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ABSTRACT

The air chamber has certain advantages over both the open-top
surge tank and the valve-type surge suppressor for controlling pressure
_surges 1n pump-discharge lines. | |

The main purpose of this study was to produce charts which can
be used for designing or checking the size of an air chamber required
for a particular pumping installation.

The characteristics method was used to convert the two partial
differential equations of momentum and continuity into four total
differential equations. The solution of the equations (finite-difference
form) was carried through by digital computer to provide the data
required for the preparation of the charts.

Results obtained on the digital computer by the method of charac-
teristics are checked by the graphical method.

Examples demonstrating the use of the charts are included.
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NOTATION

The following symbols are used in this thesis:

A

a

orf

H*

Horf

orfo

cross-sectional area of pipe, in ft 2

propagation velocity of waterhammer ﬁave,viﬁ ft/sec.

initial volume of air in the air chamber at absolute pressure
head H *, in ft3

orifice loss coefficient.

inside diameter of pipe, in ft

Darcy-Weisbach friction factor

gravity acceleration, in ft/sec-2
transient-state piezometric pressure head above datum at the
beginning.of a time interval, in ft

initial steady-state piezometric pressure head above datum; in ft
transient-state piezometric pressure head above datum at the end
of a time interval, in ft

transient-state absolute piezometric preséure head above datum,
in ft

initial steady-state abéolute:piezometric pressure head above
datum, in ft

orifice throt;ling loss corresponding to discharge q, in ft
orifice throttling loss corresponding to discharge q,, in ft
coefficient relating total pipe line head loss due to friction

to piezometric pressure ﬁead abbve datum "
length of pipe line, in ft

m

power used in pressure - volume relationship, H¥* Vair = constant,

for an air chamber

- (ix)



air

v .
oair

VPair

e'
At

Ax.

1]

steady state discharge iﬁ tﬁe pipe line, in ft3/sec.

transient state orifice discharge, in ft3/sec.

time, in seconds

transient-state velocity in pipe af'the beginning of a time
interval, in ft/sec.

ﬁransient—state velocity in pipe at the end of a time interval,
in ft/sec.

initial steady state velocity in pipe, in ft/sec.
transient-state volume of air in air chamber at the beginning
of a time interval, in ft3

initial steédy-State volume Qf alr in air chamber, in ft
transient-state volume of air in air chamber at the end of

a time interval, in ft3

“distance along pipé line, from pump, in ft

pipe line characteristic

pipe line characteristic in terms of absolute pressure head

- parameter pertaining to a pump-discharge line having an air

chamber, in terms of absolute pressure head

angle the pipe makes with the horizontal

' A
grid mesh ratio, Zﬁ

time increment, in seconds

incremental distance along the pipe line, in ft

(x)



INTRODUCTION

Sudden stopping or starting of large centrifugal pumps installed
"for irrigation, domestic water supply systems, pumped storage hydro-
electric plants and other purposes cause transient pressures in the
diécharge lines. Starting control mechanisms can be designed to
delay the starting up time‘sﬁfficiently to prevent excessive over
pressures, But sudden stopping in the event of power failure could
result in objectionable waterhammer pressures in the pipe line.

In small installations; no special precautions are taken to avoid
high waterhammer effects. Standard pipes and fittingsvof small diameter
~have a wall thickness sufficient to withstand appreciable transient
pressures. In large pumping installations various pressure-control
devices may be used to reduce waterhammer pressures. Some of these
devices include:

(1 sufge tanks,

(2) air chambers,

(3) surge suppressor valves, and

(4) slow closing check valves.

For controlling pressure surges in pump-discharge lines,bthe air
chamber has certain advantages over Both the open-top surge tank and
the valve-type surge suppressor. For high head installations where
the open surge tank is impractical, a properly designed air chamber -
provides good surgé control. The air chamber can be near the pump
whereas the surge tank can not always‘be so located. The air chamber

.

can be designed to reduce the downsurges in a pump-discharge line, thus



preventing collapse of the line and'nater—column separation; ordinarily,
surge-suppressor valves are not euitanle for this important functionm.
The main disadvantage of air chambers is that the compressed air is
continuously being lost through dissolving in the water and possible
leakage. Consequently the‘air must be replenished periodicall&.

After it has been decided that certain types of pressure-
control devices will meet design renuirements, the final choice is
usually based on a cost study of the various devices. The cost of an
air chamber is determined primarily by its size and inside pressure.
In this thesis, charts are presented which provide for the rapid
determination of air chamber sizes required to control waterhammer
pressures in pump-discharge lines where the transient pressures are
caused by rapid pump shut down or by power failure. The charts were
prepared using the method of eharacteristics to convert the two partial
differential equations of momentum and c¢ontinuity into four total
differential equations. The solution was done by.digital computer.

Examples demonstrating the use of the charts are given in Appendix A,



CHAPTER I

ASSUMPTIONS AND THEORY

1.1 ASSUMPTIONS

For the purposes of this study, the following assumptions wefe made.

(1) A check valve on the discharge side of the pump closes immedi-
atély'on power failure. This eliminates the need to consider pump
characteristics but introduces an abrupt pfessﬁre wave which must be
~accounted for throughout the computations.

(2) The air chamber is situated near the pump as shown in
Fig. 1.1. The steady-state water surface in the chamber has an elevation
equal to that of the center line of the pipe (see Fig. 3.1). The transient~
state head difference between the chamber water surface and the pipe center
line is small and therefore neglected. The head loss through the orifice,
if applicable, is taken into account in determining the absolute head, H*,
in the tank.

(3) The‘pressure—volume relationship for the air in the chamber
is expressed as: |

1.2

H* v = a constant.
air

The power 1.2 is an average of the powers 1.0 and 1.4 for the isothermal
and adiabatic expansionsbrespectively.

(4) The»head loss, made up of surface friction and loss at the
orifice, varies with the square of the velocity. Two types of orifices,

one simple and one differential, were considered in the study. The ratio
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of the total head loss for the same flow iﬁtoAand from the air chamber
is 2.5:1 for'thé differential orifice, and 1:1 for the simple orifice.
(5) This study is limited to cases in which no water column
separation occurs. This means that water vapour, pressure is not
reached and the pipe stays full of water at all times.
(6) A reservoir of constant elevation serves as the downstream

boundary condition.

1.2 GENERAL THEORY

Normally, with the pump operating, the flow in the pipeline is in
the forward direction, toward the reéervoir. The check valve closes
simultaneously with pump failure. This creates a head differential
across the air chamber outlet. The compressed air causes the water in
the chamber to discharge into the pipeline to maintain the head and the
flow. Water will‘continue to flow out of the tank until the head in
the chamber becomes less than th; head in the pipeline at the chamber
outlet. At this instant, the water in the discharge line will reverse
its directioﬁ and flow into the air cﬁamber.l Ddring this reverse flow
éondition, the reta;dation of the flow into the air chamber causes the
pressure in the discharge line to increase to exceed normal operating

head and will produce the maximum head for the transient. Resurges in

the pipeline will occur with diminishing intensity.

1.3 PARAMETERS
The pressure surges in a pipeline equipped with an air chamber
depend on the two parameters, p* and o*, when friction is not cqnsidered4.

Because frictional resistance is essential to the efficient use of an



-. . 4
air chamber on a pump-discharge line, Evans and Crawford introduced a

third variable, K, to account for frictional losses. The variable
K is defined so that KH, * is the total head loss for a reverse flow
of Qg . Q, is the initial rate of flow in the pipeline, in cubic
feet per second (ft3/sec.).

The pipeline characteristic, p, is defined as

a Vo

p = 2gH, (1.1).

in which a is the propagation velocity of waterhammer waves in the
pipeline, in feet per second (ft/eec); V, is the steady-state velocity
in fc/sec; Ho is the steady-state pressure head, in feet of water (ft);
and g 1is gravity acceleration in feet per second per second (ft/sec?).
The characteristic p is dimensionless and is a function of the ratio

of the steady-state kinetic energy to the total potential energy in a
unit length of conduit. In air chambers, the volume of the air is a

function of the absolute pressure to which it is subjected. In terms

of absolute pressure, the pipeline characteristic p becomes

av
o

p* = ————
2gH *

(1.2)
where Ho* is the normal absolute pressure head in the pipeline at the
entrance to the air chamber.

" The parameter, o*, that is characteristic to a pump-discharge

line having an air chamber is defined4‘as



ZgCOHO*

o’* = -j » (1- 3)
ALV, '

in which C, is_the initial volume of air in the air chamber at absolute
pressure head, HO*, in cubic feet (ft3); A 1is the cross-sectional
area of the pipe in square feet (ft2); and L is the iength of the
piﬁe in feet. The parameter o* expresses the ratio of the steady-
state potential energy of‘the air in the air chamber to the steady-

state kinetic energy of the water in the discharge line.

1.4 RELATIONSHIP BETWEEN o* AND p*

From Eqs. (1.2) and (1.3)

Coq o
okp* = ——— o (1.4)
ALY,
or
C, = o*p*QoL/a . (1.5)
From Eq. (1.2)
aVv
o
20% = — (1.6)
gHo*

and the constant for a pipeline having an air chamber will be defined as

Cc
» oa
pkok = o= 1.7
ALVO
or
(p*o*) ALV
C = (1.8)




CHAPTER II

METHOD OF CHARACTERISTICS

2.1 GENERAL

The characteristics method9 converts the two partial differential
equations of mdmentum and continuity into four total differential
equations. Non-linear friction 1s retained, as well as the effect
of the pipes being non-horizontal. The equations are expressed in
finite-difference form, and the solution is carried through by digital
computer. Advantages of the method are:

- accuracy of results as non-linear terms are retained

~ there is proper inclusion oflfriction

- it affords ease in handling the boundary conditions and ease

in programming complex piping systems
- there is no need for large storage capacity in the computer
~ detailed results are completely tabulated.

It is by far the most general and powerful method for handling waterhammer.

2.2 BASIC EQUATIONS FOR UNSTEADY FLOW THROUGH PIPES
The velocity and pressure of moving fluids in pipes are governed
by the continuity and momentum equations.

3 for flow through a pipe which is inclined

The_momentum equation
or horizontal, tapered or straight, slightly or highly deformable, is
given by

gnx+vt+vvx+f_‘2’1|)l|.='o, (2.1)



in which g is gravity acceleration, V 1is fluid velocity, f is the
Darcy-Weisbach friction factor, H is the total pressure head above

the datum line, D is the inside diameter of the pipe, and"fz v
D

iis the frictional force of the fluid. The absolute sign is introduced
to ensure that the frictional force will always be opposite to the
direction of velocity.

The subscripts x and t indicate partial differentiation with

respect to distance and time. For example,

= oH
B = 5% ¢
H, = %% » in which H is the total préséure

head in feet of water.

Changes in the density of watér may be neglected without ihtro-
ducing éignificant érro:. Considéring the density as constant, the
continuity eduation may be stated as

.32 . : .
v tE +V [By + sin o] = o, : (2.2)

in which © is the angle the center line of the pipe makes with the

horizontal axis (measured positive downwards), and a 1is the velocity

of the waterhammer wave.

2,3 GENERAL CHARACTERISTICS METHOD

In this section, a general solution for the continuity and mom-
entum equatidns is presented. For the complete treatment, see Ref. 9.

All of the terms in the equations are retained. The method of specified
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time intervals which involves linear interpolation is used.

The momentum and continuity equations may be written as

_ evlv] o
Ll-ggx+wx+vt+—2%ifo (2.3)
and 2
= i— = k. . .
L2 Ht+ z VX+VHX+VSin6 0. (2.4)

Multiplying Eq. (2.4) by A and adding it to Eq. (2.3), one obtains

4 a? +‘ 4 i
Ly + AL, = A[Hx(VfA)+Ht]+[Vx(V+g—)\) vt] A Vsin®

fV|V

+ S -0 (2.5)
Let 93=v¥ﬂ=v+§-2->\ (2.6)
dt A g g '
Therefore, X = % §-, (2.7)
and 4 -y +a. (2.8)

de

Through substitutién of Equations (2.6), (2.7), and (2.8), Eq. (2.5) takes

the form

» v 4y vetne + BV =9 (2.9)
T oae dt 2D

It follows froms Eqs. (2.8) and (2.9) that

g di_ dv . g £v]v] | 1
a dt + at +‘ a Vsinf + 2D 0, . (2 10)

49X oy 4 oa, (2.11)




. )
_g di - dv g fv]v]
a dat T ac a Vsinb + =5 =0, (2.12)
and | v > -
_ ax ,

Because V = V(x,t), the characteristic lines C+ and C-, given by Egs.
(2.11) and (2.13), plot as curves on the x~t plane (see Fig. 2.1).

Eqs. (2.10) to (2.13) can be written in the following finite-

difference forms:

Vv.-Vv) + & - + & - £
( P R) o (HP HR) & VRsine (tP tR) +

2D VR|VR|
(tP - tR) =0 . (2.14)
(xp = xp) = (Vg +a) (tp - tp) : (2.15)
(Vp -V - & (4, -B) - & Vsine (t, - £) + %b v V|
(tP - ts) =0 | (2.16)
(xP - xS) = (VS._ a) (tP - tS) (2.17)

Two techniques are commonly used for obtaining a numerical solution
for the finite-difference equations (2.14) to (2.17). These are:

(1) use of a grid of characteristics,

(2) use of specified time intervals.
In single pipe problems as covered by this study, these techniques are

identicalg. The parameters XP and tP are assigned definite values



throughout the computation leaving only VP and HP as unknowns to be
determined. In this study the technique of specified time intervals
will be used. Since the conditiops at points A, B, and C (Fig. 2.1)

are known, the conditions at R and S may be evaluated by linear inter-

polation.
Thi X - X vV -V
e ' ¢c” ™ _ ‘¢ R
- vV -V
xc Xy c A
But : X, = xc, and xc,- xA = AXx.

Therefore, the above equation takes the form

Vo - V
C R
X, ~ Xp = Yoo Ax . (2.18)
R Yo o Vs

Since VR is much smaller than the waterhammer wave velocity a,

VR may be deleted from Eq. (2.15) without incurring any serious loss of

accuracy. By combining the modified Eq. (2.15) with Eq. (2.18), one

obtains
v, - V
adt = F— Ax (2.19)
C A :
The grid mesh ratio, 6', is defined as
oA
Therefore,
LS = V -
a b (VC VA) VC VR,
= - ' - 2.20
and Ve = Vo - a8 (v, -V . ( )

12
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v

Similarly,
= - ' - '.
H, = H, - a6 (HC HA), (2.21)
Vg =V, - as (vC Vo), (2.22)
= - ' —
HS HC ab (HC HB). (2.23)

Solve Egs. (2.14) and (2.16) simultaneously to obtain:

V, = 0.5 [vR + Vg + §-(HR - H) - £ At eind (V, - V) - f %%
VgVl + VSIVSI)] (2.24)

Hy = 0.5 [HR + Ho +'§ (VR - Vo) -At sind (Vo + Vo) - g- %%E
gl - VeIV D], | (2.25)

At the boundary points (Fig. 2.2), either Eq. (2.14) or Eq. (2.16)
or both are used together with the boundary conditions to solve for V
and H. Eqs.‘(2.14) and (2.16) are termed the negative characteristic
équation-and the posiﬁive characteristic equation respectively and may
now be written in the following forms:

The negative characteristic equation is

= + - (2.26
VP Cl , Cz HP’ ( )
where
€y = Vg = C,Hy +C, V_ sin At - FF vS[ vSI (2.27)
- £ | .
c, =4, : (2.28)
and FF - fAt . (2.29)

20
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The positive characteristic equation is

v, =¢C,~-C,. H, v (2330)

where

. = V + - - . .
C, =V, +C, H - C, VAt sing - FF VRI VRI (2.31)

C2 and FF represent pipe constants. The values of C1 and C3 are

constant during each time step.

2.4 CONVERGENCE AND STABILITY OF THE METHOD OF FINITE DIFFERENCES

" To be assured of stability éhd/or convergence of the solutiong, it
is necessary that At (V + a) S Ax. Since V is small relative to a,

this may be stated as follows:

At

Ax

A

1
a L]

This indicates that it is important to select the grid mesh ratio so
that the characteristics through P, C+ and C~ will not fall outside the

line segment AB (Fig. 2.1). The most accurate solutions are obtained3

when
Ax = aAt .



" CHAPTER TII

BOUNDARY 'CONDITIONS

3.1 THE AIR CHAMBER (Fig. 3.1)

Because of the assumption tﬁat the check valve closes simul-
taneously with the pump failure, all the flow in the discharge pipe
is either from or into the chamber. This assumption eliminates the
pump charactéristics from the waterhammer computations.

The pressure and volume of air in the chamber follow the gas
law

* m _ ’
H* Vair constant, (3.1

where H* and va are the absolute pressure head énd volume of air in

ir
the chamber and m 1is the power 1.0 for isothermal expansion and
1.4 for adiabatic e#pansion. The orifice in the chamber may be
simple or of the differential type. The differential type of orifice
throttles the reverse flow of water from‘the dischafge pipe into the
chamber while there is very little throttling of the flow out of the
chamber. If there is no orifice in the chamber, the throttling loss
is taken equal to zero.

Flow out of the chamber is considered positivé.

For the transient condition, Eq. (3.1) may be written:
+ + m .2
[Hp 36+ 0 g ] VPair Clo’ 3.2)

in which HP is the transient pressure head (in ft) in the pipe at the

16



" entrance to the chamber, Horf is the orifice resistance (in ft)

corresponding to a discharge of ¢ (ft3/sec.) and Vpair is the transient
volume of air in the chamber (ft3). C10 is a constant given by:
= H % n .
C10 5 voair , (3.3)

iﬁ which Ho* and v denote the initial steady-state absolute

oair
pressure head and volume of air in the chamber.

For the transient state conditions at the junction of the
chamber and the discharge pipe, the following equations can be written:

The continuity equation:

where’ V 1is the velocity of flow in the pipe (in ft/sec.), A is the

cross-sectionalyarea of the pipe (ip ftg), At is the length of the time
interval under conside;ation (in secs), vPair is the volume of air in
the chamber (in ft3) at the end of the time interval and V, iy is the

volume of air in the chamber at the beginning of the time interval.

~ Rearranging the terms, one gets:

= + 3.5
_VPair vair C11 At, ( )

in which
C11 = VA,

The negative characteristic equation for the pipe is:

VP(l) = c1 + 02 HP(l), (3.6)

where (1) designates section 1 on the pipe, i.e. at the air chamber.

The orifice friction loss is given by:

Horfo
Horf' = Corf 2 al qf (3.7

1



in which C

orf is the orifice coefficient and Hor

is the head loss in
fo

the orifice (in ft) corresponding to a discharge of q,. The absolute
value of q ensures the correct sign on the head loss for -changes in
direction of flow through the orifice. For a simple orifice, Corf =

1.0 for flow in either direction. For a differential orifice, C

orf ©
1.0 when water flows out of the chamber, i.e. when V is positfve,
and Corf = k1 when water flows into the chamber, i.e. when V is nega-
tive. The value of kl depends on the amount of throttling provided by
the orifice.

Substituting for q in Eq. (3.7), one obtains:

H .
orfo
Hops = Copp 5 va| va|
90
or
in which
' H
C. = orfo
£ 2
90
Substitution of the values of v, and H . into Eq. (3.2)
gives:
' m
+ + C.C c + C t =C
HP 34 Corf £ 11l 11| (vair llvA ) 10
or c :
10 .
H = m -3-C_.C.C..|C |
P (v ¥ Oy At) orf °f “11' T11
Letting Cair = vair + C11 At, one obtains:
. C10
Hy =g m - 34 - Copg G C11l Opyl - (3.9)

aiyr

18
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For each time increment, . HP can be determined from Eq. (3.9),

VP from Eq. (3.6) and Vpair from Eq. (3.5).

3.2 RESERVOIR OF CONSTANT WATER LEVEL AT THE DOWNSTREAM END (Fig. 3.2)

At the junction of the pipe and the reservoir,

res

HP(ll) = H
The positive characteristic equation for section 11 is given by:

VP (11) = C3 - CZHP(ll). (3.10)

From the above two equations, it follows that:

VP(ll) = C, - (3.11)

3 CZ Hres )
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"CHAPTER IV
" "THE PROGRAM

4.1 GENERAL

The program for this study designates to the computer all of
the operations which must be performed to compute the maximum upsurges
and downsurges for the transient phenomena. The flow chart for the
program is given in Fig. 4.1 and the entire programs for the entire
head loss concentrated at thé orifice and entire head loss attributable

to distributed friction are reproduced in Appendix.C.

4,2 CHECK ON THE PROGRAM

Prior to proceeding with the actual study, the writer checked
the vaiidity of the program with several graphical analyses. These
checks, presented in Appendix B, indicate that the program gives
results which coﬁpare well with graphical solutions made by others.

The graphical check for the total head loss concentrated at

the orifice5

shows that the program for this case gives valid results.
See Fig. B-1b.
The graphical check using several orifices to approximate head

loss due to pipe wall friction? (graphical solution by E. Ruus) indicates

that the program for distributed friction is also valid. See Fig. B-2.
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READ DATA
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COMPUTE At and Ax

CHECK FOR
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!

COMPUTE COEFFICIENTS
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STATE CONDITIONS

PRINT T, Hy, Vy

i

CALCULATE Vg, Vg, Ho, Hg
FOR ALL SECTIONS

!

M=0

!

T=T+DT

COMPUTE VPj; and HPj
AT INTERIOR POINTS

i

COMPUTE VP and HP
AT BOUNDARY POINTS

r

Vi = VPy
Hjy = HPy

TRUE FALSE
M=MM

PROGRAM FLOW CHART

FIG. 4.1
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4.3 DE

1)
variabl
ii)
111)
iv)
v)
vi)
vii)
viii)

ix)

PLC ---

TMAX --

CPLAC -

SCRIPTION OF THE PROGRAM
The main functions.of the program are as follows:
Specification of.the storage locations for the subscripted
es, tﬁe Dimension statement.
Submissién ofvdaté to the computer.
Computation of the time increment.
Check for convergence.
Computafion of constants.
Computation of steady-state values,
Computation of transient-state conditionms.
Check for maximum upsurges and downsurges.
Printout.
The variables which the program reads in are:
the pipe line constant, 2p*
the length of time for which the transients are to be calculated,
in seconds
the constant for a pipe line with an air chamber adjacent to

the pump, 2 p* o*,

The remaining parameters are set in the Data statement. For any group,

the only parameter which changes in the Data statement is the total

head loss coefficient, CK.

taking

The programs are relatively efficient with a typical calculation
approximately 12 to 13 seconds of computer use time.

The programs for the four basic groups of charts, as listed in

Section 5.1, vary only slightly from each other.
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" Group I - No head loss

For frictionless flow the program Data statement sets CK and
the orifice loss equal to zero. The program automatically computes
the friction factor, F, to be zero.

Group II - Entire head loss concentrated at the orifice

The Data statement sets the friction factor, F, equal to zero,
CK to some value between 0.1 and 1.0, and the orifice inflow
coefficient, CORFIN, to 1.0 or 2.5 depending on whether the orifice
. 1is simple or differential.

Group III - Entire head loss attributable to distributed wall

friction
The Data statement sets the orifice loss, HORF, equal to zero.
The program calculates the friction head loss, HF, and the friction

factor, F, for the designated values of CK.

Group IV - Head loss equally divided between uniformly distri-

buted friction and orifice loss

The Data statement sets the orifice inflow (CORFIN) and the
total head loss (CK) coefficients. The program computes the friction
factor, F, the total steady-state friction loss and the total orifice
loss for a flow of Q, into the chamber.

The steady-state friction factor is used to calculate the

friction head loss during the transient phase.

4.4 APPROXIMATION OF VELOCITY OF FLOW OUT OF THE CHAMBER
Initially, the average velocity out of the chamber, VAVAPP, after
the time interval was incremented, was set equal to the velocity in the

pipe at Section (1) (Fig. 3.1) for the previous time interval. The



computation was then followed through to the point where the actual

average velocity of flow from the chamber was calculated.

i.e. 1
VAV = v ; P

.if the difference between the initial assumed average velocity, VAVAPP,
and the calculated average velocify, VAV, was less than or equal to
0.0001, the program continued the transient state computation. If
the difference was greater than 0.0001, the values of HP (1) and VP(1)
were recalculated uéing VAV &= the new approximation for the velocity
of flow out of the chamber. This iteration continued until the
errotr criterion was met.

The writer found that if VAVAPP was set equal to V(1) from the
previous time interval, the program would not converge to é solution,
but in fact, the pressure surges would magnify increasingly causing

the computer to terminate the program with an error message.
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" 'CHAPTER V

" THE CHARTS

5.1 'GROUPS OF CHARTS

Four basic combinations of conditions were investigated in this
study. These four combinations include:

(1) No head loss, K = 0.0, (no wall friction, no orifice loss)

There is only one chart in this group.

(2) Entire head loss concentrated at the orifice, (no wall friction)

There are ten charts in this group with K varying from 0.1 to
1.0 in increments of 0.1. Two orifices, one differential and one simple,
were investigated in this group. The differential orifice had an inflow
to outflow head loss ratio of 2.5:1. That is, for the simple orifice,
the orifice resistance is the same for inflow or outflow whereas for
the differential orifice the inflow resistance 1s 2.5 times the outflow
registance.

Note that values of K = 0.7 to 1.0 are not practical but are
included for the sake of completeness. Becauseof the great resistance
to flow from the chamber for K = 0.7 to 1.0, large air chambers are
needed to control the downsurges whereas the upsurges are not greatly
reduced.

(3) Entire head loss attributable to distributed friction,

(no orifice loss)

K varies from 0.1 to 1.0 in increments of 0.1.
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(4) Head loss equally divided between uniformly distributed

“'wall friction and orifice loss

K varies from 0.1 to 1.0 in increments of 0.1, The orifice
Aconsidered was a differential orifice with inflow to outflow.loss
ratio of 2,5:1.

Under the conditions imposed by the assumptions, the entire
transient following power interruption is completely described by
the variables K,v2p* and 2p* 0%, In the charts, the maximum upsurges
and downsurges have been plotted in terms of these variables. Maximum
upsurges and downsurges at'the pump, the midlength and the three- |
quarter pqint of the.discharge line are plotted as percentages of
Ho* for various values of these parameters.' The normal range1 of p*
is from 0.25 to 2.0 and that of o* is from 2 to 30. This range is
covered in the charts.

To use the individual charts, one must first determine the
parameters K, 2p%* an& 2p* o* for the particular problem. With these
known, one determines maximum upsurge by going upwards on the 2p* o¥
ordinate from the zero surge abscissa to the intefsection with the
20* curve. Similarly, the maximum downsurge is found by going down-
wards on the 2p* o* 6rdinate from the zero surge abscissa to the 2p*
curve.

To illustrate:

Known: K = 0.1, 2p* g% = 10, 20* = 4

No wall friction, Differential orifice 2.5:1
Required: Maximum upsurge and downsurge at midpoint.
Solution: Maximum upsurge = 0.771 H *

Maximum downsurge = 0,358 Ho*
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5.2 NO HEAD LOSS, FRICTIONLESS FLOW

The single chart in this category compares well with the
cﬁart for frictionless flow published by Evans and Crawford
(Appeﬁdix A, Fig. A-1).. Since frictionless flow would nof occur in
reality, this‘cﬁart would be used for purposes of analysis but not -for

design probléms.

5.3 ENTIRE HEAD LOSS CONCENTRATED AT THE ORIFICE

Differential orifice - inflow to outflow head loss ratio 2.5:1

The graphs for K ¥>0.3, 0.5 and 0.7 compare well with the
cofresponding graphs publiéhed by Evans and Crawford as shown in
Appendix A, Figures A~2, A;3, and A-4., The curves are generally well
defined except for the lower values of 2p% and 2p* o* for the upsurge
region., This is in the range of very low velocities. The 2p* =_0.5
curves were eliminated for K = 0.8 to K = 1.0 inclusive because the
program would not converge to a solution.

Two additional charts for K = 0.5 were included in this group.
These were for powers of 1.0 and 1.4, tﬁe powers being the values of
m in the equation H* vairm = constant. The intent was to check the
possible variation of results caused by using the power m as 1.0,
1.2 and 1.4. |

A comparison of the charts and a partial listing of the results
as shown in Table 5.1 indicate that the power 1.2 gives an approximate
average for the upsurges and downsurges. The‘charts also indicate that
one must accurately determine whether the system is isothermal or

adiabatic when using the powers 1.0 and 1.4 because the resultant

28



" 'TABLE 5.1

29

m= 1.0 m= 1,2 m= 1.4

2p%* 20%g% .
1ép pTo Point UP Dn UE, Dn Up Dh
1 2 P .705 .572 .732 .615 .793 .649
M .435 .458 .527 .498 .669 .532
3/4 .235 .342 .290 .372 .343 .399
4 P 413 452 475 .499 .542 . 532
M .254 .355 .313 .386 .331 414
3/4 .132 .264 .151 .283 .178 .302
10 P .173 .324 .208 .352 .240 .378
M .120 .250 134 .270 .157 .287
3/4 . .058 .200 .065 .210 .073 .219
30 P .061 .220 .073 .234 .085 247
M .050 .185 .056 .194 .063 .201
3/4 .022 .165 .024 .169 .028 .172
4 8 P .782 .535 .902 .583 1.012 .623
M .435 - .375 .504 .409 .575 439
3/4 .211 .272 .249 .290 .278 .308
20 P .322 .385 .375 421 427 454
M .191 .270 .220 .290 248 .310
3/4 .089 .201 .104 .227 .118 .235
40 P .169 .286 .198 .313 .227 .339
M .102 .222 121 .232 .137 .243
3/4 .049 .201 .056 .205 .064 .209
80 P .090 .225 .105 - .234 .121 .249
M .056 . 204 .065 .208 .075 .212
34 .025 .192 .031 .194 .035 .196
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upsurges vary by as much as 507 and the downsurges vary by as much as

407%. The greater variation occurs generally for small 2p* o* values.

Simple orifice - inflo@ to outflow head loss ratio 1:1

The curves in this group are well defined except for some scatter
in the range of low 2p* and 2p* o* values for upsurge only. The 2p%* =
0.5 curves were eliminate& for the range K = 0.7 to K = 1.0 inclusive
because the program would not converge to a solution. Note that for the
higher values of K, 2p*, and 2p* 0%, the upsurges at the mid-point of

the line become higher'than the upsurges at the pump.

Comparison of upsurges and downsurges for 2.5:1 and 1:1 orifices

The friction faétor, K, is based on inflbw to the air chaﬁber.
To compare the upsurges and downsurges for the two orifices, one
differential with a 2.5:1 inflow to outflow head loss ratio and the
other simple, assume that the inflow losses are equal. Therefore, the
outflow loss for the simple orifice will be 2.5 times greater than the
outflow loss for the differential orifice. It follows that the down-

surges will be equal for the following friction factors:

(1) Differential, K = 0.5; Simple, K = 0.2; and

(2) 'Differential, K

1.0; Simple, K

i

0.4.

Table 5.2 does in fact verify this, except for isolated instances.

5.4 ENTIRE HEAD 'LOSS ATTRIBUTABLE TO DISTRIBUTED FRICTION
As the total head loss increases, the distributed friction
significantly reduces the upsurges, and, to a lesser extent, the down-

surges. The downsurges are affected to a greater degree away from the



TABLE 5.2

UPSURGES AND DOWNSURGES FOR 1:1 AND 2.5:1 ORIFICES

1:1 2.5 31
K= 0.2 K= 0.4 K= 0.5 K= 1.0
UP DN UP N upP DN UP IN
20 # 20%c* P M 2 P M 2 P X 2 P M 2 P M 2 P M 2 P ¥ 2 P M 2
lo.s] 1 688 587 ,330| .505 442 .360 |.608 .568 L27L| .487 .437 .360|.593 .528 .250|.486 .4L2 .360 '
2 <561 .31k .184| .hk2 .371 .28L4 |.A88 .326 .153| .437 .370 .296|.478 .308 .146 | .4k2 .371 :385
3 460,311 198 403 325 .2u4 [.376 .258 .165] .399 .330 .264|.365 .243 147 |.403 .325 .244
4 377 .320 .162| .371 .293 .220 |.298 .254 .128|.369 .303 .246|.289 .217 .110|.371 .293 .220
6 .295 .213 .093| .325 .252 .192 |.224 .182 .083|.329 .270 .224|.215 .145 .O71|.325 .252 .192
8 .236 .160 .080) .293 .227 .175|.177 .1Kl .06} .302 .251  .213|.162 .111 .052|.293 .227 .175
10 2193 148 L067| .269 .209 .1651.139 .116 050 .28L .2kh .206|.127 .092 .OLO|.269 .209 .165
0.5 | 15 2137 _.103 048] .231 .183 .130 ;.092 .085 .035|.254 .2kl .202.083 .06L .027|.231 .183 .150
1.0 2 .83L .710 .L05| .61L .198 .372 |.725 .6L1 .3L4! .625 .522 JL15|.729 .528 .290 | .61L .498 .372] .571 .398 183 .625 .522 .L15
3 J787 LL59 L2431 546 .43 317 {.622 .359 .184| . 564 463 .369 | .607 349 .188|.546 431 317 .400 .277 .13 .564 463 .369
4 $651 455 .233] J4$7 .385 .233 |.A9L4 .362 L1770 .521 .25 .3k2| .476 .323 151 |.497 .385 .283] .299 .202 .100|.521 ..425 .342
6 W89 .276 J142| L4300 .328 .245 |.349 .247 L1071 .462 .378 .311}.336 .199 .101|.430 .328 .245| .203 .1L9 .O6L| .462 .378 .31l
10 .325 .213 .099| .352 .270 .210 |.221 .174 .076|.397 .330 .283}{.208 .134 .065|.352 .270 .210| .121 .099 .OLl|.397 .330 .283
15 232 .164 .073|.300 .234 .190 |.153 .131 .058{ .35, .302 .269 | .14l .096 .O45|.300 .234 .190| .081 .087 .032| .354 .302 .269
20 .181 .135 ,057) .269 .215 .180 |.116 .105 .O46| .329 .298 .266|.108 .076 .035|.269 .215 .180| .063 .079 .026| .329 .298 .266
1.0 | 30 .128 101 .045| .234 .194 .169 |.081 .06l .033|.302 .295 .262|.073 .056 .O2L|.234 .194 .169| .043 .064 .022|.302 .295 .262
2.0 L 1,191 «70L .305 1,599 161 +335 .88 ,
. .510
& | eer Lsop as |156 T 28 g g G |57 2D 41O a0 20 | a6 333|220 AT G653 o
10| 572 353 70 -0 1319 .25 393 278 (126 |Ls06 Civp (o |*OL 327 <166 316 L1 .28 )30 2N -U3).591 WAL 393
15 | .ioh 259 123 |.36h 275 221 (1271 208 .092 | it aga ooy |379 235 109 |.iz9 .3l9 245|222 -151 .070 | .506 .419 355
20 | 38 1206 l097 |32 a9 a8 |io0 ag ‘21 -382 .336 1,261 167 .077 |.364 .275 .22L)-10 .llb 0L 1.5 382 33¢
30 .227 .155 (071 |.275 .226 .195 |.116 :122 “ont l%g <362 326 |.200 .128 060 |,322 ,251 .208 <113 .090 036 |.418 362 .326
L0 178 .126 057 |.251 212 .189 |12 .098 013 '361 .31;0 2318 (1137 091 .043 |.275 .226 .195]|-077 .OZB 027 1.381 .30 318
2.0 | 60 | 226 .03 [0l0 |-225 198 .182 [.078 .07 0% “30 ggf; gii -(1)25 .070 .833 .251 .212 'i? '823 -853 -gig gﬁé L3388 ,316
. . . 072 080 23 |, 198 .1821 - . . . . .
4.0 18 1.323 <718 .363 [.583 .L09 .290 [.91L .557 .260 |.638 .519 .430 |.902 504 .2L9 §§§ .u?>9 .290 | .5L1 .331 .158 |.63% 233 tjég
10 1.(731 .1531 293 1543 2376 .270 |.737 466 .218 |.594 .489 413 |.725 .09 .199 |.543 .376 .270|.432 .269 .128 |.594 .L89 .13
: $737 <413 .20L |.L70 323 .20l 504 .332 .153 |.528 .445 .389 (.91 .286 136 |.470 .323 .241).289 .185 .087 |.508 -bh5 .389
2% JE7L 0335 .165| .420 .290 227 [.387 .365 .120|.488 .420 .376|.375 .220 .104 | .42l .290 .227| .219 .142 .067|.488 .420 .376
3 +OL .24 L1191 .355 .253 .213 |.268 .191 .084| .44k .394 .363 |.258 ,155 .072|.355 .253 .213| .148 .100 .OL6| .4k .394 .363
10 +317 .194 .0951.313 .232 .205 (.207 .152 .066|.420 .380 .357|.198 .121 .056 |.313 .232 .205| .112 .079 .035|.420 .380 .357
1% ﬂ’?/ -é;g -825 234 .208 .194 [.112 .086 .038{.380 .365 .351|.115 .065 .031|.234 .208 .194( .058 .052 .019| .380 .365 :351
. . -OL5{.222 .203 .192 |.092 .072 .031|.371 .36L .35 [.0S6 .053 .025].222 .203 .192| .OL6 .048 .OL7|.371 .364 .350

1¢
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pump. This is iogical because the distributed friction is in effect
over a longer distance. For K = 0.4 and above, upsurges have been
eliminated while the downsurges are divided into three distinct groups,
at the pump, the mid-point, énd the three-qudrter point. For K values
above 0.6, the downsurges for the various values of 2p* in each group

become so closely spaced as to almost merge.

5.5 HEAD LOSS EQUALLY DIVIDED BETWEEN UNIFORMLY DISTRIBUTED

WALL FRICTION AND ORIFICE LOSS

For K values of 0.7 to 1.0 inclusive, the upsurges disappear
completely and the downsurges are segregated into three distinct groups,

i.e. at the pump, the mid-point, and the three-quarter point.

5.6 USE OF THE CHARTS

The downsurge charts produced by EVans and Crawford are based on
the minimum head in the pipeline. For this reason they stated that the
charts were for preliminary design purposes only. Since this program
was derived to givé the actual absolute pressure in the air chamber,
the charts can be used for final design as well as preliminary design
and checking purposes.

Usually when an air chamber is being designed for a pump -
discharge line, the values of L, a, V, Qo, A, Ho* and g will be known.
From these values, 2p%* can be computed. The allowable maximum surge
values may be dictated by specifications, operating conditions, or the
profile of the discharge line. For the computed value of 2p* and the

specified maximum allowable surges, values of K and 2p* o%* can be



chosen from the charfs such that the surge limitations are met. If
the allowable surge éonditions can not be satisfied by data from the
charts, probably some means other than an air chamber should be used
to control the surges.

When 2p* o* has been de;ermined, Co can be computed from

Eq. (1.5) (i.e.):

= * *
C0 p* o Qo

o |

Numerical examples demonstrating the use of the charts are
gi%en in Appendix A.

Figure 5.1 shows the configuratioﬁ of the pump, air chamber,
pipeline and reservoir.

The Charts begin on page 45.
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PIPELINE WITH AIR CHAMBER

FI1G. 5.1

Pipe Wall Friction

HY - Steady-state absolute pressure head at pump
H, - Steady-state pressure head at pump
Hp — Total head loss

Horfo — Head loss due to orifice resistance
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CHAPTER VI

DISCUSSION

6.1 VOLUME OF AIR IN THE CHAMBER

Since ¢*, the parameter pertaining to a pump discharge line
having an air chamber, is directly broportional to C,, the initial
volume of air in the chamber, the initial volumes of air and water in
the tank must be maintained ﬁithin certain limits to ensure proper
operation of the chamber. The compressed air which dissolves in the
water or is lost through leakage must be continually replaced. Some
means of automatic shut down of the pump or pumps must bevprovided
should the proper water level in the tanks not be maintained. The
minimum caontrols required are shown schematically in Fig. 6.1.

The following items4

should be considered when fixing the
compressor "on" and "off" levels:

(a) capacity of the compressor,

(b) size of the air chamber,

(¢c) frequency of starting and stopping of the compressor,

(d) daily temperature variations that might actuate the controls,
and (e) how quickly the system is to be put back into operation

after a prolonged shutdown.

The emergency levels can be at nominal distances above and below

the compressor operating levels on installations having only one pump or

that provide manual starting or stopping for individual pumps on the

same line. If automatic starting and stopping of the individual pumps
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on the same line are requifed, the emergency levels should be sufficiently
removed from the compressor operating levels to contain the surges
produced by starting or stopping the largest of the pumps under the
most critical initial conditions.

The charts can be usefully employed to check the locations of

_the emergency levels.

6.2 TOTAL VOLUME OF THE AIR CHAMBER

Once 2p* o* has been determined from the charts, C, can be cal-
culated by using Eq. 1.8. The volume of the air chamber is then deter-
mined by considering that the chamber must contain adequate air above
the upper emergency level to»control the surges to desirable limits,
and enough water be1§w the lower emergency level to prevent unwatering.
With allowance for the volume between the upper and lower emergency
levels, the total required volume of the alr chamber can be computed.

The minimum volume of air that must be maintained in the
chamber to control the pressure surges ls the volume of the chamber
above the upper emergency level. This volume can be designated C'
which is numerically equal to the volume C,. By adding to this
quantity the volume of the chambef between the upper and lower
emergency levels, one determines the initial volume of air in the
chamber that will result in the lowest water-surface level following
pump shut down. This new volume of air becomes C" equal to C' plus
the volume of air between the upper and lower emergency levels.

The downsurge at the pump with this initial volume of air can

be determined from the curves by computing a new value of 2p* o* based
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on C" instead of C'. Assuming that this expansion is isothermalA, the

total volume of the air chamber becomes

"
c Ho*

HO* - doWnsurge at pump

Under favorable conditions, the air tank volume is about ome
to two percent of the conduit volume. A conservative approximation of
tank size would be tﬁo to four percent of the conduit volume. Favourable
conditions would be interpreted as long pipe lines with high friction
losées and no high points of topography.

The initial air volume 1is generally about 40 percent of the

tank volume.

6.3 ORIFICE DESIGN

Since the function of an air chamber is to decrease both the
upsurges and the downsurges on pump failure, it is necessary to throttle
the reverse flow of water from the discharge line into the chamber whilé
providing little throttling for flow out of the chamber.

An effective device for producing a high head loss for inflow
while keeping the exit head loss at a minimum is a differential orifice
as shown in Fig. 6.2. The design 1s essentially a bellmouth for flow
from the chamber and a re-entrant tube for flow into the chamber. This
design will give discharge coefficients of 1.0 and 0.5 for outflow and
inflow respectively. The inflow head loss for a specified rate of flow
would be approximately four times as great as the outflow headloss.

However, this head loss ratio of 4:1 1s difficult to obtain in practice.



Compressor On‘
I £ ___]
1\— Compressor Off
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A ratio of 2.5:1 is more realistic.

If head loss in the pipeline due to wall friction is considered
as concentrated at the orifice, the orifice design should allow for
this assumption. For example, design a differential orifice for aﬁ
inflow loss of 60 per cent of Ho* and outflow loss of 30 pér cent of
Ho* for an inflow and outflow of Q . For a flow of Q_, the pipeline
surface-friction loss is 10 per cent of Ho*. The orifice should be
desighed for a head loss of 50 per cent of HO* for an inflow of Qo and
a head loss of 20 per cent of‘Ho* for an outflow of Qo' The actual
orifice design, head loss ratio of inward flow to outward flow should
be 2.5:1.

An orifice may be designed to give a maximum initial head loss
through ﬁhe orifice equal to the maximum downsurge. This condition is

6, Greater or smaller throttling losses may

known as normal throttling
be said to give over-throttling or under-throttling, respectively. The
minimum head in the pipe will correspond to the maximum air expansion
in the chamber for the conditions of normal throttling and under-
thtottling. For ovér—throttling the minimqm head in the pipg can not
be used to determine the maximum air expansion in the chamber. For the
condition of over-throttling, the minimum pressure in the tank must be
known in order to determine the maxiﬁum air expansion.

Large computational errors result when friction is ignored. The
inclusion of distributed wall friction increases the accuracy of the
maximum and miniﬁum pressures and corresponaing maximum air expansion

in the chamber. Thus the charts including distributed wall friction

give highly accurate results.



6.4  WATER-COLUMN SEPARATION IN PUMP DISCHARGE LINES

Water - column separation7 is the first phase in the development
of one of the most destructive types of waterhammer surge in pump-
discharge pipe lines., Following pump failure, the.sudden pressure
drop downstream might be severe enough to bring about a temporary
vapour pfessure condition, and possibly the formation of a void in the
pipe line. The subsequent closure of this void often results in violent
local surges well above any possible transient pressure rises in a
continuous water column. The extent of pressure rise is proportional
to the fluid velocity destroyed at the instant of vacuous space cloéure.

The four major factors7 influencing water = column separation
are: (1) rate of flow stoppage,

(2) 1length of system,

(3) normal operating pressure at critical points,

(4) wvelocity of flow.

(1) For pumps that have small rotational inertias the result‘is
complete pump stoppage from within a fraction of)a second to a very few
seconds after pump failure. This very much aggravates the downsurge
problem.

(2) The length of the system determines the length of time
the ressure will continue to fall before positive pressure waves reflected
from the far end of the line counteract the pressure drop. A long line
with a pump having a small rotational inertia very often will experience
water ~ column separation on puﬁp failure.

(3) Points of low pressure are critical. At points of low

pressure such as the crests of hills over which a pipe line passes, a
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slight interruption of flow may result in a drop to vapour pressure and
resulting column separation.

(4) The fourth‘major element in water—column separation is the
velocity of water in the pipe line preceding the cause of'perturbation.
As the stead& state velocity increases, the size of the vacuous space,
the reverse flow velocity, and the final surges following the void
collapse all become greater.

All of these elements are inter-related. For example, extensive
water-column separation may occur even witﬁ a very low velocity if the
pipe line is long enough and:the steady state pressure head is low.

An air chamber is one means of preventing or controlling water-—
column separation for medium to high-head systems. An example is given
in Appendix A»indicating:the manner in which the charts can be used to
determine the possibility of water-column separation.

Although these charts cannot be used to analyze the water-column
separation condition, the high degree of accuracy does enhance the ability
of being able to predict if‘water-column separation will occur.

Further studies could be carried out to attempt to determine
maximum and minimum pressures occurring for the water—-column separation

phase of waterhammer.



CHAPTER VI

CONCLUSIONS

(1) Since the program was evolved from the basic differential equations
for momentum and continuity to give the absolute pressure in the air
chamber, nonlinear terms are retained and friction is included, the
charts can be used for final design purposes¥*,

(2) The validity of the charts is demonstrated by comparing the

results obtained by the method of characteristics with those obtained

by the graphical method.

(3) 1t is important.tb analyze the system properly and to use the group
of charts which most closely apﬁroximate the system in order to get valid
results. In some cases it might be advantageous to interpolate between
graphs within the same group. For example, K might be in the range 0.0
to 0.1.

(4) It is importapt to determine whether the expansion and compression
of air in the chamber is adiabatic or}isothermal_because the results
vary significantly for the powers m = 1.0 and m = 1.4, where m is the
power in the equation H*vairm = constant. For example, for 2p* = 4 and
2p* o* = 8, the upsurge at the pump for m = 1.0 is 0.782 H*o and for

m= 1.4 is 1.012 H*o, the downsurge at the pump for m = 1.0 is 0.535 H*o

and for m = 1.4 is 0.623 H*o.

* The charts produced by Evans and Crawford are to be used only for
preliminary design purposes. The authors stress that "for final design
of an installation having an air chamber, individual solutions similar
to that shown by Mr. Angus ('Air Chambers and Valves in Relation to
Water-Hammer', Transactions, ASME, Vol. 59, 1937, p.661) should be made
to ensure that the air chamber will fulfill design requirements".
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The power'm =‘1.2 gives an appfoximate average for the upsurges
and downsurges. For the same pipeline constants as above, for m = 1.2,
the upsurge at the pump‘is 0.902 H*, and the downsurge at the pump is
0.584 H* . |
(5) The charts produced by Evans and Crawford are quite accurate as
shown by the computer check on these charts using the method of charac-
teristics. The accuracy of the charts produced in this work is enhanced
by the inclusion of‘friction and nonlinear terms.

The charts presented in this thesis cover a much wider range of
variables than those published by Evans and Crawford. For each group
the following charts are presented; No Line Friction, Line Friction Only -
No Orifice Loss, and Friction Loss Equally Distributed between Orifice
Loss and wall Friction, the range of K is from 0.1 to 1.0.

(6) Bergeron's method of graphical analysis considering line frictiom
concentrated at five points is quite -accurate as demonstrated by the
computer check using the method of chéractéristics.

(7) The number of sections used in analyzing the pipe system is
important. If N is too large, excessiﬁe éomputér time will be required;
if N is too small, the program will not converge to a solution. In this
program, for instance, N was set equal to ten and gave good results.

For N equals five, the program would not always converge to a solution.
(8) For high values of K, 20%, and 2p* o* the upsurges at the mid-point

can be higher than those at the pump.

43



44

BIBLIOGRAPHY

-Allievi, L., "Air chambers for Discharge Pipes', Trans. ASME;

Vol. 59, Paper Hyd-59-7, November 1937, pp. 651-659.

Bergeron, L., Water Hammer in Hydraulics and Wave Surges in
Electricity, John Wiley and Sons, Inc. New York, Copyright 1961
by the ASME.

Chaudhry, M.H., Boundary Conditions for Analysis of Water Hammer
in Pipe Systems, A thesis submitted in partial fulfillment of the
requirements for the degree of Master of Applied Science at the
University of British Columbia, 1968.

- Evans, W.E., and Crawford, c.C., "Design Charts for Air Chambers on

Pump Lines", Trans. ASCE, September 1954, pp. 1025-1036.

Parmakian, J., Waterhammer Analysis, Dover Publications, Inc.
New York, 1963.

Payntér, H.M., Discussion of '"Design Charts for Air Chambers on
Pump Lines", Trans. ASCE, September 1954, pp. 1039-1045.

Richards, R.T., 'Water~Column Separation in Pump Discharge Lines",

Trans. ASME, Paper No. 55-A-74, 1955, pp. 1297-1304.

Ruus, E., and Chaudhry, M.H., 'Boundary Conditions for Air Chambers
and Surge Tanks", Trans. EIC, November 1969, EIC-69-HYDEL 22, Vol.
12, NOO C-6c

Streeter, V.L., and Wylie, E.B., Hydraulic Transients, McGraw-Hill
Book Company, New York, 1967.




THE CHARTS

45



GROUP I

NO HEAD LOSS, FRICTIONLESS FLOW

(No wall friction, no orifice loss)
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GROUFP 11

ENTIRE HEAD LOSS CONCENTRATED AT THE ORIFICE
(no wall friction)
A, DIFFERENTIAL ORIFICE, RATIO 2.5:1

B. SIMPLE ORIFICE, RATIO 1:1
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"GROUP III

ENTIRE HEAD LOSS ATTRIBUTABLE TO DISTRIBUTED FRICTION

(no orifice loss)
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GROUP IV

HEAD LOSS EQUALLY DIVIDED BETWEEN UNIFORMLY

DISTRIBUTED WALL FRICTION AND ORIFICE LOSS
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APPENDIX A

" COMPARISON OF CHARTS AND NUMERICAL EXAMPLES

Comparison of the charts derived by the method of characteristics
and those produced by Evans and Crawford.

Example on the design of an air chamber for a short pipeline of
large diameter;'

Example on checking'the maximum upsurges and downsurges for a loﬁg

pipeline.
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- COMPARISON OF THE CHARTS DERIVED BY THE METHOD OF CHARACTERISTICS

FIGURE A-1

FIGURE A-2

FIGURE A-3

FIGURE A-4

APPENDIX A-1

AND THOSE PRODUCED BY EVANS AND CRAWFORD

No friction loss

Total friction loss = 0.3 Ho* (orifice loss)

Total friction loss = 0.5 H * (orifice loss)

Total friction loss = 0.7 H * (orifice loss)
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APPENDIX A-2

' EXAMPLE ON DESIGN OF AN ATR CHAMBER
FOR A SHORT PIPELINE OF LARGE DIAMETER
PROBLEM
| Given the following data, design the most economical air chamber

which will limit the waterhammer surges to the specified limits.

*=
HJ 334 ft

1610 ft petz—— 805 ft———colosm 805 ft ——ud

Check valve closes immediately on pump fallure.
Length of pipeline (L) = 3220 feef.

Area of pipe (A) = 3.142 ft2

Steady-state dischaxrge (Qo) = 18.5 cu.ft per sec.

Steady-state velocity (V,) = 5.9 ft per sec.



Steady-state head at pump (Ho)

Water hammer wave velocity (a)

Atmospheric pressure

100

300 ft

3660 ft per sec.

= 34.0 ft of water.

Neglect line friction losses.

ALLOWABLE HEADS

Maximum at pump = 400 ft

of water.

Maximum negative heads at midlength and three-quarter point =

20 ft. of water (sub-atmospheric).

SOLUTION

The allowable surges are:

At pump - allowable upsurge = 400-300 = 0.30 H_*

At midlength - allowable downsurge = 400-350+20 = 0.21 H_*

At three-quarter point -

20

=

- avo
8Ho"

From the charts in Group

Orifice, Differential Orifice 2.5:

the values:

K

K

0.1,
0.2,
003’

0.4,

20%

2p*

20%

2p%

The volume of air in the

allowable downsurge = 400-370+20 = 0.15 H*

(3660)(5.9) = 2.0
2.2)(334)
11, Entire Head Loss Concentrated at the

1, the surge condiﬁiqns can be met using

ok = 35
o% = 24
o% = 22
g% = 60

chamber will vary directly as o*, so the

smallest value of 2p* o%* will be used. For the values,

K=10.3

20% g% = 22

2p%

2.0
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At the pump: Maximum upsurge = 0.26 H_ *
Maximum downsurge = 0.32 H_*

At the midlength: Maximum upsurge = 0.155 ﬁo*
| Maximum downsurge = 0.21 Ho*

At the threé—quarter point: Maximum upsurge = 0.07 Ho*

Maximum downsurge = 0.15 H *
The differential orifice should be designed to provide a head loss
of (0.3)(334) = 100 ft for a flow of 18.5 cu.ft per sec. into the chamber.

From Eq. 1.8,

(20*% o%) ALV,
o 2a

= (22) (3.142)(3220)(5.9)
(2) (3660)

179 cu.ft
¢'=C, = 179 cu.ft
Assume: Volume between upper and lower emergency levels is 20% of C'.
Then, C" = 1.20 C' = 215 cu.ft
and  2p% o% = 1.2 x 22 = 26.4.

The maximum downsurge at the pump becomes 0.295 Ho*‘

Total air chamber volume C"Ho*

Ho* - downsurge at pump

= 215
1-.295

= 305 cu.ft.

REMARKS
The critical points with respect to water-column separation occur

for this example at the midlength and three-quarter point. The design
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ensures that water-column separation will not occur. If the problem
were one of analysis, the maximum downsurge at the critical points
would be determined. A pressure of -34 ft ‘or less would indicate

the formation of a wvacuous space.



PROBLEM

"APPENDIX A-3

EXAMPLE ON CHECKING THE MAXIMUM UPSURGES

AND DOWNSURGES FOR A LONG PIPELINE

103

Given the following data, determine the maximum upsurges and

downsufges at the pump, the midlength and the three-~quarter point of

the pipeline.

*
HO

DATA

\ -— ) ——

=70 ft
i

\—

—— Atmospheric:Pressure

EEEE = 34 ft;;7
7

\

H, =316 ft

9192 ft

Check valve closes immediately on pump failure.
Length of pipeline (L) = 9192 ft
Area of pipe (A) = 0.79 ft2
Steady-state discharge (Q)) = 5.0 ft3/sec

Steady~state velocity (Vo) = 6.3 ft/sec
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Steady-state head at pump (Ho) = 316 ft.
Line friction loss (HF) = 70 ft.

Waterhammer wave velocity (a) = 3660 ft/sec.
Atmospheric pressure = 34.0 ft. of water.

Initial air volume in chamber (Co) = 50 £t3.

SOLUTION
(A) No orifice loss

2C,a  2(50) (3660)

Zp* ok = = = 8.0
ALV,  (0.73)(9192)(6.3)
70
K = 55 =0.20
av, (3660) (6.3)
0% = — = = 2,04

gH_* (32.25(350)

From the charts in Group III, Entire Head Loss Attributable to
Distributed Friction: |
(1) At pump: Maximum upsurge = 0.285 Ho*
Maximum_downsurge = 0.55 Ho*
(2) At midlength: : Maximum:dpsurge = 0.15 H *
Maximum downsurge = 0.32 Ho*
(3) At three-quﬁrter point: Maximum upsurge = 0.075 H_*

Maximum downsurge = 0.175 Ho*

(B) Total head loss evenly divided between line friction loss

and orifice loss (2.5:1 differential orifice). .

(1) At pump: Maximum upsurge = 0.50 HO*

Maximum downsurge = 0.515 Ho*
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(2) At midlength: Maximum upsurge = 0.28 H_*

Maximum downsurge = 0.32 H *
(3) At three-quartef point: Maximum upsurge = 0.14 Ho*

Maximum downsurge = 0.19 H_*

REMARKS

It is obﬁious from the foregoing results that care must be exercisgd
in selecting the charts to best approximate the actual physical condition. |
The surge results (especially the upsurges) vary considerably for different

’

types of head loss.
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'APPENDIX - B

GRAPHICAL CHECKS ON PROGRAM

B-1 Check for total head loss concentrated at the orifice.

B-2 Check for total head loss attributable to distributed frictionm.



107

"APPENDIX B-1

CHECK FOR TOTAL HEAD LOSS CONCENTRATED AT THE ORIFICE

"PROBLEM
Determine the transient state pressures and velocities in the

pipeline adjacent to the pump at A. The transient conditions are caused

by pump failure.

Atmospheric
Pressure Head : | ]

HO* = 250 ft-———a—:

Air Chamber
C, = 100 ft3

Check Valve

Throttling = +50 ft for Q = +20 ft3/sec.

FIG. B-la

DATA

Check valve closes immediately on pump faillure.
Length of pipe line (L) = 3220 ft.

Steady-state discharge (Qo) = 20.0 ft3/sec.
Steady-state velocity (V) = 5.00 ft/sec.
Waterhammer wave velocity (é) = 3220 ft/sec.
Pipe line constant (2p*) = 2.00

Constant for a pipe line having an air chamber
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2C a
(20% o* = —5°) = 10.0
o

Atmospheric pressure = 34.0 ft of water.

Orifice throttling loss = 4+ 50 ft for Q0 =+ 20 ft3/sec.

. Air expansion in the chamber is given by

H* v 1.2 . a constant, in which H* and v

air air

are the absolute pressure and volume of air in the chamber.

Neglect line friction losses.

Results obtained on the digital computer using the method of

characteristics are close to those obtained by Parmakian5 (page 135) by

the graphical method (see Fig. B-1b).
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APPENDIX B-2

CHECK FOR TOTAL HEAD LOSS ATTRIBUTABLE TO DISTRIBUTED FRICTION

PROBLEM
Determine the transient state pressures and velocities in the

pipe line adjacent to the pump at B. The transient conditions are caused

by pump failure.

] - | - - - _i -
/ 10— H
: B T F/g
Hr/4 ®
BT =
<3 L Hp —{ o od
e -t ——— —— -+ /4 I
1 £ a }' o 8
~ IR
______ | F/4 H 5 0
A _H ki ]- RRE- =
= =“1‘ F/g Z B
o —
g |
i - T T T 7D
| v, Pump ——~ )
L, :ll L/, ;i‘ L/, JI: L/ —
- L = 9150 ft
FIG., B-2a
DATA
(Water supply line for city of Trail).
Check valve closes immediately on pump failure.
Length of pipeline (L) = 9150 ft.
Steady-state discharge (Qo) = 4,0 ft3/sec.
Steady-state velocity (V) = 5.1 ft/sec.
Pipe line constant (2p*) = 1,38
. 2Coa
Constant for a pipe line having an air chamber (2p* o* = y= 5.0
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Atmospheric pressure = 33.0 ft. of water
Total friction loss (HF) = 90.0 ft. of water.

Pressure head at the pump (HO) = 387.0 ft. of water

Steady-state volume of air in the chamber (Co) = 25.0 ft3

Air expansion in the chamber is given by H¥* Cl'2 = a constant,

in which H* and C are the absolute pressure and volume of air in the chamber.

, 1.2 H* C
This may be written as h* ¢ = 1 where h* = N and ¢ = -
o} o

There is no loss for flow into or out of the chamber.
The friction loss in the pipe is considered concentrated at the

orifices shown on the diagram.

CHECK

Results éalculated on the digital computer usingbthe method of
characteristics are close to those (Fig. B-2b) obtained by Eugen Ruus,
who analyzed this systém by the method of graphical watér hammer analysis
concentrating the pipe line wall friction at five points as shown in

Fig. B-2a.
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"APPENDIX - C

1. PROGRAM FOR THE ENTIRE HEAD LOSS CONCENTRATED AT THE ORIFICE

2. DPROGRAM FOR THE ENTIRE HEAD LOSS ATTRIBUTABLE TO DISTRIBUTED FRICTION



AIYSIONE BUSINLSS JORNS LD  YANCOUVER

——

14

-
1. ENTIRE HEAD LOSS CONCENTRATED AT THE ORIFICE
$LIST AIRCHAMLO :
L 2 C WATCFHAMMER PRPOGPAM, PUMP AT UPSTREAM END WITH AIR CHAMBER ADJACENT
4 3 C TU THF PUMP, PESERVOIR AT DOWNSTREAM END.
4 C CHECK VALVE CLUOSES IMMELTATELY ON PUMP FAILURE.
5 € NO LINE FRICTICGMN. HEAL LOSS CONCENTRATED AT QFIFICE,
5.5 C ND MINCR LOSSES.
6 DIMENSICN VIZO),VPI20) ,HI20),FP{20),VR{2D),VS{20),HRI20),HS{20),
7 THMAXY( 1C) yHMINCLC) 3HSSILO) $SUMAXLLIL ) ySUMIN{LIN) ,SUNSSL10 ),
3 2UPSHAX{101,DNSMAX( 101, UPSANS(10) yONSANS(10)
9 DATA N/L1C/yVAZ32164/ 3G/ 321674 FLI32164/4PM/Le2/4yMM/L/,
10 LE/C.0/ sCORFIN/2.5/4AP/34/, o o ) B
11 2CK/C .17,
12 3V0/3.5/ :
13 WRITE(6915) NyVASGyFLyPMyMM,F,CORFIN,AP,CK,VO
14 15+t FORMAT (/' THE PARAMETERS ARE NNWewe'/ ,
15 1V N= F,054%' VA= ' ,F8,2,' G= '",F6.2,' FL= ',F8.2/
16 2% PME 0V, F6.2,% MM= 0,15, F= V,F6.3,' CORFIN= ',F6.2/
17 30 AP= ',F8.2,' Ck= "Fb-Zy' VD= '7F802)
18 27 WRITE(6,30) :
19 30 FORMAT(® PLC TMAX CPLAC UPSANS({1) UPANLIQ UPSANS(6) UPAN3Q'/
20 119X, DNSANS{I) DNANIQ DNSANS{6) ODNAN3Q')
21 6 READR(S,10) PLC,TMAX,CPLAC
22 10 FOKMAT(3F2.3) e
23 IF{CPLAC.LE.O.0Q) GC TO 110
24 C COMPUTE DT
25 DT=FL/ ((VO+VAI=FLOAT(N))
26 C CHECK FOK CCNVERGENCE.
27 DX=FL/FLOATINY
28 THETA=0T/ DX e o .
29 IF{THETALLE.{1./VA)) GO TO 20
30 17 GU TO 110
31 C COMPUTE COEFFICIENTS AND CONSTANTS FOR ALL PIPES.
32 20 API=3,142 ’
33 DP=SQRT(4.%AP /AP )
34 C2=G/VA o o 3
35 HF = ( FxFL*VO%V0) /{2. ¥G6%DP)
36 C HOABS=HO+HF+34,
37 HOABS=VC/ (C2%PLC)
37.5 C HO= HEAD AT FESERVCIR.
38 HO=HOABS—-HF=-34.
38.5 C HOKFD= CRIFICE HEAD LOSS FOR FLOW Q0 FROM TANK. i
39 HORFO= {CK*HQABS~HF) /CORFIN
39,5 C VOAIR= INITIAL AIR VOLUME IN TANK.
40 VGATR={CPLACHVOXAPXFL) /(2. %VA)
40.5 C QU= STEADY STATE LISCHARGE.
41 CO=VOXAP
42 FF=F*DT/(2.%DP) i . ~ i o
43 CF=HOPFC/ (CC*C0)
44 ClO=HOABRS*VCAIR%%PH
45 C STEADY STATE CALCULATIONS.
%6 DHF=FRFLXVORVO/ (2 FGFDPHFLOATI(ND )
47 AN=N+1
48 CO 25 I=1,NN i i ~ - L
49 VII)=v0
50 CTEMP=NN-1
51 H{T)=HO+TEMPEDHF




KIYSTONI BUSIMISS FOKMS 11D VANCOUYER

115

(" 52 25 CONTINUE

52.5 € INITIALIZATION CF MAX. AND MIN, HEADS.

53 00 26 1214645

54 HMAX(T)=H(T)

56 HIEINC D)= HT)
L 56 KSS{I)=HIT)
{ 57 26 COGNTINUE

58 SUMSS{1)=H{3)+H( 4)

59 SUMSS(2)=H(8)+H(9) )

60 SUMAX (1) =H(3) +H(4)

61 SUMIN(1)=H{3) +H{4)

62 S SUMAX(2)=H(8) 4H(9)

63 SUMIN(2) =R {81 +H{ )

63.5 C TIME INITIALIZATION,

65 VAIR=VOAIR

65.5 C PRINTQUT INTERVAL INITIALIZATION.

66 ¥=0

67 C COMPUTATION OF VR,VS,HR,HS FOR ALL SECTICNS.

68 C INTERIOR SECTIONS.

69 40 DG 50 1=2,N e

70 VRT)=V(I)=VAXTHETA*(V(T)=V(I=1))

71 HRUTI=H(T)=VAXTHET A% (H{ [)=H{ I-1))

72 VST T =V( I =VARTHETAX(V(I)=V([+1))

73 HS(TI=H{II=VAXTRETAZ(H{II=A{I+1))

T4 50 CONTINUE .

75  C BOUNDARY SECTICNS. o o

16 C RESERVDIR.

77 VRIN+1)=SVIN+L )=VAXTRETAX{VIN+1)-VIN))

73 HRIN+1)=HIN+1)=VAXTHE TAX{H{N+1)=H(N))

79 C3=VR(N+*L)+C2*HR(N+1)-FF*VR(N+1) ®ABS{VR (N+11)

80 C AIR CHAMBER. :

81 54 VS(1)=V(1)=-VAXTEETAZ(V(1)=-V(2)) e o

82 HS(L =H(1)=VASTHET A% (H{ L}=H(2))

83 C1=VS{1)-C2*HS{1)—FF*VS{1)*ABS{VS(1))

84 38 T=T+DT

55 M=V + 1

86 IF(T.GE.TNAX) GO TO 107

87 C’ TIME INCREMENTED. BOUNDARY CONDITIONS. L

88 C AIR CHAMBFR., HOABS*VCAIR%%PM=CONSTANT.

88.5 € LOOP (B9,106) TO AFPROX. AVE. VELOCITY FROM CHAMBER.,

89 VAVAPP=V(1)

Ty} GO 10 210

91 200 VAVAPP=VAV

92 210 Cl1=VAVAPP:AP ~ ) o L i}

93 CAIR=VAIR+C11%DT

94 IF(CL1) 53,52,51

95 51 CORF=1.0

36 TGO TO 5%

97 52 CORF=0.0

98 G0 TO 59

99 53 CORF=245

100 59 HOPF=CORF*CF%*C11%ABS (C11)

101 60 HPLIV={G1C/CATR%%PY)~HORF=34,

[01.5 C NEGATIVE CRARACTFRISTIL, EQUATION,

102 VP(1)=CL+C2%HP(1)

103 VAV=(VIL)+VP(1))/2.

104 VEER=VAVAPP-V AV

105 [F(ABSIVEFR).LE.D.0001) GO TO 230
L 106 220 GO TQ 260
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KEYSEONE BUSINISS HORMS (1D VANCOUVER
‘ .

107 230 VPATIR=VAIP+(APEDTHVAV)
108 C RESERVUIR AT DUWNSTREAM END.
109 HPIN+1)=kO
109,55 € POSITIVE CHARACTERISTIC EQUATICN,
110 VPIN+1)=C2-C2*HP (N+1)

L 111 C COMPUTATICN CF INTERINR PCINTS.

4 112 DO 55 I=24¢N
113 VPIII=05%(VRITY+VSUTIV+C2%{(HR( [)-HS{IT))=-FFx(VR({T}*ABS{VR{I1))+
114 VST *ABS(VSLT))}) , _ o
115 HP(I)=Co 83 (e (TY+HS(TI)+LVR(I)=VS(TI ) /C2-FF*X{(VR(T)*ABS{VRI{I[))-VSI(I)
116 1xAFSIVSIT)YIYYI/C2)
117 55 CONTINLE
1138 C CONVERT V(I)=VP{1I)y AND H{I)=HP{I) FOR ALL SECTIONS.
119 80 DO 90 I=1,NN
120 vil)=vP(1l) B
121 H{I)=HP(I])
122 90 CONTINUE
123 VAIR=VPAIR
123.5 C TABULATIUN OF MAX. AND MIN, HEADS.
124 DO 95 [=146,5
125 IFCHUT)JLTLHMIN(L)) GO TO 123 e
126 121 IF(H(I).GT.HMAX({I)) GO YO 125
127 122 GO T0O 95
128 123 HMIN(I )=H({T)
129 GO TO 95
130 ) 125 HMAX(I)=H({TI)
131 ‘ 95 CONTINUE - o - N ) o )
132 IF((H{3)+H{4)) .LT,SUMIN(1)) GO TO 135
133 131 IF{{(H{3)+H{4)}}.GT.SUMAX(1)) GO TO 137
134 132 GO 10 140
135 135 SUMIN(L)=H(3)+H(4)
136 136 GO T0O 140 .
137 1370SUMAXEL)I=HI3)4H(4) e
138 140 CONTINUE ’
139 IFC{H(8)Y+H{9) ) JLT,SUMIN(2)}) GO TO 147
140 142 TF{(H{8)+H{9)).GT.SUMAX(2)) GO TO 150
141 144 GO 10 155 .
142 147 SUMIN(2)=H{8)+H(9)
143 149 GO 7O 155 L ~ .
144 150 SUMAX[2)=HI[8)+H(9)
145 155 CONTINUE
146 GO TO 40
146.5 C COMPUTATION OF MAX, UPSURGES AND DOWNSURGES.
147 107 DO 170 1=1,6,5
148 , UPSMAX (1) =HMAX(I}-HSSI(I)} L e .
149 DNSMAX(T)=HSS{I)-HMIN(I)
150 UPSANS {1 )=UPSHMAX(1)/HOABS
151 DNSANS{]1)=DNSMAX({I)/HOARS
152 170 CONTINUE
153 HMAX1C=SUMAX(1)/2,
154 HMINLQR=SUMIN(1) /2. ) =
155 H¥MAX30=SUMAXI2)/ 2.
156 HMIN3GU=SUMIN(2)/2,
157 HSS1Q=SUMssil) /2.
158 HSS30=SUMSS(2)1/2.
159 UPMAL O=HNMAXTL~HSS1Q
160 DNMA LG=H SSTQ=-HMINLQ i i ) o )
161 UYPMABN=HVAX3T-HSS3Q
162 DNMA3QG=HSS3 C~-HMIN3Q

163 UPARM LU=UPMALO/HOARS
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(’ 164 ONANLQ=DNMAL C/HOABS

165 UPAN3Q=UPMA 30 /HNARS

166 DNAN 30=DAMAIG/HOABS

167 - WRITELG 21200 PLCoTHMAX , CPLACUPSANS {1),UPANIQ,UPSANS(6),UPAN3Q,

1638 LONSANS{ 1) 4DNAMLIQ,ONSANS(6) yONAN3Q

169 180 FOPMAT (/Fb,y Ly 2XgFSuly2XeF5 104X Féa3y3XsF6.3,4XsFbe3,3X,F6.3/

170 122X1F62342X3F6.3,4XsF6e343X1F6431

171 G0 TO €

172 110 STQP

173 END

~$COPY *SKIP *SINK*
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(
2. ENTIRE HEAD LOSS ATTRIBUTABLE TO DISTRIBUTED FRICTION
$LIST AIRCHAMYI .
\_ 2 C WATERHAMMEP PROGRAM. PUMP AT UPSTREAM END WITH AIR CHAMBER ADJACENT
r 3 C TG THF PUMP. RESERVOIRK AT DOWNSTREAM END,
4 C CHECK VALVE CLCSKES IMHMECTATELY CN PUMP FAILURE.
5 C LINE FRICTION ONLY. NOQ ORIFICE LGSS. NC MINOR LOSSES.
6 DIMENSION VI20),VPI20),H{20)4HP{20)} 4 VRLZ2C),VSL20) ,HR(20) 4HS(20),
7 THMAX{LO) oHMIN (IO ) yHSS (1) ySUMAX(L10),SUMIN(IN) »SUMSSL10),
8 2UPSMAXY(10),DNSMAX(10) yUPSANS{10),ONSANS(10)
9 CATA N/1Q/ 4 VA/32164/9G732.L6/73yFL/3216e/ 4PM/1.27/9 MM/ 1/,
10 IHORE /0. 0/ AP /34 /
11 2CK/ 1/ s
12 3v0/3.5/
13 WRITE(6415) NyVAJGWFLyPNMy,VMV,HORF,AP,CK,VO
14 15 FORMAT{/' THE PARAMETERS ARE NOWeeo'/
15 1t N= ¢t ,15,! VA= ' ,F8.2,°* G= "2 F6.24" FL= '2F8.2/
16 2! PM= ",F6.2," MM= 1 ,15,¢ HORF= ' ,F6.3/
17 31 AP= ,F8.2y% (K= ',F6.2,' VD= '4F8.2)
18 27 WRITE(6,30)
i 19 30 FORMATL(* PLC TMAX CPLAC UPSANS(1) UPANLQ UPSANS(6) UPAN3Q'/
20 119X,* DNSANS(1) CNAN1Q DNSANS{6) DNAN3Q*")
21 6 READ(S5,1C) PLC,TMAX,CPLAC
22 10 FOR™AT{(3F8.3)
23 IF(CPLAC.LE.C.O0) GO TO 110 L o ) B
24 € COMPUTE DT
25 CT=FL/((VO+VA)RFLOAT(N))
26 C CHECK FOR CCNVERGENCE.
27 DX=FL/FLOAT ()
28 THETA=DT/DX
29 IF{TEETA.LE.(Lle/VAY) GO TO 20
30 17 GO 7O 110 ’
31 C COMPUTE COEFFICIENTS AND CONSTANTS FOR ALL PIPES.
32 20 API=3,142
33 DP=SORT(4.*AP/APT}
34 C2=G/VA '
36 C HODABS=HO+HF +34, B ) o ) i
37 HOABS=VC/(C2*%PLC}
37.1 C HEAD LOSS FCR-FLOW INTO CHAMBER.
37.2 HF=CK*HOARS
37.5 C KRO= HEAD AT FESERVOIR.
38 HO=HOABS-HF-34,
38,5 C = FRICTION FACTOR, e i
39 F=(HF*2 . %G¥*0DP }/ (FLEVO*VD) .
39,5 C VOAIR= INITIAL AIR VOLUME IN TANK,
40 VCAIR=(CPLACX*VOXAPXFL )/ (2.%VA)
41 CO=V{=AP
42 FF=F%DT/{2.%*DP)
44 ClO0=HOABS*VOAIR**%PM } o
45 C STEADY STATE CALCULATICNS.
46 DHF=HF /FLOAT(N)
47 NN=N+1
48 DO 25 I=1,NN
49 vViIl)=vOo
50 TEAP=NN- , . i
51 “H(I ) =HC+TEMP*DHF
52 25 CONTINYE
L 5245 C INITIALIZATION GF MAX. AND MIN, HEADS.
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53 DO 26 1=1,46,5

5S4 HMAX (T)=k( 1)

55 HMIN(T)=H(T)

56 HSSEL)Y=H(1)

57 26 CONT IMUE

\ 58 SUMSS (1) =H(3) +H (&)
{ 59 SUMSS{2)=H(8)Y+H(9)

60 SUMAX [ 1)=H(3)4H(4)

61 SUMIN(L)=H(3)+H (&) )

62 SUMAXT 2)=H8) +H( 9)

63 SUMIN(2)=H(8)+H(9)

63.5 C TIME INITIALIZATICN,

64 : 7=0.0

65 VAIR=VCAIR

65.5 C PRINTOUT INTERVAL INITIALIZATICGN. o o
66 M=0

67 C CCMPUTATICN OF VR,VS,HR,HS FOR ALL SECTIONS.

68 C INTERIGR SECTIONS.

69 40 0O 50 [=24N

70 VR{II=V(I)=VARTHETAX(V(I)-V(I-1)])

71 HRU D) =HU Y= VA*THETAX (KL T) -H(I-1)Y
72 VS{I)=VII)~VARTHFETA®(V{I)=-V(I+1))

73 HSUI)=HUI)=VARTHETAR{H{I)~-H{I+1))

74 50 CONTINUE

75 C~ BOUNCARY SECTICNS.

76 C RESERVOIR,

77 N VRIN+1)=V{N+1)—VAXTHE TA* (VIN+1)=VIN)) e
78 HRIN+1)=HIN+1 J=VARTEETA*{ HIN+1)—=H{N))

79 C3=VR{N+ L) +C2%HR(N+ 1) ~FF*VYR(N+1)*ABS(YR(N+1))

80 C AIR CHAMBER,

81 54 VS(L)=V(1)~VAXTHETA®(VI{I)-V(Z2))

82 HS(1)=H(1)~VAXTHETA%(H( 1)-H(2))

83 , Cl=VS{1)-C2*HS{1)-FFxvS{1)xABSIvStLY)Y - -
84 38 T=T+DT .

85 . p=M+1

86 IF(T.GE.TMAX) GG TO 107

87 € TIME INCREMENTED. BOUNDARY CONDTTIONS.

88 C AIR CHAMBEP. FH{OABS*VGAIR**PM=CONSTANT.

88.5 € LOCP (89,106) TO APPROX. AVE. VELOCITY FROM CHAMBER, o
89 VAVAPP=V{])

90 G0 TO 210

91 200 VAVAPP=VAV

32 21C Cl1=VAVAPE=AP

93 CAIR=VAIR+C11%CT

101 60 HP(1)=(C10/CAIR**PM)-HORF-34,
101.5 C NEGATIVE CHARACTERISTIC EQUATIODN.

102 VP(1)=Cl+C2%HP (1)

103 VAV={VI1}+vP{1)) /2,

104 VERR=VAVAPP—V AV

105 IF{ABS(VERR) <LE.0,0001) 6O TO 230

106 220 6O TG 200 . N
107 230 VPAIR=VAIR+{(APEDTHVAV)

108 C RFESERVOIR AT DOWNSTREAM END,

109 HP (N+1)=HG

109.5 C POSITIVE CHAFACTERISTIC EWQUATION,

110 VPIN+1)=C3-C2%HP(N+1)

111 C COMPUTATICN GF INTERIOR POINTS. o

112 DC 55 [=2,N

113 VP (I)I=0.SR(VR (1) 4VS{TI4C25(HR(I) =HS (T ))=FFx{VR{I)*ARS(VR{I))+

114 VS ABS(VS (TN

P
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115 HPLT) =05 (HRITY+HS{TI) +{VR{T)=VSLI))/C2-FF¥{VRIT)*ABS(VR(I1))-VS!{I)
116 1¥ARS(VS{T)))Y/C2) ’
117 55 CCNTINUE
1138 ~C CONVERT vI(I)=vP{I}), AND H(TI)=HP({I) FOR ALL SECTIONS.
119 80 DO 90 I=1,NNM
L, 120 vil)=vpP(1)
4 121 H{T)=HP (1)
122 90 CONTINUE
123 VAIR=VPAIR )
123.5 C TABULATION DF MAX. AND MIN, HEADS,
124 0O 95 1=146,5
125 ITF{H{T)JLTJHMIN(T))Y GG TC 123
126 121 TIF(H(1).GT.HAX(I)) GO TO 125
127 122 GO TO 95
128 123 HMIN{T)=H(T) . }
129 GO TO 95
130 125 HMAX(TI)Y=H(I)
131 95 COMTINUE
132 IFC{HE3)Y +H{4) ) JLLTLSUMIN(L)) GO TO 135
133 131 TFU(H(3)+H{4)).6T.SUMAX(1)}) GO TO 137
134 132 GO T0 140 e
135 135 SUMIN(L)I=HI[3)+H({4)
136 136 GO 70 140
137 1370SUMAX(1)=H{3)+H( 4}
133 140 CCNTINUE
139 IF((HIB8)+H{9) )« LT SUMINI2)) GO TO 147
140 } 142 TFO(H(3Y+H(9)V.GT.SUMAXL 2)) GQ TO 150 e
141 l44 GO TO 1%5
142 147 SUMIN(2)=H(8)+H(9)
143 149 GO TO 155
144 15C SUMAX(2)=H{5)+H(9)
145 155 CONTINUE
146 60 T0 40 ) o )
146.5 C CGMPUTATION OF MAX., UPSURGES AND DOWNSURGES.
147 107 DO 170 1I=1,6,5
148 UPSMAX {1 )=HMAX{T)-HSSI(I)
149 DNSMAX{T)I=HSS{I)I-HMIN(I)
150 UPSANSITI }=UPSMAX(I)/HOARS
151 DNSANS (I )=DNSMAX{1)/HOABS _ o e .
152 170 CONTINUE
153 HMAX1Q=SuMaX(1}/2.
154 HMINLIQ=SUMIN(1)/2.
155 . HMAX3Q=SUMAX(2) /2.
156 HMINZQ=SUMIN(2)/2.
157 HSS1Q=SuMSS({11/2. o . . . B L .
158 HSS3Q=SUMSS{2) /2.
159 UPMALQ=HMAX1L0-HSS10
160 DAMA1Q=HSS]1 G-HMIN1Q
151 UPNAZQ=HNMAX3CG-HTS53Q
162 ONMA3(C=HSS3Q-HMIN3D
163 UPANLIG=UPMALQ/HOABS . ) R _ R . R
164 ) DNANIG=DNMALQ /ROABS
165 UPAM3Q=UPMA3(Q/HOARS
166 DNANZG=ONMABG/HOASS
167 WRITE(S,180) PLLs THAX,CFLAC yUPSANS(1) ,UPANTIO,UPSANS{E) ,UPAN3Q,
168 1DNSANS(L) ,DONANLG,LNSONS (61, DNAN3Q
169 180 FORMATI/F4, 192X F5,142X9F 5.1 44XsFbe393X1F6.3,4X4F6.3493X,F6,3/
170 122X 3 F6e393X,F6.3,4%X,F643,3X,F6.3) .
171 G0 T0 6

172 110 STLP
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(173 END
END OF FILE
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