRESSURE = 2750400 L3/INs®?
PINK & 2 STAGNATIZN PRISSYRE = 2750.00 L2/INSS2
TANK & 3 STAINATYION PRESSURE = 23750400 LE/7INEE?
TANK & 22 STAGNATION PRESSURE = 225400 L8/INE=2
Tank 8 12 STAGNATION PRESSLRE = 10,97 Le/INES?
Thyk ¢ 12 STLINATICN 9PSSSLRE 3 225.C0 L87INS®?
TAMK 8 14 STAGNATIZN PRESSURE = 140,00 L3/7INS®2

4ETWIAR PIIING GICHETRY

o013 SICTIZN ® 1 PIPE » 1 LENGTH = 12.0002- =7
I3 SICTICN 1 1 212 o 2 LENOTH = 13.0000 PT
PIPE SECTIGN # b3 PIPE @ 3 LINGTM = 16,0000 *7
2798 GILTIIN @ 3 P1PE ¢ |8 LENGTH = 12.0000 27
1[2¢ SECTICN » 2 I[9¢ 2 LENGTH = 14,0000 FT
II7€ SECTIIN & 2 AI9E » 2 LEINSTH = 12.0200 =7
3IPE SECTIIN ) PIPE » 1 LENGTN = 14,0000 =7
ILIE SECTIIN ® 3 PIPE o 2 LEINGTH = 16.0000 T
PIOE SECTIIN @ 3 PIPE # 3 LENGTH = 15.0000 T
I1P€ SECTIIN 8 6 PIPE & 1 L3ENGTH = 13.0000 *T
PLIE SECTIAOM » s 9LI9€¢ o 2 LENGTH = 18.0200 *7
ards SECTIIN @ H dLPE ¢ 1 LENGTY » 15.0060 27
P1IE SECTIIN & s aIpe o 2 1S A CONTIOL DEVICE
I[2€ SECTIIN o 5 oIPE & 3 LENGTH = 15.0000 FT
312¢ SECTICN @ 4 PLPE # 18 LENGTN 9 1440000 =7
ILPE SECTIIN o 5 219€ o 14 LENGTH # 16.0000 T
2796 SILTIiN & > aLRe 9 1 LENSTH s 13.0900 7
2128 SECTIIN ¢ 7 270€ 2 LENGTH = 15.0C00 *7
ITaE SECTICN = 3 OIPE ¢ 1 CENSTH = 15.0000 A7
213€ SECTIIN @ 3 PIPE o 2 LENGTH » 12.01300 &7
I13C SECTICN ¢ 3 2LPE o 1 LENGTH @ 10.0000 =7
A198 SECTIIN 0 9 L€ ¢ 2 LINGTH o 13.9000 =7
3I0E SECTIIN @ 13 BIPE 8 1 LINGT™ = 12.0000 ®T
27°¢ FECTICN 13 298 0 2 LENGTH = 3.3000 =7
2198 SEICTIIN € it 2178 ¢ 1 LENITH » 13.0000 ©T
273€ SECTIIN o 19 3% ¢ 2 LINGT™ 18.0000 =7
. 279€ SECTIIN & 12 aLPt » 1 LENITH = 11.3¢00 #7
217% : ' 2 2728 . 2 LENGTH = 11.0900 =7
219¢ . 12 219¢ o 4 LENITH s 12.4200 =
>u3¢e L] 2 ar3g o 2 LENSTH « 13.0002 =7
313t ' ie 2138 o 1 LINITH = 12.61300 €7
L . - LRSS TN BN LINSTM 3 9.30C3 =7

OLAMETER
CIAVETER
OIAMETER
CLAMETER
CLAMETEL
SIAMETER
DIAMETER
DIAMETER
DIAMETER
CIAMETER
DIAMETEL
OLAMETEX

OTAMETE
ClAMETER
QLANETE
STAvETER
CIAMETES
DIANETER
CLAMETER
OLAvETEL
CIAMEBTEN
STAMETER
ClavsTey
OTAvETER
ClaveTsq
27amwereR
CIAMBTEL
SlAvETEL
CIANETIH
StaesTRe
TAMET A

v

PEPEPEECEC SRR N BN B B R R R R

yoLyrg =
YOLUME =
VOLUME =

VCLUME =

VILUME =

0.1110
0.0900
0.0700
0.03%0
9.0910
0.0779
0.0780
0.0210
0.0772
0.0990
0.1119
0.12%9

0.0389
0.€392
9.0350
0.155%59
0.1540
0.3789
0.1350
G.03%3
0.0399
0.0799Q
q.23213
g.0710
0.23139
3.24592
9.0783
T.0.%2
0.1253
2.1923

.. ter21

-

w v
Mradened

st
et
et
€T
v
st
Pt

'L
et

133
£7
3]
ey
2y
er
13
et
et
.r
134
£34
131

51
=y
ev
t 24

er

32,30
32.9¢
32,20
29.39
27.19
23.30

2%.39

C-1

"
N -
.

RN T
mate.
FNICR

ETe®]3
ETs=3
Crsn}
fFraal
Ersa?
ETex)

ETse)
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APPENDIX C
SAMPLZ CUTPUT DATA FILE

SAYILE NITal2K

AT JaTa LISTING
ENPUT 3ATa FILENANE 2 INPUT

STAGNATION TIVPERATYRE » 540.,0900 DESREES RANKINE
SOICIFIC MIAT AATI) = 1.4000
345 CCsTaT = £3.3600 FT/JEGRIES FMNKINE

TANK DATS
TANR @ 1 STAGNATICN 2QESSURE = 2750.Q0 L8/IN®#? voLUMPE = 32,30 FTswl
TANK 2 2 STASNATIZN PRISSUIE = 3750.00 L2/7INS®2 v3ILung = 32,30 FTse}

TANK ® 3 STASNATION PRES3URE = 1756.00 L8/ INEN? VILUME 3= 32,30 €Ts=}
TANK & 11 STAGKATION PRESSURE = 215.00 L8/7INem2 YOLUME = 29.30 FTss]

TANK 8 10 STAGNATIIN ORESSLE = 160.97 LE/Ine®2 YILUvE = 22,19 €753

TaNR e 12 STAINATICN 202SSL2E = 225.09 La/IiNsw VoLUME = 29.30 FYsw}

Tauk e ls STAGNATICN PRESSURE = 140.00 L3/7INxs2 VILyKE = 219.30 FTse}
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