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Abstract: This paper proposes a coupled 1D-CFD model for calculating column separation in liquid
pipelines. ANSYS Fluent is utilized to calculate two-phase flow analysis. Method of Characteristics
and Discrete Gas Cavity Model (DGCM) are both employed to conduct 1D transient analysis. The
results show that the proposed model, with both 2D and 3D CFD analysis, captures the transient
responses of the system that have nearly identical accuracy and are both consistent with the results of
a physical experiment. The results of a pure CFD analysis are employed to evaluate the performance
of the proposed model in capturing the shape of the vapor cavity. The comparison shows that the
results are generally consistent. However, the vapor cavity in the pure CFD model is established and
grown on top of a film of liquid, while the cavity in some places fills the whole pipe cross-section in
the proposed model. In addition, the results obtained from using Modified Two-Component Pressure
Approach (MTPA), an open-channel based model proposed by the authors, also confirm the results
obtained from the pure CFD analysis. Some minor discrepancies are found, which may be attributed
to the uniform velocity distribution considered at the interface between 1D and CFD zones.

Keywords: numerical modeling; Computational Fluid Dynamic (CFD); HLL Riemann solver; hydraulic
transient analysis; pipe and conduit systems; mixed flows; open channel; pressurized flow;
two-component pressure approach; cavitating flows
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1. Introduction

Negative pressures may occur in liquid pipe systems under a variety of circumstances,
examples of which include pumping power failure, hydropower load rejection, rapid
closing of an inline valve, etc. [1,2]. When the pressure at a particular point of the pipe drops
to the vapor pressure of the liquid, the liquid column locally ruptures, and the resulting
vapor cavity causes the liquid to be separated. During the column separation, the pressure
at the cavitating zone remains constant at the vapor pressure, allowing the liquid water
columns on either side of the cavity to move independently and gain different velocities,
whereby the cavity size changes [3]. Eventually, a positive pressure condition in the system
causes the cavity to collapse and let the separated water columns rejoin. Rejoining the
liquid column can induce significant water hammer pressure with an intensity that depends
on the difference in the liquid column’s velocities as well as the acoustic wave speed of the
pipe. The induced water hammer pressure can be strong enough to rupture the pipe and
associated joints.

Due to its destructive nature, column separation has been the subject of a handful of
research, both numerically [4-12] and experimentally [7,9,13-15], since it was first identified
by Joukowsky (2006). Several numerical models have been proposed for calculating column
separation, among which Discrete Vapor Cavity Model (DVCM) and Discrete Gas Cavity
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Model (DGCM) are the most popular approaches used in research and industry [3]. In
DVCM, a vapor cavity is inserted in the computation node when the pressure drops to the
vapor pressure. By keeping the pressure of the cavity constant at the vapor pressure, the
size of the cavity at a given time is calculated by a simple mass balance approach. If the size
of the cavity becomes nil or negative, the cavity is removed, and the liquid column rejoining
is replicated. In DGCM, a permeant-infinitesimal gas cavity assumed in each computation
allows for automatically capturing column separation and rejoining everywhere across
the pipe length. Although the validity of these models has been widely approved by
experimental studies, they cannot provide accurate results if a large cavity is extended over
a long distance across a pipe with a steep slope. Khani et al. [11] presented a hypothetical
test case in which the system is working under a steady-state-cavitating flow regime and
showed that in such cases, extensive energy dissipation occurs in the cavitating zone that
cannot be accounted for by either the DVCM or the DGCM. Khani also demonstrated that
in this case, the DGCM captures a steady-state flow which is far off the true solution.

To improve the performance of DVCM and DGCM, different types of open-channel-
based models have been proposed [16-20]. At each computational time level, the models
utilize a shock-fitting approach to trace the interface between the cavitating flow and water
hammer zones. Once the location of the interface is calculated, the flow parameters on
either side of the interface are calculated using different sets of governing equations, the
open channel flow equations for the cavitating zone, and the water hammer equations for
the water hammer region. However, the results were not consistent with the experiments
due to the challenge associated with calculating the location of the interface. Khani et al. [10]
proposed the Modified Two-Component Pressure Approach (MTPA) that utilizes the open
channel flow equations in both cavitating and water hammer flow regions. The model
employs a shock-capturing approach which can automatically calculate both the interface
between the water hammer and cavitating flow regions as well as the spread of the cavity
across the pipe. The model results were shown to be in excellent agreement with both
experiments and analytical solutions, implying that the MTPA can provide reasonable
results even when the DVCM and DGCM provide poor results. However, when cavitating
flow occurs in a highly three-dimensional flow field such as a large Turbine’s draft tube,
the MTPA no longer provides reasonable results; in such cases, using Computational Fluid
Dynamics (CFD) analysis appears to be inevitable.

CFD analysis has not received significant attention in the realm of column separa-
tion, probably because 1D models can alternatively cover a wide range of applications.
Nevertheless, a few researchers tried to investigate the performance of CFD in capturing
the key aspects of cavitating flow and column separation in pipe systems. Tang et al. [21]
and Wang et al. [22] utilized 2D CFD analysis for calculating column separation that oc-
curs following the rapid closing of a valve in a simple reservoir-pipe-valve system and
found that not only can CFD accurately capture the time history of the resulting transient
pressures, but it also can successfully account for the spread of the vapor cavity across the
pipe. Warda et al. [23] employed a 3D CFD analysis for calculating column separation in a
laboratory-scale pipe system and concluded that CFD can capture key features of cavitating
flow and column separation quite accurately. However, CFD analysis is quite expensive, at
least at present, in terms of computational resources. Wang et al. [22] demonstrated that it
takes a few days for a personal computer to complete 0.6 s of transient analysis in a pipe
with an internal diameter and length of 0.02 and 30 m, respectively. This implies that CFD
is inefficient in practice due to the scale of pipe systems and the fact that an engineering
design is iterative and may need numerous simulations.

Coupling CFD with 1D analysis appears to be an efficient solution to significantly
reduce the computational time. This idea is supported by the fact that mass, momentum,
and energy are dominantly transferred in the longitude dimension of the pipe, and the
information exchanged in the radial dimension of the pipe is not of insignificant importance.
In CFD-1D analysis, the limited part of the system with the significant 3D feature is
calculated by the CFD analysis, and the rest of the system is handled by the 1D analysis; the
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two computational approaches exchange the information at each computational time level
through the interface connecting 1D and CFD domains. This method has been successfully
employed for calculating transient flow in liquid pipe systems [24]. For example, Zhang
and Cheng [25] applied 1D-3D analysis to different components of hydropower systems.
Zhang et al. [26] successfully utilized 1D-3D analysis in transient analysis of a pumped-
storage system. Wu et al. [27] applied 1D-3D coupling for steady-state and transient flow
analysis in a pumped pipeline. Maddahian et al. [28] employed 1d-3D analysis in rapid
pressurization of a pipe system with an entrapped air pocket and showed that the modeling
results are consistent with experiments. Different CFD-1D coupling analysis approaches,
including the Picard-based and Newton-based methods, have been successfully utilized in
other realms of engineering [29-31]. Nevertheless, to the best of the authors” knowledge,
the 1D-3D coupling approach has not been utilized for calculating column separation so far.
Thus, this paper aims to shed light on the performance of 1D-CFD coupling in simulating
liquid column separation analysis in pipe systems including water pipe systems. The organiza-
tion of this paper is as follows: the theoretical background is first presented, and the numerical
results are then discussed. Finally, the paper is summarized, and conclusions are drawn.

2. Theoretical Backgrounds
2.1. DGCM

Transient flows in liquid pipe systems are governed by the following 1D equations,
which are also known as water hammer equations [2]:

1% oH f _
oH a20V

where V = velocity, H = piezometric head, D = pipe diameter, a = elastic wave velocity,
g = gravitational acceleration, f = friction factor in the Darcy-Weisbach equation, and
x, t = distance and time independent variables, respectively.

These equations hold as long as the pressure exceeds the vapor pressure of the liquid.
Otherwise, cavitating flow and column separation occur, and the equations fail to replicate
the physics of the flow. There are several approaches to include the column separation
feature in the water hammer equations, among which DGCM is the more popular and
accurate one. In DGCM, a small gas pocket assumed in each computational cell can account
for column separation in the system.

To numerically implement DGCM, the well-known Method of Characteristics (MOC) is
utilized. The first step in the MOC is to discretize the computational domain into numerous
computational cells, as shown in Figure 1, with identical spatial and temporal increments,
Ax and At, respectively. The unknown flow parameters at the computational points at time
ty4+1 can then be explicitly calculated based on the information from the previous timeline.
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Figure 1. Schematic of computational cells in the method of characteristics and DGCM.
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The four unknowns at a given point (P) include the flow rates on either side of the gas
pocket, the piezometric head, and the volume of the gas pocket and can be calculated by
the following discretized equations, which are called positive and negative characteristic
equations, continuity equation and the gas equation of state.

C": Hp, = Hpg = C1 — C2Qpu ®3)

C™: Hpg = C3+ C4Qpa (4)

(YP)erar = (Vp)¢ + [(Qpa — Qpu)pyar T (1 — ) (Qna — Qmu);] x At ©)
PyaoVr

(VP)rrar = 0g(Hpy — Zpyg — Hy) ©

with A
a a x
= H _— M = — — 5
G Ld+gAQLd, G +2gDA2\QLd|

C3 = Hgy — gQRu; Cy = gLA + zgngxAﬂQRul

where Qp,, Qp; = flow rates at the upstream and downstream side of the gas pocket at
point P, respectively, Hp,, = Hp; = piezometric head at the upstream and downstream side
of the gas pocket at point P, respectively, Zp, = Zp; = pipe elevation upstream and down-
stream side of the gas pocket at point P, respectively, Q;; = flow rate at the downstream
side of the gas pocket at point L, H;; = piezometric head at the downstream side of the
gas pocket at point L, Qr, = flowrate at the upstream side of the gas pocket at point R,
Hpg, = piezometric head at the upstream side of the gas pocket at point R, A = pipe
cross sectional area, D = pipe diameter, p = water density, Vp= gas pocket volume at
point P, Hy = gage vapour pressure head, a( = initial gas void fraction, Vg = computa-
tional cell volume, Py = reference pressure, At = computational time step, S = pipe slope,
Sr =energy slope, ¢ = gravitational acceleration, and ¢, t + At = indexes refer to the previous
and current time lines, respectively.

By combining Equations (3)—(6) and doing some algebra, the following equation
is reached:

(Hpa — Zpa — Hy)* +2B1(Hpg — Zpg — Hy) = By =0 ?)
The analytical solution of the above equation is as follows.
de—Zpld—HV:—B1(1+\/1+BB) if By <0 ®)
de—zpld—HV:—31(1—\/1+BB) if By>0 )
where B
B1 = BoC4CoBy + 0.5(Zpd + Hv) — BZ(C2C3 + C4C1),‘ Bg = B%
1
0.5 (Vp)t 1—-vy PngoVR32C4C2
B, = ; By = —2r+ ——— - ; By= ————
2= G1cr BV T gt + " (Qpa — Qpu)y; B 0.50g0At

In cases with high gas volume and very low pressure or very low volume but high
pressure, indicated by |Bg| < 1, Equations (8) or (9) may provide inaccurate results due to
miscalculation of the radical. The appropriate results in such cases can be achieved through
the linearization of the original equations [2]:

B .
Hpg — Zpg — Hy = —2B; — ﬁ if By <0 (10)
B .
de—zpd—Hvzﬁ if B >0 (11)
1

Having Hp; calculated, Qp,, Qps, and Vp can be calculated by Equations (3)-(5),
respectively.



Mathematics 2022, 10, 1960

50f17

2.2. MTPA

The Two-Component Pressure Approach (TPA) was proposed by Vasconcelos et al. [32]
to address the limitation of the Preissmann Slot Method (PSM) in capturing negative
pressures [33,34]. In this method, the conservative form of the equations that govern
unsteady flow in open channels are rearranged as follows:

dA  0Q . .

> + 3 = 0 Continuty Equation (12)
9Q a<%2 +Ag[hc+hs])

= + 5 =gA(So— S f) Momentum Equation (13)

where A = flow cross sectional area, Q = flow rate, I, = the distance between the free
surface and the centroid of the flow cross-sectional, s = pressure head, g = gravitational
acceleration, Sy = pipe slope, and Sy = frictional slope, which can be calculated by the
following equation:
B QanZ
A2R,3
where 1, = Manning coefficient and R, = hydraulic radius of the flow.
Splitting the pressure term in the momentum equation allows TPA to account for both
pressurized and open channel flows, with /s representing the pressure of the conduit in
pressurized flow and /. measuring the flow depth in the open channel flow regime. In TPA,
the pressure head and pipe acoustic wave speed are related by the following equation [29]:

Sy (14)

A— Ay
Af

a
g

hs = (15)

where a4 = acoustic wave speed, and Ay = pipe cross-sectional area.

Many researchers have successfully utilized the TPA for capturing mixed-flow and
negative pressures in close conduit systems [32,35-38]. However, TPA still cannot replicate
the physics of the flow when column separation occurs in the system. In such cases, the
TPA generates negative pressures that are far below the vapour pressure of the liquid,
which is not physically sound.

To fill this gap, Khani et al. [11] proposed a modified version of the TPA (MTPA) which
can account for cavitating flow and column separation. In the MTPA, Equations (1) and (2)
can calculate the transient pressure heads and flow rates across the system as long as the
pressures are above the vapor pressure. Otherwise, Equation (2) no longer holds, and the
following equation should be utilized instead.

%0 3(% +g[anc+apm,])
ot ox

= gA(So — Sy) (16)

where I, = vapor pressure head of the liquid.

To solve the governing equations, the Godunov scheme is utilized in this research. The
Godunov scheme is a finite volume numerical scheme widely used in solving hyperbolic
partial differential equations [39,40]. The spatial domain in this approach is broken down
into equal size computational cells with a spatial distance of Ax, and the temporal domain
is discretized with a constant time step, At. The first-order accuracy of the scheme suits the
current application as the flow transition from open channel to pressurized flow may induce
significant spurious numerical oscillations that can be better suppressed by a first-order
accuracy scheme. Applying piecewise constant data reconstruction at the computational
cells results in first-order accuracy.
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By discretizing the governing equations, unknowns at the current time level can be
explicitly calculated based on the data retrieved from the previous timeline using the
following equation:

At
n+l _ An_ 2 (rn  _ pn
A=A Ax( i+3 Fi—%) (17)
At
Q1 =@ — (Gl — Gy ) +atgA (So—Sf7) (18)

where i is computational cell number, i + % and i — % refer to the downstream and upstream
boundaries of the i cell, respectively, n and n + 1 refer to the previous and current
timelines, respectively, and F and G are mass and momentum fluxes, respectively.

In the Godunov scheme, the mass and momentum fluxes at cell boundaries are
calculated by solving the Riemann solution [39,40]. The exact Riemann solution can be
obtained through an iterative procedure, but as shown by Malekpour and Karney [41], it can
produce significant numerical oscillation during flow transition. Khani et al. [38] adopted
the HLL solver that can automatically increase the numerical viscosity of the scheme during
the flow regime transient and showed that the scheme provides a non-oscillatory solution
at a wide range of acoustic pipe speeds.

The fluxes in the HLL solver are generally calculated through a procedure summarized
in Equation (19).

T,=T, ifS. >0

T, = SRSt SSe(Uelll) i 5) < 0 and Sg > 0 (19)

I,=Tg ifSR <0

where S; and Sy are the left and right shock wave speeds, respectively, U}, = {gﬂ and
L
Ug = [SR} are dependent variables at the computational cells i — 1 and i + 1, respectively,
R

and '} = {g
L

respectively.

Khani et al. [37,38] showed that the numerical viscosity admitted to the numerical
scheme is controlled by the magnitude of the right and left wave velocities. A simple
strategy for calculating the left and right wave speeds in both water hammer and open
channel flow regions was proposed. The left and right wave speeds are calculated using
the following equations:

] and I'g = {ER} are the fluxes at the computational cellsi —1 and i + 1,
R

S;. =V, —Qp; Sg = Vr+ Qg (20)
_ |8[YcAcg — (hc + |hs|) Akl Ac
QK(L,R) - \/ AK(AG _ AK) (21)

where variables with sub-index G are the function of Y that needs to be estimated.

As shown by Malekpour and Karney [41], Equation (21) significantly increases wave
speeds only when the water depth is close to the pipe crown. By using this equation,
the artificial viscosity of the scheme is increased whenever required, i.e., when the flow
transient is proximate. Khani et al. [37] found that the optimal amount of artificial viscosity
is admitted to the scheme if Y;; is calculated by the following equation:

YG =K, x MAX [difNS/difNS+1/ . ,d,’, di+1/ . st] (22)

where d = h¢ + |hs]|.

Equation (22) ensures that artificial viscosity is distributed within NS computational
cells on either side of the cell for which the wave velocity is calculated. Numerical explo-
ration reveals that NS should be selected such that the numerical viscosity is spread over
a length 3 or 4 times higher than the pipe height. In any case, the NS should not be less
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than 3. Numerical exploration also reveals that in the computational cells carrying free
surface flow, K, can take a value of around 1.4 if a pressurization front exists within NS
computational cells on either side of the target computational cell. Otherwise, NS can be
considered 1.001.

2.3. CED Analysis

The ANSYS Fluent is utilized to perform CFD analysis in the portion of the pipeline
experiencing cavitating flow and column separation. Fluent can simulate two-phase flow
by numerous approaches, among which the Volume of Fluid (VOF) is widely used for
capturing cavitating flow [42]. In the VOF method, a single set of Unsteady Random-
averaged Navier-Stokes (URANS) equations presented below are solved for the mixture of
vapor and liquid with a weighted average density and viscosity of p,; and p,, respectively.

) P)
% + g (omitr) = 0 (23)
J
a@(Pmu )+ a%j(Pm”i“j) = —371; +3 i [Vm(aul + 371 - *51] azz)}
+ox ( ol ) + omgi

(24)

with
Pm = tppy + (1 — ay)p
Um = Qply + (1 - ‘Xv),”l

where u; = flow velocity vector, P = pressure, p, = vapor density, p; = liquid density,
Jo = vapor viscosity, y; = liquid viscosity, §;; = Kronecker delta, a, = vapor void fraction,
gi = gravitational acceleration, x; = spatial independent vector, and f = temporal indepen-
dent variable.

The abc above equations are not in closed form as the time averaging included an extra

term, p,;u;u’, which is well known as the Reynolds Stresses term. A few common methods

used for ap]proxnnatmg the Reynolds stresses are based on the Boussinesq hypothesis
that relates the Reynolds stresses to the mean velocity gradients [42]. In this research,
the standard k — ¢ method is employed to calculate the Reynolds stresses. Since only the
velocity and pressure are communicated at the boundary, the turbulence information at the
boundary is not changed during the transient analysis, and it is assumed that it remains
constant at what is set at the initial condition.

Mass transfer between liquid and vapor phases during cavitating flow is calculated by
including the mass transfer terms on the right-hand side of the following partial differential
equation utilized for tracking the interface of vapor and liquid.

d P)
5; (@p0) + 5% =—(apoity;) = Re — Re (25)

where R, and R, are mass transfer source terms connected to the growth and collapse of
the vapor bubbles, respectively.

In ANSYS Fluent, the Singhal et al., Zwart-Gerber—Belamri, and Schnerr and Sauer
models can be used for calculating the source terms in Equation (25), the latter of which is
employed in this study. The Schnerr and Sauer model calculates the source terms using the
following equations:

0001 3 [2(P,—DP)
R, = a(l—a)o—y |z —F 26
when P, < P
R, = PvPl[x(l_lX)i 2(P—P) 27)
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where Jtp = radius of the bubbles and P, = vapor pressure of the liquid.
The vapor void fraction and radius of the bubbles can be calculated by the follow-
ing equations:

4
1+nb%7ﬁﬁ%
1
a 3 1)\3
Rp = —_—— 29
B <1—uc47rnb) @9)

The above equations show that both vapor void fraction and the radius of the bubbles
depend on the number of spherical bubbles per volume of liquid (1;). Assuming that
no bubbles are created or destroyed, the initial conditions for the nucleation site volume
fraction and the equilibrium bubble radius would therefore be sufficient to specify the
bubble number density (11;).

It is worth noting that to accurately calculate column separation and resulting water
hammer pressures, the liquid phase needs to be considered compressible. The compress-
ibility of the liquid is included through a User-Defined Function (UDF). The UDF function
relates the density of the liquid to its pressure with the aid of the following equation:

P —
P1 = Pref (1 + Keq”f) (30)

where p,.r = density of the liquid at a reference pressure (Py.r) and K¢; = equivalent bulk
modulus elastic of the liquid that can be calculated based on the real acoustic speed of the
pipe by the following equation:

Keq = azpref (31)

2.4. CED Coupling

In 1D-CFD analysis, the surface(s) separating the CFD and 1D computational zones
are the places where the data are exchanged between the CFD and 1D models. In this study,
1D-CFD modeling is carried out in the context of a simple pipe system in which a vapor
cavity is concentrated at a local point. Therefore, a small part of the pipe in which the
cavity is expanded and contracted is simulated by CFD and the rest is treated with the aid
of MOC and DGCM,; the data are exchanged between 1D and 3D computational zones at a
single pipe section during the simulation.

There are a handful of approaches presented for exchanging data between 1D and
CFD computational regions [24], but they can be generalized into two categories: partially
and fully coupled methods. In the partially coupled method, the data are exchanged in
every time step, while in the other one it is done in every iteration made by CFD toward
numerical convergence. The former method can provide numerically stable results as long
as the shared flow parameters do not change significantly in each time step or when a very
small time step is used. Since strong water hammer pressures would be exchanged at the
interface in the current problem, the latter method is utilized.

To facilitate the explanation of the fully coupled method, consider Figure 2. The
simulation starts from a steady-state flow condition in which both CFD and 1D flow regions
agree on both flow velocity and pressure at the interface. In each CFD iteration toward
convergence, the total pressure calculated at the interface in the CFD zone is employed
to calculate the resulting new flow velocity of the 1D using the positive characteristic
equation. This method can produce some over- and undershooting around the solution
and the convergence is therefore hardly achieved. A relaxation method proposed by Wu
et al. [27] is used to resolve the convergence issue. In this method, the weighted average of
the velocities obtained in two subsequent iterations is used to update the velocity at the
CFD boundary. As shown in Figure 3, the convergence is assumed to be reached when the
difference between the velocities (¢) becomes less than a predefined value. Note that by
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reducing the relaxation factor (R ), a better convergence condition is achieved but at the
expense of more iterations.

CFD Zone . 1D Zone
Velocity

- ¢
=

Pressure

Figure 2. Data exchange between 1D and 3D computational zones.

4 N\

Start

!

—» CFD  —» C- [

Vil =(1-R;)Vi+ RV (0<R; < 1)

Converged

Next Step

Figure 3. Iteration loop in the 1D-CFD coupling.

3. Numerical Results

The 1D-CFD analysis is performed in the context of a pipe system utilized by Bergant
and Simpson [9] for experimenting with column separation. As shown in Figure 4, the
test rig consists of a copper pipeline with an internal diameter, length, wave velocity, and
upward slope of 22.1 mm, 37.23 m, 1319 m/s, and 5.6%, respectively. The pipe connects two
pressurized tanks with constant pressures. Column separation is induced by closing the
upstream valve in 0.009 s when the system is running in a steady-state condition at a flow
velocity of 1.5 m/s. During transient, the pressure head at Tank 2 is kept constant at 22 m.
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Pipeline: D=22.1 mm | DATUM
L=3723m
Fast Closing Valve

Figure 4. The schematic of the experimental apparatus. Figure adapted from Figure 2 in Ref. [9].

Warda et al. [23] utilized a 3D-CFD analysis to calculate column separation in the
above-described system and showed that a local vapor cavity would form at the upstream
end of the pipe right after the valve. This local vapor cavity was shown to remain in the
upstream 30 cm of the pipe. Thus, in the 1D-CFD coupling, only the upstream 50 cm of
the pipe is considered the CFD zone, and the rest (36.73 m) is analyzed by the DGCM.
Numerical explorations show that a time step = 0.0001 s provides a numerical stable
condition when the CFD zone is covered with a fine mesh with an average size of 1 mm.
Both 2D- and 3D-CFD analyses use the same quadrilateral mesh type and 40,000 and 600,000
computational cells, respectively. The number of computation cells in the 1D analysis is
selected in such a way that (1) the time steps in both 1D and CFD become identical, and
(2) the Courant number in the 1D zone remains at 1. This results in 278 computational
cells with a spatial increment length of 0.1321 m. Note that when the Courant number
approaches 1, the interpolation error tends toward zero and the MOC provides quite
accurate results [43].

The 1D-CFD analysis is performed for two distinct cases: 2D- and 3D-CFD analysis. A
UDF is developed to linearly reduce the flow velocity at the upstream face of the CFD zone
from 1.5 m/s to 0 in 0.009 s. Figures 5 and 6 compares the pressure time histories obtained
from both the DGCM and the 1D-2D coupling method with the experimental results at the
valve location and the midpoint of the pipe. As can be seen, the results are consistent with
the experiments. Figure 7 also demonstrates the evolution of the vapor cavity in different
computational times.

----Experiment —DGCM --- Experiment —DGCN
fr
|
—/ i
-0.1 0.1 03 05 07 09 11 13 -0.1 0.1 03 05 0.7 09 1.1 1.3
Time (s) Time (s)
(a) (b)

Figure 5. Pressure time histories calculated by DGCM at; (a) valve; (b) pipe mid-point.
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----Experiment —1D-2D --- Experiment —1D-2D

350 250
= 250 —_
E E 150
E 150 ; 'r 3 .
T i

0= 1 =

-50 50

-01 01 03 05 0.7 059 11 13 01 01 03 05 07 09 11 13
Time (s) Time (s)
(a) (b)

Figure 6. Pressure time histories calculated by 1D-2D at; (a) valve; (b) pipe mid-point.

Vapor.Volume Fraction
Contour 1
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Figure 7. Cavity size evolution captured by 1D-2D.

Figure 8 compares the pressure time histories obtained from the 3D-1D coupling
method with the experimental results at the valve location and the midpoint of the pipe.
As can be seen, the numerical results are consistent with the experiment. Comparing
Figures 6 and 8 reveals that both the 1D-2D and 1D-3D coupling approaches provide al-
most identical results. Figure 9 also shows the evolution of the vapor cavity in different
computational times. Comparing Figures 7 and 9 reveals that the shapes of the cavity
captured by the 1D-2D and 1D-3D methods are almost identical.
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Although the experimental data confirm the validity of the results captured by 1D-
CFD coupling, it is not known if 1D-CFD coupling succeeded in capturing the shape of
the vapor cavity. The CFD results obtained from a CFD analysis are utilized to verify
this aspect of the model. Warda et al. [23] captured the evolution of the cavity for the
current problem using 3D CFD analysis. Figure 10 shows a few snapshots of the cavity
shape during its contraction and expansion. Note that Figure 10 shows the first 30 cm
of the pipe while Figures 7 and 9 represent the whole CFD domain, which is 50 cm.
Comparing Figures 7 and 9 with Figure 10 reveals that the shape of the cavity in 1D-CFD
analysis differs from what is captured by the CFD analysis. The figures demonstrate that
in the CFD analysis, the cavity is formed on top of a film of liquid, but in the 1D-CFD
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analyses, the vapor cavity partially occupied the whole section of the pipe. In the absence
of an experimental study, it is not easy to identify which one better represents reality.
Nevertheless, the physics of the flow shows that the results from the CFD analysis can
better represent reality. Due to the gravity effect, the pipe obvert receives higher pressure
than the bottom, so a vapor cavity starts forming at the top and growing toward the bottom.
This explanation may explain why the vapor cavity grows over a film of liquid.

Att =0.25s

s

Att =0.16 s Att =0.28s

Figure 10. Cavity size evolution captured by CFD (Warda et al. [23]).

An independent way of justifying the shape of the vapor cavity is to simulate the
current problem with the aid of the MTPA. Figures 11 and 12 show the pressure time
histories and the cavity evolution calculated by this method. As shown in Figure 11, the
pressure time histories calculated by MTPA match the experiment. Figure 12 also reveals
that like pure CFD results, the cavity is expanding and growing over a film of liquid, which
is another justification for the CFD’s ability to represent the cavity evolution better than the
coupled 1D-CFD model. That the 1D-CFD model distorts the shape of the cavity may be
attributed to the issue of considering a uniform velocity at the interface between the CFD
and 1D domains. In reality, the velocity distribution is not uniformly distributed on the
pipe cross-section, and this may explain the discrepancy between the CFD and coupled
CFD-1D models. This is of course just a hypothesis that is subject to verification.
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Figure 11. Pressure time histories calculated by MTPA at; (a) valve; (b) pipe mid-point.
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Figure 12. Cavity size evolution captured by MTPA.

It is worth mentioning that the proposed coupled 1D-CFD analysis can significantly
decrease the computational time. For the test case considered in this paper, it takes 4 h for
the coupled 1D-CFD model to complete 1.5 s of transient flow, while a full CFD analysis
may take around a few days to perform the same analysis. Since, in practice, the design is
iterative, the proposed model can help the designer present the state-of-the-CFD knowledge
in a reasonable time. Nevertheless, it should be pointed out that although the proposed
model provides reasonable accuracy, further investigation is required to shed light on how
the scale of the system affects the accuracy of calculations.

4. Summary and Conclusions

In this section, ANSYS Fluent is utilized to calculate cavitating flow and column
separation, and the Method of Characteristics and the Discrete Gas Cavity Model (DGCM)
are employed to conduct 1D transient analysis. The simulations are conducted in the
context of a lab-scale pipe system for which experimental data are available. The small
portion of the pipe containing the vapor cavity is treated by CFD analysis, while the rest
of the system is analyzed by the 1D model. The model uses a fully coupled approach in
which the data are exchanged in every CFD iteration through the pipe section separating
1D and CFD zones. A relaxation approach is utilized to ensure the convergence of the CFD
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analysis in each time step. Both 2D- and 3D-CFD analyses are independently employed to
explore to what extent the 3D effect can affect the solution.

The results show that the proposed model with both 2D- and 3D-CFD analysis captures
the transient responses of the system that have almost identical accuracy are are both
consistent with the experiment. Since the evolution of the cavity has not been experimented
with, the results of a pure CFD analysis published in the literature are employed to evaluate
the performance of the proposed model in capturing the shape of the vapor cavity. The
comparison shows that although the results are in general agreement, there is still some
discrepancy that needs to be explained. The vapor cavity in the pure CFD model is
established and grown on top of a film of liquid, while in the proposed model the cavity
in some places fills the whole pipe cross-section. As a further test, the proposed model
results are compared to the results obtained from the Modified Two-Component Pressure
Approach (MTPA), a novel open channel-based 1D model recently proposed by the author
for calculating column separation. The MTPA results also confirm the results from the CFD
analysis, according to which the cavity is formed and evolved on top of a film of liquid.
What makes the proposed coupled 1D-CFD model distort the shape of the cavity may be
attributed to the way the data exchange between the 1D and CFD models. In each time
step, the flow velocity calculated by the 1D model is applied to the CFD boundary with a
uniform distribution. However, in reality, the velocity distribution at that section of the
pipe is not uniform and this may affect the shape of the cavity. Nevertheless, this is just a
hypothesis that warrants a detailed investigation.

Finally, the proposed model has great potential to be used in the context of a wide range
of engineering problems, including transient analysis in hydropower systems and analysis
of pipe collapse, which may result in extensive negative pressure and column separation.
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