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Abstract

In this work, a multi-scale modeling of cavitation-erosion phenomena performed in an Eulerian-Lagrangian
two-way coupling approach is developed. Cavitation-erosion phenomena are widely seen in multi-phase flow
with different sizes of time and length scale. Based on the multi-scale concepts, the information obtained at
the level of small length scales can be used to provide closure information at the level of larger length scales.
First of all in our implementation, a two-phase mixture flow model and a temperature dependent
homogeneous equilibrium saturation models are used simulate phase transitions and steam-water interfaces.
Subsequently, solid particle trajectories caused by the translation and rotation and particle-wall collisions
are evaluated by a Lagrangian approach based on the continuum flow information. Then, an Eulerian—
Lagrangian two way coupling are used to evaluate the interactions between the gas-liquid mixture and
dispersive solid particles such as the drag, virtual mass and lift forces. An erosion model is also implemented
in this Eulerian-Lagrangian frame work.

1 Introduction

In the power industry, surface material-loss process caused by the erosion and cavitation substantially
shortens the lives of pipelines, heat exchanger systems, and turbomachinery surfaces. In this work, the
erosion we are concerned is the so-called slurry erosion which occurs at a surface impinged upon by solid
particles suspended in a liquid stream. The progressive loss of original material from a solid surface due to
mechanical interaction between that solid surfaces and impinging liquid or solid particles in a fluid or, a
multi-component fluid. The corresponding particle-laden flow motions with erosive wear in industrial
applications [1-4] can be categorized as (I) impingement flows with application to metal cutting, boundary
layer flows occurring in turbomachinery (III) ;obstructed flows passing over heat exchanger confined flows
applied to pipeline systems. In our previous work [4, 5], numerical prediction of erosion by particle
impact has been studied the confined flows in pipeline systems. Computational results reveal that turbulence
intensity, particle size and inlet liquid or gas flow velocity have significant influences on erosion. However,
our work only considered the solid erosive wear influenced by the pure gas flow. The influence of
cavitated mixture flows on erosion has not been done yet. To our knowledge, the combined effects of
cavitation-erosion are not widely seen in the literatures. As noted in [7,8], cavitation is a physical
phenomenon associated with three aspects: formation, growth and collapse of bubbles within the body of a
liquid due to the process of nucleation in a liquid flow where the pressure falls below the vapor pressure. The
formation and collapse of vapor bubbles or cavities in a fluid can produce extremely high pressures
transmitted from the collapsing bubbles to the surface either in the form of a shock wave or by microjets,
depending on the distance from the surface. They collapse with enough force to erode microscopic pieces of
metal if they are close to the tube wall. The cycle of formation and collapse of the bubbles occurs at a high
frequency and dynamic stress can cause the material loss by fatigue. If considering the erosion-cavitated
bubbly flow, solid particle with bubbly type turbulent liquid-gas regimes, where all types of interfaces exist,
not only transport equations and closure models need to be developed for each phase, but also each phase
should accommodate the existence of that phase indifferent forms and shapes. For example, cavitated bubble
flows can be spherical, distorted, confined and/or elongated. In this regard, several flow or phase phenomena
co-exist at the different sizes. This type of representation would encompass the various flow regimes which
are required to deal with the multi-scale approach based on their transport equations and closure conditions.
The Eulerian-Lagrangian approach could be one of the state-of the-art and major step towards providing the
possibility of the multi-scale numerical simulation.

In the Eulerian-Lagrangian framework, the phenomena at a certain length scale are allowed to be
analyzed by different approaches. The idea of this study is to use different levels of modeling, each
developed to study phenomena at a certain length scale. Information obtained at the level of small length
scales can be used to provide closure information at the level of larger length scales. In this work, the
mixture model with an equilibrium phase change model is used to simulate the interfaces of liquid-gas and
gas bubble morphology in a cavitated flow field. The liquid-gas model can be used in Eulerian approach such
as a two-fluid model or mixture model to simulate the larger scale two-phase flow phenomena; also can
accurately capture smaller scale sizes as the interfaces and the formation of gas bubble simultaneously.
Regarding the small scale forces as the drag, virtual mass and lift forces of dispersive phase can be simulated
based on the Lagrangian model; the Eulerian-Lagrangian method can consider the coupling between

-4-
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dispersive phase and continuum phase concurrently. Therefore, in this study, the multi-scale model for slurry
solid particle loaded in liquid-vapor cavitated flow problems are developed based on our existing AUSM
solvers with the mixture model [5, 6] and the Euerian-Lagragian approach [2-4].  In our previous works
[5,6], The AUSMDYV with a two-phase mixture model was presented its simplicity to maintain pressure
equilibrium over contact discontinuities on the resolution of interfaces, contact surfaces and shock waves
under a high-density ratio up to 1:1000 like air to water. To continue our efforts, an Eulerian type mixture
model with a phase transition model is proposed here to simulate steam-water mixture flow problems. In
order to enhance convergence for low-speed flow regime, the mixture model incorporating a preconditioning
algorithm [9, 10] is used to enhance the convergence and accuracy for solving the low-speed fluid flow
phase. For the particulate flow phase, the fourth-order Runge-Kutta method is adopted to solve the
Lagrangian trajectory equations. Also, a renormalization group theory (RNG) based k-¢ turbulence model is
used to evaluate the turbulence effects for liquid-vapor mixture flows. Subsequently, solid particle
trajectories caused by the translation and rotation and particle-wall collisions are evaluated by a Lagrangian
approach based on the continuum flow information. Test cases in this work include 1-D cavitation and 2-D
transient  slurry-cavitated U tube flows.

2 GOVERNING EQUATIONS

To continue the previous efforts on solving the mixture model [6] a two-dimensional two phase Navier-
Stokes equations with its mixture model with a saturation model based on is used.

2.1 Saturation model

In the simulation of the phase change process among the steam-water mixture, three equations of state
for water, vapor and saturation states modified from [11-12] based on local phase equilibrium are selected
together to yield a smooth link at the so-called spinodal points, the extreme points on the both sides of the

saturation zone in the temperature-pressure diagram, also accurately cover the range (273.15K <T <623.15K
& ps(T)< p <100MPa). They are briefly described as the following section and the details can be found in

[11-12].

Liquid Phase EOS

An established EOS for modeling liquid water as a compressible fluid is given as

Specific volume V(T , p)l =7y, )

RT

i T
Specific internal energy % .-y, 2)

h(T.p)

Specific enthal ———2 =7 3
p PY —pr V- (3)

Speed of sound a’(T, p) 7.’ 4)

RT  (r,-w..)
o’y

b23

Inverse reduced temperature 7 = , the other unknown coefficients can be found in [12].
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Gas phase EOS
The corresponding water vapor EOS is

Specific volume (T, p)

Bl -r) )

Specific internal energy U(;Tp) - T(y”o +y. )_ ”(y”o + }/”r) (6)

. h(T, p) 0 .
Specific enthalpy - >F/ _ _ 7
p py nT T(}/r 7. ) (7

Speed of sound 2y 1o () (8)
RT o (v o)
)

Derivatives of the residual part are also shown in [12].

Saturation EOS

The saturation region are assumed to be in equilibrium: P, = P, =P andT, = T, =T, where the
pressure equals the saturation pressure P = P_ (T), and the temperature is equal to the saturation

temperature: T = T, . The saturation pressure and density can be obtained respectively as

Pa(T) _ 2C o
IMPa | —B+(B>—4AC)"’

where

A= +nd+n, » B=nS +n,9+n,
C=n4 +n,g+n,

and the liquid and gas densities along the saturation curve are also chosen from [11] like

ptsat(T) 3 5 5 =
Pual /) —14+b,6° +b,03 +b,#3 +b0? (10)
Pe

71
T 24 s mow n
fn{pg“’“()}=c16""+020°+c36’"’+c46’6 +c0° TCO° (11)

Pe

and the remained coefficients are seen in [12].
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Based on the above equation of state, the mixture flow sound speed and the volume fraction of gas

phase diagram for temperature=300k and 400k is depicted in Figure 1.

—__T=400K B

log10{sound speed)

e T=800K

0] 0.5 1
volume fraction

Figure 1 Sound speed--gas volume fraction diagram

3 Results and Discussion

1-D cavitation tube

The first case [11] considers a tube filled with a constant specific-heat perfect gas, initially at uniform
pressure and density. Initially, the fluid occupying the right-half of the tube is set into motion to the right,
and the fluid on the left-half of the tube is set into motion in the opposite direction. The initial conditions
chosen for this example are temperature 300 K,density 1 kg/m3, velocity in left-hand tube is 3000 m/s,
whereas the fluid in right-hand tube is -3000 m/s. The solution to this test case corresponds to two rarefaction

waves running in opposite directions, resulting in vaporization of the liquid in the central region.

f 7 A

(A)
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(B)
n—q‘_n gt "
(©)

Figure 2 One-dimensional cavitation tube plots ((A)-gas volume fraction, (B)-density, (C)- pressure )

Results of various properties are shown at 10,30,50, and 70 ps in Fig 2. Fig 2(A) shows the velocity
profiles. The fluid velocity decreases across the rarefaction waves reaching zero velocity at the center of the
domain. Fig 2(B) obtains strong rarefaction waves (right and left running) induce strong decrease in density
from the initial value of 1000 kg/m3 to pure vapor values~3 orders of magnitude less dense. Vapor is being
produced at a constant temperature because of the assumption of local equilibrium during phase change.
When the fluid becomes a pure gas, the rarefaction effects continue. The pressure decreases abruptly in the
pure liquid, then reaches the saturation pressure and remains constant. It the decreases again in the pure gas
phase near the center of the domain. For the initial conditions studied, Fig. 2 (C) rarefaction waves are
sufficiently strong to evaporate all of the liquid. Across these waves, the gas volume fraction starts at o = 0

and reaches o = 1 progressively.

2-D Slurry-Cavitation

In this study, numerical evaluation of slurry-cavitation in a two-way coupling system is performed for the
turbulent water-vapor flow through a U type tube. First of all, computational domain and grid mesh
distribution used for a U tube bend is 150x59 grids. The flow conditions used in [2, 4] are assumed as a
dilute particle-laden gas flow. They are the bulk velocity is temperature =375k, water density=1000 kg
/m*; U=52.19 m/s corresponding to the Reynolds number 3.47x10°; the inlet turbulence intensity of the
water phase is 1% ; the particle diameter size 25, 50 and 75 pum; the particle material density ps=2,990 kg

-8-
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/m’; the inlet particulate bulk density Pp,in=1.8% 10* kg/m’; The corresponding particle loading and
volumetric ratios are 1.5x10™ and 6x10™®,
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Figure 8 the particle traces in the cavitated fluid in an U tube (T=370K, particle size=50 xm,
time=350 ;5 )
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Figure 10 the particle traces in the cavitated fluid in an U tube (T=370K, particle size=75 um,
time=810 ;5 )

Inlet flow condition is assumed subsonic flow condition (fixed velocity and temperature and
extrapolated pressure) and subsonic outflow (fixed pressure and extrapolated velocity and temperature) are
used in the calculations. The RNG k-gturbulence is used to evaluate the turbulence effects. First, figure 7
illustrates that cavitated bubbles first emerging from the turning corner, then getting growth and
moving into the flow separation flow region near the upper wall after the turning section due to an adverse
pressure gradient, then convects into the downstream. After the computation of cavitated water-vapor
flow, the transient solutions from 0-810 ps are used for the initial conditions for the calculation of particle-
water-vapor mixture in a two-way coupling way. First, to decide the inlet particle number used in solving
the particle trajectory equation, the particle-wall frequency, defined in [4] as the ratio of the particle
number colliding with the wall to the particle number initially released at the inlet, is used to study the
effect of particle size and number on the particle impact distribution. 20 particle trajectories are chosen
to compute per each of 50 starting locations uniformly distributed over the entrance of the bend. I It is
found that a secondary flow region near the inner wall as previous work [4] was shown to be a particle-free
and erosion-free region. Here the particle trajectories of different particle sizes loaded in cavitated
mixture flows at different time are demonstrated in Figure 8-10. Different particle size in d,,=,25, 50 and
75 pm are selected for discussing the influence of particle size. It is shown that particles larger than 50 pm
collide with the outer wall. It is also noted that the effect of particle collision is not significant near the
inner wall. In Figure 9, it is seen that the trajectories of the particles with 50 um deviate considerably from
the cavitated bubble regions when the time is 810 pus. However, the traces of the particles with 50 pm
influenced by cavitation effects are not observed during the period early than 810 ps such as depicted in
Figure 8. As shown in Figure 10, the particle size larger than 50 pm due to larger inertial momentum, the
particle traces are shown not be changed by cavitation effect in the simulation. Regarding the study on
the influence of cavitation on the particle motion by turbulence and flow conditions will be required further
studies in the near future.
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Concluded Remarks

In this work, an Eulerian-Lagrangian approach based on the AUSMDYV scheme with preconditioning
technique and a modified steam-water phase transition model is developed for the multi-scale modeling of
the slurry-cavitating flow simulation. The cavitation test cases are verified on 1D cavitation tubes.. In
addition, the cavitation effects from water-vapor mixture flow on the solid particle motion have been
simulated for a 2D U tube flow. A further work is required to study physical phenomena contain many
sizes of length and time scales such as the turbulence effects and closures among different phases. Also a

more sophisticated multi-scale modeling relied on the current CFD techniques will be highly required.
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