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Waterhammer effects in the case of air release
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Abstract

In the case of unsteady flow in pipes, the main problems seem to be the
modelling of headlosses, especially when air release phenomena occur. A
number of approaches are possible, but in this paper only one-dimensional and
one-phase models have been investigated, in order to check their adequacy in
reproducing real data, as they require much less computational effort and are
therefore much faster and easy to apply.

Laboratory experiments have been performed at the Hydraulic Laboratory of
the Politecnico di Milano, Italy, and simple models have been implemented in a
computer code and then applied.

The results are reported and commented; it appears that to reach some
achievements, some other points have to be discarded and to improve the overall
solution it is probably necessary to use two-dimensional two-phase models.
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1 Introduction

There are a number of examples of benefits derived by the presence of unsteady
flow, but in most of the cases this phenomenon has destructive characteristics.
This is why the subject has been studied since the XIX Century. However, still
many uncertainties are present when the model of a complex system is built.

One of the main problems is related to the use of steady flow formulas to
compute the headlosses.

Generally speaking, smoothing and phase shift are present even when no air
release occurs [1], implying the problems are tied to the unsteady flow
phenomena; the reasons for such inadequacy have to be found [2] in the different
velocity profiles between those in unsteady flow and those correspondingly (i.e.
with the same discharge) in steady flow. In unsteady flow the gradient of the
velocity close to the pipe wall is steeper than in steady flow and therefore the
stresses are higher, and finally so are the resistances [3].
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To evaluate the resistances in the case of unsteady flow a number of
approaches are possible [4] which can be of increasing complexity, starting with
the consideration of the variations of the average velocity to the most complex
models which include second derivatives of the velocities both in the
longitudinal and in the axial directions.

In particular, in the following the references will be related to the one
dimensional TAB (Instantaneous Acceleration Based) [5—7] or MIAB models
(Modified Instantaneous Acceleration Based) [8, 9].

The aim of this paper is to check whether the one dimensional models can be
adapted to the cases when the presence of air is to be expected. To this end,
laboratory experiments have been performed at the Hydraulic Laboratory of the
Politecnico di Milano, Italy, and the mentioned models have been implemented
in a computer code and then applied.

The results are reported and commented; it appears that to reach some
achievements, some other points have to be discarded and to improve the overall
solution it is probably necessary to use two-dimensional two-phase models.

2 Experimental set-up and results

In order to check the results carried out from the models, in the Hydraulic
Laboratory of the Politecnico di Milano a simple plant has been built. In figure 1
a simple sketch of the plant is presented. The plant is constituted of a simple pipe
which links two reservoirs, positioned at different levels. From the upstream
reservoir a pipe starts with diameter D = 300 mm which reduces to D, = 150 mm
and finally to D; = 52 mm. Immediately downstream of the latter reduction a
valve to regulate the discharge is positioned and after that there are the
instruments to record experimental data.

The instrumentation is constituted by a magnetic flow discharge
measurement, an electro-valve which closes extremely fast and that has been
used to create the transient effects, and a pressure transducer, linked to the
recording system which allows the data to be transferred to a personal computer.

The final part of the plant is constituted of an iron pipe with diameter D; = 52
mm gathered in a coil made of 26 spires for a total length of about 90 m. This is
finally linked to a downstream reservoir.

Pipe roughness has been measured during steady flow experiments and can be
expressed with Manning parameter equal to 0.0091 s - m~1/3,

The pipe diameter is D = 52 mm, the wall thickness is e = 5 mm, the bulk
elasticity modulus for iron is E = 2.0 - 101 N/m? and the water elasticity is
£=2.14-10° N/m? while water density is p = 1000 kg/m3. The wave
celerity can be computed with the well known formula:
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Figure 1: Sketch of the experimental plant built in the Politecnico di Milano.

Tests have been performed with five different discharges; test main
characteristics are reported in table 1. Some of the tests have been repeated in
order to check the repeatability of the experiments, and the results showed they
match perfectly.

Table 1: Main characteristics of the carried out tests.
Test n. Discharge Velocity Upstream Head
[U/s] [m/s] [m]
1 0.112 0.0527 5
2 0.228 0.1074 5
3 2.5 1.18 8.1
4 3.0 1.41 9.7
5 33 1.55 10.5

It can be seen that for tests nn. 1 and 2 the pressure went below atmospheric;
for tests nn. 3, 4 and 5 the pressure went to zero absolute and therefore water
column separation has been obtained, for longer when initial velocity is higher.
However, even in the first two tests air release was probable, as the recorded
wave has been found slightly slower than computed, probably because of the air
bubbles that increase liquid compressibility.
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3 Numerical model

Governing equations are the usual continuity (2) and momentum (3) equations,
where the unknowns are the values of the head / and velocity V.
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Figure 2: Test n. 1: Experimental data Vs model results, using steady flow

formulation for headlosses.
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The numerical solution has been computed with the well-known Lax-
Wendroff method [10], an explicit method which has been proved to be good for
the solution of systems on hyperbolic linear differential equations, when the
Courant-Friedrichs-Levy condition is satisfied.

In this case the governing equations carry a system which is not linear, but
still the method can be applied with extensions given again by [10] or with the
wider used formulation reported in [11], which is:

n+tl _ n n A n n 12 ( n)z n n n n
u; —uj—Aj-E(uj+l—uj,l)+7-Aj (U —2uj +uf )+ AL-E; (6)

As can be seen in figure 2, the steady flow headlosses are not appropriate to
model the unsteady flow.
Brunone and Greco [5] proposed to compute the headlosses with the formula:

J=Jg+Jy (7)

where Jg is the usual Chézy resistance term, which is written as:

®)

and Jy is a term related to the unsteadiness of the flow, and the Authors
expressed it as:

0
JU:kl'a_? )

being k; an appropriate constant for smoothing and which is zero when:
sign Q # sign aQ/at (10)

While the formal expression for the solution is still (4), the (5) change as
follows:
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where Ay is the cross sectional area of the pipe.
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This model does not claim to give the exact solution at the problem, but
simply introduces a new term for unsteady resistances. The choice to set to zero
the constant k; is necessary in order avoid unphysical smaller headlosses. As
described in [5] and reported in the following paragraphs, this model not only
smoothes the oscillations, but also create undesired changes in the wave celerity
and therefore creates phase shifts.

A more complex expression for evaluating the resistance can be found in [8],
where it is reported the following:

ky OV

J=Jg+—=—+sgn
g oa g(

Va_Van_V (12)
Ox

being k, an appropriate constant, obviously different from k;.In [12] is reported
that the smoothing term for unsteady flow is negligible when the flow is
decelerating while in the accelerating phase 4; is constant. This model is
theoretically very interesting as it allows the separation between local and
convective accelerations.

In [13] a new expression has been introduced, considering k; as variable in
space and time. Theoretically, this approach allows a better modeling of the
reality but, as it has been generally recognized, the analytical relationships or the
graphs which allow the estimation of this parameter, have not general application
when a one dimensional model is applied and therefore practical applications are
difficult; therefore, in this paper 3 is let constant.

However, the real key for modelling appropriately the real world is the
constant (or variable) k. To this end, much effort has been devoted to the correct
evaluation of this value. In [6, 7] a value is proposed for any situation, while in
[4, 14, 15] a range is given. In [8] a diagram is drawn in order to select the best
value of this parameter depending on the flow conditions and [16] provides
analytical formulations.

In many cases there is the request to know in advance at least some
characteristics of the real response of the structure, but this is not the point of this
research, which tries to check whether such formulations are appropriate.

4 Tests with no column separation (tests 1 and 2)

As can be seen in figure 3, the application of a simple unsteady flow headlosses
model as that of described in [5] and above reported with the formulas (7)-(10)
produces very good results. The value of the smoothing parameter &; has been set
equal to 0.0634, after a brief calibration. Wave celerity has been let equal to
1220 m/s, as it was estimated from recorded data.

As can be observed in the figure, there is a slight phase shift because, as
mentioned and can be demonstrated, the wave celerity is influenced by the
insertion of that new term. This might imply some differences when the model is
applied in a complex plant, as the waves do not combine properly, even if this is
probably a minor problem.
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What is more important is that the maxima values of recorded pressures are
slightly higher than those modelled. As known, these maxima values can be
easily computed with the Allievi-Joukowsky formula (e.g. [17]) and the carried
out values (6.42 m for test 1 and 12.8 m for test 2) perfectly match the model
results. In other words, the experimental conditions are someway different from
the theoretical conditions assumed in the models.

As can be seen, even if column separation has not been reached in these tests,
pressure drop under atmospheric value and therefore probably air is released and
formed bubbles. That would explain the asymmetric trends of the pressures, the
different celerity of the wave and maybe the higher pressure values, which can
be obtained when the bubbles collapse due to the high pressure.
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Figure 3: Test n. 1: Experimental data Vs model results, using Brunone and

Greco [5] unsteady flow headlosses formula.

5 Tests with water column separation (tests 3, 4 and 5)

When the pressure drops down and gets close to the values of zero absolute (that
means p = —1atm if referring to atmospheric pressure), the air nuclei
dimensions increase and the flow becomes multiphase, which characteristics are
determined by the resistance forces and by the slope of the pipe. The term “water
column separation”, therefore, does not necessarily imply the flow interruption,
as the term would suggest [18].
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Figure 4: Test n. 3: Experimental data Vs model results, using steady flow
formulation for headlosses and a simple model for water column

separation.

However, the easiest way to model water column separation is considering
the flow is actually separated in two halves. As boundary condition, in the
section where cavitation occurs, the head is imposed and put equal to p =
—1 atm which means h = —10.33 m. From the moment the pressure drops
down to this value, this value is kept constant and the velocity of the column is
computed as unknown parameter from the governing equations. In this way it is
possible to compute the water column velocity and therefore its distance from
the initial section and finally the time when the water column reattaches.

This very simple model performs pretty well if we are only interested in the
estimation of the time of water column separation, as can be seen in figure 4.
However, the maximum computed pressure value is much higher than recorded;
moreover, after the column reattaches there is a strong turbulence which reduces
the head of the flow, which shows very small pressure oscillations that fade very
quickly. On the contrary, the energy the flow has in the model is enough to bring
to a new water column separation, which in the real world does not happen.

Due to the expectedly poor results obtained with the steady flow resistance
formula, the model described in [8] has been used, reported in equation (12),
with different values of the parameter k;. As can be seen in figure 5, no big
improvements can be reached even with that model and even when similar (or
larger) values of the k3 constant are used. This is because in this case the main
resistances are not due to the turbulent stresses, but to the presence of the
bubbles [19]. Moreover, increasing the constant k3 produces an increased phase
shift bringing eventually to results which do not approximate in any way the
recorded data.
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Figure 5: Test n. 3: Experimental data Vs model results, using unsteady flow
formulation for headlosses and a simple model for water column
separation.

6 Concluding remarks

In the case of unsteady flow in pipes, the main problems seem to be the
modelling of headlosses, especially when air release phenomena occur. A
number of approaches is possible, but in the paper the investigated models were
only one-dimensional and one-phase, in order to check their adequacy in
reproducing real data, even if after calibration, because they require much less
computational effort and are therefore much faster and easy to be applied.

Laboratory experiments have been performed at the Hydraulic Laboratory of
the Politecnico di Milano, Italy, and simple models have been implemented in a
computer code and applied.

Results show, when simple air release due to the low pressures is to be feared,
the mentioned models are able to reproduce at least the main features of the
phenomenon. On the contrary, when water column separation occurs, these
models fail to provide adequate response. In these cases, to improve the solution
it is probably necessary to use two-dimensional and two-phase models.

In the following of the research, tests on these more complex models will be
performed, in order to check their adequateness and whether it is possible to find
an appropriate parameter to decide when to “switch” from the simpler, and
faster, one-dimensional and one-phase models to the more complex ones.
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