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ABSTRACT  
The hydraulics of leakage and intrusion flows through leak openings in pipes is complicated by 

variations in the leak areas due to changes in pressure. This study presents a theoretical framework 

for the analysis of both leakage and intrusion flows through real leaks in pipes. A linear area-

pressure relationship is assumed. The leakage exponent of a given leak opening is shown to 

generally not be constant with variations in pressure, and to approach infinity when the leakage 

number approaches a value of minus one. Significant modelling errors may result if an exponent 

used in the power equation used beyond its calibration pressure range, or at high exponent values. 
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1 INTRODUCTION 

Pipes in water distribution systems invariably develop leaks, which have negative consequences 

including leakage under positive pressure conditions and intrusion of contaminated ground water 

under negative pressure conditions.  

Leakage and intrusion modelling is complicated by a number of factors, including leak area 

variation with pressure, the flow regime, soil hydraulics and variations in leakage elevations in a 

DMA (district metered area) [1, 2]. This resulted in two approaches to model the behaviour of 

leakage in water distribution systems: the FAVAD (Fixed and Variable Area Discharges) and power 

equation models.  

The purpose of this paper is to present a theory for the realistic modelling of leakage and intrusion 

through leak openings in pipes in light of the latest research findings on the behaviour of leak areas 

with pressure. A more detailed report on this study was recently published as an open access paper 

in the Journal of Hydraulic Engineering [3] and may be downloaded from http://bit.ly/2sox9fX. 

The study assumed a pipe that is filled with and submerged in the same fluid, and thus factors such 

variations in the discharge coefficient, the flow regime and soils outside the pipe were ignored.  

The next section provides an overview of the two leakage modelling approaches and how they are 

related. A discussion is then provided on the behaviour of leak openings with positive head-area 

slopes under leakage and intrusion flow conditions.  

2 BACKGROUND 

Hydraulically a leak opening acts as an orifice for which the hydraulic behaviour is well understood 

(for instance, see [4]) Defining the head differential h over the leak opening as ℎ = ℎ𝑖௡𝑡௘𝑟௡𝑎௟ −ℎ௘𝑥𝑡௘𝑟௡𝑎௟ and assuming the pipe is both filled with and submerged in water (thus ignoring the 
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impact of soil hydraulics) allows the orifice equation for both leakage and intrusion flows to be 

written as: 

 𝑄௢ = 𝑠𝑔݊ሺℎሻ𝐶ௗ𝐴√2𝑔|ℎ|                                                       …(1) 
 

The main problem with the orifice equation in modelling leakage and intrusion flows is that these 

openings are often not fixed, but vary with pressure. It has been established through several studies 

that the area of leak openings is a linear function of pressure in most cases [1, 5 – 14]. Thus the leak 

area can be described using the function: 

 𝐴 = 𝐴଴ +݉ℎ                                                                    …(2) 
 

Where A0 is the initial area (the area of the leak opening when the head differential is zero) and m 

the head-area slope. Replacing (2) into (1) results in the FAVAD equation [5], called the modified 

orifice equation in this paper:  

 𝑄௠௢ = 𝑠𝑔݊ሺℎሻ𝐶ௗ√2𝑔ሺ𝐴଴|ℎ|଴.5 +݉|ℎ|ଵ.5ሻ                                             …(3) 
 

The first term in the equation describes orifice flow based on the initial leak area and the second 

term the flow through the expanded portion of the leak opening. The ratio between these two terms 

is called the leakage number LN [15], defined as: 

 𝐿𝑁 = ௠ℎ𝐴0                                                                        …(4) 
 

The behaviour of leaks is commonly modelled using a power equation, which is called the N1 

power equation in leakage practice, and emitter function in hydraulic network modelling [2, 13, 16 

– 22]. The power equation can be written as: 

 𝑄௣ = 𝑠𝑔݊ሺℎሻ𝐶|ℎ|𝛼                                                            …(6) 
 

Where C is the leakage coefficient and  the leakage exponent. 

Mathematically, Equation 6 is a generalized form of the orifice equation. However, this 

generalization removes the fundamental theoretical base on which the orifice equation built. Thus 

the power equation is nothing more than an empirical equation, and should be treated as such.  

In addition, the parameters C and  are not constant but vary with pressure and the equation is 

dimensionally awkward [15]. Finally, it is shown in this paper that there are instances of modified 

orifice behaviour where the leakage exponent approaches infinity.  

Van Zyl et al [3] showed that the modified orifice and power equations may be linked through the 

leakage number using the following relationship:   

 𝛼 = ଵ.5𝐿𝑁+଴.5𝐿𝑁+ଵ                                                            …(7) 
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Equation 7 allows the leakage exponent to be calculated from the modified orifice parameters, and 

vice versa. This has several benefits, such as calculating variations in the leakage exponent with 

changes in pressure and investigating the cause of very high leakage exponents.  

 

3 LEAK OPENINGS WITH POSITIVE HEAD-AREA SLOPES 

The head-area slope of a leak opening may be positive (the leak area increases with increasing 

pressure), or negative (the leak area decreases with increasing pressure). While negative head-area 

slopes are uncommon, they have been observed especially in circumferential cracks.  

For positive head-area slopes, four possible cases may be identified as shown in Figure 1. The 

figure shows the variation of the leak area for both positive and negative pressures. For negative 

pressures, an absolute limit exists where the pressure in the pipe reaches a vacuum. The four cases 

may be described as follows: 

 Case P0: An initial area greater than zero with the leak opening not closing fully even when 

the pressure in the pipe reduces to absolute zero. 

 Case P1: An initial area greater than zero with the leak opening closing fully before the 

pressure in the pipe reduces to absolute zero.  

 Case P2: An initial area of zero, for instance a crack that closes fully when there is no 

pressure differential over the pipe wall.  

 Case P3: An initial area less than zero, resulting in a negative initial area in the equation. 

While a negative initial area is not physically possible, it may occur theoretically when a 

leak opening remains closed at head differences above zero, for instance as a result of 

external forces.  

 

 

Figure 1. Leak area as a function of pressure for leak openings with a positive head-area slope 
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The flow rate may be calculated for each of the respective cases using Equation (1) as shown in 

Figure 2. It may be observed that the flow rate through the leak opening becomes zero when it 

closes fully at a negative pressure (Case P1), zero pressure (Case P2) or a positive pressure (Case 

P3). 

 

Figure 2. Flow rate as a function of pressure for leak openings with a positive head-area slope 

 

It is also possible to calculate the leakage number for each case as a function of pressure using 

Equation (4), as shown in Figure 3. Since both the initial area and head-area slope are constant for a 

particular leak, the leakage number is only a function of pressure. The leakage number doesn’t have 

any meaning when the leak area is zero, and thus Figure 3 only shows the leakage numbers when 

flow occurs through the leak opening. Case P2 is not shown in Figure 3 since an initial area of zero 

means the leakage number is at infinity. 
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Figure 1. Leakage number as a function of pressure for leak openings with a positive head-area 

slope 

 

It is now possible to calculate the leakage exponent that corresponds to each case as a function of 

pressure using Equation (7), and these are shown in Figure 4. The following observations may be 

made from the figure: 

 Cases P0 and P1: Under positive pressure conditions the leakage exponent increases from 

0.5 at a pressure of zero towards an asymptote at a leakage exponent of 1.5. For negative 

pressures the leakage exponent reduces and approaches minus infinity as the leakage 

number approaches -1, which occurs when the leakage area approaches zero.  

 For Case P2, the leakage number is at infinity, and thus the leakage exponent is 1.5 for all 

positive pressures. 

 For Case P3, the leakage exponent is greater than 1.5 for all pressures and approaches 

infinity as the pressure reduces to the point where the leakage number approaches -1, which 

is where the leakage area approaches zero. 
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 Figure 1. Head-area slope as a function of pressure for leak openings with a positive head-area 

slope 

The results show that the leakage exponent can vary substantially for the same leak opening. Thus, 

while the power leakage equation may be used as an empirical equation, significant modelling 

errors may result if the power equation is extrapolated beyond its calibration pressure range. 

4 CONCLUSIONS 

This paper developed a theory of leakage and intrusion flows through leak openings based on the 

orifice equation, modified to incorporate a linear pressure-area relationship. The dimensionless 

leakage number is described, as well as a mathematical relationship between the leakage number 

and the leakage exponent.  

For leaks with a positive head-area slope, four possible cases are defined with their respective flow 

rates, leakage numbers and leakage exponents as a function of pressure. These relationships show 

that for a leak with an initial area of zero, the leakage exponent will always be equal to 1.5 and for 

other cases, the leakage exponent approaches infinity as the leakage number approaches -1, which 

occurs when the leakage area approaches zero. 
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