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1. Motivation and objectives
In diesel engines fuel is injected directly into the combustion chamber. For higher
efficiency, the fuel in modern engines is injected at very high pressures (up to 2000 bars)
over a very short time period (approximately 1ms) through the nozzle’s discharge holes
which are about 100µm in diameter. This sudden fuel acceleration in the injector causes
a dramatic drop in static pressure and generation of an intense shear due to the high
speed of the fuel in the injector. Such conditions can in turn initiate cavitation. The
formation of fuel vapor pockets in the injector has a strong impact on the atomization
process (Sou et al. 2007; Michard et al. 2012) and hence on the quality of the combustion
(Som & Aggarwal 2010; Som et al. 2011) and can also limit nozzle fouling. On the other
hand, the occurrence of cavitation inside the injector also produces some drawbacks, such
as a limitation of the maximum flow rate of fuel (Mauger et al. 2012), injector failure
(Galle et al. 2012) and is also a source of noise (Brennen 1993). Following Sou et al.
(2007), different cavitation regimes, such as developing cavitation, super-cavitation and
hydraulic flip, can be distinguished in the injectors. The super-cavitation regime, which
corresponds to a vapor cavity occupying more than 70% of the orifice length, has been
observed to have a strong positive impact on the atomization process (Sou et al. 2007) due
to (i) increased flow turbulence in the injector caused by collapses of vapor bubbles and
(ii) the direct influence on atomization of these vapor pockets when they exit the injector
and collapse. When the vapor pockets reach the injector outlet they influence directly
the atomization through their collapse. When a cavitation pocket further develops and
becomes as long as the discharge hole, it leads to the hydraulic flip regime which presents
a dramatic decrease in the atomization efficiency.
Cavitation corresponds to the formation of vapor from the metastable liquid when
the liquid pressure is expended below the saturated vapor pressure. As in other firstorder transitions between two phases, the appearance of the thermodynamically most
stable phase requires the overpass of an energy barrier. This is due to the energy cost
of creating an interface between the two phases. Therefore, the liquid can be observed
in a metastable state. This is a transient state since thermal fluctuations will eventually
lead to nucleation of the stable phase. Nevertheless, the metastability of the liquid phase
can be hindered by the presence of impurities. These impurities (e.g., particles, walls,
dissolved gases) are sites facilitating cavitation (Brennen 1995). When the liquid is free
from the presence of impurities, nucleation is said to be homogeneous and depends only
on thermal fluctuations. On the other hand, in heterogeneous nucleation, the onset of
cavitation is controlled by the population balance of the impurities.
The subsequent growth of the vapor bubble causes a small decrease of the liquid
temperature in its vicinity, due to the latent heat supplied, and results in a drop in vapor
pressure. This effect delays the development of the bubble and is known as the “thermal
delay” (Brennen 1995; Dular & Coutier-Delgosha 2013).
Joseph (1995) proposed that the onset of cavitation, similarly to the fracture of solids,
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is given by the maximum tension that the liquid can withstand. In a liquid at rest, all
the stresses are equal to p, but in a flowing incompressible liquid, the stress also depends
on the local shear: T = −pI + S, and at each point, the state of stress is determined by
the three principal stresses:
T11 ≥ T22 ≥ T33 .

(1.1)

Joseph’s proposal (Joseph 1998) is then that the liquid will break (cavitate) at a point if
the principal stresses (Eq. 1.1) - rather than the pressure used traditionally - are above
the breaking threshold −pc ∼ −pvap :
T11 + pc > 0.
Such a criterion can account for stress-induced cavitation.
To better understand the inception, development and interplay with the flow of cavitation, numerous experimental and numerical investigations have focused on simplified
replicas of fuel injector valves working in stationary conditions. For a given geometry,
such flows have traditionally been described by two non-dimensional parameters. These
are the Reynolds number based, for example, on the hole dimension: Re = U h/ν, and a
p0 − p1
non-dimensional pressure drop, the so-called cavitation number CN =
, where
p1 − pvap
p0 and p1 are the static pressure upstream and downstream of the nozzle discharge hole
and pvap is the saturated vapor pressure. In a recent experiment of cavitating flow in an
up-scale injector replica, Mauger et al. (2012, 2014) noted that (i) cavitation inception
occurs in the shear layers between the recirculation zones and the bulk of flow, and not
at the inlet corner where the average pressure is minimal. (ii) They also observed that
turbulence in the wake of vapor cavities causes the detachment of vapor bubbles, and
that the collapse of vapor bubbles generates pressure waves which can alter the cavitation
process.
Owing to the complexity and the interplay of these various physical processes, accurate
simulation of cavitating flows remains a challenge, even in these simplified geometries.
The main difficulties reside in the effects of the pressure wave and turbulent fluctuations
on the bubble formation and collapse, which strongly couple the two phases, as well
as the uncertainty involved in the nucleation processes and the cavitation threshold. A
detailed overview of cavitation models can be found in Giannadakis et al. (2008) and
Dumond et al. (2013) and references therein. In this report two numerical approaches for
the simulation of this complex flow are presented. The first one is a “real gas” simulation
using a tabulated state equation, and enables us to capture the pressure waves in the
liquid and its coupling with the formation of new cavitation sites. In the second approach,
an LES of the vapor/liquid mixture is coupled with a Lagrangian stochastic model of
the rate of vapor production. This model accounts for the uncertainty in the cavitation
thresholds (due to impurities, microbubbles, or dissolved gas) and is controlled by the
amplitude, duration, and spatial distribution of the stress in the flow.

2. Geometries and mesh
The two numerical approaches presented below are applied to a configuration that
mimics the experiments of Mauger et al. (2012, 2014), consisting of a small channel
that connects two reservoirs whose pressure can be set independently. The parameters
describing the geometry as well as the properties of the test oil used for the experiment
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H (µm) L (µm) D (µm) p0 (bars) ∆p (bars) ρl (kg.m−3 ) µl (P a.s) pvap (Pa)

400

1475

2000

50

4.5 ∼ 45

880

2 × 10−3

∼ 1000

Table 1. Parameters of the flow in Mauger et al. (2012). H, L, and D are, respectively, the
height, length, and depth, (as shown in the sketch), p0 is upstream pressures and ∆p = p0 − p1
is the pressure drop through the channel, liquid density ρl , and viscosity µl of the test oil and
its saturated vapor pressure pvap (note that the given value corresponds to a temperature of
293K).

are given in Table 1. The Reynolds number and cavitation number ranges are:
ρl U h
= 6500–12500,
µl
p0 − p1
= 0.1–2.3.
CN =
p1 − pvap
Re =

(2.1)
(2.2)

The size of the numerical domain is the same as that of the experiments, and the sizes of
the upstream and downstream chambers are taken to be big enough to avoid any influence
on the channel flow: the height is ten times larger than that of the channel and the inlet
and outlet boundary conditions are imposed far upstream and downstream of the channel,
respectively. Periodic boundary conditions are used in the spanwise direction, and no-slip
conditions are imposed at the walls. A schematic diagram of the computational domain
is presented in Figure 1. Starting from a uniform coarse mesh, the mesh has been refined
in the channel using the “Adapt” tool from Cascade Technologies, Inc. Three refinement
levels have been tested. The three meshes have 1.6 × 106 , 5 × 106 and 40 × 106 cells
which correspond to 32, 64, and 128 nodes in the wall normal direction in the channel,
respectively. The mesh in the x-y plane is shown in Figure 1.

3. Numerical simulation with a tabulated state equation
In this approach the turbulent cavitating flow is simulated using a compressible NavierStokes solver:
∂ρu
+ ∇ · (ρ u ⊗ u) = −∇P + ∇ · S
(3.1)
∂t
∂ρ
+ ∇ · (ρ u) = 0.
(3.2)
∂t
The state equation for the fluid is assumed to be barotropic:
ρ = ρ(P ).

(3.3)

In this work the relation between local pressure and local density is tabulated. Note
that the sound of speed is given by a2 = (∂P/∂ρ) |s . The tabulated relation is presented
in Figure 2. It is seen that at p ∼ 7300 Pa the density presents a very stiff evolution
representing the liquid/vapor phase change. In the liquid side, the evolution of density
is almost flat (with ρ ∼ 1000 kg/m3 ), to account for the very small compressibility of
the liquid (high speed of sound). Far from the transition, the evolution of density is
linear according to the Boyl-Mariotte law. Since the state equation is barotropic, there
is formally no need for an energy equation to close the system (Eq. 3.2, 3.3).
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(a)

(b)

(c)
Figure 1. (a) Sketch of the geometry. (b) View of the mesh # 2 in the longitudinal median
plane. (c) Idem, zoom of the mesh # 3.
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Figure 2. The tabulated relation between the pressure and density.

The system is solved with the numerical procedure based on the CharLES solver developed at Cascade Technologies, Inc. Namely, it uses a central-upwind scheme in single-
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phase regions, and it switches to lower-order reconstruction (WENO and first order)
with an approximate Riemann solver close to the discontinuities (i.e., the phase change).
Time integration is performed with an explicit third-order Runge-Kutta scheme. This
approach has been developed by F.H. and has been used by Chumakov et al. (2012).
The main advantage of this approach is that once the relation (Eq. 3.3) is provided,
there are no parameters to tune, and therefore good predictive capabilities can be expected. In particular, the pressure waves in the liquid are tracked and therefore the
interplay between the cavitation process and acoustic events, as seen in Mauger et al.
(2012), can be investigated. Nevertheless, some simplifications are introduced. First, heat
effects such as viscous heating and modification of the local thermodynamic properties
of the fluid are neglected, although they can affect the cavitation (Brennen 1995; Dular
& Coutier-Delgosha 2013; Mauger et al. 2012). Also, the effects of surface tension in
the momentum equation are not considered. Finally, although this approach is robust,
it requires a very fine mesh to accurately resolve the gas-liquid jump. A given point is
either in the liquid or in the gas, which is why this approach is referred as DNS. It is
likely that the mesh convergence will only be reached for a mesh with several billion cells
(for typical values of Re and CN ). Also, the CFL condition imposes a very small time
step since the speed of sound in the liquid is very high (of the order of 1300 m/s).
3.1. Results
Although the mesh is too coarse and the DNS is under-resolved, in this section we present
the preliminary results obtained with this approach, hoping that a qualitative assessment
may hold.
In Figure 3(a), we present a slice of the instantaneous density field. We can see the
formation of large vapor cavities from the channel inlet. The Kelvin-Helmholtz instability,
seen at the interface close to the channel inlet, leads to a strong instationarity of the vapor
pockets which can cause them to break. Once a vapor parcel is detached from the main
pocket, it is convected downstream by the liquid phase until it reaches a region of high
pressure, where it collapses. Figure 3(b) presents the instantaneous pressure field. It is
seen that the vapor collapse is concomitant with the generation of pressure waves of large
amplitude. Such acoustic events can travel upstream (the Mach number in the liquid is
less than 0.1) and can interact with the formation of vapor at the entrance of the channel.
Figure 3(c) shows the streamwise velocity. We note first that in the bulk of the flow the
velocity is large, of the order of 100 m/s. Also, we observe that the vapor is superimposed
on the recirculation regions, which can also present important (negative) values. This has
dramatic consequences when the vapor pockets extend up to the channel exit. Due to
the presence of the recirculation, liquid from the downstream reservoir is sucked into the
pocket, which is rapidly filled and thereby disappears. This is similar to the “hydraulic
flip” mechanism described by Sou et al. (2007), but we should note that with the same Re
and CN , Mauger et al. (2014) never observed such a phenomenon in their experiment.
3.2. Limitations of this approach
This approach presents a qualitative agreement with experiments, regarding the dynamics
of the vapor pockets and the coupling with the acoustic field.
As the WENO scheme used to capture the discontinuity is highly dissipative, the
vorticity generation taking place at the discontinuity requires a very fine mesh to be
accurately predicted. This explains the long extent of the vapor pockets compared to the
experiments. Also, the small mesh size imposes a very small time step due to the high
speed of sound in liquid. For example, in the simulations presented above, even with
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(a)

(b)

(c)
Figure 3. Snapshots, for the mesh # 3 at Re = 12000 and CN = 1.3, in the x-y plane of
(a) the density, (b) the pressure, and (c) the streamwise velocity. Movies corresponding to these
figures can be seen here: http://ctr.stanford.edu/ResBriefs/2013/movies/04 zamansky/.

this coarse mesh, a CFL of order 1 imposes a time step around 1 × 10−10 s. This raises
two issues. First, a very large number of time steps are necessary to reach a statistically
steady state. However, thanks to the explicit procedure, a high parallel efficiency is
achieved and allows the simulation to be computed within an affordable time. Second,
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the typical collision frequency between vapor molecules must be compared with the
integration time step. For water vapor at 300K and P = pvap (T ), one can estimate, from
kinetic theory, a frequency of order 3 × 109 s−1 , meaning that the temporal Knudsen
number is large (Kn = O(10)) and may limit the validity of the local thermodynamic
equilibrium assumption. Moreover, any mesh refinement will further increase this ratio.
Finally, note that we used a surrogate state equation matching some of the properties
of water, but with this approach it is not straightforward to modify the fluid properties.
For example, the state equation for an actual diesel oil is unknown, and in the context
of automotive fuel injection, the presence of impurities (such as particles, microbubbles
and dissolved gas) is likely to produce a large uncertainty in the cavitation thresholds.

4. Stochastic model for the rate of vapor production
In this second numerical approach, we focus on the effects of the impurities and of
the flow dynamics on the delay of the cavitation onset. Following the idea developed by
Gorokhovski et al. (2012), we propose that the production of bubble nuclei in cavitation
results from the break in the continuous medium under the action of excessive stresses,
and is given by a fragmentation process. We present a stochastic model for the rate of
vapor production that depends on the “quality” of the liquid and on the amplitude and
duration of the total stress over a fluid parcel. This model is coupled to an LES solver
(Ham 2007) for the vapor mass fraction α through a production/destruction term S˙α .
∂ρu
+ ∇ · (ρ u ⊗ u) = −∇P + ∇ · [(µ + µt ) D]
∂t
∂ρ
+ ∇ · (ρ u) = 0
∂t



∂ρα
µt
+ ∇ · (ρ u α) = ∇ · ρκ +
∇α + S˙α ,
∂t
Sct

(4.1)
(4.2)
(4.3)

∂ui
∂uj
2 ∂uk
+
− δij
, µ and µt are the laminar and turbulent viscosity,
∂xj
∂xi
3 ∂xk
κ is a diffusion coefficient, and Sct is a turbulent Schmidt number. µt is given by the
dynamic Smagorinsky model. The source term S˙α represents interphase mass transfer
between gas and liquid phases. Both the vapor and liquid have constant density ρv , ρl ,
and dynamic viscosity µv and µl , and the properties of the mixture depend linearly on
the vapor mixture fraction:
where D =

ρ = αρv + (1 − α)ρl

(4.4)

µ = αµv + (1 − α)µl .

(4.5)

Before presenting the actual stochastic model and its implementation strategy, we
focus on a toy model to explain the influence of the impurities (introduced as disorder
in the medium) on a first-order phase transition.
4.1. The random field Ising model
The Ising model in an external field B at a temperature well below its critical temperature
is a well-studied lattice model of first-order phase transition (Kadanoff 2000): when the
field Bt evolves with time, the direction of the magnetization may reverse suddenly.
Similarly to Sethna et al. (1993), one can add a random field bi at each site of the
Ising model to investigate the effect of disorder in a first-order phase transition. The
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Hamiltonian H of this modified Ising model is then:
X
X
X
H=−
Jsi sj − Bt
si −
bi si ,
i

{ij}

(4.6)

i

where the spin value at the lattice site i is si = ±1, J > 0 represent the strength of
the interaction between neighbor sites, and the notation {ij} expresses all the pairs of
nearest neighbors. The first term on the left-hand side represents the energy cost of
moving a pair of spins from an identical configuration (si = sj = ±1) to an opposite one
(si = −sj ). The second sum is applied on every site and represents the energy cost of
moving a spin from being aligned with the external field to the opposite. And the last
term represents weakness introduced in the lattice by the disorder. For the dynamics, we
neglect the thermal fluctuations of the system and when the external field is changed by
a small increment Bt+δt = Bt + δB, the spin si flips if it results in a decrease of energy.
This happened when the local effective field
X
f
=
Jsj + Bt + bi
hef
(4.7)
i
{j}i

changes sign. In the previous expression {j}i denotes all the nearest neighbors of i. The
system evolves following an “avalanche”-type dynamics (Sethna et al. 1993). There are
two ways of flipping a site: (i) by participating in the avalanche propagation when it is
triggered by the flipping of one of its neighbors; or (ii) by starting a new avalanche when
it is flipped by the slow increase of the external field.
The model is characterized by different parameters: the lattice geometry and number
of sites, and a disorder parameter R = σb /Nn J, where σb is the characteristic fluctuation
of the random internal field bi and Nn is the number of neighbors of a site. Kuntz et al.
(1999) proposed an efficient numerical way to simulate this system. Figure 4 presents the
evolution of this model, solved on a 100 × 100 square lattice, for different values of the
disorder parameter when subject to a slow linear increase and decrease of the external
field. At a large disorder, the avalanches die out after a number of spin flips that do not
depend on the mesh size, yielding a smooth hysteresis loop (as seen in Figure 4). In the
limit R → ∞, the couplings between spins J are not significant and each spin si flips
when the external field Bt becomes equal to −bi (see Eq. 4.7). Reversely, for a very small
disorder, R → 0, a single event can trigger a spanning avalanche (the entire system is
flipped). The critical disorder Rc is defined as the minimum disorder necessary to observe
an infinite avalanche.
By analogy with cavitation, the Ising model for a ferromagnet corresponds to a fluid
element in which the local phase (liquid or vapor) is given by si = ±1, J corresponds to
the surface tension effect, bi denotes the presence of impurities, while Bt is the external
stress (minus the critical pressure) applied to this fluid element. As seen in Figure 4, the
metastable states due to liquid-vapor surface tension are reproduced by the random field
Ising model. Also, this toy model reproduces the observation that cavitation is easily
triggered by impurities. The hysteresis seen in the dynamics, due to the avalanches and
the hierarchy of metastable configurations, renders the model highly sensitive to both
the amplitude and duration of the stress (Bt ). In an actual turbulent flow, the stress
viewed by a fluid element has random fluctuations. As an example, Figure 5 presents
the evolution of the system when the external field is given by an Ornstein-Uhlenbeck
process.
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Figure 4. Bottom: The imposed temporal evolution of the external fields Bt . Middle: The
1 X
si ) given by the random field
N2

resulting temporal evolution of the magnetization (M =

i

Ising model with the avalanche dynamics, for various disorder parameters R = 0, 1, 4, 10. Top:
M is plotted against Bt to emphasize the hysteresis loop.

4.2. A stochastic model
Although the model presented above has interesting features regarding the nucleation
and development of a new phase, it is not tractable if one is interested in the evolution of
a very large number of fluid elements in the flow. To this end, in this section we present
a stochastic differential equation for the evolution of the vapor mass fraction a of a fluid
parcel. Bakosi & Ristorcelli (2010) introduced a stochastic equation relaxing to the β
distribution, which seems to be a good candidate with which to parametrize the previous
model and reproduce its effects:
p
1
(aeq − a)dt + ka(1 − a)dW,
da =
(4.8)
2τ
with aeq corresponding to the equilibrium value (i.e., long time), τ is a characteristic
relaxation time, k/τ is a parameter that sets the shape of the stationary β distribution,
and dW is the increment of the Wiener process. The requirement 0 ≤ a ≤ 1 is imposed
thanks to the non-linear diffusion term. We assume that the applied stress is homogeneously distributed in a fluid parcel, and therefore after a long enough time, all the fluid
element is either in the vapor state (a = 1) or in the liquid state (a = 0), depending
of the value of the stress. Correspondingly, we choose aeq = H(T11 − Pc ), where H is
the Heaviside function, T11 is the principle component of the total stress tensor (Joseph
1998), and Pc is the critical stress threshold, chosen here as the saturated vapor pressure.
From the classical statistical theory of heterogeneous nucleation (Brennen 1995; Wang
et al. 2007), the relaxation time is introduced as a function of the surface tension and
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Figure 5. The same caption as in Figure 4 for R=2, with the imposed external fields
evolving according to an Ornstein-Uhlenbeck process. An animation can be found here:
http://ctr.stanford.edu/ResBriefs/2013/movies/04 zamansky/.

density of impurities. The last parameter k gives the dispersion of a around aeq and
is dependent on the number density of impurities and the volume of the fluid element.
When the model (Eq. 4.8) is coupled with a stochastic signal for T11 , we can reproduce
the complex non-linear dynamics observed in Figure 5.
4.3. Implementation of the model
The stochastic model for the rate of vapor production/destruction is a Lagrangian model
since it depends on the amplitude and duration of the stress viewed by a fluid element.
Then, to account for the residence time in regions of intense stress, we adopt the following
approach: we inject a large number of fluid tracers into the computational domain. Each
tracer is moving with the flow (ẋ = u(x)). For each the stochastic equation (Eq. 4.8) is
advanced using the local stress at its position (obtained by linear interpolation). Then,
the computed increment da of the model is projected back on the Eulerian mesh and
is used to compute the source term Ṡ for the advection equation of the vapor volume
fraction in Eq. (4.3):
ρl
Ṡdt = α da if da > 0
(4.9)
ρv
= (1 − α)da if da ≤ 0.
(4.10)
This basic approach requires extensive computational resources and presents several
problems. (i) It is not clear where the optimal location to inject the tracers is. In the
results presented below, they are injected upstream of the channel inlet, where the mesh
is refined (see Figure 1a). A similar question is when to destroy a tracer. We choose to
recycle a tracer when it leaves the channel or when its lifetime is ten times that of the
mean residence time (computed from the bulk velocity and the length of the channel).
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Although in Zamansky et al. (2013) it has been shown that intermittency at subgrid
scales can have a significant impact, the fluid tracers are moved with the filtered velocity,
neglecting the SGS motion, and similarly fluctuations of the stress at SGS are not taken
into account in the interpolation procedure. And finally, an important question regarding
this Monte-Carlo procedure is the statistical convergence with the number of fluid tracers.
Here we choose to have roughly one tracer per cell. Note that most of these limitations
can be overcome by considering Eulerian PDF transport approaches such as the moment
quadrature method (Marchisio & Fox 2005) or the recently proposed stochastic field
approach (Dumond et al. 2013).
4.4. Results
Figure 6 presents snapshots of the streamwise velocity and of the principal eigenvalue of
the total stress (Eq. 1.1). The cavitation inception (Ṡ > 0), which is roughly connected
to the location of the maximum stress, is seen to occur in the shear layer at the channel
inlet, in the vortices resulting from the destabilization of the shear layer. This is similar to
the experimental observations of Mauger et al. (2012). Also, the size of the recirculation
region is much smaller compared to the other numerical simulation tested above (see
Figure 3a) and seems in better agreement with the experimental investigation of this
flow. Figure 6 shows the mean vapor volume fraction in the x − y plane. We can see the
presence of vapor pockets in the recirculation zone of the flow. Also, in agreement with
experimental studies, the onset of the vapor pockets is not attached to the inlet corner.
Figure 7 presents more quantitative results. The vapor volume fraction is averaged
over a small spatial window located in the shear layer close to the channel entrance
(the averaging window is depicted by the red rectangle in Figure 6c). Evolution of the
averaged vapor fraction with the pressure difference is compared with the experiment of
Mauger et al. (2012). Although agreement is not perfect, the threshold for the appearance
of cavitation can be predicted with this approach.
In Figure 8, evolution of the mass flow rate through the channel is plotted against the
pressure difference. It is seen that at small values of the pressure gradient, the evolution
is quadratic, in agreement with the experiment. We observe an overshot of about 20% of
the mass flow rate, that may be due to the use of periodic boundary conditions in the
streamwise direction, and an under-resolution of the gradients in the near-wall region by
the LES. In this approach, the mass flow rate is imposed in order to match the prescribed
pressure difference. It is therefore unlikely that the saturation of the mass flow rate can
be simulated with an incompressible flow (with variable density) solver.

5. Conclusion
Accurate numerical simulations of fuel jet atomization in a combustion chamber need
realistic inflow conditions. As a consequence, it is necessary to include modeling of the
cavitation processes that typically occur in modern diesel injection systems. In this report two numerical approaches have been tested. In the first, we used a tabulated state
equation to introduce the effects of the acoustic field in the liquid. Further developments
of this approach need to address non-equilibrium thermodynamic effects as well as the inherent uncertainties caused by the presence of impurities in the liquid phase. The second
approach focuses on the simulation of bubble nuclei production in the flow. We proposed
a stochastic model, solved in a Lagrangian frame, that accounts for the concentration of
impurities, as well as the dynamics of the stress viewed by a fluid parcel. This model has
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(a)

(b)

(c)
Figure 6.
Snapshots, for the mesh # 3 at Re = 12000 and CN = 1.3, in
the x-y plane of (a) the streamwise velocity, (b) the total stress and (c) for the
mean vapor volume fraction. Movies corresponding to these figures can be seen here:
http://ctr.stanford.edu/ResBriefs/2013/movies/04 zamansky/.
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Figure 7. Evolution of the mean vapor volume fraction with the pressure difference in the small
window close to the channel inlet (see Figure 6c). Crosses: from experimental data of Mauger
et al. (2012), squares: numerical simulation.

been coupled with a homogenous mixture LES solver, and shows good comparisons with
experimental studies.
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Figure 8. Evolution of the mass flow rate as a function of the pressure difference. Crosses:
from experimental data of Mauger et al. (2012); squares: numerical simulation.
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