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ABSTRACT

In this paper, a discrete air model (DAM) is developed to capture the discontinuous characteristics
of air at different locations during the rapid filling process in long-range, large-scale water pipeline.
By introducing the continuity and momentum equations of air and combining them with the water
control equation and the interface continuity equation, an improved model based on the uniform
air is derived. The accuracy of the model is verified by comparing it with experimental data and the discrete air; air-water
results of the original uniform air model (UAM). Subsequently, a long-range, large-scale pipeline interface; large-scale; rapid
was considered to investigate the dynamic properties of air in large systems, which had not been filling

covered in previous studies. Additionally, the influence of air dynamic characteristics on initial air

volume affected by different air lengths and various pipe diameters in large systems — is further

studied. Results show that an increased pipe diameter expands the contact area of the air-water

interface, often resulting in the UAM underestimating the maximum peak pressure. The propaga-

tion process of transient waves in air is divided into three stages: propagation stage with multiple

variation, maximum value stage with interface propulsive, and stability stage with several fluctu-

ations, which corresponds to the pressure fluctuation curve. This explains the occurrence of small

fluctuations and peaks in the curve. Therefore, the peak pressure simulated by the proposed DAM

offers a better understanding of wave behaviours.

ARTICLE HISTORY
Received 19 August 2024
Accepted 6 November 2024

KEYWORDS
1D numerical modelling;

1. Introduction flooding in Edmonton in 1995 caused significant facil-

ity damage due to air entrainment and release (City of
Edmonton, 1995). Air presence can either mitigate pres-

The development of a comprehensive water system is
critical to address the uneven distribution of water

resources and to boosting the nation’s economic growth
(Marifio & Loaiciga, 1985). The extended length and
intricate design of the long-distance water transmis-
sion system present unique challenges (Ling Besharat
et al,, 2018; Vasconcelos et al., 2015; Zhou et al., 2011,
2024). The pipeline undergoes changes in operating con-
ditions, water filling and discharging procedures during
maintenance and repair, potentially inducing complex
air-water two-phase flow and trapping substantial air
(Bucur et al., 2017; Hatcher & Vasconcelos, 2017; Hu
et al.,, 2024; Tasca et al., 2023). In 1982, a severe pressure
surge in several North American cities was attributed
to air entrapment, causing a sudden shift from grav-
ity flow to pressure flow (Hamam & McCorquodale,
1982). These shifts often result in adverse transients,
generating excessive hydraulic forces that stress pipeline
infrastructure. Similarly, extensive basement and street

sure waves or cause extreme destructive pressure leading
to catastrophic pipe blowouts or facility damage. The
dynamic nature of air in water systems, particularly dur-
ing rapid filling processes, poses significant challenges
for hydraulic engineers. Air can become entrapped at
multiple locations along a pipeline, where it interacts dis-
continuously with the water, creating complex pressure
dynamics that are not easily captured by conventional
models. In response to these challenges, advancements in
discrete air modelling provide a more accurate depiction
of air behaviour, addressing the limitations of uniform
air assumptions that often underestimate peak pressures.
These insights are critical for both the design and oper-
ation of large-scale water systems, where accurate pre-
diction of pressure surges and air behaviour is essential
to prevent infrastructure damage and ensure operational
safety. The developed model provides engineers with
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a better understanding of transient wave propagation,
dividing it into three distinct stages and offering a more
detailed explanation for the pressure fluctuation patterns
observed during rapid filling.

Previous publications have explored the rapid water
filling process through analytical solutions (Urbanowicz
et al., 2023) and numerical simulations (Fuertes-Miquel
et al., 2019). So far, numerous studies have focused
on one-dimensional numerical simulation of pipe fill-
ing process (Lu et al.,, 2024; Xue et al., 2023). The one-
dimensional models simulating the problem of rapid fill-
ing pipeline are generally divided into two categories: the
first type applies the equations of pressurized flow and
open flow respectively to different flow regions, known
as interface tracking mixed flow models; the second type
uses a single set of equations to simulate the pressuriza-
tion effect in the flow region. The rigid water column
model is a classical single set of equations model first pro-
posed by Martin (1976). After continuous improvement
by many scholars, considerations gradually expanded
to include water elasticity, changes in water column
length, and both steady and unsteady friction in pipelines
(Coronado-Hernandez et al., 2018; Hou et al., 2020).
Fuertes et al. (2000) simulated the pressure change of the
air pocket at the high point of an undulating pipeline
based on the rigid water column model. Malekpour and
Karney (2011) verified the stability of rigid water col-
umn model to simulate water filling process. The results
demonstrated that the rigid water models exhibit limi-
tations for cases involving long distances and small air
volumes. Wylie et al. (1993) established the correspond-
ing elastic water model and Zhou et al. (2013) successfully
applied it to the movement containing multiple retained
air pockets.

The shock capture model based on the mass and
momentum equations of free-surface flow also simu-
lates pressurization effects using a single set of equa-
tions. Vasconcelos and Marwell (2011) proposed the
Two-component Pressure Approach (TPA) method to
solve velocity changes caused by sub-atmospheric pres-
surized flows, which extended the applicability of the
Saint-Venant equation in the case of air contained pres-
surized flow. Ferreira et al. (2024) successfully integrated
the ideal air state equation into SWMM hydraulic soft-
ware to simulate rapid filling while addressing the prob-
lem that the model cannot deal with the air pressurization
in the filling process.

The above models tend to ignore the properties of the
gas or adopt uniform air assumptions. The lack of consid-
eration of gas space discretization cannot fully reflect the
dynamic characteristics of gas compression and expan-
sion, which is the knowledge gap in the existing models.
Chaiko and Brinckman (2002) showed the deficiency of

the uniform air model (UAM) when capturing interfa-
cial pressure reflection at high pressure condition. The
improved shock capture model (Trindade & Vasconcelos,
2011; Vasconcelos & Trindade, 2011, 2015), accounting
for air phase pressure gradient in short pipe, does better
in simulating the air-water interaction. Nonetheless, the
previous research has the following limitations: (1) the
model based on the rigid column model lacks the accu-
rate representation for long-distance pipelines because it
omits the water elasticity; (2) insufficient attention has
been given to the wave propagation effect of air pocket
in small-scale pipelines, neglecting the impact of scale.

The aim of this paper is to establish an elastic water
column filling model considering discrete air effects. At
the same time, the influence of discrete air under different
pipe scales is quantitatively analyzed. Then the propa-
gation mechanism of a transient wave in a water-filled
pipe with the air dispersion effect is thoroughly investi-
gated. The governing equations of air are introduced and
combined with the water control equation and the inter-
face continuity equation during the rapid filling process
to derive the proposed discrete air model (DAM). There-
after, the correctness of the model is verified by both
laboratory experiments and UAM. In particular, research
is conducted on the importance of air pressure waves
in large-scale and long-distance water transport systems.
Based on this, the air ratio in large-scale pipelines, pipe
diameter, etc., are systematically analyzed and discussed
to increase the basic understanding of the effects of two-
phase flow transients. Finally, the main conclusions are
drawn.

2. Mathematical model

This section aims to establish a comprehensive math-
ematical model for discrete air by developing more
detailed air continuity and momentum equations, which
are incorporated with the water control equations, pres-
sure balance equations and the continuity equation at
the air—water interface. This model is predicated on
the following assumptions: (1) the air—water interface
is perpendicular to the centreline of the pipeline; (2)
the dissolution of air in water is neglected; and (3) a
rigid pipeline connection is assumed, excluding fluid-
structure interaction.

The continuity and momentum equations of the fill-
ing water region can be written as follows, which are
consistent with the formulas used in Zhou et al. (2023).

oH 2oV,

w G Vw _ (1)
ot g Ox

oH, 108V,
—+-—"+Jo+Ju=0 (2)

0x g ot



where, the subscript w represents water; H,, is the piezo-
metric head; a,, is the wave speed; g is the acceleration of
gravity; V,, is the average flow velocity; x is the distance
along the pipe; t is time; Jg and Jiy represent the loss terms
due to steady and unsteady friction, respectively.

The continuity and momentum equations for air can
be written as:

% 0(pgug) -0
ot 0x
0(pgug) a(,Dg’/‘gz + Pg)
+ =0
ot ox

3)

(4)

where, the subscript g represents gas; pg is the air density;
ug is the air velocity; Py is the air pressure.

The relationship between air wave speed and air den-
sity is as follows:

g’ = Pepg™! (5)

(6)

where, ¢ is the air wave speed; m is constant polytropic
exponent; cgo, Py are the initial value of cg and Py.

The equation (7) is derived from the joint solution of
Equations (5) and (6).

2

pg =K iyt ()
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Substituting equation (7) into (3) and (4), the follow-

ing formula can be obtained:

where k is a constant, k =

oc, oc m—1 oJu

g g g
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The moving air-water interface during the whole
rapid filling process is governed by the continuity and
pressure balance equations as:

t
Ly =Lwo + k{ VinterfacedlL (10)
Pg
H,=—+ Zinterface (11)
8Pg

where L,, is the water length; L, is the initial value of L,,;;
Vinterface is the moving speed of the air-water interface;
H,, is the piezometric head at the air-water interface;
Zinterface 1 the elevation of the air-water interface.

ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS 3

3. Method of characteristic for discreated air
pocket

Accurate numerical simulation methods are essential to
understand and mitigate these challenges. In this section,
the above mathematical model is rewritten into the form
of the method of characteristic (MOC). The ordinary dif-
ferential form of the water equations is relatively mature,
and the partial differential equation transformation of
air equation is emphasized here. The MOC has been
widely used to simulate two-phase transient flow. Pozos-
Estrada (2018) used this method to conduct numerical
and experimental studies on the influence of air-water
mixed flow patterns. Alexander et al. (2020) used the
MOC to study the blocking effect of local air pockets on
pipeline transport. Ling Zhou et al. (2011) employed it to
develop insights into rapid filling processes with retained
air pockets on pipeline pressure.

For a pipe section filled with water, the following
equation can be obtained by integrating the positive
and negative characteristic lines of the standard one-
dimensional unsteady flow:

+ .yt Af _ pqt Aw ¢
C":Hy; _Hw(i—1)+g_AQw(i—1)

ay  fAx
~(eh et )

aw
(+1) — g_AQw(H—l)

Ay fAx JulAx
+ (g_A + ZgD—AleW(Hl)l) + T (13)

JuAx

(12)

— . ot+At gt
C™:HFAM = HY

where, i represents the position of the current solution
node, t+ At is the next solution time, D is the inner
diameter of the pipe, and A is the area of the pipeline.

The air momentum and continuity equations - Equa-
tions (3) and (4) - constitute a pair of quasi-linear hyper-
bolic partial differential equations with two dependent
variables, velocity ug and air density pg, and two inde-
pendent variables, distance x and time ¢ along the pipe,
respectively. The MOC is used to transform the equation
into ordinary differential equation. The simplified air
control equations of motion and continuity are identified
from Equations (8) and (9) as L; and L:

—1

Ly = (co)e + tg(cp)s + mTcg(ug)x =0 (14)
2

L2 = (ug)t + ug(ug)x + ﬁcg(cg)x =0 (15)

These equations are combined linearly using an
unknown multiplier 4:

L=AL+ L, = (”g)t + ug(ug)x
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2
+ mcg(cg)x + }L(Cg)t + lug(cg)x

m—1
+ ATCg(ug)x (16)

Any two real numbers, with different input values will
result in two equations represented by the two dependent
variables u, and c;, which are equivalent in every respect
to Equations (14) and (15). Proper selection of two spe-
cific values of A simplifies the Equation (16). In general,
the variables u, and ¢, are functions of x and t. If the
variable x is a function of ¢, then:

dug dx deq dx
I (ug)xa + (ug)s, ar (Cg)xE + (cg)r (17)
It can be demonstrated that if:
d. 2 1 -1
gt =gt AT (18)

Then Equation (16) becomes an ordinary differential
equation:
deg g _
dt dt
The solution of Equation (19) yields two characteristic
values of A

(19)

2
A=t (20)
m—1
By substituting these characteristic values into
Equation (18), we can obtain:

dx

dt

This demonstrates how the wave position changes

over time influenced by the wave propagation speed c,

and velocity u,. Consideration of positive and negative

values in Equation (21) together with Equation (17) leads

to two pairs of equations which are grouped and identi-
fied as C* and C~ equations.

=ug +cg (21)

2 dcg  dug
_c 278 )
C+ fm—=1 dt dt
' dx
E =Ug + ¢
2 dcg dug
Twm—1de a0
c.l m d; (22)
E = Mg - Cg

Thus two real values of A have been used to convert
the original two partial differential equations to two total
differential equations, each with the restriction that they
are valid only when the respective conditions are met.

4. Results and discussion

This section assesses the proposed DAM through an
experiment system and large scale pipe system. This is
to (a) examine the numerical dissipation caused by the
solution scheme of the DAM; (b) validate the accuracy
of the DAM simulation results by comparing with the
experimental data and the results of the UAM; (c) execute
a sensitivity analysis of the proposed model and clarify
its precision in various applications; (d) investigate the
intrinsic mechanism of the model and the wave propa-
gation process. This section uses two systems with the
first one being an 8.862-meter experimental system with
an upstream air tank (0.08 MPa and 0.12 MPa), a closed
downstream end, and initial air lengths of 0.3m and
0.4 m at atmospheric pressure. The transient in this sys-
tem is triggered by opening a valve in 0.01 s (see Section
4.1). The second system is a 2400-meter long system with
an upstream pressure of 0.392 MPa, a closed downstream
end, and initial air at atmospheric pressure. Different
air lengths are tested for sensitivity analysis, with the
transient also initiated by rapid valve opening at 0.01s.

4.1. Verification of proposed model

In smooth pipes, the friction interference can be
removed, and an adiabatic model is used. The only reason
for the pressure attenuation in the pressure curve over
time is the numerical dissipation of the solution scheme
itself. Figure 1 shows the simulation results of the DAM
and the UAM in a smooth rigid pipe, and sets a horizontal
line with the first peak point as the reference to visually
show the numerical dissipation. In Figure 1, compared
with the results of the uniform air model, the simula-
tion results of the discrete air model are almost unaffected
by numerical dissipation. The two models have consis-
tent simulation results in the first cycle, and the phase
deviation is slightly present in subsequent cycles. This

300

—Uniform air model —Discrete air model

Pressure (kPa)

0 0.5 1 1.5 2 25
Time (s)

Figure 1. Calculation results of the DAM and UAM in smooth
pipe.
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difference is due to the introduction of the air governing
equation, where the DAM considers the transfer of pres-
sure through each air node, while the UAM assumes that
all air nodes have the same response to pressure waves.
With the development of time, the dynamic character-
istics of air in the DAM can be better reflected and the
cumulative error difference over time is shown.
The experiment carried out by Zhou et al. (2023) used
an 8.862 m long pipe with a diameter of 0.04 m to verify
the numerical model. The experiment’s upstream pres-
surized air tank with constant pressure P, was connected
to the downstream closed end by an 8.862 m length pipe.
A valve installed 5.526 m downstream of the tank and was
initially completely closed to separate water and air. Air
length (L,o) between the valve and downstream closed
end is initially atmospheric. Subsequently, the valve was
suddenly opened within 0.01s, initiating transient events
of rapid filling. For four cases (P, = 0.08 and 0.12 MPa,
L,o = 0.3 and 0.4 m) under the same conditions for both
the model and the experiment, Figure 2 presents a com-
parison between the pressure fluctuation results from the
DAM and those from both the UAM and experiments.
The comparative analysis was concluded by aligning both
models to the four cases’ various upstream pressures and
air lengths. The analysis shows that both models yield

250
Case 1 -+-- Experiment
200 F} — Discrete air model
--- Uniform air model
6150 3 : ) [\; .
0 e ) R = >
2 6 t i i A AN
$100 ¢ h ! % R\
2 ; 1 J AN
* > \ ', X v
¢ N N
50 i lf Y ‘? \y d * /
o ../
0 & L L L L
(a) o0 0.5 1.0 15 2.0 2.5
Time (s)
500
Case 3 ---- Experiment
400 . — Discrete air model
g '(h -=--Uniform air model
2300 ¢ # i
o )
2 P i
o |V
3
=9 H \ I
{ i ! %
100 7 ! )
) 4 )
{ ()
4 "\,,:' k
0 & sl : : .
( ) 0.0 0.5 1.0 1.5 2.0 25
¢ Time (s)

similar simulation results for the first peak pressure. In
subsequent cycles, the DAM simulation results are more
closely aligned with the experimental data during the
subsequent wave period and yields more consistent phase
results compared to experimental data when the transient
wave from valve opening reaches the air pocket. This is
due to the incorporation of an improved air governing
equation, which allows for a more accurate representa-
tion of wave reflection within the air pocket.

Minor peak differences between the two model’s sim-
ulations exist in the four cases’ system settings, necessitat-
ing further exploration of parameter sensitivity. Research
by Alexander et al. (2020) and Li et al. (2024) suggest that
energy loss from transient wave transport at the air-water
interface could be a cause.

Overall, the air reflection characteristics incorporated
in the discrete air model create more realistic pressure
fluctuations, validating its accuracy in simulating rapid
filling transient events.

4.2. Sensitivity analysis of pipeline system
applications

Usually, the length and diameter of the experimental pipe
differ from those of actual engineering pipe systems due

250
Case 2 -+« Experiment
N — Discrete ai del
200 F i) 1s.cTe e a1.r mode
£ -~ Uniform air model
g f i
i) 150 P
2 P
2 P
2100 + 1 )
» t
& ! t
o
I
i
#
0 K :
(b) oo 0.5 1.0 1.5 2.0 2.5
Time (s)
500
Case 4 .
-+« Experiment
400 a -Discrete air model
= A ) ]
i t) ==-Uniform air model
£300 i
g il
2 i
§ 200 F i i
A~ ! i‘
11
100 F ':' \
/
’
0 L&
0.0 . . .
(d) Time (s)

Figure 2. Comparison of DAM, UAM and experimental results (a) Case 1: P, = 0.08 MPa, Lo = 0.3 m (b) Case 2: P, = 0.08 MPa,
Lao = 04m(c)Case 1: P, = 0.12 MPa, Lo = 0.3 m(d) Case 1: P, = 0.12 MPa, Lo = 0.4 m.
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to the space and budget constraints during the design of
the experimental facility. The purpose of this sub-section
is to explore the role of air in practical systems with
large-scale pipes, i.e. long pipes with big diameters. Influ-
ences of air content, pipe size and other parameters are
investigated here.

4.2.1. Analysis influence of initial air length

The influence of different air content on the transient
process of the experimental system is shown in Figure
3(a). The experimental system parameters are the same
as previously stated with upstream pressure of 0.12 MPa.
Air content a refers to the ratio of the air volume in the
pipe to the total pipe volume. With increased air content,
the difference between the DAM and UAM simulations
becomes more significant. The experiment affirms that
the DAM with the air governing equation can gener-
ate more credible pressure fluctuations, indicating the
need for further exploration to investigate the dynamic
characteristics of large air content.

To investigate air behaviour via two modelling
approaches during the filling process of an engineering
large-scale water pipe, a long pipe configuration with an
intermediate valve, closely resembling the experimental
system was proposed. The total length was 2400 m, with
a inner diameter of 0.3 m. The system’s upstream inlet
pressure was 0.392 MPa and the downstream end of the
pipe is closed.

The simulation results of the DAM and UAM with
proposed long system at different initial air ratio are illus-
trated in Figure 3(b), showing that for larger initial air
ratio there is no discernible difference between the pres-
sure curves produced by the two models, and for lower
initial air content (a = 3%) the UAM presents a slight
earlier first peak. Given that, the strength of the DAM
lies in its depiction of wave reflection in air, enhancing

300
—a=96% UAM - --a=96% DAM
—a=67%UAM - --a=67%DAM
—a=42% UAM - --a=42% DAM
5200 —a=17%UAM ---a=17%DAM
-~ % 2
N /
g 4 ;
5 ,’ " R =
b ; N Z
o N\ =
A< 100 S
1
l’/I
0
0 1 2 3 4 5
Time (s)
(@)

pressure calculation accuracy. The possible reason for
yielding similar results between two models is that the
long system is specific and large enough that the peak
of the pressure curve is not obvious. In the same pipe
system, when the air pocket length is long, it provides
a cushioning effect; when the air pocket length is short,
instantaneous compression will easily cause the air to
produce a large pressure surge. The suitability of the dis-
crete air model needs to be further explored for different
pipe parameters systems with the same air content, and it
is necessary to determine the specific pipeline conditions
in which it can be applied.

4.2.2. Analysis of pipe scale influence

The pipe diameter ratio () is defined as the ratio of
pipe length to diameter (f = L/D), which is an intu-
itive parameter that reflects the influence of pipe scale
on transient process. Figure 4(a) presents the simulation
results of the two models when the pipe diameter ratio
L/D is 2500 and air content is 99.6%. The results indi-
cate that both models produe similar outcomes under
different pipe lengths with the same diameter ratio. For
the DAM, under the same pipe diameter ratio and ini-
tial air content, the longer the pipe, the more obvious
the stepped-like rising fluctuation becomes. However, as
shown in Figure 4(b), the results of the two models differ
significantly when f varies. The DAM, with its superior
accuracy validated by experimental data (Figure 2), is
chosen as the baseline. As f increases, the deviation of
the UAM simulation results becomes smaller.

As shown in Table 1, the deviation in the calcula-
tion results for various pipe diameter ratios between
the DAM and UAM is quantified. The relative error is
used, i.e. the interpolation between the results of the
DAM (Ppam) and the UAM (Pyam) divided by Ppam
as error = (Ppam—Puam)/Ppam. An error threshold of

500
400 .
. —a=96% UAM
& ---a=96% DAM
22,300 —a=67% UAM
L - --a=67%DAM
ézoo —0=42% UAM
o - --a=42% DAM
A~ —a=17% UAM
---a=17%DAM
100 —=3% UAM
- --a=3%DAM
0
0 500 1000 1500 2000
Time (s)
(b)

Figure 3. Comparison of simulation results of UAM and DAM at different initial air content (a) experimental system with pipe length of

8.862 m (b) large-scale system with pipe length 2400 m.
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600
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% 400 B——
[
2
8200
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a=99.6% ——DAMB=100 ---UAMPB=100 ——DAMp=200 - --UAM B=200
=600 L =2400 -~—DAMB=500 - --UAM B=500 DAM =1000 UAM B=1000
)
) ==
§ 400 e
g
A 200
0
(b) 0 100 200 300 400 500 600 700 800
Time (s)

Figure 4. Simulation results of two models with the same initial
ratio.

Table 1. Simulation results for models with different L/D with
pipe length 2400 m and inlet pressure 0.392 Mpa.

Maximum Maximum

pressure of pressure of Relative
s DAM (kPa) UAM (kPa) error (%)
100 72491 621.33 14.3
200 544.85 510.15 6.4
500 454.03 440.33 3.0
1000 423.90 416.54 1.7
2000 407.48 404.52 0.7
3000 402.05 400.49 0.4
5000 397.75 397.26 0.1
8000 395.60 395.44 0.0
10000 394.93 394.83 0.0

no more than 1% is used as the standard, and the find-
ings demonstrate that when the pipe diameter ratio of
L/D = 2000 is used as the threshold, within this limit,
the DAM and UAM provide identical results. Beyond this
threshold, the UAM begins to show a gradual increase in
calculation error, ultimately underestimating the maxi-
mum pressure peak. The simulation results of both mod-
els are similar when f = 3000. Conversely, the UAM sig-
nificantly underestimates peak pressure and delays peak
time when f = 200.

According to the analysis of pipe diameter ratio, the
pipe diameter ratio of the experimental system is 221.5,
and the simulation results of the discrete air model are
more consistent with the experimental data. For the pro-
posed long system, the pipe length is 2400 m and the
pipe diameter ratio is 8000, so the simulation results
of the two models are very similar. In addition, due to
the consideration of air characteristics, the curve rise

air content (a) pipe diameter ratio £ 2500 (b) different pipe diameter

process of the DAM is accompanied by a stepped wave-
form. This is because the DAM can effectively capture
the accumulation of the pressure wave exchange process
at the interface along during the transfer process. There-
fore, to further analyze the influence of discrete air, the
next analysis is carried out from the perspective of wave
speed.

4.3. Transient wave propagation in air

This section focuses on a case to explore the effect of the
model taking into account air characteristics on simula-
tion results.

As can be seen in Figure 5, the change in pressure dur-
ing the water filling process was analyzed using the pro-
posed long system with pipe length of 2400 m. Although

450

B = 8000
—DAM —UAM
=300
[=%
=
° 30
2
@ 20
=
A< 150 s
10
t
0 %
0 20 40 60
0
0 500 1000 1500 2000
Time (s)
Figure 5. Pressure fluctuation during water filling process in UAM
and DAM.
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both models yield generally similar simulation results,
it is worth noting that the discrete air model provides a
more detailed depiction of pressure fluctuations.

At t1, there is a small jump in pressure caused by
the transfer of a transient wave to the interface. Initially,
the interface is very close to the upstream, and transient
waves arrive very quickly.

Before time t;, the pressure gradually decreases until
it reaches lowest value, at which time the transient
wave passes downstream from the interface and returns,
and there are constant depressurization waves returning
along the way. Since the pressure is always positive, no
cavitation occurs. The change in wave speed in the air
can more intuitively show the propagation of the tran-
sient wave. Figure 6(a)-(c) shows the change in air wave
speed along the pipeline over time. The initial air wave
velocity is related to air density and pressure, and the
initial value is about 322 m/s. Among them, Figure 6(a)
shows that the transient wave propagates downstream,
Figure 6 (b) shows changes at the downstream bound-
ary, and Figure 6(c) shows the transient wave propagates
from the downstream to the interface. When it propa-
gates at the interface of the intersection, the pressure in
Figure 5 drops to the local lowest point, which is exactly at
time £.

340
—T=0S —T=1.28 T=2.4S T=3.5S

335 —T=4.7S —T=5.9S —T=6.8S

£

=

§330

[

:

320

(a) 0 600 1200 1800 2400

Distance (m)
340
T=8.8S —T=1128 —T=13.58

=335
El
3

%330

g

%325

320

0 600 1200 1800 2400

(C) Distance (m)

At t3, there is another jump in pressure, caused by the
transient wave returning to the interface. Corresponding
to Figure 6(d), after the wave speed change at the interface
is completed, the pressure reaches the highest local point.

Subsequent fluctuation repeats this process continu-
ally. As the interface advances forward, the overall trend
of pressure increases. Figure 7(a) shows the interface’s
advancement over time through the change in air wave
speed.

Wave propagation speed in water is approximately
1000 m/s, while in air it is slower at around 322m/s,
which helps to determine the interface location based
on the difference in wave speed between the two phases.
In addition, during the filling process, the air’s pressure
characteristic after compression is shown in Figure 7(a).
As seen from Equation (5), the wave speed of the air is
proportional to the pressure, and the gradual increase in
wave speed reflects the pressure characteristic of the air.

Figure 7(b) shows the temperature change along the
pipe. Due to the large specific heat capacity of water, the
temperature changes only slightly in the water section,
while the temperature changes in air are more significant.
The temperature change during this process is consistent
with the pressure wave propagation process. The air tem-
perature shows an upward trend during filling process,

340
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335
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320
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(d) Distance (m)

Figure 6. Wave speed propagation along the pipe at different times. (a) Wave speed transfer to the end (b) terminal wave speed change
(c) wave speed transfer to the interface (d) interface wave speed change.
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Figure 7. Continuous propagation of wave speed with interface propulsion (a) Wave speed (b) temperature change.

Table 2. The increased rate of wave speed at interface with dif-
ferent diameter ratio with pipe length 2400 m and inlet pressure
0.392 MPa.

B

a; (m/s)

t2 (s) as (m/s) t3 (s) y
100 328.18 11.53 341.09 14.12 498
200 32691 11.88 338.80 14.29 4.93
500 325.49 12.12 335.86 14.35 4,65
1000 324.75 12.41 333.80 14.47 439
2000 324.25 12.53 331.85 14.53 3.80
3000 324.02 12.59 330.76 14.59 3.37
5000 323.78 12.65 329.46 14.65 2.84
8000 323.59 12.82 328.40 14.76 2.50
10000 323,51 13 327.93 14.82 243
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Figure 8. Reaching stable after some fluctuations.

increasing by about 20°, reaching around 45°, though
the rise is not very obvious. The formula for calculating
temperature change (7e) is as follows:

2
T = Leke™ (23)
4MgR,
where, Lg is the air length; M is the air mass; Ry is air
constant.

Figure 8 shows that after the pressure reaches its max-
imum, it stabilizes after several small fluctuations. These
pressure fluctuations occur due to the compression-
expansion characteristics of the air. At this point, the
position of the interface moves very little, and the fluc-
tuation in wave speed reflects the fluctuation in pressure.

In general, the characteristics of the transient wave in
the filling process can be divided into three stages: (1)
propagation stage in the pipe with multiple variations,
as shown in Figure 6; (2) maximum value stage with
the interface advancing, as shown in Figure 7; (3) stabil-
ity stage after several fluctuation of system, as shown in
Figure 8.

ty, t3 is the time shown in Figure 5.
ay, as is the corresponding wave speed at t; and t3 and is also the local
minimum and maximum wave speed.

Since the important process of wave propagation in the
air pocket is given, and the relationship between pressure
fluctuation and wave propagation is explained in detail,
the influence of the pipe diameter ratio (f) on the results
of the discrete air model can be explained from the per-
spective of the change of air wave speed. The increased
rate of wave speed (y ) is defined as the rate at which the
wave speed changes at the air—water interface and it is cal-
culated by the difference of wave speeds a, and a3, which
is corresponding to the start time ¢, and the end time ¢3 at
which the interface is affected by a transient wave divided
by the time difference, i.e. y = (a2-a3)/(ty-t3).

The change of y under different pipe diameter ratios
(/) is shown in Table 2.

Table 2 shows that the pipe system with a smaller
diameter ratio has a larger wave speed growth rate at
the interface, which means that the first stage of tran-
sient wave propagation in the filling process will result
in a larger pressure step rise. This process is taken into
account in DAM by incorporating air characteristics,
making the simulation results more accurate and clar-
ifying why the results of the two models are biased in
systems with large diameter ratios.



10 (&) R-LFENGETAL

5. Conclusions

This paper addresses a key knowledge gap regard-
ing appropriate methods for incorporating pressur-
ized air characteristics into water-filled system mod-
elling for mathematical model development. The dis-
crete air model (DAM) was constructed and compared
against two standards: the uniform air model (UAM)
and experimental results. This approach allowed an
assessment of the accuracy of the proposed model.
Finally, the model is applied to large-scale engineer-
ing pipelines to investigate the dynamic characteristics
of air. Key findings of this research are presented as
follows:

(1) The model’s accuracy is demonstrated by compar-
ing the results of the DAM with those of both the
original UAM and experimental data.

(2) The parameter sensitivity of the DAM is analyzed.
The main factors are the initial air content o and the
system pipe diameter ratio £. The simulation results
are compared with those of the UAM. It is shown
that there is a critical value of pipe diameter ratio
(S = 2000). Below this value, the simulation results
of the two models diverge, with the UAM tending to
underestimate the maximum pressure generated.

(3) The propagation process of transient waves is
presented, highlighting three distinct propagation
stages: the propagation stage with multiple repeats,
the maximum value stage, and the stability stage
after several fluctuations. These stages illustrate
the propagation of transient waves in the filling
process from the perspective of air wave speed
changes.

(4) The inceased rate of wave speed (y ) at the air-water
interface plays a pivotal role during the filling pro-
cess, with the discrete air providing more accurate
pressure change results when the diameter ratio is
less than the threshold value.

The application of the proposed DAM to large-scale
water pipelines, following its verification, offers a valuable
reference for exploring the scale effect of air propagation
in long-distance and large pipe diameter scenarios. Addi-
tionally, based on the research presented in this paper, a
large-scale experimental system for long-distance water
pipeline could be established in the future, allowing for a
deeper study and verification the dynamic characteristics
of air pockets in large-scale pipeline systems. This would
aid in developing and refining a more effective model for
rapid water filling at the real air-water interface, thereby
enriching the corresponding theoretical and numerical
analysis.
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Nomenclature

H, the piezometric head, m;

Vi the average flow velocity of the pipe cross
section, m/s;

ayw the wave speed, m/s;

D pipe diameter, m;

Jo loss terms due to steady friction;

Ju loss terms due to unsteady friction;

G acceleration of gravity, m/ s%;

X distance along pipe, m;

Ax unit mesh length;

T current computation time, s;

Pg the air density, kg/ m>;

Ug the air velocity, m/s;

Py, the air pressure and the initial value of the air

pressure, Pa;

Cg> Cg0 the air wave speed and its initial value, m/s;

M constant polytropic exponent;

Ly, Lyo  the water length and the initial value of water
length, m;

Vinterface  the moving speed of the air-water interface,
m/s;

Zinterface  the elevation of the air-water interface, m;

H, the piezometric head at the air-water inter-
face, m;

Qu water flow rate, m3/s;

Ly, L, the representation of motion and continuity
equation of air;

K intermediate parameter;

i the position of the current solution node;

A the area of the pipeline, m?;

A unknown multiplier;

F friction coefficient.

Subscripts

g gas phase

w water phase
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Q steady friction

U unsteady friction

i the position of the solution node
interface air-water interface

Abbreviations

DAM
UAM

Discrete air model
Uniform air model
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