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Abstract] The basic equations for computing the volume of gas storage tank were derived from the principles of attenu-
q p g g ) p. p.

ating water hammer pressure. V erifications using experiments indicate that the proposed equation can provide a fare precr

sion in the predictions. By using the model of solidliquid two-phase flow, the gas storage tank, pressure relief valves and

slow- closure reverse control valves were compared with practical engineering problems, and the functions of gas storage

tank in attenuating water hammer pressure were further investigated.
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1 INTRODUCTION

In the design and operation of pipelines of long-
distance hydraulic solid particles transportation, not
only the steady flows with uniform discharge and
pressure, but also the unsteady ones with noruni-
form discharge and pressure should be considered.
The variation of discharge and velocity results in the
fluctuation of pressure, and the instant change of
pressure in pipelines is defined as the water hammer.
The water hammer pressure may generate oscillation
and noise. Under severe conditions it may even cause
pipelines to crack, resulting in slurry and water leak-
ing, and eventually to stop working. Therefore, in
the design of pipelines, the additional pressure caused
by water hammer must be analyzed and computed.
The corresponding protective measures should be tak-
en to avoid accidents. Due to high density and viscosi-
ty of solidliquid flow
pipelines, the additional pressure of water hammer is

and great resistance in

higher than that in the clear water. It means that,
for pipelines of solid particle transportation, more
protective measures should be employed to ensure safe
operation of pipelines. Based on the factors affecting
the additional pressure of water hammer' ', the fol-
lowing measures can be taken:

1) Changing the closure velocity of valves, con
verting direct water hammer into indirect one to re
duce the pressure of water hammer .

2) Installing pressurerelief valve, turning on the
valve to release part of fluid if the pressure of water
hammer exceeds a certain quantity. Due to the low
compressibility of the fluid, the pressure decreases

rapidly with the release of the fluid' ™.

3) Aerifying to decrease the wave velocity of wa
ter and to alleviate the pressure of water hammer.
Due to the very small elastic modulus of gas, it can
make remarkable effect on decreasing the wave velocr-
ty. However oxygen concentration in fluid increases
corrosion  of

after aerifying, accelerating the

pipelines' 1.

4) Installing gas storage tank on pipelines! >
The gas storage tank is a closed orbicular or cylindric
tank, its lower part is connected with the pipeline by
a short conduit. There is gas in the upper layer of the
tank and liquid in the underlayer. When the pressure
in the pipeline is higher than that in the tank, the gas
in the tank will be compressed and the fluid in the
pipe will flow into the gas storage tank. On the con-
trary, the gas in the tank will expand and supply the
pipeline with liquid from the underlayer. Gas storage
tanks can not only attenuate the additional pressure of
water hammer, absorb noise, and prevent oscillation,
but also decrease the sine fluctuations of the pressure
and the discharge of slurry supply pumps. This paper
mainly describes the principles of gas storage tanks in
attenuating the pressure of water hammer, deduces
the computation equation for the volume of gas stor
age tanks, and calibrates the equation with experi-

mental results.
2 VOLUME EQUATION

When water hammer occurs, the pressure wave
propagates to the gas storage tank. The pressure in
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the pipeline is higher than that in the tank, a portion
of solidtliquid flow may flow into the tank and do
work by compressing gas that absorbs energy in this
process. Therefore, the crest of pressure wave will
greatly decrease. Contrarily, when the negative pres-
sure wave propagates to the gas storage tank, the
pressure in the tank is higher than that in the
pipeline, the underlayer liquid in the tank will flow
into the pipeline. The gas in the tank expands and re-
leases energy. Then it alleviates the decrease of the
pressure in the pipeline and prevents the pipe from
making solid-liquid flow to break and generating vac
uum corrosion and close water hammer due to the de-
crease of pressure ®.

From the above analysis, the gas in the gas stor-
age tank plays a role of adjusting energy in the
pipeline. When the pressure rises, it attenuates
greatly the peak value of pressure fluctuation. If the
gas volume is too small, the expected result can not
be obtained. While the gas volume is too large, the
volume of the gas storage tank becomes larger and it
may be not economical. It is very important to choose
the correct initial gas volume in the design of gas stor
age tanks. The initial gas volume of steady flows in
gas storage tanks can be obtained based on the power
equilibrium principle, i. e. the work done by water
hammer pressure in compressing gas is equal to the
kinetic energy mutation of fluid in the pipeline. The
structure of a gas storage tank is shown in Fig. 1.
When the pressure wave of water hammer propagates
to the gas storage tank, the liquid flows in and the
liquid surface rises in the tank, and the gas is com-
pressed and the work is done. Assuming that the
work done by the liquid in the rising segment dx is
dW, then

dW= pAdx= pdV (1)

ﬁ Pressure gauge

gas
dx
Staff gauge P
FdW= pAdr
Pipe flow
—_——l—

Fig. 1 Structure of gas storage tank

where p is the additional pressure of water ham-
mer; A is the crosssection area of the tank; and d V
is the gas compression deformation volume in the tank
or the volume of liquid flowing into the tank. From
the gasstate equation, the relationship of the gas vol-
ume and pressure is

poVi=pV'=K (2)

where K is the gas coefficient constant and n is the

gas compression index that depends on the thermody-
namics property in the process of compression. If it
belongs to the process of isothermal compression,
then n is equal to 1. 0; and n is equal to 1. 47,
when it belongs to the process of adiabatic compres-
sion.

Substituting Eqn. (2) into Eqn. (1) and inte
grating to compute the work done by compressing
gas, we have

v v V- poV
W:—J.pdV:—J. .K;dV:P_PM
V() V()V

n- 1
(3)
where po is the initial pressure of the steady flow,
Vo is the initial gas volume of the steady flow, and V
is the final gas volume after compression under the
additional pressure of water hammer.
The kinetic energy variation in the pipeline in-
duced by the velocity of solid-liquid flow is
m(ug— u®)  LA'Qu(ui- u?)
kb= 2 - 2 (4)
L is the length of the pipeline; A’

is the
pipe cross-section area; (3, is the density of solid-liq

where

uid flow; and w and u are the initial and final flow
velocities in the pipeline.

Assuming that all the increment of solid-liquid
flow momentum due to the decrease of flow velocity
does work on the gas in the tank, Eqn. (4) should be
equal to Eqn. (3), i.e

’ b 2
pV = poVo_ LA pm(tho u”) (s)

Substituting Eqn. (1) into Eqn. (5) and simpli-

n- 1

fying yield the computation equation for the initial gas
volume in the tank

’ 2 2
V(): LA pm(u()_ u_]_)(n_ 1) (6)
2p(po/p)n= pol

pois the pressure in the tank under the nor-

where
mal operation of the pipeline with steady flows; and
p is the possible maximum water hammer pressure in
the pipeline. If the maximum design pressure in the
pipeline is p, then p is equal to 0. 85p.~ 0.95p,
where p is the maximum design supporting pressure
for the pipeline. According to the gas state equation,
both p o and p should be absolute pressure. The num-
ber on the pressure meter should be converted into ab-
solute pressure by adding atmospheric pressure. In
Eqn. (6), n is gas compression index. The compres-
sion process may be regarded as an isothermal process
when it is very long; and it is may be approximated
as an adiabatic process if the process is extremely
short. Generally n is between these two states, and
can be specified as average value 1. 2%

3 VERIFICATION OF VOLUME EQUATION

To test the pressurerelief effect of gas storage
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tanks and verify Eqn. (6) for computing initial gas
volume, a gas storage tank is installed on the circular
pipeline in the laboratory to compare pressure fluctua-
tions under the conditions of different gas volumes.
The tank in the laboratory is cylindrical with an inner
diameter of 205 mm (see Fig. 1). The volume of the
gas is measured by the transparent organic glass ves-
sel, which is connected nearby. The experiment is
done on a d152. 4 mm pipeline system. A quick flat
slab valve driven by springs is located at the end of
the pipeline, a water hammer happens as it is closed
rapidly. The gas storage tank is fixed on the pipeline
11. 2m upstream from the quick valve. The No. 1
pressure sensor is located at 10m downstream from
the tank, No. 2 is located at 5 m upstream from the
tank. A pressure meter is fixed on the tank to deter
mine the initial pressure in the tank. No. 1 and No. 2
pressure sensors are used to determine the water ham-
mer fluctuation pressure at different crosssections of
the pipeline.

In the experiment, the average velocity of
pipeline with steady flow is 1. 71 m/s and the mea
sured pressure of the tank is 3. 2 x 10* Pa. The mea
sured pressure waveforms are shown in Fig. 2 for dif-
ferent gas volumes aerified into the gas storage tank
and with the valve closing rapidly. It can be seen
from the waveform that the gas storage tank transfers
short-time pressure waves ( high peak values) into
long-time pressure waves (low values). Though total
energy does not change, high fluctuation pressure is
attenuated. The experiments show that gases with
different volumes have different pressure attenuation
effects. Table 1 lists the pressure attenuation effects
by measuring gases with different volumes. In the
above experiments, the measured initial pressure is
po, the pressure measured by meter is 3. 210 Pa. The
measured gas volume and corresponding maximum
pressure p are shown in Table 1, in which, the set
No. 9 experiment is the fluctuation pressure with
measured gas volume being zero. Table 1 indicates
that, compared with no gas in the gas storage tank,
the effects of gas attenuating pressure are remarkable,

Fig. 2 Oscillogram of measured water hammer
pressure with air vessels of different volumes

Table 1 Effects of attenuating pressure
with different gas volumes

Height Water

of gas Gas hammer Reduction Rela.l ive
N colubmn volume pressure of prtzssure reduction of

/ em L /10° Pa /10° Pa  pressure/ %

1 38.5 12.7 6.7 11.5 63.2

2 36.5 12.0 7.2 11.0 60.4

3 30.5 10.1 9.2 9.0 49.5

4 25.5 8.4 11+ 3 6.9 37.9

5 20.0 6.6 12.7 5.5 30.2

6 15 4.95 14.5 3.7 20.3

7 9.7 3.2 16.5 1.7 9.3

8 5.0 1.65 16.9 1.3 7.1

9 0 0 18.2 0 0

and the pressure can be reduced above 60% when the
gas volume is larger.

To verify the reliability of Eqn. (6), the experr
mental parameters such as initial flow velocity in the
pipeline of 1. 71 m/s, final flow velocity of 0. 26 m/s
(The quick valve was leakage.), pipe diameter of
148mm, water hammer pressure and so on are substi-
tuted into Eqn. (6). The measured results and calcu-
lated values are compared in Table 2. It can be seen
from the table that both are in close agreement as the
gas volumes are large. Therefore, Eqn. (6) can be
used to design the volume of gas storage tank. For
the measured data obtained from the small volume
tanks, the computed results from Eqn. (6) may have
certain errors because the pipeline deformation and
absorbed energy are neglected.

Table 2 Calibration for equation of
initial gas volume

“o U Po 7 Vo/L  Vy/L
/(mes™ Yy /(mes™ ") /10° Pa /10’ Pa o/ u/

1.71 0.26 0.32 6.7 12.1 12.7
1.71 0.26 0.32 7.2 11.8 12.0
1.71 0.26 0.32 9.2 10.1 10.1
1.71 0.26 0.32 11.3 9.1 8.4

4 GAS STORAGE TANKS AND OTHER WATER
HAMMER PROTECTIVE EQUIPMENT

To further explain the effects of gas storage
tanks on attenuating water hammer pressure, and to
verify Eqn. ( 6), several water hammer protective
measures in practical engineering were compared. A
gangue pipeline of lead and zinc ore was designed inr
tially as a first order pumping station. The reciprocat-
ing pump was used as the pressurizing pump. The
pipeline was 2500 m long. In the middle of the
pipeline, it crossed a river with the width of more
than 60 m. The end of pipeline was free outflow,
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which was 434 m higher than the pumping station.
Fig. 3 shows the actual layout of the pipeline. The
pipeline has a constant diameter and uniform wall for
all segments, with the outer diameter D = 137. 0
mm, wall thickness 6= 6. 0 mm and wall absolute
roughness of 0. 055 mm.

2.2

E20
=
E1. Ore tailing
5’ TESeTvoir
T 1.

1.

1.6 1

s 10 I3 30 35
Horizontal position/km

Fig.3 Layout of gangue pipeline

The linear density of transporting gangue is
2.797 % 10° kg/ m, the mass fraction of transporting
gangue is 50%, discharge is 0.018 3 m*/s, solidliq-
uid specific density is 1. 473. According to the design
of pipelines, it has only inverse flow water hammers
caused by power failure and mechanical failure. To
reduce the danger caused by water hammer, gas stor
age tank, check value and surplus pressrelief valve
are chosen.

Because the pipeline is designed for transporting
high density solid-liquid flow, computation equations
for water hammer pressure in pseudo-homogeneous
solidtliquid flow are deduced based on the basis of the
density, elastic modulus, viscosity, resistant charac
teristics of solidtliquid flow!®!

1) Continuity equation

V ap_ %l;-'l' a/m pm a (7)

w here pm is the density of two*phase flow; and an
is the wave velocity of two-phase flow, which can be

computed by

) 1/ 0, "
(lﬂl_ -l_ C 7 QM —& ( )
NE T ETEe
2) Momentum equation

Ox T ox g ox " 2gD
where [ is the resistance coefficient of two-phase
flow and AF is the additional resistance item''"!
caused by heterogeneous suspended particles,

AF= K1,C, 2—nS-v_ (10)

Ym 0 0| vl

The above mathematical model can be discretized
and the corresponding program can be carried out.
Several water hammer protective measures are com-
puted and compared with practical engineering prob-
lems.

The detailed procedure for computing water

hammer' !

can be described as: 1) input initial data,
such as length, elevation and wall thickness of pipe,
mechanics parameters of wall material, related pa-
rameters for boundary conditions and related parame-
ters for transported solid-liquid flow (such as specific
density, grade, rheological parameters and so on);
2) divide computation cross-sections according to time
step, determine related computation parameters, and
compute elevation, piezometric pressure, working
pressure and discharge of each cross section in the ini-
tial steady flow; 3) compute discharge, piezometric
pressure and working pressure at each crosssection in
the pipeline at different times after the water hammer
occurs. Count the maximum and minimum piezomet-
ric pressure and working pressure of each computation
cross~section in the whole process of water hammer;
and count the maximum and minimum working pres-
sure and their positions in the entire pipeline as well
as their occurring time during water hammer.

The figure of pressure outline is commonly used
to assist the analysis of computational results of water
hammer. To compare several water hammer protec
tive measures, solid-liquid flow water hammer model
is used in computing the working conditions with the
gas storage tank installed and the working conditions
with the check and pressure-relief valves installed.

4.1 Without any protective measures in pipeline
When the reciprocating pump stops, the outflow
discharge from the pump @, reduces to zero after a
time interval ¢,. The interval ¢, is correlated to pump
types and practical operations. Because of the lack of
practical data, several possible values are assumed in
the computations. According to the computed re-
sults, the ¢, that corresponds to the most dangerous
condition is used in the sequential computations and
analyses. Computations are carried out for ¢,= 0, 1

s, 2s, 5s, and 10s,

results are shown in Fig. 4.

respectively, and the computed
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Fig. 4 Maximum and minimum piezometric
pressure with different ¢.

Fig. 4 shows that, with increasing ¢,, the vari-
ation rate of (), decreases and the corresponding dif-
ference between maximum and minimum piezometric
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pressure becomes smaller. It suggests that the longer
the pump stops, the less the entire water hammer
wave flunctuates along the pipeline. Moreover, from
Fig. 4, we can learn that the piezometric pressure has
exceeded the pipeline allow able water pressure in part
of the upstream segment of the pipeline when ¢,< 2
s. If t,> 5, the piezometric pressure falls below the
position pressure of the pipeline in the highly eleva
tion of downstream segments, and fluid column sepa
ration happens in some pipe segment.

4.2 With check valve installed on pipeline

The main control parameter for check valves on
pipelines is ¢, the time for closing. According to the
control objectives of water hammer, changes of water
hammer pressure are studied for different ¢.. Fig. 5
shows the computational results. From Fig. 5, it is
found that, in the upstream of check valve in the
pipeline, the bigger ¢, is, the higher the maximum
piezometric pressure is. The minimum piezometric
pressure is lower than the position head of the pipeline
and the liquid column separation occurs, which pro-
duces new irregular pressure wave in the pipeline.

Pipe allowable pressure
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0 0.5 1.0 15 2.0 2.5
Pipe line length/km
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=~
s

Piezometric pressure/ MPa
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Fig. 5 Maximum and minimum piezometric head
lines for different ¢,

4.3 With surplus pressure relief valve

Surplus pressure-relief valves are generally fixed
on the lower segment of pipelines. The figure show-
ing pipeline longitudinal profiles indicates that the
segment between 58 m and 202 m from the pump has
the lowest position and is relatively close to the
pump, and the surplus pressure-relief valve may be
fixed on this segment. Fig. 6 shows the computed re-
sults of the maximum and minimum piezometric pres-
sure of the pipeline when the valve is fixed on differ
ent positions. From the figure, we can see that the
maximum piezometric pressure at several positions fall
below the allowable pressure of the pipe and the valve
has the remarkable effects of reducing pressure.

4.4 With gas storage tank at exit
The gas volume V, in the tank before water
hammer happens is one of important control parame
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ters. The volume of the tank can be determined based
on V, and the technical requirements of the tank.
This example problem is computed using V= 0. 05
m>, 0.1m’, 0. 15m’, and 0.2 m?, respectively, and
the results are given in Fig. 7. In this figure the max-
imum and minimum piezometric pressure, with V,
being different values, along the pipeline are shown.
The working pressure at the upstream end of the tank
with V, being different values are shown in Fig. 8.
Fig. 7 indicates that the pressurerelief effect of tank
is remarkable. It can not only make the maximum
piezometric pressure fall below the allowable pressure
of the pipe, but also, except for the situation of V=
0. 05 m’, make the minimum piezometric pressure
rise above the position pressure of the pipe and avoid
liquid column separation. Fig. 8 indicates that the
fluctuation of working pressure decreases as V, in-
creases. To further verify Eqn. (6), the gas volumes
are recomputed by substituting the parameter (3, ob-
tained from solid-liquid flow model into Eqn. ( 6).
Here, the absolute pressure of steady flow in the
pipeline is 6.96 M Pa.
results. From Table 3, it can be seen that the gas

Table 3 gives computed

volumes computed by Eqn. (6) have relatively high
precision.
Based on the above comparisons of several mea

« 39. 1
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Pipe line length/km

Fig. 7 Water hammer pressure distribution
along pipes with gas tank equipped
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Fig. 8 Pressure pulsation in upstream cross-
section with gas in tank being different volumes

Table 3 Computation results of gas volumes

Volume in model

Max pressure Gas volume calculated
calculating/ m’

calculated/ 10° Pa  with Eqn. (6)/m3

0.05 8.16 0.054
0.1 7.63 0. 095
0.15 7.37 0.152
0.2 7:25 0.214

sures, it can be seen that, for the pipeline transport-
ing by reciprocating pumps, the most effective
method for controlling water hammer pressure is to
fix the gas storage tank with appropriate volume at
the exit of the reciprocating pump. It not only con-
trols the maximum working pressure being lower than
permissible working pressure of the pipeline, but also
controls the minimum working pressure not producing
liquid column separation. In designing the gas storage
tanks, the results obtained from the simple equation
given by Eqn. (6) are coincident with those computed
using the mathematical model. Therefore, the water
hammer Eqn. (6) can be utilized in the practical engi-
neering project with satisfactory precision.

S CONCLUSIONS

1) The occurrence of water hammer mainly de
pends on the layout and operating procedure of
pipelines. Similar to the situation of clear water,
there are three possible cases of water hammer in
pipelines transporting solid-liquid two-phase flows: a)
the water hammer occurring during the closure of the
end valve; b) the vacuum close water hammer; c)

the inverse flow water hammer.

2) For Eqn. (6) is deduced from the law of con-
servation of energy, it can be applied to both solid-liq-
uid two-phase flow and clear water. Same as the wa-
ter hammer computational equations ( continuity Eqn.
(7), momentum Eqn. (9)), with the concentration
of the solid equals to 0, the solid-liquid two-phase
flow equations can be turned into clear water
equations.

3) The experiments show that the gas storage
tank can effectively adjust and decrease pressure. T he
initial gas volume equation given by Eqn. (6) deduced
theoretically is consistent with the experimental re-
sults and can be used in the design of gas storage tank
in practical engineering.
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