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Inﬂuence of porous media on intrusion rate into water
distribution pipes
Yan Yang, Tuqiao Zhang and David Z. Zhu

ABSTRACT
Untreated water can intrude into water distribution systems through pipe leaks and cracks when
negative pressure events occur inside drinking water pipelines. The oriﬁce equation is typically used
for calculation of intrusion ﬂow rate, which ignores the impact of the soil surrounding the pipeline.
This paper presents the results of an experimental study on the effect of porous media surrounding
pipelines and the ﬂow Reynolds number on intrusion ﬂow rate for a circular oriﬁce. The porous
media, oriﬁce size, and ﬂow regime affect the discharge coefﬁcient of the oriﬁce equation. A new
expression was suggested for predicting the intrusion ﬂow rate. A discontinuity in the discharge
coefﬁcient was also found at a large Reynolds number. The effect of the pipe curvature on the
discharge coefﬁcient was found to be insigniﬁcant.
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NOMENCLATURE
constants in Equation (2)

cause surrounding groundwater being intruded into the dis-

A

cross-section area of oriﬁce

tribution systems through various types of pipe cracks and

C

ﬁtted parameter in Equation (3)

defects (Karim et al. ). Water pipes are usually located

a

Cd discharge coefﬁcient

below the ground with a certain thickness of soil cover

d

oriﬁce diameter

above the pipeline. Contaminated soil and groundwater sur-

g

gravitational acceleration

rounding the pipes may contain mixtures of microbial or

ΔH difference between the external and internal pressure head

chemical contaminants (Karim et al. ; He et al. ;

i

hydraulic gradient in porous media

Besner et al. ; Payne et al. ). Even if leaking pipes

m

non-Darcy exponential

are located above the ground water table, the leak will pro-

Q

intrusion ﬂow rate

vide a constant feed of water into the surrounding soil, while

Re Reynolds number

the contaminated water can intrude into the pipeline during

v

macroscopic velocity in porous media

negative pressure events. Intrusion of contaminants from

V

average ﬂow velocity at the oriﬁce

the soil-groundwater environment surrounding the pipe

ν

kinematic viscosity of water

into water distribution system has been widely recognized
as a signiﬁcant health threat (Karim et al. ; Besner
et al. ).

INTRODUCTION

Intrusion is usually seen as a reverse leakage. Pipe leaks
can occur over various kinds of defects (e.g. oriﬁces, longi-

Low or negative pressure events may occur in drinking

tudinal cracks, circumferential cracks) (Greyvenstein &

water distribution systems (Gullick et al. ), which can

van Zyl ; Guo et al. ). In order to compute intrusion
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volumes, commercial surge models typically simplify the

Collins & Boxall () presents a new analytical expression

pipe defects to circular oriﬁces, and the diameter of these

to describe the contaminants intrusion which considers the

oriﬁces is computed based on the leakage rate of the

viscous and inertial resistance of porous media, and com-

system (Kirmeyer et al. ; Ebacher et al. ). So the

pares with the results of computational ﬂuid dynamics

understanding of ﬂow through circular oriﬁces is important.

(CFD) models and experiments. The new expression indi-

The oriﬁce equation is commonly used for the calculation of

cates a linear relationship between the ﬂow rate and

the intrusion ﬂow rate (Besner et al. ; Mora-Rodriguez

pressure difference when the pressure difference is small

et al. ):

or the viscous resistance of the soil signiﬁcantly exceeds

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q ¼ Cd A 2gΔH

the inertial resistance. It also reduces to the oriﬁce equation
(1)

when no resistance presents in the external porous media. It
is shown that the existence of a surrounding porous media

where Q is the intrusion ﬂow rate, Cd is the discharge coefﬁ-

decreases the intrusion ﬂow rate from that predicted by

cient, A is the cross-section area of the oriﬁce, g is the

the standard oriﬁce equation. The analytical expression

gravitational acceleration, ΔH is the difference between the

tends to under-estimate the intrusion rate compared with

external pressure head and internal pressure head. Many

the experimental results. Mansour-Rezaei & Naser ()

factors affect the discharge coefﬁcient, such as the ratio of

used a combination of dimensional analysis and a two-

the oriﬁce diameter to the pipe wall thickness, the sharpness

dimensional ﬁnite element model to ﬁnd the relationship

of the edge of the oriﬁce, the roughness of the inner surface,

among the effective factors. The results show that the expo-

the type of oriﬁce plate (plane or curved), and water

nent of pressure difference was about 2/3, and the effect of

viscosity (Brater & King ).

oriﬁce area was lower than that in the oriﬁce equation.

The oriﬁce equation is commonly used to compute

The present study has three objectives. The effect of sur-

intrusion ﬂow rate without the consideration for the sur-

face type on intrusion ﬂow rate is studied in Experiment

rounding soil. Many researchers investigated the role of

(Exp.) 1. Pipe defects are generally located in a curved sur-

soil hydraulics on the pressure-leakage (under positive

face, while oriﬁces are generally located in plane surface

pressure conditions in pipes) relationship. A simplistic appli-

in the traditional theory. Exp. 2 studies the effect of

cation of Darcy’s law suggests the ﬂow rate should be

porous media surrounding pipelines, as the characteristics

linearly proportional to the pressure head in the pipe. Con-

of porous media affects the intrusion ﬂow. The effect of

sidering the interactions of the external soil properties, the

ﬂow at a large Reynolds number is studied in Exp. 3, as

water ﬂow and the pipe leaks are complex, the relationship

the intrusion ﬂow is unlikely to be laminar.

between pressure and ﬂow rate is unlikely to be linear
(Van Zyl & Clayton ). Walski et al. () compared
the head loss caused by oriﬁce losses and porous media

METHODS

losses when modeling the ﬂow from leaks. They pointed
out that oriﬁce head loss dominates in most water distri-

Experimental apparatus

bution systems, and the oriﬁce equation is suitable for
modeling leaks for a ﬁxed-size circular hole. Coetzer et al.

This study investigated the ﬂow discharged through porous

() conducted an experimental study to determine the

media into an oriﬁce on the pipe wall. The low or negative

effect of the media surrounding the pipe leakage on its

pressure inside the pipe is not directly modeled. Instead,

hydraulic behavior, and found that the ﬂow rate for a given

the atmosphere pressure was used inside the pipe in this

pressure could be higher when the media surrounding the

study. This difference is not believed to be important as

leak is under some special conditions. This result is some-

the intrusion ﬂow is driven by the relative pressure head

what counterintuitive, indicating the interesting interaction

difference between the inside and outside of the pipe.

of porous media and the oriﬁce. Collins et al. () and

Figure 1(a) shows the schematics of the experimental

Downloaded from https://iwaponline.com/aqua/article-pdf/400786/43.pdf
by guest

45

Y. Yang et al.

|

Inﬂuence of porous media on intrusion rate into water distribution pipes

Journal of Water Supply: Research and Technology—AQUA

|

63.1

|

2014

relation between the pressure gradient and the ﬂow rate,
which is suitable for low Reynolds number. Under high
pressure gradients, there is a nonlinear relationship between
the ﬂow rate and the pressure gradient in most surrounding
soil during intrusion, thus the Darcy’s law is not valid.
Different laws have been proposed like Forchheimer’s or
Izbash’s law (Bordiera & Zimmer ). This study employs
the Izbash equation (Izbash ) to simulate ﬂow in porous
media as it is an extension of the Darcy’s law:
i ¼ avm
Figure 1

|

(2)

(a) Schematics of the experimental setup (all dimensions are in millimeters); (b)

where i is the hydraulic gradient; v is the macroscopic vel-

experimental setup with porous media in Exp. 2.

ocity, a and m are constants related to the properties of
setup. It consisted of a plexiglass cylindrical container ﬁlled

the porous media and the ﬂuid, m is non-Darcy exponential.

with porous media and had an oriﬁce at the center of the

The equation becomes Darcy’s law when m ¼ 1, and the

bottom. The container was connected to a water tank

ﬂow is fully turbulent when m ¼ 2 (Venkataraman & Rao

which supplied the water with required pressure head. A

).

pressure sensor (Model XSE/A-H1|T2B1V0N; Westzh Tech-

Three kinds of surrounding media were used in the

nologies) with an accuracy of 0.05 kPa was used to measure

experiments: homogeneous glass beads, homogeneous

the pressure at the entrance of the oriﬁce. A camera was

coarse sand and well-graded ﬁne sand. The particle size of

used to record the experimental process. The outﬂow was

homogeneous glass beads is from 4 to 6 mm, with an average

discharged freely through the oriﬁce. All the experiments

size of 5 mm. The particle size of homogeneous coarse sand

W

were carried out at a room temperature of 23 C.

is from 1.18 to 2.36 mm, with an average of 1.77 mm.

The height of the container was 400 mm, the inner diam-

Figure 2 shows the cumulative grain size distribution of

eter was 200 mm, and the thickness of the container bottom

the ﬁne sand. The permeability of the three kinds of

was 5 mm. The top of the container could be opened for

porous media is tested using a similar apparatus as that of

sand loading. A curved bottom and a plane bottom were

Zhang et al. (). The non-Darcy exponential of three

used in the experiments. Half round pipe was used to form

kinds of porous media m is respectively 2 for glass beads,

a curved surface (Figure 1(a)), which had a diameter of

1.31 for the coarse sand, and 1.04 for the ﬁne sand.

100 mm and a length of 140 mm. Two oriﬁce sizes were
used: 2.2 and 4.2 mm. The oriﬁces were sharp-edged. The

Experimental procedures

pressure sensor was installed on the bottom of the container.
The difference in the elevations of the pressure sensor and

Preparatory work included adjusting the container bottom

the oriﬁce entrance was subtracted from the pressure

to be horizontal and packing porous media in the container.

sensor readings. Atmospheric pressure corresponds to a

The oriﬁce was ﬁrst plugged with a rubber stopper. In order

gauge pressure value of 0, thus the reading of pressure

to ensure no relative movement of particles, the maximum

sensor is equal to the difference between external pressure

hydraulic pressure in the experiments was applied to the

and internal pressure of the oriﬁce.

porous body for more than 12 hours to make the particles
compacted. Experiments were started by unplugging the

Permeability of the porous media

rubber stopper, and adjusting the water level in the water
tank to the desired value. After several minutes of waiting

Flow rate through a porous media depends on permeability

to ensure that the head was steady-state, the ﬂow rate was

and pressure gradient. The Darcy equation assumes a linear

measured by the time/weight method by collecting the
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sand or ﬁne sand. The thickness of the glass beads layer
was 85 mm and the thickness of coarse/ﬁne sand layer
was 170 mm. This arrangement could prevent small sand
particles leaking into the oriﬁce. The smooth glass beads
were used as porous media in Exp. 3 for its large
permeability.
In China, sand is generally used as backﬁll material
around pipes. The coarse and ﬁne sand used in our experiments have similar properties as the sand used in China.
Thus this research did not consider the effect of the soil/
clay around pipes. The physical characteristics of the
porous media related to the intrusion ﬂow is the permeability of the sand layers, not the glass beads. We have
carried out experiments to test the effect of glass beads,
and the results indicated that the presence of glass beads
Figure 2

|

has no effect on porous media permeability.

Cumulative grain size distribution of ﬁne sand.

outﬂow through the oriﬁce over a period of time. This process and the related pressure sensor readings were

RESULTS AND DISCUSSION

recorded in the same video images. The videos recorded at
40 frames per second, so the time could be accurate to
0.025 seconds. The weight of the water was measured by

Effect of surface type

an electronic balance (with an accuracy of 0.1 g). The

Figure 3 shows the ΔHQ curves with different diameters

pressure readings were also averaged. The pressure was

and surface types for Exp. 1 without media. The curves are

increased in a stepwise fashion then decreased after
reaching the maximum value in the experiments.
Table 1 shows the details of the experimental conditions
in this study. Exp. 1 has no porous media in the container to

ﬁtted with Equation (1), and it can be seen that the square
root relationship is suitable for both the oriﬁce on the
curved and plane surfaces. The discharge coefﬁcient Cd
are 0.69 and 0.71 – for the 2.2 mm oriﬁce on curved and

exclude the inﬂuence of porous media. The porous media in
Exp. 2 consisted of two layers as shown in Figure 1(b). The
lower layer was glass beads, and the top layer was coarse
Table 1

Exp. 1

|

List of experiments

Porous media

Surface
type

Oriﬁce size
(mm)

No media

Curved

2.2
4.2
2.2
4.2

Plane
Exp. 2

Glass beads and coarse sand

Curved

2.2
4.2
2.2
4.2

Curved

4.2

Glass beads and ﬁne sand
Exp. 3

Glass beads
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plane surface. An oriﬁce with a length (pipe thickness) to
diameter ratio between 2 and 3 is called a tube, so the
2.2 mm oriﬁce is a tube. According to Brater & King
(), values of discharge coefﬁcient for short tubes were
found to vary from approximately 0.72 to 0.83. The values
of Cd provided conﬁdence that experiments results are consistent with these. Cd is 0.75 and 0.78 for the 4.2 mm oriﬁce
on curved and plane surface, respectively. They are a little
larger than a typical value for an oriﬁce, which is around
0.6. This is probably because the 4.2 mm oriﬁce is slightly
convergent, which could increase the discharge coefﬁcient.
The oriﬁce discharge coefﬁcient on curved surface is
slightly different from that on plane surface. Brater & King
() pointed out that if the plate were slightly warped
inward, the coefﬁcient of contraction would decrease. It
can be seen that Cd on inward-projecting cylindrical surface
is slightly smaller than that on the plane surface in our
experiments, but the difference is small.
Effect of porous media
Figure 4(a) shows the ΔHQ curves for different oriﬁce sizes
and porous media, and Figure 4(b) shows the dependence of
discharge coefﬁcient on the Reynolds number at the oriﬁce.
The discharge coefﬁcient Cd is calculated using Equation
(1). The Reynolds number is deﬁned by: Re ¼ Vd/ν, where
V is the average ﬂow velocity at the oriﬁce, d is the oriﬁce
size, and ν is the kinematic viscosity of water. The range

Figure 4

|

Intrusion ﬂow rate with different oriﬁce diameters and porous media: (a) ΔH-Q
curves; (b) Cd-Re curves.

of Reynolds number is 350 to 10,000.
It can be seen from Figure 4(a) that the presence of

smaller impact on the ﬂow rate. Cd with ﬁne sand media

porous media changed the ﬂow rate compared with the

is larger than that with coarse sand media. It seems coun-

no media situation, and it has a more pronounced effect

terintuitive. Particles, especially those located near the

for larger diameter oriﬁces. In Figure 4(b), Cd is no

oriﬁce, likely obstruct part of the oriﬁce and modify intru-

longer a constant as in a standard oriﬁce case. Each

sion jet behavior. The porous media has a resistance on the

curve could be divided into three regimes when Re <

ﬂow into the oriﬁce and also could inhibit the contraction

2000, between 2000 and 4000, and Re > 4000. These

of the ﬂow into the oriﬁce. This phenomenon fully illus-

values are believed to be related to the interaction of the

trates that the coupled porous media and oriﬁce is a

porous media seepage and the oriﬁce ﬂow. Cd increases

complex system, and the traditional oriﬁce equation is

with Re when Re < 2000. When Re > 4000, Cd becomes

not enough to describe the ﬂow.

constant and is independent of Re. For the 4.2 mm oriﬁce,

Liu et al. () demonstrated that there are similarities

the presence of porous media decreases the ﬂow rate sig-

between ﬂow through porous media and ﬂow through ori-

niﬁcantly, and Cd with coarse sand media is larger than

ﬁces. The pressure drop for ﬂow through the coupled

that with ﬁne sand media, but the difference is small. For

porous media and oriﬁce can be described by developing

the 2.2 mm oriﬁce, the presence of porous media had

ﬂow in short ducts and has similar predictable pressure
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Effect of the Reynolds number

oriﬁce becomes an extension of the ﬂuid path through the
pores. It can be seen from Equation (2) that the pressure

Experiments were repeated under higher water head to

drop is proportional to the mth power of ﬂow rate

study the effect of much larger Reynolds number. A discon-

in porous media. A relationship similar to the Izbash

tinuity can be seen from the CdRe curve (Figure 5(a)). The

equation can be used to relate the pressure difference and

Cd suddenly changes from 0.57 to 0.46 when Re is about

ﬂow rate:

16,000–17,000. The pattern is similar when Re is reduced
from large to small. This result is in conformity with the

Q ¼ CΔH1=m

(3)

ﬁndings reported by Coetzer et al. () in their study of
the effect of pressure on leakage in distribution systems.

where C is a ﬁtted parameter, which will be discussed later.

They suggested that this discontinuity is possibly due to

When Re < 2000, the pressure drop is caused by the fric-

the separation of the ﬂuid stream from the wall.
The surrounding porous media is composed of curved

tional losses through porous media and along the wall of
oriﬁces which are mainly viscous force. This regime will

and meshed passages for ﬂow, and the cross-sectional area

be called seepage regime here. The relationship of ﬂow

of the passages may change. So the ﬂow behavior is different

rate and pressure drop is mainly determined by the nature

from that without media situation. As Re increases, the

of the media, and the value of m is 1.04 for ﬁne sand and

bending at the surface of microscopic solid causes the

1.31 for coarse sand in our experiments. When Re > 4000,

stream line to move gradually. The ﬂuid stream may separate

ﬂow in this regime is fully turbulent, and m ¼ 2. It is similar

from the passage wall at a certain Reynolds number. For

to the oriﬁce equation, and could be named oriﬁce regime.

further research on the ﬂuid stream separation, we made

The range of Re from 2000 to 4000 is transitional regime,

an arbitrary oriﬁce by hands on the bottom of the container

m value is uncertain in this regime. The ΔHQ curves are

to simulate the curved passage with changing cross-sectional

ﬁtted in the seepage regime and the oriﬁce regime, which

area, and no media is loaded in the container. The passage

is segmented according to the range of Re obtained from

had a cross-section of non-axisymmetric, and one side of

the CdRe curves.

the inclination angle was about 10 . The surface of the pas-

W

It can be seen from Table 2 that the experimental results

sage was rough, and could be polished with sandpaper. We

ﬁt well with Equation (3) in the seepage regime and oriﬁce

repeated the above experiments before and after polishing.

regime. The coefﬁcient C is related to oriﬁce size, ﬂow

Figure 6 shows the ﬂow before and after the ﬂuid stream

regime, permeability of porous media, and the local geome-

separation extracted from the experiment video with gradu-

try of the particle around the oriﬁce. The values of C are

ally increasing Re. The jet was much more divergent

larger for a large diameter oriﬁce. The inﬂuence of media

(Figure 6(a)) until a part of ﬂuid stream gradually deviated

permeability to C is different in different regimes. The

from the original direction (Figure 6(b)). Finally, the jet

values of C are inversely proportional to the media per-

showed a constrictive appearance, and a vena contracta

meability

are

appeared downstream of the oriﬁce (Figure 6(c)). This

approximately equal for different media in the oriﬁce

shape was maintained with further increase of the Reynolds

regime.

number. Figure 5(b) shows the CdRe curve of the

Table 2

|

in

the

seepage

regime,

and

they

The ﬁtting equations of ΔH-Q curves with different porous media

Media

Oriﬁce size (mm)

Seepage regime

R2

Oriﬁce regime

R2

Course sand

2.2
4.2

Q ¼ 19:67ΔH1=1:31
Q ¼ 68:34ΔH1=1:31

0.995
0.996

Q ¼ 10:78ΔH1=2
Q ¼ 29:39ΔH1=2

0.999
0.997

Fine sand

2.2
4.2

Q ¼ 47:39ΔH1=1:04
Q ¼ 125:39ΔH1=1:04

0.966
0.984

Q ¼ 12:15ΔH1=2
Q ¼ 29:13ΔH1=2

0.999
0.998
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experiment results before and after polishing. After the ﬂuid
stream separation, the discharge coefﬁcient decreased as the
ﬂow contracted. As Re decreased with the decrease in the
ﬂow rate, Cd still remained the value after the separation.
Thus there was a range of Re corresponding to two values
of Cd. The surface of the passage became smoother after
being polished, the friction head loss reduced. As a result,
Cd increased slightly compared to the value before polishing.
The Reynolds number corresponding to the discontinuity
was smaller after being polished, which indicates that the
ﬂuid stream separation is related to the roughness of the
passage.

CONCLUSIONS
This study investigated the inﬂuence of porous media on
the intrusion ﬂow rate through oriﬁces. The intrusion is
assumed to occur under steady-state conditions, ﬂow
through oriﬁces discharging free liquid jets into air. The
porous media in the surrounding environment of the oriﬁce
is fully-saturated, homogeneous and isotropic. Experimental
results show that the traditional oriﬁce equation is suitable
for both the oriﬁce on curved surface and plane surface
when there is no porous media surrounding the oriﬁce.
Figure 5

|

Cd-Re curves: (a) with glass beads as porous media for a 4.2 mm oriﬁce;
(b) before and after polishing for an arbitrary oriﬁce with no porous media.

The oriﬁce discharge coefﬁcient on the inward curved surface is smaller than that on the plane surface, but the
difference is relatively small.
The presence of porous media could change the discharge coefﬁcient and added dependencies on the oriﬁce
size, ﬂow regime, and permeability of porous media. A function similar to the Izbash equation is suggested for
describing the relationship of the pressure head difference
and the ﬂow rate, which ﬁts well with the experimental
data both in seepage regime and oriﬁce regime. This
expression describes well the complex nature of the ﬂow
where the ﬂow is impacted by both the porous media and
the oriﬁce. It should be pointed out, however, that further
research is needed to develop a general equation for practical use.
There is a discontinuity in the discharge coefﬁcient at
large Reynolds number (Re > 10,000) when the porous

Figure 6

|

Flow forms before and after ﬂuid stream separation for an arbitrary oriﬁce with
no porous media (the arrows indicate the location of the oriﬁce).
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the movement of the stream line, leading to changes in the
ﬂow rate. This is different from the continuum hypothesis.
Previous research simpliﬁed the porous media as a continuous media is inappropriate.
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