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Abstract
To simulate fast transient phenomena, one must consider realistic compressible fluid models that take into consideration phase change,
shock wave generation and its propagation. In an industrial framework, such phenomena occur mostly near industrial apparatuses such
as pumps, propellers, impellers and control valves. The rapid collapse of cavitation produces strong shock waves that may harm the
interacting structure. In this paper, we present the work on Homogeneous Equilibrium Model (HEM) phase change model implemented
in the LS-DYNA® that is compatible its legacy ALE and FSI capabilities. Validation against experimental data is shown through
previously published test case of cavitation in elastic water pipe.

Introduction
Under certain configurations, compressible liquids the local pressure may fall below the saturated pressure
that gives rise to cavitation. This situation can be encountered in industrial applications such as Water Hammers
and Under Water Explosion in nuclear and marine industries, respectively. The different transition regimes that
occur in cavitation phenomena (phase change, shock waves creation due to the collapse and its propagation) must
be modelled in order to lead to reliable and accurate results. From the existing approaches, we can distinguish
two major categories: The “Two-Fluid Models” [1, 2, 3] and the “One-fluid Models”.
In this paper, we present the Saurel et al.[4] HEM one-fluid models that has been recently implemented in
LS-DYNA due to their simplicity, easy implementation within existing codes (ALE and Lagrangian SPH),
and finally, their ability to model phase changes in many industrial applications, in particular for water
applications. The solved density and energy variables are mixture quantities expressed in function of the saturated
vapor fraction. In order to close the system, the appropriate EOS based on the mixture quantities is used such that
the kinematic and the thermodynamic equilibrium are satisfied; and also the continuous phase change transitions.
In an industrial framework, such phenomena occur mostly near industrial apparatuses such as pumps,
propellers, impellers and control valves. The rapid collapse of cavitation produces strong shock waves that
may harm the interacting structure. During the fluid structure interaction process, the fluid’s pressure
deforms the structure and the resulting deformation of the structure will modify the fluid’s properties
s u c h as the shock wave pressure and the shock speed [5, 6, 7], it is thus mandatory to consider FSI.
In this paper, we present the work presented in detail in [6], on the implementation of HEM phase change model
in LS-DYNA and its validation using ALE and FSI capabilities of the software.
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Phase Change Models
This section presents the model by Saurel et al. [4] that has been implemented for modeling m o d e l
complex industrial problem including phase change in compressible flows, shock waves. The method is based
on the following three main assumptions in the mixture region:
1- Mixture density and mixture internal energy are mean quantities of both liquid and vapor phases. They are
functions of vapor fraction, saturated liquid and vapor liquid densities:
(1)
ρ = α v .ρ vsat (T ) + (1 − α v ).α v .ρlsat (T )

e = Yv .evsat (T ) + (1 − Yv ).elsat (T )

(2)

Where α v is the vapour fraction defined by:
 0 if ρ ≥ ρ lsat (T )



Vv  ρ − ρlsat (T )
sat
αv =
= ρ sat (T ) − ρ sat (T ) if ρ ≤ ρ l (T ) 
l

V  v
1 if ρ ≤ ρ sat (T )

v



(3)

Yv , the vapor mass fraction defined by

Yv =

ρ vsat (T ).α v
ρ

(4)

T the temperature.
2- Liquid and vapor phases are in kinematic equilibrium
3- The liquid and vapor phases are in thermodynamic equilibrium
ρ lsat (T ) = ρ vsat (T ) = ρ sat (T ) and Tl sat = Tvsat = T sat

(5)

Pressure, liquid density and vapor density at saturation state can be either provided by tables obtained from
experimental database or derived analytical equations. The latest one is selected in the LS-DYNA implemented
version. For further details on the specific case of water material, the reader can refer to Messahel et al. [6]

Figure 1 Discrete vapor bubbles and Fringe levels of the vapor fraction
homogeneous model representation (Eq.3 ).
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Vapor Phase α v = 1
Pressure in the liquid region is computed using the modified Tait EOS

P (T ) = ρ (T ).R.T

(6)

R is the specific gas constant for vapour (for water R= 461.5. J.Kg-1.K-1)
Mixture Phase 0 < α v < 1
In the mixture region, pressure and temperature of both liquid and vapor phases are assumed to be in
equilibrium.

ρ = ρ l = ρ v = ρ sat (T ) and T = Tl = Tv = T sat
Using equations (1-4), the internal energy in the mixture, e(T ) is given by (6)
e(T ) = (α v .ρ vsat (T ).ev (T ) + (1. − α v ).ρ satl (T ).el (T )) / ρ (T )

(7)

and the speed of sound in c the mixture by Wallis equation [14]

α
1
1. − α
= sat v 2 + sat V 2
2
ρ .c
ρ v (T ).cv ρ L (T ).cL

(8)

A nonlinear procedure is developed to solve for the mixture temperature and the vapour fraction to satisfy
equilibrium equation for the internal energy equation (7).
For mixture region the pressure is given by:
P (T ) = P sat (T )

(9)

Numerical Simulation
In this section we present validation against an experimental study of cavitation in elastic water pipes. This test
case is complex is a sense that it includes non-linear and complex multi-physics effects such as FSI, phase change
and solid-solid contacts. Thus, it represents an ideal case to validate the implemented phase change model and its
conjugate application with the legacy capabilities of LS-DYNA.
Some researchers tried to simplify the problem and treated it in a two steps decoupled manner: ﬁrst, by assuming
that the structure is rigid and solving the ﬂuid problem to obtain ﬂuid pressure; then secondly, by applying the
resulting ﬂuid pressure load on the deformable structure. This strategy led to an over-estimation of the pressure
wave velocity that will be compared to experimental data by Tijsseling et al., 1996 [8]. In figures 2 and 3 we
show a description and a sketch of the numerical setup, respectively.
The model is composed of 217,920 ALE hexahedra solid elements (Hallquist [15] ) for the water, 5160
Lagrangian hexahedra solid elements for both the rigid steel rod, the impact end plug and the remote end cap
and 44,0 0 0 Belytschko–Lin–Tsay shell elements for the full single elbow pipe system, Half of the model is
simulated by considering the X–Y plane symmetry. A sketch of the model is shown in Fig. 3. The numerical
pressure at location PT6 is plotted and compared to experimental data, which shows good correlation.
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Figure 2: One-elbow pipe system (numerical values in mm are not to scale)[8]

Figure 3: Sketch of the numerical model [6]

Figure 4: Absolute pressure at sensor PT6: Experimental results
Tijsseling et al., [8], ( --), numerical results with elastic pipes (—).
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Conclusion
In this paper, HEM phase change model implemented model is presented and its validation shows good agreement
between strongly coupled simulations and experimental results. It shows that combination of HEM phase change
model and ALE formulation and FSI capabilities of LS-DYNA used for modeling multiphase flows in interaction
with structures including phase change and shock wave due to the collapse of the cavitation can be modeled
accurately. This last point is of crucial interest in industrial engineering for the design and the conception of safer
pipe systems and the improvement of its performance. Indeed, once numerical simulations are validated with
experimental test results, complex systems including FSI phenomenon with phase change can be numerically
simulated.
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