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SUMMARY

The addition of certain foreign materials to a fluid system results

in a decrease in the frictional drag and hence increased velocities.

The possibility of using friction-reducing additives to temporarily
improve water distribution systems during emergencies is investigated
mathematically. The primary concern is the prediction of the unsteady
flow conditions which result from the local injection of a long-chain
polymer into a pipe network during emergency flow conditions. A

- -computer program is developed to solve the differential equations
associated with unsteady network flow resulting from such local
injections. The program is then used to show that an existing inadequate
weter distribution system for fire fighting can be made adequate quickly
%nough by a one-point injection of a friction-reducing long-chain

1

. polymer.




CHAPTER I
INTRODUCTION

The addition of certain foreign materials can significantly
reduce the friction drag in turbulent flow. Widely differing materials
such as sand, neutrally buoyant particles, and wood fibers have been
observed to reduce friction drag in aqueous mixtures. However, the
most effective drag-reducing materials appear to be certain long-chain
polymers in solution.

The first study of the effect of polymer additives was made in
1948 by Toms [1, 12]1. He reported a "hitherto unknown feature of the
relation between polymer concentration and rate of flow at constant
pressure gradient.'” In recognition of his work, the phenomenon has been
called the 'Toms Effect.”

Most of the work to date has dealt with the effects of polymer
additives on steady-state motion. These studies have been made with
rotating disks, pipe flow with constant head differences, submerged
bodies, and flow through porous media. Rotating disk studies [3, 4, 51
were usually made with premixed solutions. Pipe flow [1, 2, 3, 5, 6,
7,8, 9, 10] has been gtudied using various types and concentrations of
pulymers with either premixed solutions or with various methods of in-

jection. Studies with bodies moving through dilute polymer solutions

lNumbers in brackets refer to similarly numbered references in
tha bibliography.




'3, 117 were made to investigate the usefulness of polymers in reducing
rhe draz on ships and subsurface marine vehicles. The flow of polymer
solutions through porous media [127] has also been studied.

The work of unsteady or time-varying effects seems to have been
limited to the observation of some of the polymers as they deteriorated
with time [2, 9, 127. In general, an unsteady state results when a
polymer is introduced locally into a moving single-phase liquid system.

The reduced frictional drag in that part of the system causes the entire

fiow to accelerate. The system contains in fact two different fluids.

-anglent condition persists even after the additive has come in
contact with the entire system. Eventually, of course, a new steady-
state condition exists.

The purpose of this study is to develop a2 mathematical method to
predict the transient fiow patterns in a pipe network subject to locally
introduced polymer additives. There are analytical methods for deter~
steady-state conditicons with or without additives. Single-
vhase transient conditions are more difficult to predict. No reference
nog been found in the literature dealing with two=-phase transient flow.

for the results of this study lies in the field

Previous studies [6, 2] have shown that many

~f the pelvmers are not harmful to plant or animal life. These polymers

27 be used to increase the capacity of water-distribution systems for
fire fightivg. The use of polymers may be economical only during periods

would be necessary to know the time required

of the polymer to become noticeable to the

one or more points of a systemn.



Thus, a method for predicting the short-term time-dependent
sifects of polymer additives is needed. The methods of solution for
vipe~flow transients developed herein are computer orientated since
zlassical methods of solution of the differential equations are not

zpplicable.




CHAPTER II

LONG-CHAIN POLYMERS

A veview of the literature in the field of friction-reducing
additives may be helpful to the reader in understanding the nature of

the phenomenon.

Background

In 1948 Toms [17] reported that the addition of polymethylmetha-
crylate to the chlorobenzine resulted in a reduction of pipe~friction
drag. This accidental discovery became the basis for the later studies,
althougzh several years passed before these subsequent studies were
started.

The o0il industry became interested in possible uses of polymers.
Dodge and Metzner [37] used sodium carboxymethylcellulose in their studies
with pipeflow of o0il and oil recovery materials. Thelr results have

applied commercially in oil fields. Since then, aqueous solutions have

W

baen studied by many investigators.

Meost of the early investigators attributed the friction-reducing
~henomenon to "non-Newtonian' properties. However, work done at the
aval Ordinance Test Station [37] showed that the turbulent friction-
reduction effect can be observed at polymer concentrations at which the

a0lutions are Newtonian by conventional viscometry.




Explanations of the "Toms Effect”

Four types of explanation have been proposed for the "Toms Effect.”
Tc date, none of these have been confirmed. These explanations were as
rollows:

(1) "Effective" slip is induced by an abnormally mobile, oriented
layer of macromolecules (very large molecules with molecular
weights of the order of a million grams per mole) near the
pipe wall.

(2} The polymers delay the laminar to turbulent transition in

the boundary layer by damping of disturbances which results

in reduction of turbulent energy production.

The macromolecules elongate in the direction of flow under

o
(98
R

shear (Manisotropic viscosity'") and thereby impede the trans-
verse transport of womentum and thus reduce the turbulent
shear stresses and hence reduce drag.

(4) The most popular explanation in current literature is that

@ of visco-elasticity. Elastic interactions between macro-

molecules and turbulence result in the reduction of turbulent

energy production and energy dissipation, and hence reduced

& friction losses.

g g b

) Parameters

pach of the early work was done with turbulent flow between flat

tes and flow about rotating discs. Hoyt and Fabula [37 reported that

3

:n rheiv stwlies with rotating discs the three most significant para-

werters affecting the ability of a polymer to reduce the turbulent




The most effective polymers are "long-chain" molecules having an
sgsenbilally unbranched structure., The exact configuration for these
macronclecules is poorly understood, but it is thought that the length
to diameter ratios may be as high as 165,000 for poly{ethylene oxide)
with a molecular weight of approximately six million grams per mole and

~ony be as low as 350 for guar gum. These ratios depend on the helix

el and the molecular chain {lexibility. The more flexibile molecules
tend fo be random coiling and hence have lower length to diameter vatios
rhan would othevwise be expected,

Tvpical effects of wolecular weight are demonstrated in Figure 1.
secordingly, higher molecular weight polymers are more effective in

redieing doag. However, this is not always the case, and Table 1

that poly(ethylene oxide) is about 65 times more effective
: chan the heavier gum karaya wolecule on a weight basis. Table 1 also

indicates that polymers with higher solubilities are more effective

similer polymers with lower solubilitieg. ¥igure 2 shows the

won~raducing capack £

which wmay e dependent ou solubillity,

Frxperimente Conducted at the Georgia Tpstitute of Technology

-ies of experiments were conducted in the Hydraulics Labora-

nf {ivil Engineering, the CGeorgia Institute of

The polyumer used was Polyhall 295 which is an anionic

wntewey of polvacrylamide, peolvacryliic acid, and polysodium styrene

saiphomate. The molecular welght of this nonrandom-coiling polymer is

of a polymer as a function of the concentration
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Figure 1. Dependence of Regquired Concentrations for Various
Disk Torque Rabics on Molecular Weight of Poly (Bthy-
lene oxr:_ae). (After Hoyt and Fabula [37)

0 6
sproximately 3.8 x 107 grams per mole.

J. B, Jackson [12] conducted a series of experiments as a graduate

project in 1967 to investigate the effects of polymer additives.

‘2 series dealt with laminav flow of polymer solutions through a sand
“at, Im cases where he found the apparent viscosity of the solution to

s+ verv c¢lose to that of water, the discharge was actually decreased

-svoreciably., The result was a decrease in the permeability with in-
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Additive CR Mox 10 Notable Characteristics
Guar gum, W, X (J—ZFP)C 60 0.2 Straight chain molecule with single-
membered side branches
Locust bean gum, m 260 0.3 Similar to guar but with fewer side
(260) branches, causing reduced solubility
and less hydrogen bonding
Carrageenan or Irish 650 0.1 - 0.8 trongly charged anionic poly-
moss, m (Stamere NK) (420) electrolyte
Gum karaya, m 780 8.5 Highly branched molecule; relatively
insoluble; acidic
Gum arabic, b Ineff. 0.24 - 1 Highly branched molecule
Amylose, s (Superlose) Ineff. >0.15 Linear chain molecule; retrogrades
rapidly
Amylopectin, s Ineff. 1.2 Highly branched molecule
(Ramalin G)
Hydroxyethyl cellulese, u
(Cellosize QP-15000) 220 “es Nonionic; formed by additive of
(Cellosize QP-30000) 220 cee ethylene oxide to cellulose; has
(Cellosize QP-52000) 160 o side branches of various lengths
Sodium carboxymethyl-
cellulose, h (CMC 7HSP) 400 0.2 - 0.7 v
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Additive C% Mx 10 Notable Characteristics

Poly{ethylene oxide), u

{Polyox WSR=-35} 70 0.2 Very water socluble; rno biological
(Polyoux WSR-203) 44 0.0 oxygen demand; apparently an un=
(Polyox WSR-301} 17 4 branched molecule with unusual
(Polyox coagulant) 12 >5 affinity for water
Polyacrylamide, d
(Separan NP10) 26 1 Nonionic
{Separan NP2Q) 25 2 Nonionic
{Separan AP30) 29 2 -3 Anionic
Polyhall-27, s 130 ees coen
Poly vinylpyrrolidoune, £
(K30) Ineff. 0.04 e
(K90) 2900 0.36 crea
Polyvinyl alcohol, e
(Elvanol 51-05) Ineff. 0.032 cen
(Elvanol 72-60) Ineff. 0.17 - 0.22 ceun
Silicone, u (L-531) Ineff. cos seun
Polyacrylic acid, g
(Goodrite 773x020 B=3) Ineff. 0.006 ceea
(Goodrite K-702) Ineff. 0.090 e

(Goodrite K-714) Ineff. 0.2 - 0.25 ceas




Tablie L. Continued

a -6 b

Additive CR M x 10 Notable Characteristics
Carboxy vinyl polymer, g Ineff. “os Inconclusive test due to precipitation
(Carbopol 941) upon dilution
aCR = concentration required (in weight parts per million) for 35% disk~-torque reduction at.

40 rev/sec with lake water as the solvent.
bM = approximate molecular weight of the polymer according to the literature.
CThe source of each polymer for this work is indicated by the letter after its name:
b = Braun Div., Van Waters and Rogers, Inc.; d = Dow Chemical Co.; e = E. I. Dupont; f = General

Aniline and Film Corp.; g = B. F. Goodrich Chemical Co.; h = Hercules Powder Co.; m = Meer

Corp.; s = Stein, Hall and Co.; u = Union Carbide Chemicals Co.; w = Westco Research.

dCR values in parenthesis are for solutions given heat treatment to increase polymer

solubility.

01
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Figure 2. 7.6-cm Disk Torque Reduction Versus Polymer Con-
centration. (After Hoyt and Fabula [3]
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creasing concentration (See Figure 3). He attributed this to a bridging
of the long-chain polymer across the voids in the media which effectively
reduced the volume of the voids. This series of experiments indicated
that the polymer additive increases friction drag in laminar flow through
porous media.

J. B. Jackson's other experiments dealt with turbulent pipe

flew. Centrifugal pumps were employed in a recirculating system.

Polymer solutions were passed through a two~-inch nominal diameter test
secrtion of galvanized pipe. He reported a 68 percent reduction in
friction drag when a 300 wppm (parts per million by weight) solution was
used (See Figure 4). He also reported that immediately upon the addition
of the polymer, there was an even higher reduction which, however,

lasted for only a short time (See Figure 5). It was reasoned that this
degradation was due to physical scisson of the polymer in the pump.

This reasoning was reinforced by observations of slower rates of degrada-
tion which oceurred wher a pump with larger passages was used (See

Figure 4. The fact that the polymer's friction-reducing properties

were diminished after repeated passes through a pump seems to indicate

the long molecular chains are broken mechanically by the pump’s
impeller,

In an undergraduate research project conducted by P. H. Flowers
and H. . Jackson [6] in 1968, time-varying flows resulting from the
Jocal injdection of concentrated polymer solution into a pipe-flow system
wera lnvestigated experimentally. Figure 6 shows the increase in mean

velocity when a polymer solution was injected at the upstream end of a

two-inch nominal diameter test section of pipe (Same as J. B. Jackson's
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wize). This curve compares favorably with the computer-predicted curve
dtch will be discussed in Chapter IV,

The knowledge gained from the studies at Georgia Tech alsco indi-

that care should be taken in preparing the aqueous solutions.

i
=]
"0

:vs in powder form may not mix readily with water due to the forma-
vion of globules with tough skins. Alsc the macromolecules tended to

settle in agueous solutions when left at rest,

Suminary of Polvmer Propertcies

ag foliows.
(1) Most "effective’ polymers have high molecular weights.

{2} Efizctive polymers usually have high length to diameter

(5) Pipe fziclLion reductions of as high as 68 percent were

art b g, B, Jackson in his gtudies with Polyhall 295,

6 additives jncreased resistance and reduced the

flow through vorous media.

{7y Polymer chains may be destroyed by mechanical action.

oyt

(8} The polymer solution coated the pipe walls and pro-its
effectiveness after injection had ceased during unsteady

flow tests (6],



(9)

(10)

(11)

18

Care must be taken when mixing powdered polymer to form
solutions,

There is an optimum concentration of polymers above which
additional polymer produces little further reduction in
pipe friction [2, 127.

There may be a Reynolds Number above the laminar-turbulent

transition range below which no friction reduction occurs

(2].
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CHAPTER III

STEADY FLOW OF POLYMER SOLUTIONS IN A SINGLE PIPE

The Darcy~-Weisbach friction factor, f, will be used as the basis

frr all discussions. For the purposes of this study, the friction factor

is defined as

P = 2gm§H/LVZ (1

(32.17 ft/sec/sec),
b= pipe diaweter (fL},

AH = head loss along test section (£t-1b/1b),

o regt section {(ft), and

P velacivty (£ifsec).

S the friction factor in water, and fA is
o

friction factor in a polymer solution, then the percent

ron dreg, W, wmay be defined as

ff_ - f
R = \,‘mﬁwm-—-é) x 100 (2)

2 gingle pipe connecting two reservoirs wi a constan
z T ting two with onstant

o sarface &

evation is used {(See Figure 7), then the head

diameter, and length <o not change when the fluid is changed from

re a polymer solution. Thus, it is apparent that at steady state
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Upstream
Reservoir

Hydraulic Grade Line

AH

Downstream
Reservoir

Flow —a D
L —_—
Figure 7. Diagram of Single-Pipe System




(3)
where
VB = velocity without polymer, and
VA = velocity with polymer.
Algebraic manipulation of equations 2 and 3 yields
v
v B (%)

A 1 - R/100

“igure 8 shows velocity increase versus percent reduction in friction
drag as computed fLfrom equation 4., Accordingly, a 75 percent reduction
in friction drag will double the velocity. Since the manufacturer's
¢laim was an 82 percent reduction [11], a 75 percent reduction using
?2iyhall 295 would not be unreasonable., A reduction of 50 percent will

szuse the original velocity to be increased by 1.414,
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Figure 8. Graphical Representation of Equation 4 Showing Velocity Increase as a
Function of R.
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CHAPTER IV

UNSTEADY POLYMER FLOW IN A SINGLE PIPE

The simplest example of unsteady pipe flow resulting from friction=-
reducing additives is a system composed of a single pipe connecting two
constant elevation reservoirs (See Figure 9). Before time, T = 0, there
is steady~state flow. At time, T > 0, an additive is introduced at a
constant rate at the upstream reservoir. All fluid leaving the upstream
reservoir is assumed to be a homogeneous mixture or solution. Since
the additive reduces friction, the flow accelerates to a new steady

state.,

Mathematical Model

Prediction of the unsteady flow in the above example can be
accomplished by means of a suitably constructed mathematical model. It
is convenient to make the following reasonable assumptions:

(1) The local velocity is the average velocity (Q/A).

(2) The flow is fully turbulent, and the friction factor does

not vary with small changes in velocity.

(3) The fluid is incompressible.

(4) The density of the mixture is the same as that of water.

(5) Minor losses can be neglected.

{6) An immiscible interface exists between the water and the

mixture.

(7) The interface is normal to the direction of flow and moves
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Reservoir
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Figure 9.

Diagram of Single-Pipe System With Unsteady Flow.
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with the average velocity, V.

(8) The local friction factor is changed instantly when the
interface passes.

(9) The flow parameters may be related by the Darcy-Weisbach

energy equation.

The equation (steady-state) at time, T = 0, is

_, L (X
A= f5 2eD (%) )
where
AH = difference in reservoir elevations (ft),
fB = friction factor before the interface passes,

L = length of pipe (ft),

D = diameter of pipe (ft),

%% = V, velocity (ft/sec), and
g = gravitational constant (32.17 ft/sec/sec).

The term %% is used in equation 5 since X will later be used to

~denote the variable distance in feet from the upstream reservoir to the
interface, and t will be used to denote an increment of time.

ax, .

At T > 0, the velocity will become time dependent (hence gt

‘The unsteady Darcy-Weisbach energy equation is

AH=£fAX+fB (L-X)J (51§2+.L (.4_222) “
2gD dt g dt2
‘here
£ = friction factor after interface passes, and

A
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2
d’x
2

dt

= acceleration (ft/sec/sec).

In effect, the pipe is treated as two pipes in series with different
friction factors and with time~varying lengths. Since the fluid is
2

, \ . . . dX
accelerating, there must be an inertia term. This term is g <——§>,
dt

and it represents the inertia force after am appropriate conversion for
the energy equation,

Thus, the interface moves from the upstream reservoir to the
downgtream reservoir in an accelerating flow. However, the new steady
state is mnot established until some time after the interface has reached
the downstream reservoir. Im fact, the acceleration is greatest at the
instant when the interface reaches the downstream reservoir, and mathe-
matical continuity requires that a positive acceleration be maintained.

Equation 6 applies when 0 < x < L; however, when x = L, we have

2 2
_ L /dX\ L /d X>
AR = £, 2gD <dt) + g ( 2 X
dt
Solution

Classical solutions for these second=-order differential equatioms
are difficult to obtain [13]. Therefore, the techniques of numerical
analvsis and the use of the digital computer have been chosen. The
unge-Kutta method (Sece Appendix 1) has been applied to equatioms 6 and
L

The standard form for the Runge-Kutta solution of second-order

equations is
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y' =0 (x,y,y")

where @ represents "a function of." Equation 6 may now be expressed as
2 2 2
ey T e (), (8]
PR KL LT B BV T: (®)
dt
where
C1 = (fA - fB)/ZgD
c, = fBL/ZgD, and
Cy = g/L.

i Obviously, equation 8 is

y' =9 (v,¥")

which is a special case of the standard Runge-Kutta equation in which
the independent variable, t, does not appear.

The initial values for the Runge~Kutta solution are the original
steady-state solution. They are as follows:

T = 0,

X =0,
%E = 2gDAH/fBL, and

t
2
d X
2
dt

= 0.

The Runge-Kutta '"dummy' variables may be found on lines B043 to B0O48 of
the computer program on page 100, Appendix 2.
As time is incremented, new values for the flow parameters are

calculated until X > L. Equation 7, which then prevails, may be
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expressed as
2 2
X _ . dx
4c2 =6 "6 (dt> )
where
C1 = AHg/L, and
¢, = fA/ng.
Equation 9 is of the form ‘
y'=9 ")

which may have classical solutions. In this study, the Runge-Kutta
method will still be used with the initial values taken from the last
iteration of the solution of equation 8. Again, the Runge-Kutta "dummy"
variables may be found on lines B058 to B061 of the computer program on

page 100, Appendix 2.

Example Problem

The computer program in Appendix 2 has been used to solve the
single~pipe problem.. This program and all others developed herein are
written in FORTRAN V for use on the UNIVAC 1108 of the Rich Electronic
Computer Center of the Georgia Institute of Technology. The input data
appear in Table 2, and a modulated printout of the results appears in
Figure 10. The column labeled "HEAD"” in Figure 10 is used as a check on
the accuracy of the computation. With an unmodulated printout, the
value of HEAD will change at the instant that the interface reaches the

downstream end of the pipe. The results have been plotted on Figures 11,



T IME
(SEC)

«0CO
1.000
2000
3,000
44000
52000
6.000
7.000
8.000
9.000

10,000
11.000
12.000
13,000
14.000
15,000
164000
17600
18.000
19000

Figure 10.

RUNGE-KUTTA SOLUTION FOR SINGLE PIPE

X
(FT)

«00000
17.98099
36420404
54.86686
T4.14338
94421136

100.00000
100,00000
10000000
100400000
100.00000
100,00000
100,00000
100,00000
100,00000
10000000
103.C0000
100,00000
10000000
100,00000

VELOCITY
(FT/75EQ)

17.93669
18406628
18441285
18.94080
19.64146
20652759
2151551
22432658
22497553
23449138
23689930
24422056
24647274
24467019
24482445
24494488
25403869
25411172
25.16854
25421272

ACCELERATION
(FT/SEC/SEQ)

«00000
s 24679
44065
61390
278956
«98838
s90276
« 72487
57788
«45803
«36137
« 28407
22277
e17416
«13597
«10602
«03257
«05426
« 04997
«+03884

HEAD
(FT)

10.00000
1000000
1000000
1000000
10.00000
1000000
10.00000
10.00000
1000000
10.00000
10.00000
10.00000
10.00000
1000000
10.00000
1000000
1000000
10.00000
1000000
1000000

Computer Printout of Solution to Single-Pipe Problem.
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TIME
{SEC)

20,000
21,000
22.000
23.000
24000
25.000
26000
27000
28.000
29,000
30,000

31.000

32,000
33,000
34,000
35,000
36.000
37.000
384000
39.000

X
{FT)

100.00000
100.00000
100,00000
100.,00000
100.,00000
100.,00000
100.00000
100.00000
100,00000
100.00000
100,000G0
100.00000
100,00000
100.00000
100,00000
10000000
10000000
10000000
100.,00000
100.00000

Figure 10.

RUNGE-KUTTA SOLUTION FOR SINGLE PIPE

VELOCITY ACCELERATION
(FT/SEC) (FT/SEC/SEC)
25624705 «03018
25627372 «02345
25629444 «01821
2531052 e 01414
2532301 «(01098
25433271 « 00852
25424023 « 00671
25434607 « 00513
25435061 «00398
2535412 « 003209
25.35685 + 00240
25435897 « 00186
25436062 «00145
2536189 200112
25436288 «+ 00087
254636365 «00078
25436425 +00052
25436471 «00041
25636507 «00032
25436535 «00025
Continued

HEAD
{FT)

10.00000
10.00000
10.00000
10.00000
10.00000
10.00000
10.00000
10.00000
1000000
10.00000

10,00000

10.00000
10.00000
10.,00000
10.00000
1000000
10.00000
10.00000
10.00000
10.00000

o€
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12, and 13 with the aid of a CALCOMP plotter. The time required to run

the program on the UNIVAC 1108 was approximately six seconds.

Table 2. Summary of Data for Single Pipe

Darcy Friction Factor After Interface, f et eciseeesaaraene 0.01

A.,

Darcy Friction Factor Before Interface, f Cetedncacacarsran 0.02

R?
Pipe Diameter in Feet, D, tvrcevoeveictacssencserssssnncnones 1.0
Difference in Reservoir Elevations in Feet, AH, ccsceecscecs.. 10.0
Pipe Length in Feet, L, teuesvoceeersrasssssssrosassavasnssss 100.0

Time Increment in SacondsS, t, siesseeesevcoscoseoessanssocsnse 0.1

Time of Study in Seconds, T, seeeveeccscssssnsoossssnarssnces 39.9

The acceleration versus time plot in Figure 11 shows that there
is a rapid increase in acceleration until the interface reaches the down-
stream reservoir (See position versus time plot in Figure 13). The
maximum acceleration in the example is about one ft/sec/sec. When X = L,
the driving force ceases, but the fluid continues to accelerate with
exponentially decreasing values for the acceleration function. The
flow approaches a new steady state gradually.

The velocity versus time plot in Figure 12 shows a smooth "§'-
shaped curve from one steady state to another. As expected, the steepest
sortion of the curve (at the inflection point) occurs when the inter-
face reaches the end of the pipe and the acceleration is largest. The
maximum velocity of 25.4 ft/sec may be predicted also from equation 4

knowing the original velocity and the friction factors.
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Comparison With Experiment

As reported in Chapter II, the unsteady flow characteristics
of water passing through a single pipe comnecting two constant elevation
reservoirs with a polymer injection system at the upstream reservoir
were studied experimentally. The experimental results were compared
with the computer-predicted results in Figure 6. It should be noted
that the data for the above example problem and the data for the experi-
ment were not the same. The curves have similar 'S’ shapes for the
velocity variation with time. However, the experimental curve seemed to
indicate that there may not have been an instantaneocus reduction in
_friction factor as the interface passed. This may also have been
because of the injection mechanism and because of dispersion of the
polymer at the interface. This would result in a more gradual reduction
of friction factor due to lower polymer concentration in front of the
interface. The time delay was so small that the experimental system
appears only slightly more sluggish than the computer solution. Thus

the assumption of an immiscible interface is not unreasonable.
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CHAPTER V

STEADY FLOW IN PIPE NETWORKS

The problem of predicting steady flow patterns in pipe networks

been treated in various ways. Pertinent parameters such as pipe

‘tengths, pipe diameters, junction elevations, reservoir elevations, and

smump characteristics are usually known with reasonable accuracy. The
frictional coefficients of the pipes, however, are seldom known within
ve percent of the actual values. The results of a network analysis
zan be no better, obviously, than an approximation of the actual con-

gitions.

The flow patterns in complex networks are impossible to predict
inspection. Therefore, iterative schemes of solution have been devised

order to approach the correct flow patterns. Since flows must satisfy

The flow into any junction must equal the flow out of it.
The flow in each pipe must satisfy the appropriate pipe-
friction formula.

The algebraic sum of the head losses around any closed pipe

loop must be zero.

Hardy Cross Method

One of the best known itervative solutions for pipe-network problems

45 the Hardy Cross Method. This method for steady network flow is based
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the minimum energy concept and utilizes redistributed flows in succes-
approximations.
In this study, pipe-friction calculations are based on the Darcy-
isbach relationship, equation 1. The steps in applying the Hardy
70ss method are as follows:
(1) Assume the most reasonable distribution of flows which
satisfies criterion 1 above.

(2) Write criterion 2 for each pipe

AH = KQ2 (10)

where
AH = head loss along pipe (ft-1b/1b), and
K = 8fL/ﬂ2gD5.
(3) Compute the algebraic sum of the head losses (criterion 3)
around each loop (Losses from clockwise flows are positive,
counterclockwise negative).

(4) Adjust flow in each loop by AQ in order to balance the

2
heads and satisfy $XQ = 0. Thus for any pipe in the system
Q=Qq, +AQ (1n

where Q is the corrected discharge, and Q0 is the previous

discharge (assumed or computed). AQ is approximated by

-zKQ 2

_ [e]
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(5) Since the flows in the loops will be unbalanced initially,
the process is repeated using the corrected discharges until
the system is satisfactorily balanced.

An attractive feature of the Hardy Cross method is reportedly

- zhat in spite of errors in judgement of initial flow distribution, the

‘zolution will converge rapidly.

Computer Solution by Iteration

The iterative methods for solving pipe-network problems lend
themselves well to the use of digital computers. Streeter [147] devised
a computer program which was based on a method similar to the Hardy
Cross method. The major difference between his golution method and
the Hardy Cross method was that junction heads were assumed, rather than
discharges. Streeter's method was modified for this study and will be
oresented below.

Streeter's method allows the analysis of networks containing
pumping stations, reservoirs, and constant flow outlets. With present-
generation computers (32 K or larger core storage), networks containing
a2 large number of the above features may be analyzed.

For digital computation Streeter developed an indexing system
comprised of a single array of numbers in the input data which described
the network completely. Thus, the computer program remained simple and
short. Systems were solved for the various boundary conditions imposed.

In this study, computer solutions required the use of an indexing
system which describes the network elements, and Streeter's method was

adapted. For the purpose of illustration, Figure 14 shows a network
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falso adapted from Streeter) having a pumping station at junction 26,
feservoirs at junctions 22 and 24, and outlets at junctions 1 to 10.

Generally, the indexing system lists first all junctions with
ne plpe in any order, followed by all junctions with two pipes, then
all junctions with three pipes, etc., until all junctions are listed.
In the network each pipe is numbered, and arbitrary flow directions are
zssumed, Each junction is also numbered (for economy of computations,
gutlet junctions should have the lowest numbers). For clarity, the
iisting below corresponds to any array typical for a junction, and
congecutive numbers describe the following items:
. (1) junction number

(2) type of junction (0 for ordinary, 1 for outlet, 2 for pumping

station, and 3 for reservoir),

(3) pipe number of pipe entering junction,

(4) junction at other end of pipe given by (3),

(5) positive flow direction is designated by 1 if into junction,

and by 2 if out of junction.

{6y, (7Y, and (8) are the same as (3), (4), and (5) for another pipe
entering the junction. For example, junction 20 is a two-pipe junction
cand is described by eight numbers: 20, 2, 1, 12, 2, 2, 11, 2; and junc-
tiom 3 is a five-pipe junction and is described by seventeen numbers:
3y, 1, 20, 19, 1, 17, 16, 1, 19, 20, 2, 25, 21, 2, 24, &4, 2. These
series of numbers are combined to form the X-array.

Another series of numbers, the N-array, specifies the number of

junctions having a specified number of entering pipes. For example,

5, 9, 8, 3, 1 indicates that there are no one-pipe junctions,
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iive two-pipe junctions, nine three-pipe junctions, etc. Accordingly,
#ve number starting a description of junctions having three pipes is
(41), since 0 x 5 + 5 x 8 = 40 places are reserved for the one=-pipe

and the two=-pipe junctions.

An additional indexing system was used by Streeter and is also
uzsed here in calculating flows through each pipe after the heads at each
idnction have been calculated. Called the XX-array, it consists in

ayder of pipe number, upstream junction, and downstream junction for
!each pipe of the network.

In the type of network under consideration, reservoir elevations
@re given, pumping station head-discharge curves are presumably known,
flows out of outlets are specified, as are the pipe properties (length,
fameter, and friction factor). The Darcy-Weisbach friction relation

25 used here. For each pipe equation 1 may be rewritten as

Q = RN VAH (13)

ere

RN = V1/K = (T'rngS/SfL)%.

First, an estimate of the head (elevation of hydraulic grade

ine) at each junction is made, and the values are placed in the HH-
'Vgrray, By successive approximations, using equation 13, a correction,

is applied in turn to each junction head until steady-state relatioms
zre established to a prescribed degree of accuracy.

In a manner suitable for computer application, equation 13 may

be written
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QQ(Y) = RN(Y) (HH(Z) - HH(E))%, HH(Z) > HH(E). (14)

In equation 14, E is the junction number under consideration, and Z is

the junction on the other end of pipe Y. Linearization is accomplished
.x%y replacing HH(E) by HH(E) + D3, where HH(E) is the previously determined
“fhead at junction E and DH is the correction to HH(E) required to satisfy

continuity.

QQ(Y) ~ RN(Y) (HH(2) - HH(E))F (1 - Bl ) (15)

A~ CDH

where A and C are known constants given by

A = RN(Y) (HH(Z) - HH(E))S, and (16)
C = & RN(Y) (HH(Z) - HH(E)) %, (17)
in instances when HH(E) > HH(Z),
-QQ(Y) = A - C DH, and (18)
A= -RN(Y) (HH(E) - HH(z)Z (19)
2nd
C = L RN(Y) (HH(E) - HH(Z))’%} (20)

For an ordinary junction, continuity requires that the net flows

into the junction must be zero. Thus,
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SA - ¥C DH = 0, (21)
_ A
DH = & (22)

£s the head correction to balance inflows into E.

For a junction with known outflow, QVV(E), continuity requires

A - ¥C bH - QW(E) = O, (23)
znd
DH = Zé_:E%YYLEl (24)

is the appropriate head correction at E.

| For a junction containing a pumping station, the head-discharge
curve is required data. Here, Streeter's procedure put it in tabular
form, Starting at head HOO(E), the discﬁarge is listed for this head,
followed by the discharge for each additional head increment, DDH,
(i.e., QP(E,*) = 100.0, 95.0, 90.0, etc.). A parabola is computed
through the data points, approximating the head-discharge relationship

for HH(E). Thus,

Q = C, +C, HH(E) + C HH(E)2 (25)

pump 1 2 3

which is approximated by
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Q ~ C, +C, HH(E) + €

pump ~ €1 * € HH(E)® + DH [C, + 26, WH(E)] (26)

3

frer linearization and substitution. As before, the head correction

2n be determined from

TA - DH XC + C, + C. HH(E) + C. HH(E)> + 27)

1 2 3

D1 [ C, + 2C, HH(E)].

Heads at junctions containing a reservoir do not need to be cal-
wlated. By use of the index array, X, each junction head is adjusted.
G2 the program, for a reservoir the constant A in equation 15 is set

Tqual to zero. The sum of the absolute values of each head correction
or all junctions is compared with the desired degree of accuracy. The

junctions are adjusted repeatedly, and new comparisons are made.

<nally, discharges are computed by equation 13.

Computer Program

A program using FORTRAN V suitable for the UNIVAC 1108 was written

in: appears on pages 106 to 113 of Appendix 3. This program consists

Each of the steady-state subroutines contain lists which explain
the symbols used. On occasion the reader will also be referred to the
BLOCK DATA subroutine which is used to insert data into the computer.
BIOCK DATA appears on page 123 of Appendix 3. Following the list of

" symbols are the declaration statements and the command statements.




The first steady~state subroutine, called STEADY, is the main

subroutine. In it, the heads ani discharges are determined by iteration
1 the results are printed. Comments in the listing are provided to
scilitate the reader's understanding of the subroutine.

The next subroutine, called PRT, is used to output the results
hile iteration is in process. PRT prints the sum of the head correc-
‘tions, and the heads at selected junctions using a modulation constant
th the number of iterations.

The third subroutine, called CND, is used to determine the values

si A and C at each junction with proper regard to junction type.

The last subroutine, NCD, is used to correct the head at each

{ junction. The NCD subroutine is divided into segments to deal with

each type of junction. The constants for the pump parabola are shown

on lines E041 to E043 of NCD.

Example Problem

The network shown in Figure 14 has been analyzed with the aid of

'the UNIVAC 1108 computer. Although this network will later be used in
an unsteady analysis, only the pertinent parts of BLOCK DATA appear in

) Tigure 15. The veader should refer to the BLOCK DATA on page 122 of

tppendix 3 for a list of the symbols used in Figure 15. The printed

vesults appear im Figure 16. The column headings labeled HJixx refer to

the junctions selected for monitoring. The discharges and junction
heads are pilven below the iteration printout in the order of the pipe
or junction number. The computer time required for this example was

. nine seconds.




Lat (x{lYsi=leau Y7L .9l slsnaluels
| Gy e 3os O L A

/ R Y S N AP

g Tolsdasial st «rngly

4 Zivsldeisl e sl el:ves

DATAIY LT Yol =011 3/ 11 e0sdac sl s vsilsrslinlely

1 Tcousl st iat gl saiat o1y,

K las e sl il ol e s Ts1Me?

. 1P el s3slelsinlbalslng?myl,

4 170 s1delyl o1l albelnhels

5 Voisde 2l sl vslelT el 7l s2Ms3y sy

3 el T2 s islsllolosse ey

7 2ol sdl29lonlstlustisls 5092340 g
& 2293941 905192192191 34398472,

AT AUIX O el =14092° 1) /7L sl 00l s sl 31391 0l4s]l 797913518472,

1 166731061351 9163178197415 3251762347, ‘
o Suetlel T30l lbE sl el s25321 92027 s7(7,

4 1850013010t el sl el al3stis?322s29. s

4 C2909 3 9 291 9 30ty 1 9 0h 32849233 T 680,

5 59l 93793 1 a2 9 ial el ] 927432423425 (2,

6 Selez el el 1e7 sl el [ 9299 ) gitisgT g,

7 259930909 5 il 98 s el e T e e a9 2|

Figure 15. Data for Steady Network Analysis.
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NETWORK ANALYSIS FOR POLYMER
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CHAPTER VI

UNSTEADY POLYMER FLOW IN A PIPE NETWORK

The injection of a polymer additive at one or more points in a

steady flow pipe network results in an unsteady flow condition. From
.each point of injection an interface moves down the pipe in the original
low direction. The behavior of the interface in each pipe affected by
“the polymer is similar to that of the interface in the single-pipe
sroblem discussed in Chapter IV except that the head difference between
. the ends of the pipe is not constant. The reduction of friction in the
affected pipes will cause accelerating flows. Since more water passes
through the other pipes of the network, the head losses in these other
pipes must increase if they do not as yet benefit from the friction-
reducing properties of the polymer. Hence, the heads at the junctilons
are time dependent.

When an interface reaches a junction, the polymer solution flows
into all of the outflowing pipes. Since there may be other pipes enter-
ing the junction, the question of dilution arises when one or more of
these pipes has not been affected by the polymer. For simplicity, it
was assumed that this dilution causes insignificant changes in the fric-
tion-reducing properties. This assumption is reasonable if the dilution
is not too great (See Figure 2). If the dilution is very great, a
different percent reduction in friction drag, R, may be specified for

the pipes.
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Unsteady flow conditions will persist until some time after the
interfaces have reached every possible point in the network. Depending
~on the injection point, some pipes of the network may never be affected

since an interface cannot move upstream.

Method of Solution

The movements of the interfaces through a pipe network is junction
~woriented. That is to say, an interface will not be present in a pipe

‘until its upstream junction is affected by the polymer. This can occur

in two ways: the junction may be a point of injection, or the interface
"in a preceding pipe may reach the junction. Thus, a given junction is
:either reached by the polymer or it is not. This true or false condition
is handled on the computer with a logical variable for each junction.
The unsteady-state condition may also be considered a series of
steady states in a network composed of many single pipes. Thus, the
- zethod of Chapter V is used to solve the original steady-state problem,

and then the Runge-Kutta method of Chapter IV is used to solve the

uasteady-state problem in each pipe. At specified time intervals, the
' steady-state method of Chapter V is used to correct possible mathematical

instabilities of the unsteady solution method. Instabilities may result

from the variable head differences along the pipes. During the network
solution, the interface positions must be carefully monitored so that

branching conditions may be handled properly.

]
'
|
]
:
.
{
!

The steps used in the unsteady network solution are as follows:

(1) Solve for original steady-state heads and discharges by

g the method of Chapter V.




52

(2) Specify points of polymer injection at which interfaces will
start to move in each pipe, flowing away from these points.

{(3) Use the Runge-Kutta method to investigate the unsteady flow
in each pipe. If there is an interface in the pipe, use the
reduced friction factor behind the interface and the original
friction factor in front of the interface. If the interface
is not in the pipe, and if no polymer is in that pipe, use
the original friction factor .on both sides of an imaginary
interface. The position of this imaginary interface is
reset to zero after each increment of time until the inter=-
face arrives at the upstream junction of the pipe.

(4) The Runge-Kutta solution is applied for a specified number
of time increments. Then, the steady solution method is
used as an intermediate solution in order to avoid instabili-
ties which might be caused by the use of wrong head differ-
ences in the unsteady single=-pipe solutions,

(5) The above process is repeated until a new steady state is
achieved.

Since the friction factors in all pipes are dependent upon the

locations of the interfaces, an apparent friction factor, £, was used in
the series of intermediate steady-state solutions. This f is the average

friction factor in a pipe, and is given by

F = [fA X + fB (L - X)]/L. (28)

2
The assumption was made that the acceleration head, L/g (é—§>, is small,
dt




>3

that it probably could be included in the friction factor as the

releration head is a resistance term. Thus, f is defined as

2 2
£ = -2—%9 [AH - L/g <-Z-—t—§>4| / (g—%) . (29)

instabilities, and the final steady-state apparent friction factor
not always equal to the reduced friction factor. Thus, the friction

=ctor, f, as defined by equation 28 has been used.

Computer Program

The complete unsteady network program is presented in Appendix 3.
ain, the lists of symbols and the comment statements in the program
snould prove useful to the reader. As previously stated, a commentary
the necessary data appears in BLOCK DATA at the end of the program.

The first section of the program, called MAIN, on page 103 is the
main program which in turn call the various subroutines. First, it calls
STEADY (described in Chapter V). Then, it determines the velocities in
the pipes (absolute values of velocities are used as flow direction is
defined by the sign of the discharge. PLOTT is called on a modulated
basis to store the time, velocity, acceleration, position, and head
values in the arrays which are to be plotted later.

Next Lhe main unsteady subroutine, RUNGE, is called for each

pipe. The input data in the order of listing on lines A073 and A074 of
YAIN are pipe diameter, pipe length, polymer friction factor, water

friction factor, apparent friction factor (the only tie between steady
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dnsteady subroutines), interface position, velocity, acceleration,

f;ogical variable for assumed upstream junction (TRUE if interface has

“reached this junction), logical variable for assumed downstream junctionm,

ead at assumed upstream junction, head at assumed downstream junction,

- and time increment. In RUNGE (See Appendix 3, p. 113) the proper flow

_direction is determined by the heads at the pipe ends. Then, the proper

¢ calling procedure for KUTTA (Same as subroutine used to solve differential

ﬁgequations for single pipe in Chapter IV) is determined on the basis of

wether or not an interface has reached the actual upstream junction of
given pipe. If an interface has reached the upstream junction, then
he calling procedure is pipe diameter, pipe length, polymer friction
water friction facter, time increment, interface position,

2ccelervation, and positive head difference. If an interface

23 not reached Ehe upgtream junction, then the water friction factor
used in place of the polymer friction factor, as well as in its
lzrmal position. Ags indicated earlier, the interface position is reset
te zero after the return to RUNGE.

KUTTA applies the Runge-Kutta method for one time increment each
that 1t is called. After each call to KUTTA, a check is made in
Lo see LT the interface has reached the end of the pipe. If so,
downstream junction logical variable is made TRUE, and the position
gat egqual to the pipe length, L. The apparent friction factor is
rhen calculated by equation 28.

After veturning to MAIN, time is incremented, and the unsteady

l)‘)

raszults are printed. STEADY is called again to determine the intermediate

neads and discharges. The velocity in each pipe is then corrected to

;
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agree with the steady~solution discharge. New unsteady values are stored
for plotting, and the unsteady solution begins again.

When the time limit has been exceeded, the program finishes by
calling PLOTF to plot the results from selected pipes and junctions on

a CALCOMP plotter.

Example Problem

The simplest example of an unsteady network problem is that of
narallel pipes. Figure 17 illustrates a four-pipe network connecting
two constant elevation reservoirs. The data for this system may be found
in the BLOCK DATA on page 122 of Appendix 3.

At time, T > 0, the polymer is introduced at the upstream reservoir
(junction 1), and an interface begins moving down pipe 1. The interface
branches at junction 2. Since pipe 2 is shorter than pipe 3 and both
have the same diameter and friction factor, the interface in pipe 2
reaches junction 3 first, and an interface then moves down pipe 4. The
interface in pipe 3 reaches junction 3 before the interface in pipe 4
reaches junction 4 (the downstream reservoir) due to the relative
resistances of the pipes.

Plots of the unsteady flow parameters (position, velocity, and
acceleration) in each of the pipes were made, as were the time variation
of the heads at the junctions. These plots do not show the same ''S'"-
shaped curves which resulted in the single-pipe problem. This was due
to the interaction of the various pipes and also due to the number of
points plotted. In a computer run which required 29 seconds on the

UNTVAC 1108, time was incremented 3000 times, but only 150 points were
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Figure 17. Diagram of Parallel-Pipe Network.
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gmed in the modulated plots. Thus, the curves appear discontinuous, but
m reality the changes may not be so abrupt.

Figure 18 shows the unsteady flow characteristics of pipe 1. The
>celeration versus time plot is not likely an accurate representation
the physical phenomenon. Computer errors result apparently when the
solerance of the intermediate steady heads (0.01 ft) is of a much greater
magnitude than the valves of the acceleration (g 10‘5 ft/sec/sec). The
rror is most noticeable when the interface is passing through the pipe
in question, and the position term must appear in the differential
"equation., As time goes on, however, the repeated application of the
steady solution will decrease the error. In subsequent calculations for
& more extensive network, the same head tolerances proved adequate. In
general, velocity gradients are necessarily continuous and hence less
subject to computer errors. Thus the acceleration versus time plot

for pipe 4 in Figure 21 should also apply for pipe 1, since pipes 1 and

4 have equal diameters and are effectively connected in series. Accord-

ingly, there is a fairly constant and small acceleration (effectively
zero for the computer solution) at the beginning, followed by a pulse
as the interface passes through the parallel pipes, and ending with
another constant and small acceleration.

The velocity versus time plot for pipe 1 (See Figure 18) shows
the expected "S'" curve. It should be noted that this curve is almost
identical to the one in Figure 21. Thus the error in the acceleration
discussed above had little effect on velocity. The position versus
time curve for pipe 1 shows an almost linear increase which is followed

by a constant valve after the pipe is completely filled with polymer
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Figure 19 shows the results for plpe 2. The events were rather

crowded in time. The accelerations were much larger than in pipe 1
(% x lOuB ft/sec/sec), but again except for one brief spurt, the
accelerations were essentially zero., The velocity curve is more compli-
cated in the case of pipe 2 as it increased gradually until the inter=
face in pipe 1 reached junction 2, then increased rapidly until the
interface in pipe 2 reached junction 3. Then, there was a brief drop
in velocity while the interface in pipe 3 was completing its journey.
When this bappened, the velocity increased rapidly until the interface
in pipe 4 reached junction &, which was the downstream reservoir,

The acceleration versus time plot of pipe 3 (See Figure 20) was
ven more complicated. However, as before, the segments of its curve
zsiay be explained by the events of the junctions and interactions of the
letwork. The velocity versus time curve is a complicated "S" curve.

The accelervation versus time plot for pipe 4 (See Figure 21)
cears like a pulsation with steps. The velocity and position plots
ﬁz pipe 4 are similar to those of pipe 1, except for the time delay
e pesition plot.

The head in junction 1 (See Figure 22) was constant, as was ex-
tad with a reservoir. The head in junction 2 showed time dependency
a variation of about one foot. There was an almost linear increase
« head until the interface rsached junction 2. This increase in head

followed by a stepped decrease back to the original value. This

indicacive of the adjustment of the hydraulic grade line as the

e moved downstream between the reservoirs.
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The time variation of head at junction 2 may be seen in Figure 23.

Figure 24 shows the head curve for junction 3. The curve behavior may

ot

be explained in a manner similar to that used for junction 2. However,

the curved portion at the top of the pulse showed that the head variations

were not linear. The plot for junction 4 (See Figure 25) showed a

constant head at the downstream reservolr as expected.
About three and one-half minutes were required to increase the

velocities in a 950 foot=-long parallel pipe network by a factor of 1.414.
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CHAPTER VIL

A PRACTICAL EXAMPLE

In order to demonstrate the practical use for the method of un-
steady pipe network analysis, the water distribution network of Polyville,
a hypothetical city of some 200,000 inhabitants, will be used., Like
many another city, Polyville has been growing rapidly and its water
distribarion system, though once gquite adequate, has shown insufficient
capacity during critical demand periods. Emergency requirements could
harelv be met, and the contingency arose that the system might be inade-
quate under certain circumstances. This caused the authorities to seek
a solution which would provide for the basic needs of the city, provide
for capabilities to cope with emergencies, and not least prevent fire
insurance rates from becoming unreasonably high.

The requirements for discharges and pressures in fire fighting
systems are based on population density and on the type of structures
involved. The National Board of Fire Underwriters [157 has a graduated
scale for required discharges based on population. For Polyville, a city
of over 200,000 people, the required discharge is stated as 12,000
gzallons per minute with 2,000 to 8,000 gallons per wminute for an addi-
tional fire. The recommended normal static pressure is 60 to 75 psi.
During heavy fire demands, the pressure is permitted to drop. However,
when pumpers are included in the fire fighting equipment, the pressures

v

should never £all below 20 psi.
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The portion of the Polyville water distribution system under
consideration is illustrated in Figure 14. 1t consists of a pumping
station at junction 26, reservoirs at junctions 22 and 24, and outlets
at junctions 1 through 10. The head-discharge curve for the pump appears
in Figure 26. The heads are based on elevation zero (MSL), but the ground
level of Polyville is at elevation 400 feet (MSL). The main pipes are
one foot in diameter, and the intermediate pipes are six inches in
diameter. The local grid pipes (not d4llustrated) are four inches in

diameter. The pipe lengths vary Lrom 400 feet to 1500 feet.

Normal Steady State

Outlet discharges range normally from 0.05 cfs to 0.2 cfs, and
reservoir elevations are at 530 feet. The normal flow pattern is such
that the pumping station (H = 550.1 feet) is the highest point on the
hydraulic grade lines, and the reservoirs (H = 530.0 feet) are the lowest
points (See Figure 16). Thus water flows from the pumping station into
the reservoirs during normal operation,

The method of solution used for the steady-state analysis was as
presented in Chapter V. The necessary data for BLOCK DATA appears in
Tigure 15. TFor convenience, initial heads (HH-array) were all set equal
to the reservoir elevations of 530 feet. The maximum number of itera-
tions, ILT, was set equal to 1000, although a smaller number might have
been used. The modulation constant, MODPR, was set equal to three to
reduce the printout and to save paper. The head tolerance was set equal
to 3.01 since computer time was mnot critical, and it was thought that

this would be more than adequately accurate for any future calculations,
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The junctions to be monitored were chosen randomly, except for junctions
4, 5, and 26 which will be discussed below. The friction factor was
assumed to be equal to 0.02 for all pipes. Steady~state analysis showed

that the water pressures in the system varied from 65.0 psi at the pumping

station to 556.3 psi at the reservoirs.

Fire Demand
The above steady-state flow demonstrated the adequacy of the
Polyville system during normal demand periods. To investigate further,
it was assumed that two fires occur near junctions 4 and 5, and equal
demands of 20 cfs (9,000 gallons per minute) were required at each of
these junctions. Also the normal demands were supplied to the remaining
eight outlets. Under these conditions, steady~state analysis (See

27) showed a critical drop in the head at junctions 4 and 5.

tccordingly, the head at junction 4 was 470.7 feet (30.6 psi), and the
2d at junction 5 was 437.9 feet (16.4 psi). The pumping station was
ain the highest point on the hydraulic grade lines with a head of 548.8
feat, and junction > was the lowest point. Thus, water was drawn from
the reservoirs, as well as supplied from the pumping station. Since

tha pressure st junction 5 wag less than the required 20 psi, the system
12 shown inadequate under the usual safety standards.

It was then proposed that the existing system can be rendered
adiquate temporarily it a polymer additive with the capability to reduce
ne friction factor by 50 percent was injected at the pumping station.
fable 3 shows the heads and discharges at selected points and times

according o the unsteady analysis. The data shown in Figure 28 along
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42 .37 519.65 521.33 470.55 k37.82 S34.57 528,46 496,33 523.62 517.49 548.76
45 .32 519.11 521,37 470.59 37.83 534.63 528.53 496.38 523.65 517.51 548.77
48 .26 519.16 521.41 470.62 437,85 534.68 528.59 496,42 523.68 517.52 S48.78
51 .21 519,20 521.43 470,64 437.85 534,75 528.63 496,45 523.70 517.53 548.78
sS4 .17 519.23 521.46 470.66 437.86 534,74 528.67 4956.48 523,72 517.53 548,79 -3
57 Ji4 519.25 521.48 470.68 437.87 534.78 528,70 496.50 523,74 S17.54 548,79 n
60 .11 519.27 521 .49 470.69 437.87 534.78 528,72 496.52 523,75 517.54 S48.79
63 .09 519.29 521,50 47¢.70 437.88 534.79 528.74 496.54 523,76 517.55 S48,79
66 07 519.30 521,51 470.71 437.88 S534.80 528.75 496.55 523.77 517.55 54.8.80
69 .05 519.31 521.52 470472 437.88 534,81 528.76 496.56 523.77  517.55 548,80
72 . a0H 519.32 521.53 47p.72 437.88 S3u.s2 528.77 496,56 523.78 517.5% 548,80
75 .03 519,33 521.53 470.73 437,89 S3u.82 528,78 496.57 523.78 517,56 548,80
78 .03 519.33 521.53 470,73 437.89 534,83 528.79 496,57 523.78 51756 548,80
81 .02 519.34 521.54 476,73 437.89 534.83 528.79 496.58 523.79 517.56 548,80
8t .02 519.34 521.54 470473 437.89 534.83 528,79 496.58 523,79 517.56 548480
87 .01 51G.34 521.54 470.74 437.89 534.84 528.80 496.58 523.79 517.56 54.8.80
96 .01 519,34 521.54 470,74 437.89 534,84 528.80 496.58 523.79 517.56 S48.80

HE  519.343 495.698 521.542 470.737 437.889 529.298 521.991 527,566 527.074 530.855 534.836 537.755 534.836
534,835 528.799 526.795 519.477 496,585 S15.49% 527,161 523,789 530,000 S01.939 530.000 517.559 S548.800

9=  4.682 5,549 ~.00% 2.295 2.387 «077  2.309 2,258  -,455 1.053 1322 5.545 6.895 =.129 741
-.870 .638 1.803 =~e732 ~s791 -=1.531 1.264 7.162 2.646 =~2.167 .682 e389 =.539 =.202 =2.565
~3,511 1.843 =7.502 1.967 =.803 ~11.124  2.818 +-2,997 1,152 =~1,102 ~12.342 =1.114 2.198 .832 =-,782

Figure 27. Steady Solution for Polyville Network with Fire Demand.




Characteristic

Head (ft above
at junction

Pressure (psi)
rio

at junction

Head (ft above
at junction

Pressure (psi)
at junction

Head (ft above
at junction

Pressure (psi)
at junction

Inflow (cfs)
at junction

Inflow (cfs)
at junction

Inflow (cfs)
at junction

in pipes
4

MSL)
5

in pipes
5

MSL)
26

in pipes
26
22

24

26

533.097

57.62

530.204

56.37

550.113

64.98

-3.484

-2.243

6.681

470.137

306.62

437.889

16.40

548.800

64.42

18.051

12.276

10.231

475.889

32.85

439,505

17.10

548.176

64.15

17.112

11.632

11.808

481.190

35.15

446.631

20,19

547.251

63.96

16.466

11.240

12.843

486.145

37.29

448.179

20.86

547.624

63.91

16.588

10.810

13.146

489.078

38.56

449.070

21.24

547.613

63.90

16.850

10.528

13.171

~I
(WS}
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with the data in Figure 15 was used (The QVV-array in Figure 28 super-
sedes that in Figure 153). A sample of the unsteady printout appears in
Figure 29,

In the program, NUMIT was set equal to one for greater accuracy,
but for a long=-term analysis it could have been much higher. The time
increment, T, was set equal to 5.0 seconds which was large enough to be

economical computationally and yet was small enough for the desired

accuracy of results. In general, the most critical pipe was the one
with the most rapid passage of an interface. As a rule, the time incre-
ment multiplied by the velocity should only be a fraction of the pipe
length. In this example the largest velocity was about 15 feet per
sacond, and its product with the time increment was 75 feet. This was
certainly less than the shortest pipe of 400 feet. The time of study of
2400 seconds (40 minutes) was chosen arbitrarily. A plotter modulation

constant of one was then satisfactory since 2400.0/5.0 = 480 was less

than the maximum number of 500 points per graph. If a time of 2500.0

. seconds had been used, MODPL should have been two or larger. The flow
characteristics in nine of the pipes have been plotted in Figures 30
through 38, These nine pipes supplied water to the two critical junctions
nearest the fires. The time-varying heads at junctions 4 and 5 have

hean plotted in Figures 39 and 40.

de

The picts of the time-varying flow parameters in the pipes

supplying the critical junctions 4 and 5 (Figures 30 through 38)

iiustrate the complexity of the flow patterns. In wmost cases, a

woaitive agceleration implies an increase in velocity, but in some

czses such as pipa 41 (Figure 33), the original flow direction was

ch
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TiME= 1085.00

pes= 1005004 s 90000+03
«950G00+03 «10000+04
«+30000+03 «11000+04
«00000 «60000+03
.00000 . 00300
VEL= . 76245+01 « 90597401
«86505¢+01 2 20725+01
294T757+01 23246+01
40643 +01 <14268+02
« 14811402 .54125+01
ACC= «15438=-04 22029504
s 2470608 . 20329=04
«27463=04 «18701=05
+85584--05 cHU227=04
s 4686704 «15916-04
F= +10000=~01 210000-01
«10000~-01 0 10000=-01
»10000-01 «100U0-01
«20000~-01 »10000-01
220000-01 «20000-01
ADJ TL HJ 1
0 « 04 52337
HZ 523.367 S04.379 £S22.336
536,308 531.289 528.450
Q= 5.989 7.115 -,004
=1.026 «874 20234
-3,.,192 2.801 ~6.351

Figure 29.

280000403 «11000+04 1G000+04
2932000+03 2 26162+03 s 45000403
.10000+04 «55000+03 «00000
286000 «40000+03 « 80600
00060 00000 +(00000
24145001 0 37822+01 238415401
211061402 «18899+00 +SH142401
+11105+02 «16087¢02 0293273401
«80864401 «12113+02 233213401
«23017+01 U0i52+01 237906401
«13306~08 «46026-05 W4 7339-05
s27381=0u «70643=05 213269-04
2755004 2 DUB49-04 49737-05
2 22755~04 «36016~04 «88435-05
«32724=05 o l1402=04 «+10513=04
«10000-01 -10000-01 +10000-01
.10000=01 +15168-01 »10000-01
»10000~01 «10000-01 +20000-01
.20000-01 «10000-01 «20000-01
.20000-0% .20000-01 «20000-01
HJ 3 HJ 4 HJ 5 HJ13
522.34 486. 14 448.17 536.16
486.137 448,173 529.390 523.267

523.359 505.303 519.259 528.773

2.970 3.019
=. 784 -.798
2378 -.652

191 2828 2.777
=1.861 1.826 8.722
=9.738 2.735 =-2.831

«50000+03
+H6000+03
+»00000
00000

2 98923+00
+52229+01
+» 37350401
212399402

«68906-06
«12584~-04
¢ 1031504
«37040~04

+10000-01
+10000-01
«20000~-01
«20000-~01

HJ1S

531.28

5284354

524.866 530,000

=.542
3.159
1.074

1.458
=2+299
=1.024 =11.633

15000408
280000+03
000400
»00000

. 35942401
c49576+01
.903968+00
«13830+02

2 41956=05
.58769-06
+30210-~03

.10000-01
+10000-01
.20000-01
+20000-01

HJ18

50530

1.698
« 734

.572234+03
200000
.00000

» 00000

35327401
228409+0}
°28783+01
«14417402

«12348=-02
+47260-05
+72555-05
«37432-03

212847-01
«20000~-01
+20000~01
«20000-01

HJ21

524.87
528.475 533.285 536.160
508.495 530.000

72125
717
=1.063

HJ25

519.25

Sample of Printout of Unsteady Solution for Polyville Network.

« 00000 +45000+03
«00000 «60000+03
+00000 «00000
«00000 «30000
027544408 s TU261+0%
«39900+01 «40612+01
+50520+00 211162402
+13673401 :52146+01
+68060~=05 s 2047404
-11211i~-04 +B85458-05
«35888~06 .85266-04
+12675-05 +15271=04
«20000-01 +10000-01
+20000-01 210000-01
+20000-01 +20000-01
«20000-01 «20000-01
HJ26
547.64
538.604 536,160
519.248 547,641
8.687 2037 1.063
~+565 0100 =2.192
1.807 «794 A L)

9J,
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11.20
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re 30. Unsteady Flow Parameters for Pipe 23 of Polyville Network
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Figure 31. Unsteady Flow Parameters for Pipe 24 of Polyville Network.
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Figure 34. Unsteady Flow Parameters for Pipe 33 of Polyville Network.
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Figure 35. Unsteady Flow Parameters for Pipe 34 of Polyville Network.
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Figure 36, Unsteady Flow Parameters for Pipe 37 of Polyville Network.
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Figure 37. Unsteady Flow Parameters for Pipe 38 of Polyville Network.
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Figure 38. Unsteady Flow Parameters for Pipe 41 of Polyville Network.
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incorrectly assumed. The flow in pipe 41 is actually decelerating, but
since the absolute value of the velocity was used in the computation,
the signs must be determined by inspection. In some of the pipes
illustrated, an interface never existed. Examples of this would be the
pipes carrying water from the reservoir.

Obviously, the head transients in all pipes interact with one
another while the polymer interfaces progress. This progress is
dictated by minimum energy considerations. The flow patterns adjust
according to the paths of least resistance. It could be visualized at
an instant of time that the flows will progress towards the fire at
junctions 4 and 5 as if they were moving along a valley formed by the
topology of the hydraulic grade lines.

The head versus time plots of junctions 4 and 5 (Figures 39 and
40) showed stepped increases in head with time. The head corresponding
to the minimum pressure requirement of 20 psi was 446.2 feet. According
to Figure 39 this head was attained after approximately eight minutes.
Heads and discharges for the system at a time 40 minutes after
the continuous injection of polymer at junction 26 was started are shown
in Figure 41. A comparison with the steady=-state analysis for the same
flow demands without polymer injection on Figure 27 showed interesting
tiow adjustments in the network. Actually, the polymer injection resulted
in reversal of the flow direction in some of the pipes. The time required
to run the cowputer program was 90 seconds.

Additional improvements in Polyville's water distribution system
could be anticipated if polymers had been injected also at the reservoirs.

The program could handle polymer injections at any and all junctions.




SETWORK ANALYSIS FOR POLYMER

0 .00 524,06 523.27

489.08 449.07 535.99 530.07 507.05 524.28 519.24 547.61

HZ 524.057 506+159 523.272 483.078 449.070 529.389 523.171 528.158 528.151 532.072 536.119 538.388 535.989
535,952 530.066 528.806 524.052 507,051 520.264 528.304 524.281 530,000 509.731 530.000 S519.236 547.613

Q= 6.051 7.120 201 2.942
~.,991 <926 2.644 =+980
-3.369 2.876 ~6.104 2301

Figure 4l.

3.109 -.095 3.204 3.155 -.510 1.407 1.640 6.919 8.429 «030 1.022
-+.789 =~1.810 1.794 8.446 3.070 =-2.052 1.053 612 -.586 =024 =2.955
-.608 =~9.454 2743 =2.813 1.074 ~1.024% -11.569 =-1.052 1.912 +786 =736

Intermediate Steady Solution of Polyville Network After 40
Minutes of Injection

68




CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

Long~-chain polymers are effective additives in reducing frictiomnal
resistance in pipe flows. The injection of polymer additives into pipes
results in hydraulic transients.

Preliminary studies, both experimental and computational, establish-
ed the feasibility of using mathematical modeling in solving complex
system transients in pipe networks.

In this study, a computer program was developed-capable of solving
the differential equations associated with unsteady network flows result-
ing from local injections of friction-reducing additives. The program
was used to demonstrate the feasibility of temporarily improving the
capacity of existing pipe networks during emergency conditions. The
program is able to monitor the hydrauliec transients throughout the system
and to provide information for the proper operation of an injection
system. The mathematical model allows also for convenient access to an
existing system in order to experiment with various modifications and
schemes of polymer injection which might lead to satisfactory engineering
solutions to various contingencies imposed on a system.

The assumption of incompressible fluid flow was mathematically
convenient. In reiatively long pipes, the accelerating flows might result
in water-hammer effects., A further improvement on the method presented

here could be the superposition of a water-hammer solution. In the



o1

example cited, the flow adjustments resulting from polymer injection
were quite reasonable, and some of the sharp changes in gradients may
have been the result of machine computation rather than actual physical
avents.

Although polymeric substances now marketed have been declared
safe as dilute additives to water distribution systems, little is known
of their effects on biological processes and of their removability in
present-day water and waste treatment processes. Its effects on heat
and mass transfer are little understood.

The method of improving flows in pipe networks by injection of

polymeric substances may also have considerable merit in industrial

~systems involving heat transfer and chemical reaction processes.

The effects of polymer additives on hydraulic transients, on

i friction reduction, on heat transfer, and on chemical and biological
ceesses would vary with both the polymer type and with concentration.
he program is suitably constructed for generally decelerating flows.
example of this would be the return to normal operation after polymer
“injection was ceased,

In the proper use of the mathematical model developed for solving
;draulic transients in a water distribution system subjected to injection

triction~veducing long=-chain pelymers, and in its extension to other

the phvsical properties of the network and of the additives need

o be known & prioxi,

v - simoerae At
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APPENDIX 1

DISCUSSION OF THE RUNGE-KUTTA METHOD
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The Runge-Kutta method is a numerical method for solving differen-
tial equations by approximations over short intervals. It is a one-

step method in that only one starting point is required along with the

necessary boundary conditions. There are several possible orders of
Runge-Kutta solutions. The fourth-order solution for second-order
differential equations will be presented here [16]. The fourth-order
designation implies that there will be four constants involved.

Given an equation of the form

= ¢ (XsYsy')

" where @ represents '"a function of,"” the next y and y' after the interval
of length has been added to the independent variable (x + h) may be

expressed by

e )] o)
Yol yn-%h[yn (K + K, +1,) |+ 0(n’), and
1
] po—— -
Y+l yn+6(K1+K2+K3+K4>

where

il

;s / . .|>
hl h 8 \xn,yn,yn .

h
L s L)

h

2

7
i

7~
i

h 2)
= 1 v . D v 2 _
h ¢ (Xn + 2h,yn + v + 3 Kl’yn + 5> ) and

h
= ' _— ]
K4 h¢<xn+h,yn+hyn+21(3, yn+K3>.

Thus knowing %, y, and y' at one initial point, one may determine

the functional values for a nearby value of the independent variable, x.
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The function may be traced by using the computed functional values to
determine the next values.

The term O(hs) implies that the error is a function of the interval
raised to the fifth power. Thus an interval smaller than unity should
produce more reliable results than a larger interval. 1In fact, the use
of large intervals may lead to instabilities in the solution.

The Runge-Kutta method is well suited for use with a digital

computer, since a digital computer is very efficient at iteration.
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APPENDIX 2

FORTRAN V PROGRAM TO SOLVE UNSTEADY SINGLE-PIPE PROBLEMS



AN aN N AN NG aNANAaNAN AN AN SO NATNaY

[N ANANANS N AN

L0 TC 1
550 CONTINUS

CALL PLU

Ty
[

SUBROUTINE
RUNGE=CUTT

ARGUMENT

[y
XL
Fo
FA
T
X
X1
X2

I8

SUBROUT

Sy¥uClL

C1
c?

SULVE GNSTLADY SInTL

T (Le'lsilevs i95)

To SCLvE ZLIFFERENTIAL EQUATIONS OF
L GETHQOU FOR oFCOND 0ROER £2UATICNS

o

(Y

LIST OF ARGUMIENTS
MEANT G

DIAMETER CF PIPL

LENGTH Or PIPL

FRICTIOII FACTOR LEFCRE INTERFACZE
FRICTION FACLT KR AFTER INTEZRFACL
TIME ITMCRumMeNT

PUSITICN oF INTERFACC

VELOCITY

ACCELFRATION

ORIVING HEAD

NE KUTTA (CoeXLoFbeFAsTeXeX1sXerH)
LIST OF VARIABLES AND CONSTANTS
AEANTILG

DULARY FOR COMPUTATION
DUMMY FOR COVYDPUTAT ION

FobRs FRCTL

JANSTEADY FLCW BY THE

UMITS

FT

FT

SEC

FT

FT/SEC
FT/SEC*%2
FT

Mg
1‘1'\1
:\1"\2

Alos

8300y
Bnnas
BO03
Pang
RISEY
B8nng
2nny
Enng
Bnng
B210
8011
Bo1z
3913
2014
anls
Bnig
BR117
Brig
8019
20290
Bn21
5022
2023
4024
Bozs
2N26

66
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oo e

[

m

(@]

cn DU Y FCR CTUELTAT O 1/55Cx%e

s TRAVITATIONMAL CosTaof FT/38Cxy
'(]. RUN;(JF—{\_”’TA WU»‘»"\ \J/\:IA\IL‘LL: ';T
K2 RUIMGF =< IJTTA DUNIYY VARTASLE e
K3 LGP =CUTTA DLty A Y TALLE -
Kb RUNCI=KUTTA DUMYY VAaRTAPLE ET

REAL K1aRZ2aKZ a4
G=32el1745
IF (XL=X) 1080Us100s1
SUGHINT ¢ YA TeTERFACE 8 BN R
SEGMENT TO SETHETThe UMY VART
1 Cl=(Fa-ro) /207070
C2=(Fu¥xL)/202/G/0
C3=0/XL
SEGMENT 10 DETERIINE RUNGF=KUTTA DUMIY VARIARLES
KLI=T®C 2w (H-CLlHXH*X 1 R*FZ-C2% )\ 1%%2)
K2=T#C3% (H-CLH(XFT/2e UXX1+T /80 0XKI VR (X 1+K1/240) % 52-C2% (X1+K1/240) %
1%2)
K3=THC3% (H=CL¥ (X+T/20CHX1H+T/8aCHKL ) H (X 1vK2 /20 0) 5¥2=C 2% (X14K2/ 200 ¥
1+%2)
KQZT*CJ%(H—Cl*(X+T*Xl+f/2.u*K3)%(x1+K3)**2_(2*(x1+K3)*%2)
SEGHMENT TO LFTERMINE NEW FLOW PARAMETERS .
X=XHTH*(X1+1eU/6e 0¥ (K1+K24K3))
X1=X1+1eU/0 e U¥(K1I+2e 0¥K2+ 20 0¥K3+K 4 )
XZ2=C3# (H=C1#X#X1¥R2-Cz*X1%%2)
60 70O 200
SEGMENT FOR INTERFACE AT DOWNSTREAM RESERVOIR
SEGMENT TO DFTFRMIME DUMHY VARIAGLES
100 Cl=H%*G/XL
C2=FA/2eu/D
KR1=sTH(CI-Ca#X1%*%)

DY
- m

00T
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FURTRAN V PROGKA - TS SOLVLE UNSTLADY

Kd=T*(Cl—C2*(X1+Kl/2.v)**2)
K3=T*(Cl-CZ*(Xl+&2/2.U)**2)
K4:T*(C1‘C2*(Xl+ﬁ3)**2)
X=XL

SEGMENT 71O DETERMINE NCw FLOW PARAMETERS
X1=Xl+(K1+2.0*K2+2.0*K3+K4)/6-0
X2=C1-C2%x1%%)

200 RETURN
END

SInHcLl

~p P

PROM

Lt

bo60
8061
BO62

Bne3

BO64
BEN65
HCG6
G066
2067

T0T
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APPENDIX 3

FORTRAN V PROGRAM TO SOLVE UNSTEADY NETWORK PROBLEMS




(NN AN GG NG

AN ARSN AN AN aNaN aNaNaNa NN AN a NG Al ol N I I G i e

aNaNR

AATN

JONCT)
JP

JUP (1)
K

Kl

K2

b
MOUP
MODPL
HNJMIT
POS(I)
PRONT

Qe (1)
:
TINE

FORTRAN V PROGRAM TC S53LVE UNSToADY NoTWORK PROEBLE

PROGKAM

LIST OF VARIAGLES AND ZONSTANTS
MEAMING

ACCLZLERATION IN PIPE 1

SAMZ AS I 2LCTL DATA

SAME A5 IN LLCC DATA

SAME AS TN BLUCK DATA

SAME AS IN CLCCK DATA

sAMmE A3 IN 8LOCK DATA

SAKE AS IN 8LSCK DATA

COJNTER

PIPF NMUMSZR (SHOULD SE EQUAL TZ 1)
COUNTER

DOWNSTREAM JUNCTION NUMBDER OF PIPE I
SAME AS Tii oLCCK OATA

UPSTREAM JUNCTICKN NUMBER OF PIPT 1
DUrMY PIPC NUMBIR

DUMMY UPSTREAM JUNCTICN HUYZER

DUMMY DIWNSTREA JUNCTION MUMSER
COJNTER FOR MCODULATICN OF PRINTINC AND PLOTTING
SARE AS IM SLOGCR DATA

SAHE AS IN BLCGTK DATA

SAME AS IN BLOCK DATA

POSITICN OF INTERFACE IN PIPE 1
LCGITAL VARIAcGLE WHICH wWHEN TRUE CAUSES PRT 10
B8F CALLED

DISCHARGE TN PIFF 1

SAME AS IN BLOCK DATA

FELAPSED TI«YE QF STUDY

UNITS

FT/7SECH*%2

FT

FT

FT##3/S8EC
secC
sEC

ANOD1l
AJ(\Z
ADN3
AND4L
ANNng
ANNg
ANNDT
ANNE
ANng
ADLG
AQ1l1
ADl2
4013
AOl4a
AO1S
AD116
AD17
AOLlS
AD1G
ARZ2O
ANZ21
ANZ2 2
AD23
AD24
AQZ5
AN26
AQ27
AQZ28
A029
AN30
An31
AN32
AN33

£0T




AN SEANS!

'

C

2000 FORMAT

FORTRAN ¥V PROGTAN 70 SOLVDC UNSTEADY NETwWORF PROBLFY
THAX SAME AS I oLOCK DATA SEC
VEL () VELOCITY IN PIPE 1 FT/SEC
XLt SAME AS IN SLOCK DATA FT
XX ) SAME AS IN 3LOCK DATA -

COMADM/LAREL L /X (1500 ) sHH{139) o XX (420 )sR{2uD)sQVVIZ2) sHOD (50 ) sDIH
1AP(50320) 3 J e P s TLaI Il e JVsNIF)eNISTOLSG(1D)
CONMMON/LARELZ/RN(200):GQ(257) sl s s J2s U398 ,CaPUsE sV sl sVsYsZsDHsPP
1C3,C2sC1 eMulDyMODDR
COMMON/LUABEL3/F(200) 4212001 sXL(200)sPRONT » TIME 5 TMAX
COAMON/LABELAL/FA{200) sF0(2C0 s JdH (10 s JHNUMsNUMIT
COMMON/LABELO/IP(200)sJUP(200)sJDN(200)sVEL(200)ACC(2C0)1sP0S(200)
1sCK(20U)sT
COMMON/LABELG/NPLOT (10U ) s NHPLCT(10) sNUMPL s NUMPLHsMODPL
LOGICAL PRUNT.CK
INTEGER EsVVsVseYsZaXsXXsGsPPsPQ
DATA G(1)Y/0/
PRONT=eTRUE «
Mii==1
TIME=0D.0
WRITE (6,2C00)
(1H41)
SEGMENT TO OBTAIN STEADY SOLUTICN
CALL STEADY ’
WRITE (6s2000)
SEGMENT TO INITIALIZE UNSTEADY SCLUTION VALUES
PO 1G I=1,JP
IP{I)=XX(3%][=-2)
JUP(T)=XX(3%]1-1)
JDN(I ) =XX(3*1])
VEL(TI)=A0SIQG(T)/3e1416/0(]1)%%2%440)
1u POS(I)=0.0
11 CONTINUE

AQ34
AOQ35
AD36
AN37
AN39
AD4LQ
AnG ]
ANGL 2
An4a3
AQ 44
AN45
AN46
AQa
AD48
ADQ49
A0S0
A0S51
AQ52

10T

_A053

An531
AD532
ADS4
AOD55
A0551
AQS6
AOS57
A058
A059
AN6C
An61l
ANK2
AN63



g

FORTRAN vV PRCGRAM T SOLVE UNSTEADY METWCORY FROGLEY

="+ ]
('U')(\”v ,‘(V‘D' ) ot;—’/:io C) C;lLL HL/'\TT (TI L-s\/ L9 C{’_’DK)C_,LJIH)
NT TO IT-RATE NITH UNSTLADY SUSRCUTINES
5u J=1 o NUMIT
DO 2u I=1,JP
K=IP(I)
N1=JuP (D)
KZ2=Jon(I)
SEGMENT TO CALL UNSTEADY SUnRTUTIRES
20 CALL RUMNGE (DUIK) o XLIKYsFATKYsFIIK)oF (K)o POl s VELIK) s ACC (Y,
TCK LKLY s CKIAZ) s HIKL) shii (K2) 5 1) o
TIMAL=TIME+T
C  SEGMENT 10 V"‘HLATE UNSTEADY RESULTS
IF (AQD (4, CDP) eNTe 0) GO TC 50
WRITE (6,]Job) TI“E

(@]

WRITE (651061) (PCS(II)s I1=1,J2)
MRITE (651062) (VEL(II)s II=1,JpP)
WRITE (651063) (ACC(II)s 11=1s4P)
MRITE (651064) ( F(II)s 1I1=1,JpP)

5u COMTIMNUE
1061 rORMAT (5H PGS=410t12e5/(5Xs1CE1265))
1262 FORMAT (B5H VEL=3135E1245/(5Xs10E1245))
1063 FORMAT (5H ACC=+10F1245/(5Xs10E12645))
1064 FORMAT (5H F=s10E1Z45/15Xs1CFE1245))
1265 FORYAT (6F TIME=srEe2/)
C  MODULATICH STATEYVENT FOR FPRONT -
[F (HOD(MHMCDP) «FNe u) PRONT=,TRUF
CALL STEADY
T SzGMENT TO CORRECT VELOCITIES
OC 100 I=1,JP
100 VEL(I)=Aa3S(QGITI /314167001 )%%¥2%440)
IF (TIviZ olLTe THMAXY} T TO 11
[F (MUNPLH «5Te U o0Re MUMPL oGTe 0) CALL PLOTF

AEYG
Ansgs
AN6G6
ADs T
ANGS
ANED
AN 7 O
ANT 1]
ANT 2
ANn73
ANT 4
ADTS
ANT 6
rNTT
AQ78
AQ79
AN20
Ang1
ANR2
AOR3
ADR4
AN35
ANZ 5
ANR7
AN/ 8
AN89
ADS0
ANS1
AQ92
A033
AQ94
AQQ5
ANS6E

GOt



C O ONC OO OY DYV OO,

AV eNaNaNaN NN AN ANGN A NN e

AL

MATN

SYMEOL

A
C
vl
E

i
NOT)
P
PRONT

FORTIAN v PROGEAT T7

STLADY
FOoR

POUT IE

SUBKOUTING STEA

L 15T OF Vi
MEANTNG

QUMY FOR
DUEMY  FOR
SAME As IN
JUMCTION NUMIER
JUNCTION HNUMSE™
SarMbE AS IN
SAME AS TH
SAME AS IR
COUNTER
SAME AS IN

oL CC

SLCC

sLod

NUMBER OF X=ARRAY VALUES FOR A SIfALE JUNCTION
NUMBER OF X—-ARRAY VALUES FOR GROUF

DUMMY VARIABLE
SAME AS [N
JUMMY VARTAZLEL
COUNTER
COUNTER
COUNTER
SAME AS IN
SUBSCRIPT OF
LOGICAL VARIADL

(PIPFS
(MU E e

oy

IS

SLCCK

K
b

I
K.
BN

(PCSITICN OF

—

LLOCK
X—=AREKAY Fo o

R

M ™

A

SOLYE UNSTEADY

SCLUTION

TALES AND

COMPLT TION
COMPUTATICN
BLOCK

DATA
X=ARRAY O
X X—ARRAY

gy
[N

i

ATA
/’\'\ T /E\\

"

SATA

[NV

!

CATA

ELOT DATA

FROM A SINCGLET JU
N OPIPES

AT A
D A T A

AATCH WHEN

JUNCTION NUMITR IN
NCTION)
JUNCTINY

gl e lNd ~ -
Ne T 0ORE panag

CONSTANTS

UPSTREA

JUNTTIC g
TRUE CAuSsCsS P

OF JUNCTIONS

.
[

GROUP)

UNTTS

FT#%3/5EC
FT¥x2/5cC
FT

Ana7

nnnd
anng

003
_Nng
5005
S00NA
annY
3MhNR
NG
3nle
RN1l
Bfnlz
3013
3014
2015
80le
BD17
2018
B019
302C
3021
Bo22
3IN23
2Nn2a
3025
2N26
nRaz7
30268
8ng9

90T




m

O OYO LMY O OOy (Y

N A Y s | o LY (S T L

of CaLLbow 9

IR I ISFUQR’ s PIPE I

(1) RCY PESISTANCE M PIRL T

RO OHAhF POOT OF RECIPRACAL OF RO

TL SUM SF ASSOLYJTT VALJUTS NF O HEAD CORRLCTIONG

TOL S‘”F AS T zLCUK DATA

vV vy VARTAGLT

Vv CODE FOR TYRED QOF Ju»CTInn

X{ ) SamE AS IN cLOCK DATA

XLl SAME AS IN SLOCK DATA

Y plp- WU o R

z JUNCTICY HUNMLZER AT OTHIDR FM™ OF PIPE Y OR
JOH_UTRLHA JURCTIDN " r . FRC. XXY=is1aY

COMMIN/LARCLL/XULOUU ) sadn (135) o XX (420)sR{207) sV (20) oH:!

IFP(SQ,ZQ),J Ja P o TLoaTITTl e dVam{D)eNToTOLe T (10)

1C39C2 s ClaMeoP s MO0OFR
COMMOGM/ZLABELR/FL220) o {200 ) o XL (200) s PRONT s TIMESTAX
INTEGER E4vVsVaeVsl ol s XX 9B FP P
LOGICAL PRONT
TL=100.0
SEGMENT TO DETERMIND STARTING SURSCRIPTS FOR DATA GROUPS
DO 10 I=2,4NI
SEGMENT TO DETERNVIN RESISTANCE COLFTICIONTS
1o G(I)Y=G(I-1) + R(I—l)*(3%l—1)
LO 15 1=1,JP
RUIV=SFLIYRXLOIY/DUIN /646347 (2414 146#D{] )Y EX2 /40 ) %52
15 RN(I)=SQRT(1.0/R(1))

21 CONTINUE

SEGMENT TO CORRECT ABSUMFEDR HEADS AND DISCHARGES Y ITERATICN
DO 100 I=0,111

EXIT STATEMENT FOR ZARLY CONVERCEMNCE

FTx®3/5EC

FT1

FT

FT

0(Z27) sDDH,

COMIMON/LAPTLZ/PN(220) s Z20(250) 9l 3929 J30NsCs D0 sl sV el o sY s ZsDHsPP s

20306
In31
FN352
An33
B 34
RN35
SRR
P37
502y
R039
1040
3061
7042
en4
ST
7045
SN46
BLT
048
H04S
2050
2051
HN52
R053
BOS4
ROS5
8056
8057
AN58
PO59
RN60
RO61
BN62

L0T




FORTRAN V PROGRAN TO S0OLVE UNSTLADY PETWORK PRCOLTH

IF (TL oLTe TOL) GO TO 101 85063
TL=0e 3064
C  SEGRENT TO STUDY JUNCTICNS IN ASCENDING ORUZK OF MUMBoRrR OF PIPES 3065
DO 8L Y=1,N] 7066
J2=2 + 3%m wNG7
J3=N(iy v J2 ANE R
IF (U3 «f0ne 0) GO TO 20 2NAT
C  SEGMENT 72 STURY EACH JUNCTION Ir A GROUP n7e
DO 30 K=1,5J3,J2 RN71
A=0.0 nN72
C=0.0 HN73
PG=G (M) +K 8074
E=X(PQ) 3075
VV=X(PQ+1) PN76

DO 25 L=140 83077 s

VoK +35% | 8078 A
JIJU=G () BN79
Y=X(JJJJ+v-1) . BNRO
Z=X(JJJJ+V) RN31
25 CALL CHND ang?
30 CALL NCD RN83
80 CONTINUE . RN Y
100 IF (PROMT) CALL PRT RQ8 %
101 CONTINUE BN86
C  SEGMENT TC CALCULATE DISCHARGES IN PIPES B087
JXX=3%Jp RORSB
DO 111 I=1sJXX93 3089
Y=XX(1) ' anqon
E=XX(I+1) BO91
Z=XX(1+2) B092
IF (HH(E) = HH(Z)) 11051055105 BRN93
C  SEGMENT USED WHEN PRCPER DISCHARGE DIRFCTION WAS ASSUMED ‘ BNS4
105 GOY) =RNIY)*¥SORT(HH(E)—HH(Z)) pNos




FARTRAN y DROGCAT TT QALYE UMGTTADY METH00Y DR

S0 TO 111
C  5GHONT USED CHEN THAPROPTY DISCHARGE TIRICTICON WAGS ASLIMED
1lu L0 0)==kNEY ) *SQT (A (2 =M (S ))
111 CONTINUE

C  BECGYINT TO PRINT HEADs AT ALL JUNCTICNS
I (PRCONTY WRITE (A91010) (HBEIIYs I=1sJ1)

11 rORMAT (3H H=913Fve2/(2Xs13FT432))
C  ZEGYENT TO PRINMT DISCHARGES IN ALL PIPES
IF (PROXNTY HWRITZ (6,1011) (GQQ(TIYs I=1sJP)
1511 FORMAT (//34 Q=515F362/(3X-13FE,31))
PRONT=FALSE .
RETURM
END

——

SUDRCUTINE PRT

C SUBRNUTINE TO PRINT YNDULATET [TERATIONS OF STFATY SOLUTIONM
¢ .

c

C LIST OF VARTAJILFS AND TONSTANTS

C ;

C  Sy+“RCL MEANTNG MNTTS
C

C i SAME AS IN FLOCK DATA FT
T HHH(T) HEAD ARRAY TO OF PRINTED FT
C I COUNTER (=Z4QUAL T2 TTERATICN NUMRER) -=
c J COUNTER

C JritD) SAME AS IN SLOCK DATA -
C  JHNUHN SANME AS TN ZLOCK DATA -
c JJJ oUMMY VARIAZLE

C K COUNTER

. HOLPR SAGME AS TN JLCCK DATA -

2096
3077
205 E
09y
3100
8101
31072
31n3
Y104
B1n5
216
i A
21 NG

coni
cnap
cnna
Tong
cnns
Cone
nnA7
Cnng
coang
€N10
cn11
cn12
Cn13
Col4
cnls
ctnlé
Cn17

60T
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FORTRAN o PRGN T SOLVE UMSTE DY SR s 50

c DUNMLY FOR COTPUTATINY

£ JUMCTION penon NDER CAMSINTRATION

Frol) ShCE ag W L"(K NATA

K (D) SOUARE pcg. VEOCFCIPROCAL OF RTSISTANCT (o
PIPE

Vv CODE FOR Typr oF JINCTION

Y PIPC NUMsER

Z JUNCTION MiUMEFRY AT 2THER £0N OF PIPD v

COMMON/LAPELL/X (1600 s HE (135 ) s XX (427 sRE2UN) 3 QVV(2)) $HOD
TP 5020 s JUsIP s TL s ITITauyeN{I) oI sTOLT (1)
COMMON/LAREL2/3N(200) 50012520 5 157 5025U3, 4,0,
1C35C2sC1 o MINP, 4ONER
TNTIEOER CaVVaVaYaZ 3 X3 XY 4G4PPeO
IF (VY oNTe 2) 53 TO 2050
STOGNENT FO RISTRVOIR JUNCTIONS (NO HCAD COK
C=1.0
A=U, U
GO TO 33y
90 IF (HH(Z)= HH(T)) 310s330,205
SEOMINT FOR FLOYW FRO™ 72 TO £
305 ASAHARNIY)*#SORT (HE{(Z)Y=Hil(£))
C=C+0e2/SQRTFH(Z )~ (F)YVRRNIY)
GD TH 330
STCLAFNT EN0 FLOW FROM £ 70 7
210 A=A-RMIY)XSAIT(HE(FT)=FH(7))
C=CH+Oe5/8GRTUIHHIE ) =HH {7 ) ) ¥RN(Y)
230 CONTINUF
RETURN

SND

RECTIDMG)

V\))

e

FT*%2/SFC

T

S57) 4D,

D?gEsVV;L»V;YquDH,PD,

NATN
NAT Y
N2
nN13
AR A
nAT s
N0 A
1T
s
ALY
NB2N
nn2
N2 2
Nn2 3
N2 G
nN2s
(\26
"\f\27
nn2e
2126
NO30
Dn31
nnia2
N33
hf\?q
nA3s
D036
nn37
nn38g
NN39

T
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M
HD

SECMENT FOR T

19

r_

FORTRAN v PFOGRAM T2 SOLVC

FRICTION FACTOR #ITHOUT

INTERFACE HAS PASSED)

APPAYTNT FRICTION

PORTION OF PIPE AR

ﬂ

VILCCTITY IN PIFT

jung
[
—
F

N
Ll

ACCELERATION IN PIPF

LOZTOAL VARIABLE WHICH
TREA

HAS REACHED THE UPS
FALSE CTHERWISE
LOCICAL VARTAFLE

l
Hih RTACHED THE S0W!

FALSE STHIERWISE

Ly
.

FEAD AT DOWNSTREAM
TI#2 TMCREMENT

i

SUBRODUTINF PUMNGE (TeXYLsFALF

LOGICAL ClsCD
IF (PCS oL7Ta
IF (HU-HD) 14

o

ay

D)) 05=0e0
169105

CHE=HD=-HY

IF (CB) GC TO 50

GMENT FCR PIPE NOT AFFEFRCTED

POS =ua.0C

9
JCPERLY ASSUHAED

}

1C
.
NS

SCTTN 0y

H

ADITIVE (B2
TGR FCR D187
ADPITIVE

18 TRUE IF Tt
JUNCTION AR

IS TRUE IF TH
TAN JURCT IO

TR

ACAT UPSTREA'™ JUNCTION

JUNCTIOM

PrRORLTY

FORT

B
=TT
AND

S el e POSsVELSACCeMIaTNy

FLOW DIRECTIGH

3Y

ADDITIVE

CALL KUTTA (DasXLsFZsFLsTsPOS VELSACT s DMLY

50 TO 2060

SCGHMENT FOR PIPF AFFECTED TY
CALL KUTTA {TaXLsF3sT AT 4PCS,

5

QT

[F (PDS onle XL) CU=,TRUF,
IF (P33 onTe XL) POS=XL
GO TO 200

ADDITIVE
VEL s ACC 4 DHEY

=g

MU ED S T

1 T
FT/SFC

FT/SFCH%2
T OTHTTRFACT -

Fnlz
Fnl3
FOl4a
FAis
Fnlsa
Fnlvy
FN1R
FN19
Fnzo
Fo2i
Fnz2
Fn23
Fnza
FN25
FN26
Fn27
FNnzsa
FNz29
FN3(0
FN31
Fn32
Fn33
FD34
F0O35
FN36
Fn37
Fn33
FN39
Foan
Fngl
£FNng?
FO43
FO44

#TT



MDYy

AN ATANANANANaaNaNA RO EANANANE!

MY

i
O
3
=
)
(=
3
-
o8]
AL
>
—
[
(n

X1 VELOCITY
X2 ACCELIRATION
H DRIVING HEAD

PUTINE KUTTA (DsXLaFZerAeTsXsX1eXZsH)

LIST OF VARIATLES AND CONSTANTS

SYMROL MTANTNG

1 DUIIY FOR COPUTATION

2 SUNMHY FOR COMPUT AT U

<3 DUFY FGR COMPUTATION

G SRAVITATIONAL CONSTANT

K1 RUAGE=KUTTA DUMMY VARTAELE
K2 RUNGE-KUTTA DUsiY VARIABLE
<3 RUNGE-KUTTA UMY VARIADLE
Kb RUNGE—-KUTTA DUnt'Y VARIAGLE

REAL KlsK2sK34K4
G=32.1725
IF (XL—X) 108510091
SOMENT FOR INTERFACD JEZTWEPMN JUNCTIONS
SOMENT TO DETFR™MIME NUHYY VARIAZLFES
1 Cl=(FA-FEY/2C/G/D
Z=E(FB*¥XLY/240/G/D
C3=C/XL
SEGMENT TO DETERMINEG RUNCE-XUTTA DUMMY VARIASLES
K1sTeC3# (H-CleX ¥ 1*%2-C2%X]1#%2)

S
S

DLYE UNSTEADY METWCRL PROTLIN

FT/SEC
FT/SEC*%
FT

K2=THC3#(H=CLld (X+T/2eUFX1+T/8 o UKL} #(X1H+K1 /20 ¥ H2-C2% (X141 /260 %

1%2)

K3=TAC3% (H=Cl¥(X+T/2 e OXX1+T /06 D% LY FIXLIH+KZ2/ 26 () %5

2=C23%{X1+K2/2e0) %

GN15
GN16
nNl7
GNig
G019
aN26
aN2il
rnN2z2
Gnz3
G024
GN25
GN26
on27
GNZd
G029
G030
GN31
5032
GN313
N34
G035
GN36
GNZz27
GN38
GN32
G040
G041
G042
nNG3
GN4 4
GN45
GN46
G047

91T
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FORTRAN v p20GRA " T2 SOLVE 2 STFADY V7T 274

142)
KA=THCI0 (H-C 1% (X+T*X1+1 /26 0%K3) % (X1+K
STCGHENT TO DETCR U INE 4™W FLOW PARANFTFRS

XZAFTFAXI+140/600% (K1H+K2+K3))
KLIZXIF o0 /0 00 (K1+2e GXR2+2 o DR n 34R4)
R2ZCoR(H-Cluansx 1 #x2~-C2%X1%%2)
50 TO 260
SCOMENT FOR TNTERFACT AT COWNSTREAM JUNCTION
SECHENT TO DOTERAINT DUMAMY VARIABLIS
100 Cl=H2G/xL
C2=FNA/2.0/D
SCTGHMENT TO DETERIINEG RUNGF-KUTTA DUMY VA RIARLES
K1=T#(C1-Coxx]1%x2)
K2=T*¥UC1-C2% (X1+K1/2.0) %%*2)
K3=T*ICI-C2% (X1 +42/2,0)%%2)
Ka=Tx (C1-C2%( X1+K3) ¥%2)
SEGMENT TO DETERMINT SEY FLOW PARAMETERS
X=XL
XI=XTHOR14200%K2+2e0%n +R4) /G eU
X2=Cl=-C2%x1xx2
20, RUTURN
END

SUBROUTINE TO EUILD ARRAYS FCR PLOTTING

LIST OF ARCUMENTS

TIME CLAPSED TIME OF STUSY

N7

QR

Le s

Z)REP-COR (X ]HK2) EHD)

Av(\)QS
~Nn49
5050
G051
G052
GN53
5054
055
GN56
onsv
GO5E&
G059
G060
G061
G062
G063
Gné64a
G065
G066
oNe7
GNES
GH6Y

10Nn1
1002
IN03
In04
1005
1006
Innvy
1008

L1T
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FORTRAN V PROGRAS TO SOLVE JHNSTCADY M TWORL PROGLE

DO 10 I=1sNuUMPL
JENPLOT ()
VYV s T)=viL(J)
ARALWS I )=ACCIU)
10 PPP{Ws1)=PCS(Y)
11 CONTINHE
IF (NJAPLH orQe ) GO TO 21
SEGMENT TO STURE P<OPLR HLAD POINTS
U0 20 I=1eNuvapr
J=ENHPLOT(I)
29y HHH{wWs 1 }=HALU)
21 CONTINUF
SEGMENT TO STORE Tlec POINTS
TTT W) =TIML
RETURN
END

SUBROUTINE PLOTF
SUBROUTINE TU PLOT GRAPHS OF FLOW PARAME T K3 AS FURCTICNS

LIST OF VARIASLES AN CORNSTANTS

SYMBOL MEANTNG

Al ) ACCFLFRATION ARRAY FCR PLTTTING CNE GRAPH
AAATIST) ACCELERATION PCINT J IN PIPEF 1

Hi ) HEAD ARRAY FOR PLOTTING CivL GRAPH

FHA(Js ) HEnD POINT J AT JUNCTICH I

I IOUMTFER

Irur({ CALCCMP PLOTTFR ARRAY

UNITS

FT/SECk*2
FT/SECH2
FT
T

Jnail
Jnnz
Jnnz
Jirg
Jnnb
Jooe
Jnozy
Jnng
Jong
Jnlg
Jnll
Jnlz
Jnls
Jnla

6TT
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T
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T
1
)
2l
~—
<
Y
—i
fmal
Tox
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-
«
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1
Y
J
1]

J C

NEPLOT D) S i DLOC: oATA

NPLLOT (L) Saps Tod GLOCA DATA

NUMPL Spink I 3LCCL DATA

NUNMP L H SAaME AS IN BLOCK DATA

PO POSTITINN ARRAY FOR PLOTTIMNG DNt (AP
PPP{Js 1) POSTTION POINT O IM PIPE T

TTTL ) TisF ARRAY FOR ALL GRAPHS

Vi JELOCITY ARRAY FOR PLOTTING CHNE (RAPH
! NUMYMBER OF POINMTS ZER OGRAFPFE

YVVIJaeT) VELOCTITY POINT J I PIPE I

X DitvMy VARIABLEF

COMMNONALARLLO/HPLOTLLIO s NHPLOT LLO) e NUMPL oMU LT IDD 0L

COMMON/LASLLT/AAATSIG 10 sV IB00, 101 s PPPIS2O10 ) TTTIS00) 5us

IHHH (RO 10)

DIMENSTUN mAl502)eVI(502)sP(5C2)sH{8B02YsIBUF(2000)

IMTEGER W
SEGMENT TO INITIALIZE PLOTTFR SUBPODUTIMES

CALL PLOTS (IBUF»2000.3)

CALL S5CALF (TTTsbeDswsl)

IF (NUMPL JEQs 0) GO TO 101 .
SEGMENT TO PLOT PIPE PARAMETER VS TIME GRAPAS

CALL PLOT (060+5-30.05-3)

CALL PLOT (300924353

DO 50 1=1,,NUMPL
CALL SUBROUTINE TO DRAW TIMF AXIS (X-=AXIS)

CALL AXIS (000sGaGs1OHTIYME {(SEC) 9=1056e050aDs TTTIWHL} 4 TTT (W+2))

SEGMENT TO FORM Y—=ARRAYS FOR PLOTTING
DO 10 J=1,W
ACJY=AAA(US])
VIJ)Y=vyvi(JsT)

11U PLJY=PPP (U1}

Join
JC1s6
Jnl7
Jolis
JO19
Jn2¢
J021

N
v 2

Jras
Jnza
Jnzs
Jozo
Jnz27
Jozce
J0eo
JN30
Jni31l
J0i2
Jn33
Jnz4
Jn35
J036
Jn37
J038
JG39
Jo4n
Jos4l
Joaz
Jo43
Joa4
JO45
Jngé
Jos7

orAN




FORTRAN V DPLAGRAL TO SCLVEL UNSTUADY NLTUORK PRIoLS

SFGMENT TO SCALT Y—-AKRAYS FOR PLOTTING
CALL SCALF (A,4909491)
CALL SCALE (VebeUssl)
CALL SCALE (Py4elstisl)
SEGHEMT TO DRAW Y=_XES
CALL AXIS (NeNsele2bHACCELFRATION (FT/STC/SEC) 225544 )9Dn A 1+]1)
Tei(w+2))
CALL AXIS (=0Ue7530euds L/HVELICITY (FT/SHC) s 1 Tsbe s Mo { "F] ) oid{ 42
1)
CALL AXIS (=1e59000a12HPASITION (FT)s1354eNsF 0N sP W+l )30 (4+72))
SFGMENT TO ANNQTATE Y-=AXES WITH PRCOPER SPECIAL SYYRBOLS
CALL SYMBOL (=165094e2900e105s0s0elUs~1)
CALL SYMANL (=0ea75940290e1U591a0eUs—1)
CALL SYMBOL ( 0eNDs4e230e10552,5060Ls—-1)
X=NDPLOT (1)
SEGMENT TO LABFL GRAPH
CALL SYMBOL (Jebs4selslUe’31DsaHPIPEsNaUs4)
CALL NUMBERT (3417594130315 Xs04tis—=1)
SEGMENT TO OR~AY CURVES
CALL LINC (TTTeherslel2lsc)
CALL LINF (TTTsVs sls2Js1)
CALL LTNE (TTT,Ps=s1s20-0)
50 CALL PLOT (11le0s0aids—3)

161 CONTINUF
IF (NUMPLH oF0, 0) G0 T0O 201

SEGMENT
CALL

TO PLCT HFAD vS TIYE GRAPHS
PLQT (0009_30.J’_3)

CALL PLOT (2e092e35—3)
PO 150 I=1sNUMPLH
CALL SURROUTINF TO DRAW TIME AXIS (X—=AXIS

CALL
SIUGMENT

AXTS (O.U,Q.JQIUHTIME (SEC)s—lﬂséoU)U.PQTTT(f+l),TTT(ﬂ+2))
TO FORM AND SCALFE HFRAC ARRAY

DO L1 J=T 4w

JN48
JNn49
JN5H
JN51
Jns2
Jns3
S04
Jnse
NIy
JNE57
Jnsa
Jneo
JNs& 0
Joa1l
Jnn2
J0s3
Jnay
JN65
J0se
JoeT
JOeb
JNe9
JnT7e
JNT7
JnN7?2
JO73
JnT74
Jo7s
Jo76
Jn77
J078
Jo79
JN39o

1T
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CALL PLOT |
CALL SUSROUTIN

Y J
DRAWw HEAD AX

i
g 15
AXIS (0050605 IHHEAD (FT)e954e0990al st ) e {42}
LAokEL GRAPH
X=NHPLNAT (1)
CALL syvaop (7
NUMBER (H5alsbelsCe2lB:Xe0sls—11
T I T0 DRAN CURVE
INE (TTTsHeWels0s0)

0268045150315 e8HIUNCTICON s JaNst}

{11s053609-3)
TO END PLCT

201 CALL PLOT (5-09U900999)

DATA

SN ANANANANANANA AN GG WO N e

LIST OF DATA SYMBOLS

AN

MEAMING UNITS

LOGICAL VARTABLE wHICH IS - --
O IF ADDITIVE IS NOT INJECTED AT JUNCTICH I
1 IF ADDITIVE IS INJECTED AT JUNCTION I
DIAMETER OF PIPE 1 T
INCREMENT OF HEAD FOR BEAD-DISCHARGE CURVES nNF FT
PUMPS
CURRENT APPARENT FRICTION FACTCR InN PIPE 1 -
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FORTRAN

NISTRIGNS

JP

JU

JV

HH(T)
DO

ITl
MOOP

MODPL

SCOPR
N(T)
MHPLOT ()
NT

NPLCT O )
NUMIT

NUMPL
NUMPLH
QP(1sJ)
VAVER

.
T™MAX

VoOPROGEAT T STLYET N ETLADY NET ond PROGLTY

FINAL FRICTION ©:0T 0 OF BIPE I
ORIGINAL FRICTICY FACTUR 1% PIFE 1
28 OTo UL UOnITORTD o

ARRAY OF JUNCT I Nl TLRS
STEADY SOLUTION CRlnTou

(S 3 S
NUABER JF JUnCTIoNS TO Lo AONITOxiEo TN STOADY
(

SOLUTICH o <INT2LT (HFAXID 27 2F 1)
NUbER OF RIS T 5yY5HTE
MUTER S OF JUNCTTICNS I sysi=
JEER OOF OUTLET JUNCTI_uu
ASSUMED o A0 AT JUNITIONM T
LASL mEAL FOR it £O-DI5URARGE CTURVE FOl PUlP

JLW’TION |

MAX THUM NUWMBCR OF TTERATIONS [N STFADY SOLUTTON

MODULATION CONMSTANT FOR UMSTEARY SOLOTION
PRINTOLT

MOPULATION CONSTANT FOR PLOTTING (SHAULD BE
S50CH THAT TOTAL NUMBER OF PLOTTED PCINTS IS

THAN 500 JHEZRE THAAX/T IS ThHE HUMBIR OF ITE”ATI“NS)

MODULATION CCHSTAMT FCR GTEADY SOLUTICN PRINTOUT-—

NUiMeER DF JUNCTICNS wITH I PIPES

JUNCTICN MUZGBFERS OF PLOTTFED JUMCTICONS

MAX TS NUYVBER OF PIPES AT A JUNCTICN

PI1PF NUWMSCRS OF PLOTTED PIFTS

NUMRER OF TIMFS UNSTEADY SCLUTION IS TO 3F
OSTAINED PrR STEARY STLUTICN

NUMBER OoF PIPE CHRVES 7D ¢t PLCTTED

NUMBER OF 1ZAD CURVES TG ©L PLCTTEDR
DISCHARGE VALUE NUMBER J FCR HEAD-DISCHARCT
CURVF FOR PUMP AT JUNCTICH 1

DUTFLOW AT JUNCTION 1 (NOTLD THAT CUTLET
JUNCTTOQS HAVE LOWEST JUNCTI N MUMBERS)
TIME INCRIVENT FOR UMSTEADY =roLuTICon

MAX T AL TI*E OF STUDY

KDlé6
K017
«£118
1<
e
<N21
<ngz22
723
L7 4

~oc
SHa D

X026
<nNg27
<025
Kn29
K030
KN3]
Kn3z
KN233
KND34
KI35
N34
N1y
Kni33g
¥ni3g
K40
K041
KC42
K0O&3
KN44
KNngs
KJ46
KOg7
KrgR
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