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An Analysis of Attenuation Effect of Pressure Head
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Abstract

An air chamber is designed to keep the pressure from exceeding a predeter-
mined value, or to prevent low pressures and column separation. Therefore, it
can be used to protect against rapid transients in a pipe system following abrupt
pump stoppage. In this research, an air chamber was applied to a hypothetical
pipe system to analyze attenuation effect of pressure head for different air vol-
umes, locations, chamber areas, coefficients of orifice loss and polytropic expo-
nents. With an increase of air volume, the maximum pressure head at pump site
is decreased and the minimum pressure head is increased. For different locations
and areas of the chamber, the attenuation effects do not show much difference.
Also, as the orifice loss coefficient increases, the maximum pressure head is de-
creased. For different polytropic exponents, isothermal process shows lower max-
imum pressure head than that of the adiabatic process.
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1. Introduction

It i1s well known that an air charged accu-
mulator or air chamber can be used effective-
ly to reduce or eliminate pressure surge to
control periodic pressure and flow fluctua-
tions in pipe systems (Wood, 1970; Chaudhry,
1987; Wylie and Streeter, 1993). An air cham-
ber 1s a vessel having compressed air at its
top and having liquid in its lower part (see
Fig. 1). An orifice is usually provided be-
tween the chamber and the pipeline to
restrict the inflow or outflow from the cham-
ber. The air in the chamber contracts or ex-
pands due to the inflow or outflow from the
chamber. Because of the gradual variation of
the flow velocity in the pipeline, the magni-
tudes of the pressure rise and drop are re-
duced.

To prevent column separation due to very
low minimum pressure in the pipeline, the
outflow from the chamber should be as free
while the

restricted to reduce the size of the chamber.

as possible, inflow may be
As the air volume may be reduced due to
leakage or due to solution in the liquid, an
air chamber is used to keep the volume of
the air within the limit.

Usually, surge tanks have been used to re-

duce or eliminate pressure surge in the pipe-

line. But, air chambers have many
advantages over surge tanks. For examples,
the volume of an air chamber is smaller than
that of an equivalent surge tank and an air
chamber can be installed with its axis paral-
lel to the ground slope. Another advantages
are that an air chamber can be installed near
the pump and that it is cheaper to heat the
water in an air chamber in cold climates.
However, air chambers need air compressors,
auxiliary equipments, and very high initial
costs.

In this

apply an air chamber will be derived from

research, governing equation to

known boundary conditions and an air cham-
ber will be applied to a hypothetical pipe
system to analyze attenuation effect of pres-
sure head for different air volumes, locations,
chamber areas, coefficients of orifice loss and
polytropic exponents. '

2. Boundary Conditions for an Air Cham-
ber

Applying an air chamber to a hypothetical
pipeline, the following equations are obtained
at the juction of the chamber with the pipe-
line (see Fig. 2; Chaudhry, 1987).

Positive and negative characteristic equa-
tions for sections (i,n) and (1+1,1)

m _{—— Max. energy level

Compressoron —1

.

Compressor of f 7

£— Min. energy level

Gmd) N

Check valve

Fig. 1. Pipe System with an Air Chamber
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Fig. 2. Pipe System for Simulation

le‘n = CP—BiQDI.n ( 1 )

Hp.+1,1:Cm+Bi+1Qp.+1.1 (2)

in which H=pressure head; Q=flow rate; C,,
C.=known constants when the equations are
applied; B=pipeline characteristic impedance
(= a/gA); a=wave propagation velocity; A
=pipe cross—sectional area; and g=gravity
acceleration.

If the losses at the junction are neglected,
then

H,.=H,. =H, (3
Continuity equation

Qo0 = Q1.1 = Qport (4)
in wheih Quo¢=flow through the air chamber
(considered positive into the chamber).

The orifice losses may be expressed as

hporf = Coerpor{ l onr[ ‘ (5)

in which C,,,=coefficient of orifice losses, and
h,.«=head loss in the orifice for a flow of Q...

Hoss FS5H 1995F 108

Considering points (a) and (b) and neglect-
ing the effect of air density, the air pressure
can be expressed as

I’];a“. =le,n+Hb_ZD_hD0l'f (6)

in which H;a“ =absolute pressure head of the

enclosed air at the end of the time step; H,
=barometric pressure; and Z,=height of the
water surface in the chamber at the end of
the time step.

If we use time step At, the height of the
water surface in the air chamber above the
datum at the end of time step is

Z,=74+0.5(Qur+ Quur) 5 ™

in which Z=height of the water surface in
the chamber at the beginning of the time
step, and Q.;=orifice flow at the beginning
of time step.

The volume of air in the chamber at the
end of the time step is

Vpanr = VBIY_A ( ZD~Z) ( 8 )
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in which V,,=volume of air at beginning of
time step.

If we assume that the air enclosed at the
top of the chamber follows the polytropic re-
lation for a perfect gas, then

* m
HDaierair :C (9)

in which m=exponent in the polytropic gas
equation (1.0 for isothermal, 1.4 for
adiabatic), and C=constant whose value 1is

determined from the initial conditions (=

H V& o).

oair " oair
3. Solution of Governing Equation
We have nine equations and nine un-

Qpl,ny pr+l,l, onrh Hm,m Hm+\,h

hoorts Vouirs pr and Z,. Qu. and Q.. can

be obtained from Egs. (1)-(3), and to get H,
substitute them into Eq. (4). Then,

knowns: 1e.,

G,
B

H,= (10)

L
B

Substitute Egs. (7) and (10) into Eq. (6) to
get absolute pressure head of the enclosed air

.
Hpair'

G, C,
. _BTBL 41
Hbair _T . (Qor[+Qborf)_A_
B B
_Coy[QDor( l Qnorl t +Hp (118)
= CZ + CSQDurI-Coermr[ | onrf | ( 1 lb)
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where
ng% E(; e A (12b)
Ci= 054" (12c)

Substitute Egs. (8) and (11b) into Eq. (9)

[C2+C3onr[—Cmenorf I onrf ‘ ]

X[Var0.5(Qui+ Q) 4t]"=C  (13a)
where
Ci=V,~0.5Q At (13b)
C;=-0.541 (13c)
Eq. (13a) can be rewritten as
F=[Co+CoQuorrCor@uort | Qport | ]
XLCi+CiQport I"C =0 (14)

The solution to this equation is found nu-
merically by the Newton—Raphson method.

F+FAQu, =0 (15a)
2Qui= -1 (15b)
The derivative of F is
dF = [C3A2Corf | onrf | :II:C4 +C5onrf]m
dQDorf
+ [CZ + CBonr[—Coerporf | onr[ l :I
Xm[c4+C5onrf]m—1C5:0 (16)
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Then the substitution statement

onr[:onrf+Aonrf (17)
yields an improved value of Q... This proce-
dure is repeated either a fixed number of
times or until the tolerance TOL is met.

| 4Q | < TOL

(18)
In this research, a program of characteristics
method in series of pipes was adapted from
Wylie and Streeter (1993) and Wylie (1983)
for this analysis, and modified to apply an
air chamber to a hypothetical pipe system to
analyze attenuation effect of pressure head

10992
O 10972m

for different air volumes, locations, chamber

areas, coefficlents of orifice loss and

polytropic exponents.

4. Simulation using an Air Chamber

To analyze attenuation effect of pressure
head at pump site, an air chamber is in-
stalled to a hypothetical pipe system (Suda,
1991). The attenuation effect of an air cham-
ber can be analyzed by changing following
parameters l.e. volume, location, chamber
area, coefficient of orifice loss and polytropic
exponent. In this analysis pump stopped at t
=0 and valve parameter decreased linearly

until t=20 sec.,, and stayed at dimensionless

109.52m

105.82m_§2

I

Fig. 3. Initial Condition of Pipe System for Simulation

Table 1. Pump Data for This Analysis

r Descriptions Values
Upstream reservoir head H., =10m
Nominal discharge of the pump Q.=2m?/sec
Nominal head of the pump H,=100m
Nominal rotational speed of the pump W.=1450rpm

Nominal shaft torque of the pump
ration
Wide—open head loss coefficient

Valve head drop
Ns=25 SI unit

Mass of rotaty parts times square of radius of gy

T.=600kgm?/sec?
WRg?=38.7kgm?

k,=0.1

2
o 0.01594m
2g

k

F28% F5H 19954 108
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Table 2. Pipe Data for This Analysis

Pipe Length(m) Diameter(m) Friction Coeff. a (m/s) J
1 50 1.2 0.012 1000
2 50 1.2 0.015 1000
3 50 1.2 0.015 1000
4 100 1.2 0.015 1000
5 800 1.0 0.014 1200

Table 3. Air Chamber Data for This Analysis

Descriptions Values
Water level in the chamber Z=15m
Chamber area A=3m’
Polytropic exponent m=1.0-14
Coefficient of orifice losses Cori=0.002
Barometric pressure head H,=10.33m
Air volume Ve =30m?

valve opening=0.005 (Azoury et al, 1986;
Goldberg, 1987). The piping
system of this analysis is shown in Fig. 3.

hypothetical

Pump, pipe and air chamber datas for this
analysis are listed in Tables 1, 2, and 3.

From Table 2, head losses can be calculat-
ed as follows: H,=({fLV?)/(2gd) = (0.
012x50x3.127)/(1.2x2x9.81) =0.08m; H,=H;
=0.1lm; H=0.2m; and H;=3.7m. If we in-
stall an air chamber at 50m downstr eam

from the pump(location A), then H;air =H,7Z,-
h0,[+Hb: 105.13m.

5. Analysis of Attenuation Effect

In order to analyze the attenuation effect
for different air volume in chamber, air vol-
ume was changed from 1m® to 500m*® and
other parameters used are m=1.2, A=3m? f
=0.002 (from now on f means coefficient of
orifice losses C,(). For this case an air cham-
ber was installed at 50m downstream from
the pump. Fig. 4. shows that the time history
of pressure head at the pump with and with-
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out the air chamber. As expected, the pres-
sure heads are almost the same when we use
an air volume of 1m® With an increase of
alr volume, it is found that the maximum
pressure head is decreased and the minimum
pressure head is increased. Also the period of
the peak is increased with incereases of the
air volume. For the case of an air volume of
500m?®, the air chamber accomodates almost
all of the pressure surge.

To find the attenuation effect for different
locations of air chamber, three locations were
selected(i.e. locations A, B, and C). In this
analysis air volume of 30m’ was used and
other parameters were unchanged. Fig. 5.
shows that the attenuation effect of the loca-
tion is minor. So, we can find that the loca-
tion of the air chamber does not show much
effect in the attenuation of pressure head. As
mentioned in the introduction, the advantage
of an air chamber is that it can be installed
near the pump without any distinguishable ef-
fect.

Fig. 6. shows the effect of the number of
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First, three air chambers

having the same volume of 10m® (total vol-

air chambers.
ume is 30m®) were installed at three differ-
ent locations (location A, B, and C). In this

case the maximum pressure head at pump is

about 180m. Second, one air chamber (vol-
ume of 10m®) was installed at 50m down-
stream of the pump(location A). This case
shows a maximum pressure head of about

185m. Therefore, it can be concluded that the
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4. Attenuation Effect for Different Air Chamber Volumes
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Fig. 6. Attenuation Effect for Separated Chambers
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Fig. 9. Attenuation Effect for Different Polytropic Exponents

separation of the air chambers does not
greatly improve on the performance of one
chamber.

Fig. 7. shows the attenuation effect of an

air chamber with the wvariation of chamber
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area. Both cases (Im? and 5m?) show almost
the same maximum and nimimum pressure
heads,

does not depend on the chamber area, but

showing that the attenuation effect

rather on the chamber volume. Also, to find
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the attenuation effect for different coeffi-
clents of orifice loss, three different orifice di-
ameters were selected. From the orifice head
loss equation, we can estimate coefficient of
orifice loss corresponding to the orifice diame-
ter.

2
o= Cor | Qo | =[ 51| 5oz (19)
Therefore
B I S O
Cor=| e 1 ] 5gm0 (20)

If the orifice is round, C, is 0.99. The esti-
mated coefficients of orifice loss are: C, =
16.09 (D=0.Im); C.s=0.027 (D=0.5m); and
Cwr=0.002 (D=1m). When the coefficients
(Cx=0.027 and 0.002), pressure
head did not show much difference. However,

are small

in the case of C,;=16.09, the maximum pres-
sure head was decreased. Fig. 8. shows the
attenuation effect of the pressure head for
the different coefficiens of orifice loss. In this
analysis, constant orifice loss coefficient for
the inflow and outflow from the chamber
was used. But, if the orifice is of differential
type, Cor should have different values for the
inflow and outflow from the chamber.

Finally, polytropic exponent m was changed
from 1.0 (sothermal) to 1.4 (adiabatic) to
see the attenuation effect, and Fig. 9. shows
the result. When m=1.4 was used, the maxi-
mum pressure head is a little higher than the
case for m=1.0. This means that if the air
in the chamber follows an isothermal process,
the air 1s more flexible and accomodates
more of a pressure surge than that of an
adiabatic process.

Fosk F5H 1995F 10H

6. Conclusions

An air chamber plays an important role in
the protection of pipe system against rapid
transient following abrupt pump stoppage. In
this research, governing equation to apply an
air chamber was dertved from known bounda-
ry conditions and an air chamber was applied
to a hypothetical pipe system to analyze at-
tenuation effect of pressure head at pump
site. For different air volumes, locations,
chamber areas, coefficients of orifice loss and
polytropic exponents, attenuation effect of
pressure head was analyzed and following
results were obtained:

1) Attenuation effect is increased as air vol-
ume of chamber increases.

2) Location of an air chamber does not show
much difference in the attenuation effect.
3) Attenuation effect does not depend on the

chamber area, but rather on the chamber

volume.

4) Attenuation effect is increased as the co-
efficient of orifice loss increases.

5) If the air in the chamber follows an iso-
thermal process, attenuation effect is In-

creased.
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