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Water hammer protective performance of a spherical air
vessel caused by a pump trip
Lin Shi, Jian Zhang, Xiaodong Yu and Sheng Chen

ABSTRACT
The use of air vessels is an effective measure to control water hammer in a long-distance water
supply system. The traditional shape of such vessels is cylindrical. In this paper, an innovative
spherical air vessel is proposed to improve the force characteristics of the tank. A mathematical
model of the spherical air vessel was established using the method of characteristics. A comparison
was performed of water-hammer protection performance between the spherical air vessel and the
cylindrical air vessel based on a practical water supply project. Furthermore, a sensitivity analysis on

Lin Shi
Jian Zhang
Xiaodong Yu (corresponding author)
Sheng Chen
College of Water Conservancy and Hydropower
Engineering,
Hohai University,
Nanjing 210098,
China
E-mail: yuxiaodong_851@hhu.edu.cn

the parameters of the spherical air vessel was performed. The results showed that the spherical air
vessels had better protective performance compared with the cylindrical air vessels. Under the same
protection requirements, the spherical air vessel can reduce the total volume and surface area by
more than 10%. In addition, for a ﬁxed volume of the spherical air vessel, the protective effect
improves with the increase of the initial gas volume. Increasing the connecting pipe diameter of the
air vessel is beneﬁcial for low-pressure protection, whereas it is adverse to high-pressure protection;
in contrast, altering the installation elevation has little effect on water-hammer protection.
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INTRODUCTION
A long-distance water supply project is an effective method

volume, initial gas volume, connecting pipe diameter etc.

to reallocate and improve the utilization of water resources.

(Miao et al. ), and an air vessel with large volume can

Pipeline safety issues are major challenges in a long-

often achieve better water-hammer protection. However,

distance water supply system with pump stations. A pump-

an overlarge volume may lead to more engineering invest-

stopping water hammer is generated when the pump

ment. Many previous studies have focused on the

suddenly stops. The points where the initial pressures are

inﬂuence of the ratio of gas volume on the volume of air

relatively low along the pipeline may be reduced to the

vessels (Kim et al. ; Besharat et al. ). In addition, sev-

vaporization pressure, thereby causing the column separ-

eral researchers have worked on the effect of the connection

ation phenomenon to occur. The enormous pressure

conﬁguration on water-hammer protection performance,

generated by the column separation water hammer may

and different types of connection conﬁgurations have

cause huge damage to the pipeline system and result in inter-

been proposed (Stephenson ; Sun et al. ). Taking

ruption of the water supply (Bergant et al. ).

a different perspective on those previously mentioned, He

Air vessels have been developed and successfully used

et al. () proposed a horizontal air vessel and found

overcome these

problems because they can be

that the horizontal air vessel had a relatively better protec-

conveniently installed and managed. Generally, the per-

tive performance than the vertical one. Wang et al. ()

formance of an air vessel mainly depends on its total

investigated the protection effect of installation position on

to
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water hammer and concluded that the air vessel should be

of the vessels are connected to the main conduits via short

close to the outlet of the pump to obtain better protection

pipes.

effects.

The mathematical model of the spherical air vessel is

However, the studies described above for air vessels,

shown in Figure 1(b). It is assumed that the gas in the

regardless of connection conﬁguration, ratio of air volume,

vessel is ideal and water elasticity is neglected. In Figure 1(b),

mounting style, or installation position, are for cylindrical

QP1 is the discharge in front of the node of the air vessel

structures. Few studies have focused on the effect of par-

(m3/s); QP2 is the discharge behind the node of the air

ameters related to the geometry of the structures of the air

vessel (m3/s); Qst is the discharge ﬂowing into or ﬂowing

vessels. A vessel is generally made into a spherical structure

out of the air vessel, and Qst is positive when water ﬂows

in industrial ﬁelds because of its good force characteristics

into the vessel and is otherwise negative (m3/s); Zst is the

and bearing capacity (Perl & Perry ). In light of this back-

water level in the air vessel (m); HC is the height of

ground, the purpose of this paper is to evaluate the inﬂuence

the center of the sphere of the spherical vessel (m); Ls is the

of the spherical air vessel on water-hammer protection

diameter of the water cross-section in the vessel (m); and R

according to the good mechanical properties of the spherical

is the radius of the spherical vessel (m). The compatibility

structure. A mathematical model of a spherical air vessel is

equations are given by Equation (1):

established based on the method of characteristics (MOC)

8
< HP ¼ CP1  BP1 QP1

(Wylie et al. ). Cylindrical and spherical air vessels are
used to protect from pump-stopping water hammer in a

:

(1)
HP ¼ CM2 þ BM2 QP2

practical project, and the protective effects of these two air
vessels are compared using numerical simulation methods.

where CP1, BP1, CM2, and BM2 are all known at time t–Δt,

A sensitivity analysis regarding the initial gas volume, the

and Δt is the time step; HP is the pressure at the connection

connecting pipe diameter, and the installation elevation of

point between the air vessel and the pipeline (m). The

the spherical air vessel is presented as well.

energy equation and the continuity equation can be written
as Equations (2) and (3), respectively. The relationship
between water level and ﬂow rate in the air vessel is
shown in Equation (4). Moreover, the enclosed air at the

MATHEMATICAL MODEL

upper portion of the tank follows the polytropic relationship
given by Equation (5).

Schematics of the conventional cylindrical air vessel and the
spherical air vessel structures are shown in Figure 1. The
upper parts of the vessels are ﬁlled with highly pressurized
gas, whereas the lower parts are full of water. The bottoms

Figure 1

|

Schematics of the air vessel: (a) cylindrical air vessel; (b) spherical air vessel.
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QP1 ¼ Qst þ QP2

(2)
(3)
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(4)

n
pVair
¼C

(5)

n
pVair0


nAst0
1
(Zst  Zst0 ) ¼ C
Vair0

p ¼ C1 þ C2 ΔZ

vessel and the pipeline; Ast is the cross-sectional area of



the polytropic gas equation and C is a constant. The

2019

tually be described as Equation (13).

loss coefﬁcient at the connection point between the air

volume in the air vessel (m3); n is the exponent in

|

Equation (6), the bottom pressure of the air vessel can even-

p0 is the local atmospheric pressure (Pa); k is the hydraulic

the water surface in the air vessel (m2); V air is the gas

19.6

(12). Thus, taking Equations (1), (3), (7) and (12) into


where p is the absolute pressure of gas in the air vessel (Pa);

|

(11)
(12)



CP1 CM2
C3 þ C4
þ
BP1 BM2


HP ¼
1
1
þ
1 þ C4
BP1 BM2

(13)

value of n is 1.0 and 1.4 for an isothermal and adiabatic
expansion or contraction of the air, respectively. In this calculation n ¼ 1.2 was taken because the transients are
usually rapid at the beginning but slow near the end
(Chaudhry ).

nC1 Ast0
C1  P0
, C3 ¼ Zst0 þ
þ
Vair0
γ




C2 Qst0
C2
Δt
1þ
Δt, C4 ¼ 1 þ
þ kjQst0 j
γ 2Ast0
γ 2Ast0
where

C1 ¼

C
n ,
Vair0

C2 ¼

Considering the time step Δt is small, Equations (2) and
(4) are integrated and the second-order approximation is
taken; thus, Equations (6) and (7) are obtained as below:

HP ¼ Zst þ

p  p0
þ kQst jQst0 j
γ

ΔZ ¼ Zst  Zst0 ¼

(Qst þ Qst0 )Δt
2Ast0

CASE STUDY
The case study considered was a pumping water supply

(6)

system, conveying water to a downstream tank, with the
length of the pipeline 10 km, and the total design water dis-

(7)

charge 0.2 m3/s. The design water level of the suction sump
was 1,198.5 m, and that of the outlet sump was 1,294 m. The
material of the pipeline was nodular cast iron, and the pipe

where Zst0 , Qst0, Ast0, and V air0 are all known quantities at

diameter was 500 mm. Two horizontal centrifugal pumps

time t–Δt.

were installed, of which one pump was the backup unit.

From the geometric relationship in Figure 1(b), the

The water-hammer wave velocity in the pipeline was

water cross-section diameter can be written as Equation

1,000 m/s. The other parameters in the system are listed in

(8). Thus, the sectional area of the water surface and the

Table 1.

gas volume of the air vessel can be expressed as Equations

Figure 2 shows a schematic of the water supply system

(9) and (10).

with the spherical air vessel. The spherical air vessel was

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ls ¼ 2 R2  (Zst  HC )2

the pump, a check valve was provided between the air

2

Ast ¼ π(R2  (Zst  HC ) )
Vair

π
¼ (R þ HC  Zst )2 (2R  HC þ Zst )
3

located adjacent to the pump. To avoid water backﬂow to
(8)
(9)
(10)

vessel and the pump. Moreover, negative pressure along
the pipeline was not allowed when the power failure
occurred in this project, and the maximum internal water
pressure was not to exceed 160 m.
To compare the protective effects of the cylindrical and
spherical air vessels, the following three cases were adopted

Using Taylor series expansion, Equation (5) can be writ-

for this paper. Case 1 is the use of a cylindrical air vessel as

ten as Equation (11). Considering that the size of the time

the protective measure. Here, the cylindrical air vessel is

step Δt is small, Equation (5) can be simpliﬁed as Equation

denoted as C1. Case 2 involves the use of a spherical air
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Schematic of the water supply system with the spherical air vessel.

Parameters of the pipeline system

Pump head (m)

Flow discharge (m3/s)

Rated speed (r/min)

Motor inertia (kg·m2)

Pump inertia (kg·m2)

Motor power (kW)

Roughness coefﬁcient

120

0.2

1,450

44.3

5.7

350

0.012

vessel with the same total volume as in Case 1. Here, the

Figure 3(a) shows that most of the minimum pressures along

spherical air vessel is denoted as S1. Case 3 involves the

the pipeline were below the vaporization pressure (10 m) if

use of a cylindrical air vessel with the same protection

no protective measures were placed in the system. More-

effect as Case 2. Here, the cylindrical air vessel is denoted

over, approximately half of the maximum pressures along

as C2. The check valve would be completely closed in 2 s

the pipeline were above 160 m. In contrast, all the minimum

when a pump trip occurred, and a safe water depth in the

pressures along the pipeline were above 0 m and the maxi-

air vessel was observed under any conditions to avoid gas

mum pressures were below 160 m with the protection of

leakage. With these conditions, the optimized air vessel par-

C1, C2 and S1, as shown in Figure 3(a). This behavior

ameters are shown in Table 2. The MOC was also used to

occurred because the pressure and discharge behind the

simulate the pump trip water hammer based on these data.

pump began to decrease when the pump stopped suddenly.
Subsequently, the high-pressure gas in the vessel expanded
quickly to keep the pressure balanced between the vessel

RESULTS AND DISCUSSION

and the pipeline. The expanding gas forced the water to
ﬂow from the vessel into the pipeline; thus, the water-

Assuming no water-hammer protective measures were taken

hammer propagation between the pump and the pipeline

in the water supply system, the maximum and minimum

was cut off, consequently contributing to the effective pro-

pressure curves along the pipeline are shown in Figure 3(a).

tection of the pump as well as the water supply pipeline.

Table 2

|

Parameters of the air vessels

Water depth

Air height

Cross-sectional

Initial absolute

Connecting pipe

Surface area

Total volume

Case

(m)

(m)

diameter (m2)

pressure (m)

diameter (m)

(m2)

(m3)

Case 1

1.30

1.00

3.14

133.10

0.40

20.73

7.22

Case 2

1.20

1.20

4.52

133.10

0.40

18.10

7.23

Case 3

1.30

1.00

3.60

133.10

0.40

21.75

8.28
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The calculations for different cases.

Therefore, both the cylindrical and spherical air vessels can

the air vessel is beneﬁcial for water-hammer protection

effectively prevent pipeline damage caused by water

(Deng et al. ). The same conclusion exists in this paper.

hammer, which veriﬁed the previous studies that the air

In contrast, the water cross-sectional area of the spherical air

vessel can effectively reduce water hammer in the water

vessel is relatively small as it approaches the bottom. There-

supply system (Lee ; Liang et al. ).

fore, with the same volume and the same safe water depth,

Figure 3(b) shows plots of the variations of water depth for

the spherical air vessel provides more water supply to the pipe-

Case 1, Case 2 and Case 3. The water depths in the vessels for

line; as a result, the ability to prevent pipeline pressure drop is

the three cases were reduced to the minimum at approxi-

improved. Moreover, the surface area of S1 was reduced by

mately 28 s, and the minimum safe water depths were

12.7% compared with C1, as shown in Table 2.

similar, indicating that the safety margins of these air vessels

As for S1 in Case 2 and C2 in Case 3, the maximum and

were the same. The water level in the vessels rose to the maxi-

minimum pressure envelope curves along the pipeline were

mum at approximately 76 s. The maximum water depths of

found to be almost coincident with the protection of S1 and

Case 1 and Case 3 were similar, whereas that of Case 2 was sig-

C2 (i.e., the protection effect of S1 and C2 on water hammer

niﬁcantly smaller than those of Case 1 and Case 3. Thus the

were the same). However, the total volume of S1 was

amplitude of the water level ﬂuctuation in the spherical air

reduced by 12.7% and the surface area was reduced by

vessel was smaller than that in the cylindrical air vessel. The

16.78% compared with C2 under these conditions, as

reason that could explain the difference is that the water

shown in Table 2. Accordingly, it can be ﬁnally concluded

cross-sectional area of the spherical air vessel near the

that the spherical air vessel has both good bearing capacity

sphere center is larger than that of the cylindrical air vessel.

and great effectiveness in reducing the total volume and the

The volumes of C1 in Case 1 and S1 in Case 2 were the
same, but the minimum pressure along the pipeline of S1

surface area of the vessel under the premise of meeting the
protection requirements in the water supply system.

was higher than that of C1, and the maximum pressure
along the pipeline was lower than that of C1, as shown in
Figure 3(a). The water level ﬂuctuation in the spherical air

SENSITIVITY ANALYSIS

vessel is signiﬁcantly less than that in the cylindrical air
vessel because of its larger water cross-sectional area. Accord-

In general cases, the air vessel with large initial volume can

ing to the energy equation, the bottom pressure variation

often achieve better water-hammer protection. However, the

caused by the change of water level in the spherical air

size of the air vessel is affected by economic factors for

vessel is smaller than that in the cylindrical air vessel. Previous

actual engineering programs. If the total volume is ﬁxed,

work showed that reducing the bottom pressure variation in

then the design parameters, such as initial gas volume,
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air vessel are shown in Table 3, where D ¼ diameter of

Parameters of different spherical air vessels

Air vessel

D (m)

h (m)

d (m)

El (m)

V (m3)

S2

2.40

h2 ¼ 1.10

0.40

1,193.60

7.23

S3

2.40

h3 ¼ 1.20

0.40

1,193.60

7.23

S4

2.40

h4 ¼ 1.30

0.40

1,193.60

7.23

S5

2.40

1.20

d5 ¼ 0.24

1,193.60

7.23

S6

2.40

1.20

d6 ¼ 0.32

1,193.60

7.23

S7

2.40

1.20

d7 ¼ 0.40

1,193.60

7.23

S8

2.40

1.20

0.40

El8 ¼ 1,190.60

7.23

S9

2.40

1.20

0.40

El9 ¼ 1,193.60

7.23

S10

2.40

1.20

0.40

El10 ¼ 1,196.60

7.23

spherical air vessel; h ¼ air height; d ¼ connecting pipe
diameter; El ¼ installation elevation; V ¼ volume of air
vessel.
Figure 4(a) presents the maximum and the minimum
pressure along the pipeline as a function of both h and
distance. In Figure 4(a), the maximum pressures along
the pipeline decreased with the increase of the air
height, whereas the minimum pressures were just the
opposite. The calculations indicated that increasing the
initial gas volume in the vessel is beneﬁcial for waterhammer protection. Based on Equation (5), the inﬂuence
of the gas volume variation on the absolute gas pressure

connecting pipe diameter and installation elevation of the

decreased with the rise of the initial gas volume in the

air vessel, have an important inﬂuence on the protection

vessel; thus, the pressure amplitude at the bottom of the

performance from water hammer. The following section

vessel decreased, i.e., the air vessel provided an improved

takes the long-distance water supply engineering mentioned

water-hammer protection effect. However, increasing the

above as an example to investigate the inﬂuences of the

initial gas volume is bound to reduce the water volume

behaviors of different parameters on the water-hammer pro-

in the vessel. Therefore, increasing the initial gas volume

tection effect. The speciﬁc parameter values of the spherical

can achieve an improved water-hammer protection

Figure 4

|

Envelope curves of pressures along the pipeline for different spherical air vessels.
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The spherical air vessel performs better than the cylindrical air vessel in water-hammer protection. With the same

air vessel.
Figure 4(b) and 4(d) present the maximum and the mini-

protective effect on water hammer and safety margin, the

mum pressure along the pipeline as a function of both d and

spherical air vessel can effectively reduce the total volume

distance. In Figure 4(d), the maximum and the minimum

and surface area compared with the cylindrical air vessel,

pressures along the pipeline increased as the increase of

thereby saving project investment as well as installation

the connecting pipe diameter. The calculations illustrate

space. For a given volume of air vessel, using the spherical

that increasing the connecting pipe diameter of the air

vessel, the gas initial volume in the vessel can be appropri-

vessel promotes negative water-hammer protection and inhi-

ately increased and a better protection effect can be

bits positive water-hammer protection. The inﬂuence on the

obtained under the premise that the water in the vessel

pipe pressure decreased with the increase of the connecting

satisﬁes the requirement for water supply. Moreover,

pipe diameter because the larger diameter of the connecting

increasing the connecting pipe diameter of the air vessel is

pipe is able to create smaller head losses during the outﬂow

beneﬁcial for negative water-hammer protection whereas it

phase and thus reduce the negative pressure caused by the

is detrimental for positive water-hammer protection. Finally,

pump trip. Contrarily, the smaller diameter of the connect-

altering the installation elevation of the air vessel has little

ing pipe is able to produce larger head losses during the

effect on water-hammer protection.

inﬂow phase and thus reduce the positive pressure caused

This study provides theoretical support for the appli-

by the water column coming back from the downstream.

cation of the spherical air vessel in a long-distance water

Hence, both the positive and the negative pressure stan-

supply system. Further experiments on the protective effect

dards

of the spherical air vessel in a practical project are required

of

the

pipeline

should

be

considered

when

optimizing the connecting pipe diameter.

in the future.

Figure 4(c) presents the maximum and the minimum
pressures along the pipeline as functions of both El and distance. For a given parameter of the air vessel, the maximum
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CONCLUSION
A new spherical type of air vessel in a water supply system
was proposed to protect from water-hammer waves. The
protective effects of the cylindrical and spherical air vessels
were studied and compared in different cases. A sensitivity
analysis on the parameters of the spherical air vessel was
performed. Based on the results, the main conclusions
drawn were as follows.
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