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Emptying pipelines is a typical procedure engineers must face in
water supply and sewer networks. In pipeline emptying, an ini-
tially very long liquid column becomes very short and may accel-
erate to high velocities due to driving gas, liquid mass loss
(i.e., outflow and column tail leakage), and gravity, thereby im-
posing serious impact forces on the pipeline system. As a typical
process closely related to pipeline emptying, geysering in the drop
shaft of rainstorm tunnel systems has recently received much at-
tention (Cong et al. 2017; Vasconcelos and Wright 2011; Wright
et al. 2011; Li et al. 2019). The transient phenomena occurring in
the emptying process can be analyzed using the elastic water col-
umn model (EWCM) and the rigid water column model (RWCM).
The authors presented an RWCM and validated it against the ex-
periments performed by the discussers in a large-scale pipeline.
The authors concluded that the basic model they used can more
precisely predict water flows and gauge pressures than previous
models. However, the discussers do not fully agree with this con-
clusion because several key experimental parameters were tuned
and are different from the measured ones, especially the initial
water column length and the pipe friction factor. The discussers
wish to comment and elaborate on the rigid column mathemati-
cal model.

Experimental Apparatus and Its Parameters

An experimental study of pipeline emptying has been performed by
Laanearu et al. (2012). The authors compared their numerical

results with these experiments and the parameters need to be clari-
fied in detail for our discussion.

The experimental setup of the large-scale pipeline apparatus ini-
tially filled with water and connected to a tank with compressed air
was described by Laanearu et al. (2012). The pipeline consists of
275.2 m of PVC pipe connected upstream and downstream to steel
pipes with lengths of 29.1 and 9.8 m, respectively, giving a total
length of 314.1 m. The scaled computer-aided design (CAD) draw-
ing with measuring instruments is depicted in Fig. 1 herein and the
corresponding coordinates are shown in Fig. 1 in Hou et al. (2014).
To ensure that the initial air–water interface is positioned at
the check valve, a small-size ventilation valve on top of the pipe
(not shown), close to the check valve, is opened before every emp-
tying test to expel all air from the system and it is closed after a
steady water jet has formed.

Except for the preceding geometrical parameters, other exper-
imental parameters including friction factor and head-loss
coefficients in the pipeline apparatus were determined using the
Darcy-Weisbach formula. The head loss due to the 180° turn
and the 90° turns can be ignored; this was verified by steady-state
measurements with the end valve fully open (Laanearu et al. 2012).
The measured flow rates together with time-averaged pressure
heads from Transducers P1 and P9 were then used to calculate
the values of the friction factor in the PVC pipeline. The calculated
friction factor was 0.0136, which indicates a relative wall rough-
ness of 0.00011 and corresponding roughness size of 0.026 mm.
The estimated wall roughness size was much larger than that of
the small-diameter (D ¼ 22.9 mm) PVC pipe used in the filling
experiments of Liou and Hunt (1996), which was 0.0034 mm,
noting that handbooks give a nominal value of 0.0015 mm. If this
smaller roughness size were used, the corresponding pipe friction
factor would be the value used by the authors in the original paper:
f ¼ 0.0117. When the end valve is not fully open, the Reynolds
number is smaller and the friction factor is larger. This fact has
not been taken into account in previous numerical simulations
(e.g., Laanearu et al. 2012; Tijsseling et al. 2016) and in the original
paper.

RWCMs for Pipeline Emptying

For the modeling of pipeline emptying, RWCMs seem to be
adequate and three representative models need to be underlined,
including those of Laanearu et al. (2012), Tijsseling et al. (2016),
and the authors. Consider the schematized liquid column in a
horizontal-vertical pipeline as sketched in Fig. 2. The pressure is
P1 downstream of the outlet valve and it is P2 at the air–water inter-
face. The outflow velocity is U. The water column has variable
length L and constant density ρ. In the ideal emptying process, the
column length decreases from full pipe length LP to zero. The
common assumptions made to describe the motion of the liquid
column are that (1) one-directional motion takes place along the
pipe axis, (2) shear resistance to liquid motion is as in quasi-steady
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flow, and (3) the air–water interface remains planar, no matter
whether holdup forms or not (Fig. 2). The holdup represents the
liquid that is left behind the advancing water column as a result
of gravity and shearing effects. It is accounted for by a coefficient
β ð0 ≤ β ≤ 1Þ, such that the amount of mass lost per unit length is
ρβA, where A is the cross-sectional area.

The key differences between the three representative models are
mainly because of the following concerns:
• Does the air–water interface change its shape significantly in the

emptying process, or equivalently, does water stratification due
to air intrusion and mass shedding occur?

• When holdup forms, is the flow velocity in the water column
taken as uniform or linearly decreasing from the air–water
interface to the downstream control valve?

• When holdup forms, how is its momentum defined and/or
calculated?
Tijsseling et al. (2016) assumed that (1) mass loss occurs

proportional to the tail’s velocity such that holdup of constant
height forms; (2) owing to mass loss at its tail, the flow velocity
in the water column is linearly decreasing from the air–water
interface to the downstream control valve; and (3) the velocity
of the holdup is zero, i.e., the holdup sticks to the wall. From the
principles of conservation of mass and momentum, Tijsseling
et al. (2016) derived the following equations describing pipeline
emptying:
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Fig. 1. Sketch of the experimental apparatus for emptying of a large-scale pipeline.

Fig. 2. Sketch of the emptying of a pipeline with horizontal-vertical
profile.
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where zðxÞ = elevation at position x; and Kv = head-loss coef-
ficient of the outlet control valve. The velocity of the moving
air–water interface is U=ð1 − βÞ. In addition, because no return
flow occurs in the emptying process (i.e., U ≥ 0), U2 ¼ UjUj.

Laanearu et al. (2012) assumed that (1) mass loss occurs at a
changing rate in the emptying process and hence holdup with
variable height forms, (2) the flow velocity in the water column
is uniform, and (3) the velocity of the holdup is nonzero. EWCM
and RWCM do not represent specifically the control volume (CV)
model introduced by Laanearu et al. (2012). One aspect of this theo-
retical CV approach is that the nonzero holdup yields a residual
momentum problem. The residual momentum changes due to the
outflow boundary and the internal motion relative to the chosen con-
trol volume and is represented by an integral coefficient (Laanearu
et al. 2012, 2014), which is related to the holdup coefficient by a
functional relationship
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where Ur = relative velocity. The momentum equation thus
becomes
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With γ ¼ 1=β, the corresponding term in Eq. (1) is retrieved. The
water column changes its length according to Eq. (2) and the air–
water interface changes its position according to Eq. (3). To establish
agreement between the experimental and theoretical results, the time-
dependent coefficients β and γ were data-fitted by Laanearu et al.
(2012) since they represent the complex interplay of the formation
of stratified flow and the change of flow momentum at the air–water
interface. Recently, Korzilius et al. (2017) found that β is nearly
constant for relatively short slugs accelerating in an inclined pipe.

The authors assumed that no mass shedding occurs during the
emptying process and hence the flow velocity in the water column
is uniform. Their momentum equation for the emptying column is
then

dU
dt

¼ P2 − P1

ρL
þ g
L
½zðx2Þ − zðx1Þ� − f

2D
U2 − Kv

2L
U2 ð6Þ

The water column changes its length according to

dL
dt

¼ −U or x2 ¼
Z

t

0

Udt ð7Þ

It is clear that the authors’ model is the simplest (which may
have its advantages) among the three representative models. It is
a special case of the model of Tijsseling et al. (2016) with β ¼ 0.

Model Validation

For verification, the model of Tijsseling et al. (2016) with β ¼ 0 is
applied to the experiments of Laanearu et al. (2012). Using the
parameters listed in Table 1 of the original paper, the calculated
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Fig. 3. Comparisons between the modeled and measured flow rates: (a) Run 1; (b) Run 4; (c) Run 5; and (d) Run 9.
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water flow rates for Runs 1, 4, 5, and 9 are shown in Fig. 3 together
with the measurements. Two different friction factors were used.
One is the experimentally determined value of f ¼ 0.0136, and
the other is the lower value of f ¼ 0.0117 as used for a much
smaller pipe in the experiment of Liou and Hunt (1996). With
the smaller friction factor f ¼ 0.0117, better agreement with the
measurements is obtained. With the larger friction factor f ¼
0.0136, the flow rates are smaller, except during a period of 6 s
at the beginning of the event. It is evident that larger friction
decreases the column’s acceleration. The results are almost the
same as those of the authors; there is only a slight difference be-
cause a linearly decreasing driving gauge pressure (i.e., dP2=dt ¼
constant) is used in the present model and not the measured values
(shown in the original paper’s Fig. 3) used by the authors.

With the friction factor f ¼ 0.0136, tuned initial water column
lengths, and tuned parameters β and γ in the model of Laanearu
et al. (2012), even better agreements with the measurements can
be obtained as is evident from Fig. 4.

In the simulations by Laanearu et al. (2012), the initial water
column length was used parametrically because this quantity was
not directly measured in the experimental runs, it is tuned for

different runs. When the correct initial length of L ¼ 314.1 m is
applied with f ¼ 0.0136 and β ¼ 0, the results for Runs 2 and 6
are shown in Fig. 5. It is clear that without considering the holdup
effect, the simulated flow rate is smaller than in the experiments.
Without mass shedding (i.e., holdup), the water column is longer
with larger mass and higher skin friction, and hence its acceleration
and velocity are smaller. Mass shedding has been observed in all
the experiments and therefore it must be taken into account in a
realistic model. The solutions of the model without holdup (β ¼ 0)
of Tijsseling et al. (2016) are also presented in Fig. 5 and the small
differences in the early stage are mainly due to the neglected eleva-
tion changes at the pipe bridge and upstream vertical leg (Fig. 1) in
the current simulations. In Run 6 the valve is partly closed; the
Reynolds number based on outflow velocity is then 824,000 so that
the friction factor increases to f ¼ 0.0139.

Furthermore, in Fig. 5 the numerical results of Tijsseling et al.
(2016) including the holdup effect are displayed for comparison.
The holdup coefficient is constant but case dependent based on es-
timates of remaining water [Table 2 in Tijsseling et al. (2016)].
It is clear that, taking the holdup effect into account, the resulting
propulsion is slightly and largely overestimated in Runs 2 and 6,
respectively. With 50% reduced holdup coefficients (β ¼ 0.13),
the agreements are much improved, especially for the early stage
of the emptying process. In addition to the too large holdup
coefficients used, there are three other possible reasons for the
discrepancies:
• The assumption that the velocity of the holdup is zero is ques-

tionable and not consistent with the experimental observation
that the shed mass moves with the water column especially in
the early stages of the emptying process (Laanearu et al. 2015).

• The constant holdup coefficient is a crude assumption for themod-
eling of the pipeline emptying process. It might be reasonable for
steady slug flow, but it introduces large uncertainty for unsteady
flows such as the rapid emptying process studied herein. However,
it is not an easy task to determine a variable holdup coefficient.

• The water hammer effect disturbs both initial acceleration and
planar air–water interface.

Pressure Calculation

The pressure in a pipeline when drained is

Pðx; tÞ ¼
8<
:

P2ðtÞ if 0 ≤ x < x2ðtÞ

−ρgzðxÞ þ x − x2ðtÞ
LðtÞ

�
P1ðtÞ þ ρgzðx1Þ þ

Kv

2
ρð1 − βÞ2v22ðtÞ

�
þ x − x2ðtÞ

LðtÞ ðP2ðtÞ þ ρgzðx2ðtÞÞÞ if x2ðtÞ ≤ x ≤ x1 ¼ xL
ð8Þ

where P2 = driving pressure; and v2 = velocity of the air–water
front. The hydraulic grade line in a rigid column is linear and
not the pressure as mistakenly assumed in Eq. (10) in Tijsseling
et al. (2016), where the pressures calculated for pipe filling are also
incorrect. Fig. 6 is corrected accordingly and it is now consistent
with Fig. 7 in the original paper.

Discussion

The authors used a rigid column model to study the variations of
flow and pressure in the emptying process of a pipeline using

pressurized air. The most questionable assumption in the model
developed by the authors is that the air–water interface is well
defined and remains unchanged in the emptying process. This
was clearly not the case in the simulated experiments. With
well-selected parameters, the authors obtained good agreement
between numerical and experimental results. The discussers
demonstrate that larger deviations are found when correct param-
eters, including friction factor, initial water column length, and
holdup coefficient, are used. The following observations may be
useful for the development of reliable rigid column models and
for the analysis of the pipeline emptying experiment of Laanearu
et al. (2012):
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Fig. 4. Comparisons between the modeled and measured flow rates for
Run 2.
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• The friction factor f ¼ 0.0136 is experimentally determined at
maximum flow rate. At lower flow rates the friction factor must
be taken slightly larger.

• The initial length of the water column is 341.1 m and not lower
than that.

• The actual undulation profile of the pipeline must be taken into
account, where the effect of the pipe bridge and the upstream
vertical leg is negligible, but not so the effect of the downstream
vertical leg.

• It is questionable that different loss coefficients Kv were
obtained for the same openings of the downstream control valve,
although manual operations might give rise to small variations.

• The assumption of uniform flow velocity in the RWCM for
pipeline emptying cannot be accepted when the flow inside
the pipe is stratified behind the column’s tail, in which case the
air–water front moves faster than the average outflow.

• The pipeline emptying experiments by Laanearu et al. (2012)
demonstrated clearly the increase of the holdup parameter β dur-
ing the air–water front motion along the pipeline, and therefore
the complex interplay of the formation of stratified flow and the
change of flow momentum at the air–water interface is apparent.

• The pressure Eq. (10) in Tijsseling et al. (2016) is not valid for
nonhorizontal pipelines.

• Another apparent inconsistency of the authors’ model is shown
in their Table 1. When the measured and modeled velocities are
compared, the velocity differences are significant in some cases,
e.g., differences of 0.5 m=s and more, and not acceptable.
However, the pressures are perfectly predicted. This seems
questionable.

• One interesting point from the observations of stratified flow in
the laboratory in Delft, Netherlands (Laanearu et al. 2012) was
that the pipeline remained empty at Measurement section 1,
which indicates that stratified flow appears at some location in-
side the PVC pipe. This condition is absent in the original paper
but taken into account by Laanearu et al. (2012).

• The sensitivity of RWCM to its input parameters friction factor
and holdup coefficient is demonstrated.
Despite the comments expressed, the discussers welcome the au-

thors’ contribution because there are not many studies dealing with
the modeling of flow and pressure variations in the process of pipe-
line emptying. The authors have shown that when using appropriate
parameters, RWCM in its simplest form is able to accurately describe
the rapid emptying of a pipeline. Their results are fully consistent
with those of the discussers, who were forced to have a critical look
at their own results. As a positive outcome, an omission in the pres-
sure calculation by Tijsseling et al. (2016) has been corrected.
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