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ABSTRACT
The relationship between pressure and leakage in water distribution systems has been in the focus
of several studies. A common description of the pressure-leakage response is a power equation, or
a combination of two different powers like in the fixed and variable area discharge (FAVAD)
concept. From a theoretical perspective the exponent can be understood as the result of variable
leak opening under pressure and the water flow through the leak channel, which may have different
behaviour for specific applications. Thus, these theoretical considerations may explain leakage
exponents in the range of 0.5 to 1.5 for turbulent flow. This is known to be contradicted by values
from field studies, which measure occasionally higher leakage powers. The understanding of this
behaviour of leaks is still challenging.
In other fields, namely in process industry and nuclear technology, the behaviour of leaks in pipes
is also modelled. A relevant ingredient for the leakage-pressure relationship of a crack-like leak in
such an installation is the individual flow resistance of a leak. The modelling of such flow
resistance, partly due to friction, is the outcome of decades of studies and evaluations of
experiments. In the paper, these friction modelling aspects are applied to leaks in water distribution
systems. It is shown that the consideration of frictional resistance of leaks can explain leakage
exponents higher than 1.5.
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1

Leakage and Pressure

The response of the water discharge rate Q (volume per time) to a change of the pressure Δp in a
water distribution pipe with a leak is commonly described (e.g. [1] [2]) by a power law
Q = c Δpn

or

Q = cd(A0/(ρ)0.5Δp0.5 + m Δp1.5)

Here, ρ is the mass density of water, A0 is the permanent leak opening area, cd the discharge
coefficient, and m as well as c are some proportionality factors. The exponent n results from the
specific properties of a leak, namely the flow regime and the variability of the leak opening cross
section. The exponents for several situations are shown in Table 1.
Table 1. Leak exponents for specific leaks
Leak Type
Flow Regime
Exponent n

Hole

Crack

Turbulen
t

Laminar

0.5

1.0

Turbulent Laminar
1.5

2.0
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The exponents which can be explained by this overview range from 0.5 to 1.5 for turbulent flow,
although higher exponents are reported from field studies [3]. The understanding of such high leak
exponents is challenging and subject of current research activities [4].
This article proposes a modelling of leak flow rates which may explain higher leakage exponents.
The main additional ingredient is the consideration of frictional resistance effects in crack-like
leaks. The frictional resistance treatment is common for leakage modelling in safety assessments of
piping in light water reactors of nuclear power plants. Thus, methodological aspects describing
leaks in coolant water pipes of light water reactors are proposed to transfer to leaks in water
distribution pipes.
The paper is organized as follows. The leak modelling is discussed in Section 2, which gives the
basis for the discussion of the leakage exponent in Section 3.1. A test case is computed in Section
3.2, before a conclusion and outlook is given in Section 4.

2

Leakage Modelling

In this section, the modelling approach for leakage flows through crack-like leaks is summarized.
The focus is on the derivation of the formulas relevant for the pressure-leakage relation (see Section
3), more details are given in e.g. [5]. Usually, such (and other) models are included in specified
software suites (e.g. the Winleck code [6] developed by GRS), which ease the computation.

2.1

One-dimensional Description

In a laboratory experiment with extensive instrumentation, the exact leak geometry can be measured
in advance and during a test. State of the art best-estimate tools for the computation of leakage
phenomena are the finite element (FE) analysis for the leak opening, and computational fluid
dynamics (CFD) for the discharge of water. However, in many practical situations typically only
limited information is available, e.g. in design assessments and analyses of leak data from buried
pipes. In such cases, the exact shape of a leak and the surface morphology is unknown.
Nevertheless, statements concerning pipe geometry, possible leak positions, material properties and
damage mechanisms are usually available. The methods presented in the following subsections are
analytical formulations which are able to deal with such limited information and give estimations on
leakage phenomena.
The general strategy for such simplified leakage descriptions is a one-dimensional modelling of the
flow. For the characterization of a leak cross section, the hydraulic diameter d h is computed from
the cross sectional area COA and the wetted perimeter P.

The slit-like flow channel is mapped to an equivalent bundle of cylindrical pipes with the diameter
equal to the hydraulic diameter and a summed cross section equal to the leak cross section. Three
examples are shown in Figure 1.
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Leak Opening Cross Section (Leak Area)

Some leak types (as pinholes) show a permanent static opening. In contrast, crack-like slits in pipes
open as the result of the loading stresses in the structure, by tearing the crack faces away from each
other. The axial stress σ in a pressurized pipe can be estimated by Barlow’s formula,

where r is the mean pipe radius, and t the wall thickness of the pipe, respectively. This axial stress
opens circumferential cracks; axial cracks are loaded by the hoop stress, which is about a factor of 2
larger. As the membrane stress in a pipe is proportional to the interior pressure, the crack opening
depends on the pressure level in the pipe. In the elastic regime, the crack opening area is
proportional to the pressure, which is considered in the Fixed and Varied Area Discharges
(FAVAD) approach [1].

Figure 1. Three different crack-like slits with equal maximal width COD
and length 2c and their equivalent pipe bundles (green)
For standard situations such as crack-like axial or circumferential slits in cylindrical pipes, there are
analytical formulations for the computation of the opening areas available. We follow the approach
of [7], so the crack opening area COA is a product of three factors.

The second factor denotes the linear-elastic crack opening area of a crack in a plane plate under
plane stress condition, with the elastic modulus E as a material characteristic. The factor α is
relevant for the mapping of the crack from the plate to a cylindrical pipe shell. It depends on the
parameter λ.

The symbol ν denotes the Poisson ratio of the pipe material. The third factor models the plastic
corrections, the flow stress σF of the material is used as a characterization. Ideal linear-elastically
opening cracks in plane plates would have an elliptical cross section (second example in Figure 1).
This can be taken as a good approximation for cracks in pipes. The hydraulic diameter of such an
elliptical crack can be written by using the elliptic integral of the second kind E(…).
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Thus, in first approximation for narrow cracks, the hydraulic diameter is proportional to the crack
width, or alternatively to the crack opening area COA.

2.3

Flow Resistance and Friction

In terms of one-dimensional modelling, a leak flow channel is mainly described by its cross section
and its flow resistance ζ. The focus is on the contribution of inlet form losses ζin and frictional
pressure losses ζf, thus ζ = ζin + ζf., while other contributions (such as resistance due to bends in the
flow path) are not considered here. The inlet pressure loss depends on the transition geometry of the
crack mouth: Sharp edges lead to pronounced vena contracta, while smooth transitions allow an
entrance of the fluid in the crack channel with less drag. Typical values for ζin are in the range from
0.5 to 1.6.
The frictional pressure loss ζf. is described by the friction factor λ, and is proportional to the ratio of
wall thickness and hydraulic diameter.
ζf. = λ t/dh
This formulation is well known from the description for rough pipes. The friction factor λ is a
function of the Reynolds number Re (Moody diagram) and the inverse relative roughness dh/(2Rz),
where Rz denotes the five-point roughness (see Figure 2). For the flow through narrow cracks, the
fully turbulent regime is relevant, where the Re-dependence vanishes, and the friction factor
depends on the relative roughness height in the flow channel. Besides the classical relation for
rough pipes, adapted relations for flow through rough slits have been proposed by John et al. [8],
and also in the SQUIRT computer program [9] which switches between two relations.

Figure 2. Friction factor as a function of Re (left) and dh/2Rz (right)
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The inlet pressure loss is the dominant contribution for short flow paths, such as disc-like orifices
and leaks in thin pipes. The friction part is the dominant term for narrow cracks in thick-walled
components.

2.4

Flow Rate

For cold water flow at usual pressure levels, the volumetric flow rate Q (volume per time) through a
leak with cross section COA and a flow resistance ζ can be computed with the Bernoulli equation.

Here, g denotes the gravitational acceleration, and h is the pressure level, with Δp = ρgh (ρ is the
mass density of water).

3

Pressure-Leakage-Relation

In the preceding chapter relations are given for the modelling of leak flow through cracks in pipes.
In this chapter, relations between pressure and leakage rate are investigated.

3.1

Analytical Derivation

First, we write down the volumetric flow rate Q with explicit dependence on the pressure level Δp.

At this point, we can go back to the powers predicted by the FAVAD equation (see also Table 1)
and identify their origin. The case (Δp)0.5 may arise if the leak opening does not depend on the
pressure (fixed area). The exponent (Δp)1.5 arises if the COA is of the order (Δp)1 (elastic term
dominates) and the denominator in the square root is dominated by the first two (constant) terms.
This can be fulfilled if the wall thickness t is not much larger than the hydraulic diameter, thus for
wide cracks and/or thin walls. Furthermore, it is clear that this is only one specific regime of the
volumetric flow rate Q. For narrow cracks, the friction part in the denominator of the square root
becomes important. If this term is dominant and one neglects the dh-dependence of λ, one obtains an
exponent of (Δp)2.0. The exponent may be even higher if the d h-dependence of λ gives a significant
contribution. Beside the friction effect, the plastic correction terms in the COA-formula can also
lead to a stronger increase of Q with increasing pressure.
For the analytic derivation of this dependence of the leakage exponent n, we formulate the
derivative of Q in a double-logarithmic representation.

As the first term, we obtain the exponent ½, which would be the result for a fixed COA, since the
other terms are zero in this case. For cracks opening as prescribed in Section 2.2, the second term is
equal to unity for small stresses, and increases for larger stresses. Thus, the first two terms give the
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exponent n = 1.5, as in the FAVAD equation. The third term is the expression resulting from the
friction effects and their change for variable opening.
In Figure 3, an example crack in a pipe is shown (assumed geometry and properties specified in the
figure). The size of the crack and the pressure range were chosen such that the different regimes are
visible. For high pressures, the exponent n converges to 1.5, since the contribution of the resistance
is very small. For lower pressures, the resistance increases strongly, due to the decrease of the
hydraulic diameter dh, and in turn, the leakage exponent n increases to values above 3. When the
hydraulic diameter dh is of the order of Rz, the friction factor is very pronounced (see Figure 2), and
consequently the exponent n may reach very high values.

Figure 3. Example for leak flow Q (center plot) and the exponent n (bottom plot).
The constituting terms are compared in the top plot.

3.2

Verification with Experiments and Application

In the preceding subsection, it was shown theoretically that high leakage exponents may arise in
crack-like leaks from the effects of friction and resistance. The aim of this subsection is to support
the different assumptions and ingredients of the theoretical concept by experimental measurements.
The concept for the computation of crack opening (Section 2.2) is well validated in several studies
for cracks in metallic components [5]. The transfer to non-metallic materials (like PEHD) has to be
done with care; however, in the range of linear-elastic material behaviour, one can expect a good
agreement. The modelling of incompressible flow with friction (Section 2.4) is well established.
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The key effect for the high leakage exponent is the increase of the flow resistance for a crack with
very small and variable opening, which results from the increase of the relative length t/d h by
decrease of dh, and by the increase of the friction factor λ. To verify such behaviour separately from
other effects, a systematic analysis of flow through cracks (or rough slits) with different openings or
flow lengths at constant roughness or pressure level should be considered. Although the resistanceopening relation is part of common leak modelling approaches, there are few experimental
investigations focussing on the change of flow resistance for different slit openings and roughness
values. A systematic experimental investigation was performed by Westphal [10], using cold water
discharge tests through rough slits.

Figure 4. Flow resistance for slits with different openings and roughness, comparison with data
from [10].
In Figure 4, the data points from [10] (selected measurement series with Rz < 100 µm is used) are
compared with the predictions from the formulae in Section 2.3 (von Karman). The predicted
increase of the flow resistance of a closing crack (which gives rise to the larger leakage exponent) is
confirmed by the measurements.
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Figure 5. Pressure-leakage response for three different cracks in a PEHD CN 40 SDR 11 pipe
For the application of the computation method, a PEHD DN 40 SDR 11 pipe is chosen. Three
cracks differing in orientation and size are assumed, and the pressure-leakage relation is computed.
The result is depicted in Figure 5. For all three cracks, it can be seen that the leakage exponent
approaches n = 1.5 for large pressures. For small leak openings, however, the slope can become
significantly larger.

4

Conclusion and Outlook

In this paper, it is discussed how leakage exponents higher than 1.5 can arise due to friction effects
in the flow channel of a leak. The methods applied are established and validated, especially for
safety assessments of piping in in light water reactors of nuclear power plants. Case studies were
shown which indicate the transferability of such methods to water distribution pipes.
For the verification of the proposed methods, measurements on flawed water pipes should be
performed. In such investigations the geometry of the slit (length, permanent opening, surface
roughness in the crack), the opening and the flow rate should be measured for different pressure
levels. Real cracks from replacements in field could be used, while for artificial (machined) slits,
the surface properties and the permanent opening of a slit without load (resulting from removed
material) should be well under control.
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