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Abstract
A model and solution method for phase transition in com-
pressed liquefied gases is presented. The model is a two-
phase 6-equation model with a common flow velocity for
the two phases. The numerical method for solving the
model is based on the 2. order shock capturing MUSCL-
scheme with a HLLC Riemann solver. The van der Waal
cubic equation of state is used for closing the set of equa-
tions. The phase transition model is based on thermody-
namic and mechanical relaxation between the phases. The
goal of the work is to present a numerical model capable
of resolving the two-phase flow situation in the depressur-
ization of a vessel or pipe containing liquefied CO2. Simu-
lation of expansion and phase transition in pressurized liq-
uefied CO2 is presented and compared with experimental
data. The simulations are with a one dimensional geom-
etry and the experiments are performed in a narrow tube.
Wall effects in the experiments are not captured in the sim-
ulations. The wave structure seen in the experiments is
reproduced by the simulation although not quantitatively.
The simulations show that the fluid is in the metastable
region before it undergoes a phase transition. The level
of expansion of the metastable liquid shown in the in the
simulations is not seen in the experiments.
Keywords: phase transition, liquefied gas, BLEVE, van
der Waal, MUSCL

1 Introduction
The focus of this paper is to present a numerical model
capable of resolving the two-phase flow situation in the
depressurization of a vessel or pipe containing liquefied
CO2. The methodology is attended for use with all types
of liquefied pressurized gases. Sublimation of solid par-
ticles will not be addressed, since liquid-vapour interac-
tion is the dominant process inside and in the immedi-
ate vicinity of the vessel. In order to get the necessary
level of accuracy in the thermodynamic calculations, a
non-monotonic equation of state is chosen. For CO2, the
most accurate liquid-vapour EOS available is the Span-
Wagner multiparameter EOS (Span and Wagner, 1996). It
would be extremely challenging to implement this type of
EOS into a numerical code, but the authors regards this
as the end-goal of the present work. The usage of a non-
monotonic EOS in a numerical solver raises a number of

issues, since both the liquid and vapour states have a lim-
ited region of existence. In order to deal with these issues,
the simplest form of a non-monotonic EOS, namely the
cubic van der Waals EOS, is used in the development of
a numerical code. Menikoff and Plohr (1989) state that
the Maxwell equal-area rule must be applied to modify
the equation of state in order to avoid imaginary speed of
sound in the van der Waals loop. Saurel et al. (2008) prop-
agate the misconception that the square speed of sound is
negative in the spinodal zone. In the present work how-
ever, a less strict method is applied to allow metastable
states, while maintaining a real speed of sound. While
quantitatively inaccurate, the van der Waals equation of
state provides a qualitative representation of every major
feature of real gas behavior. Combined with its simple
formulation, this makes it an often used EOS in model de-
velopment and academic work. Using a non-monotonic
equation of state in a numerical solver raises a number of
issues. It is therefore necessary to develop robust solv-
ing algorithms that are capable of handling two phase
flow in the vicinity of spinodal states. The van der Waals
EOS is chosen to develop a proof of concept, because its
simple formulation allows for analytical expressions for
many thermodynamic parameters, e.g. the spinodal curve.
Most compressible two-phase solvers use some form of
stiffened gas equation of state or a more generalized Mie
Gruneisen form equation of state. Even though it can be
written on Mie-Gruneisen form, the van der Waals equa-
tion of state has been little used in the context of fluid dy-
namics. Slemrod (1984) analyzed the dynamic phase tran-
sitions in a van der Waals fluid. Zheng et al. (2011) used
an interface capturing method with a generalized equation
of state on the Mie-Gruneisen form where, among oth-
ers, the van der Waals equation of state was used. To the
authors knowledge, no solvers allowing metastable two-
phase compressible flow with phase transition using the
van der Waals equation of state exists.

Some work has been done to develop numerical models
that are capable of describing evaporation waves. Saurel
et al. (1999) developed a Godunov method for compress-
ible multiphase flow that was later applied to the subject of
phase transition in metastable liquids (Saurel et al., 2008).
They were able to qualitatively reproduce the evaporation
front velocities measured by Simoes-Moreira and Shep-
herd (1999). In recent years, there have been several at-
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Figure 1. Pressure-volume diagram for CO2 showing saturation
curve, spinodal curve, an isotherm and an isentrope.

tempts to model BLEVE-type scenarios (Pinhasi et al.,
2007; VanDerVoort et al., 2012; Xie, 2013).

1.1 Metastable liquids
Figure 1 shows the pressure-volume diagram of CO2 cal-
culated from the Span-Wagner EOS. The spinodal curve is
defined as

(
∂ p
∂v

)
T
= 0 and is seen as an absolute boundary

for an expanding liquid state. In the region between the
liquid saturation curve and the spinodal curve a metastable
liquid can exist. A metastable liquid is not in an equilib-
rium condition and a fluid can only stay in such a state
for very short times. During a rapid expansion of a com-
pressed liquefied gas metastable liquid states will occur
behind propagating expansion waves before phase tran-
sition forces the thermodynamic state to change towards
equilibrium conditions.

2 Model for two phase flow and phase
transition

The numerical model used in this work solves the two-
pressure 6-equation model given by Saurel et al. (2009).
Without heat and mass transfer, the model reads:

∂α1

∂ t
+u

∂α1

∂x
= µ(p1− p2), (1)

∂α1ρ1

∂ t
+

∂α1ρ1u
∂x

= 0, (2)

∂α2ρ2

∂ t
+

∂α2ρ2u
∂x

= 0, (3)

∂ρu
∂ t

+
∂ρu2 +(α1 p1 +α2 p2)

∂x
= 0, (4)

∂α1ρ1e1

∂ t
+

∂α1ρ1e1u
∂x

+α1 p1
∂u
∂x

=−pI µ(p1− p2), (5)

∂α2ρ2e2

∂ t
+

∂α2ρ2e2u
∂x

+α2 p2
∂u
∂x

= pI µ(p1− p2). (6)

The right hand side terms corresponds to pressure relax-
ation. pI is the interfacial pressure, estimated by

pI =
Z2 p1 +Z1 p2

Z1 +Z2
, (7)

where Zk = ρkck is the acoustic impedance of phase k.
Where αk is the volume fraction of phase k, ρk is the den-
sity of phase k, pk is the pressure of phase k, ek is the
specific internal energy of phase k, Yk is the mass frac-
tion of phase k, ck is the speed of sound of phase k, µ

is the dynamic compaction viscosity and determines the
rate of pressure relaxation, u is the flow velocity and an
infinitesimal relaxation time, or large enough drag, is as-
sumed leading to a common velocity between the phases.
Phase 1 and phase 2 is vapour and liquid respectively. The
mixture speed of sound used in this model is the frozen
speed of sound,

c2
f = Y1c2

1 +Y2c2
2. (8)

In the present work, we use stiff pressure relaxation (µ →
∞). As shown in (Saurel et al., 2009), this means the re-
covery of the 5-equation model. Then the model is strictly
hyperbolic with wave speeds (u+ c f ,u− c f ,u).

2.1 The van der Waals equation of state
The van der Waals equation of state (vdW-EOS) is the
simplest form of a cubic equation of state. It is classified
as cubic because it can be written on the form

v3 +a2v2 +a1v+a0 = 0 (9)

where v is the specific volume and ak are pressure and/or
temperature dependent coefficients. The vdW-EOS can be
derived from the ideal gas EOS by adding correction terms
for the excluded volume occupied by finite-sized particles
and inter-molecular forces. On its classical form, the vdW-
EOS reads (

p+
n2a
V 2

)
(V −nb) = nRMT (10)

where n is the number of moles occupying the volume V
at pressure p and temperature T . RM is the ideal gas con-
stant. a is a measure of the attraction between particles
and b is the volume excluded by one mole of particles
(molecules). As the volume tends to infinity, the vdW-
EOS converges to the ideal gas law. The special case of
V = nb corresponds to a situation where the volume V is
completely filled by the particles. At this point, the pres-
sure tends to infinity. This implies that the van der Waals
equation of state is only valid for V > nb. In terms of the
volume at the critical point, this limit can be written as
v
vc
> 1

3 .

3 Solver
The equation set is solved by the 2. order accurate
shock capturing MUSCL-scheme (Monotone Upstream-
centered Scheme for Conservation Laws) combined with
a HLLC (Harten Lax vanLeer Contact) Riemann solver
for the interfacial fluxes (Toro, 1999). This solver is used
for the hyperbolic part of the equation set i.e. the left hand
side of equations 2 to 6.
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The shock capturing method with the approximate Rie-
mann solver solves shock waves and contact surfaces as
very steep gradients with a numerical diffusion of a shock
or contact discontinuity thickness of usually three control
volumes. The equation set is closed by the van der Waals
equation of state. The time step is variable and controlled
by the Courant-Friedrich-Levy number.

3.1 Stiff pressure relaxation
The pressure relaxation step solves the equation set

∂α1

∂ t
= µ(p1− p2), (11)

∂α1ρ1e1

∂ t
=−pI µ(p1− p2), (12)

∂α2ρ2e2

∂ t
= pI µ(p1− p2) (13)

in the limit µ → ∞. All other conserved variable groups
are held constant during the relaxation step. According
to (Saurel et al., 2009), this system of equations can be
replaced by

ek(p,vk)− e0
k(p0

k ,v
0
k)+ p̂I(vk− v0

k) = 0, k = 1,2 (14)

and the saturation constraint

(αρ)1v1 +(αρ)2v2 = 1 (15)

where (αρ)k is constant during the relaxation step. The
system can be closed by the van der Waal equation of state
ek(ρk, pk). Equation 14 can then be reformulated to vk(p)
by using an estimate of p̂I . In the present work, the es-
timation p̂I = p0

I is used, but other estimates can also be
used as shown by Saurel et al. (2009). Finally, we insert
the expressions for vk into eq. 15 and solve for p.

Since the pressure estimated by this method is not guar-
anteed to be in agreement with the mixture equation of
state p(ρ,e,α1), this pressure is only used to find the re-
laxed volume fraction α1. The relaxed pressure is then
determined by the mixture equation of state and the inter-
nal energy from the redundant total energy equation. The
conserved variables (αρe)k are then re-initialized using
the relaxed pressure and volume fraction. This ensures
the conservation of mixture energy in the flow field.

Alternate relaxation methods can also be used. Both
isentropic and isenthalpic relaxation methods has been
tested with the same results as the method described here.
This gives reason to assume that the thermodynamic re-
laxation path is of lesser importance, since it is only used
to estimate the relaxed volume fraction. If the numerical
method is expanded to a more complex EOS, this means
that the pressure relaxation process most likely can be re-
solved with a less rigorous estimate of the thermodynamic
relaxation path.

With the reduced vdW-EOS, eq. 14 can be written as

π(δk) =
2Ckδ 2

k π̂I−2δ 3
k π̂I−3δk +3

δ 2
k (3δk−1)

, (16)

where

Ck = δ
0
k +

1
π̂I

[
1
2
(π0

k +
3

(δ 0
k )

2
)(3δ

0
k −1)− 3

δ 0
k

]
. (17)

Since we have no mass transfer, we can write

G1δ1 +G2δ2 = 1. (18)

where Gk = (αρ)kvc. From this, we get

δ2(δ1) =
1−G1δ1

G2
(19)

The algorithm for stiff pressure relaxation solves the equa-
tion f (δ1) = 0 by the Newton-Raphson method, where

f (δ1) = π1(δ1)−π2(δ1),

dπk

dδ1
=

(
−π̂I

6Ck−2
(3δk−1)2 +

6(3δ 2
k −5δk +1)

δ 3
k (3δk−1)2

)
dk,

d1 = 1, d2 =−
G1

G2

Where π is reduced pressure and δ is reduced volume.

3.2 Stiff thermodynamic relaxation
The thermodynamic relaxation method used presently dif-
fers somewhat from the methods used by Saurel et al.
(2008) and Zein et al. (2010). It is simpler in formula-
tion and relatively easy to implement for any equation of
state. We consider a two phase system with total density
ρ =α1ρ1+α2ρ2 and total internal energy e=Y1e1+Y2e2.
Since no mass or heat is added to the system during the
relaxation step, these mixture properties are constant. We
will consider the velocity of the two phases to be equal
and constant during the relaxation step. Initially, the sys-
tem is closed by the known variables ρ1,ρ2,e1,e2. In the
numerical solver used presently, the two phases will be in
mechanical equilibrium at the start of the relaxation step,
but this is not a prerequisite of the procedure. The system
can be uniquely determined by requiring complete ther-
modynamic equilibrium between the two phases:

p1 = p2 = p, T1 = T2 = T, g1 = g2 = g. (20)

Where g is the Gibbs free energy. Note that this require-
ment is not possible for all ρ and e. This is indeed the case
when there is only a single phase solution, that is when the
limit of complete evaporation or condensation is reached.
Since the numerical method is only valid for αk > ξ ,
where ξ is some small number (typically ξ = 10−6), the
single phase limit of phase 1 will be determined by

p1 = p2 = p, T1 = T2 = T, α1 = 1−ξ (21)

and equivalent for the single phase limit of phase 2. If a
cubic equation of state is used, even this is not possible for
all ρ and e. This will be the case when one phase reaches
the spinodal state before thermal equilibrium is reached. If
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phase 2 is at the spinodal state, the system is determined
by

p1 = p2 = pspin(v2) = p,
T1 = T (v1, p), T2 = Tspin(v2), α1 = 1−ξ

(22)

v2 is determined by the mixture equation of state, and v1
is determined by conservation of mass (v = Y1v1 +Y2v2).
The subscript spin denotes the thermodynamic spinodal
state.

In the context of the van der Waals EOS, the three
cases (20, 21 and 22) can be identified by the values of
ρ and e. A fourth case is theoretically possible, namely
e < e(ρ)T=0, but this is not likely to occur in numerical
calculations and is therefore not further examined.

The stiff thermodynamic relaxation procedure was used
when pl < psat(Tl). An additional criterion ξI < α1 < 1−
ξI can be used, where ξI represents the interface limit of
the volume fraction (typically ξI = 102ξ to 103ξ ). This
last criterion is referred to as the interface criterion of the
thermodynamic relaxation procedure and is used to allow
for the formation of metastable liquid.

4 Experiments
The capabilities of the model to predict phase transition in
pressurized liquid CO2 by expansion is validated by com-
paring simulation results with experimental results. The
experimental results are presented in Hansen et al. (2016).
Figure 2 shows a drawing of a experimental apparatus for
rapid expansion of liquefied CO2. The expansion tube is
9 mm inner diameter, 1.5 mm wall thickness polycarbon-
ate. Before the beginning of the experiment, the tube is
filled to about half level with saturated liquid CO2 at room
temperature, about 20oC. The pressure in the tube is then
5.5 MPa. The top of the tube is closed with a diaphragm
which is punctured by an arrow, releasing CO2 to the at-
mosphere. Expansion waves then propagates down the
tube and starts a boiling process due to the falling pres-
sure. The expansion tube is transparent and a high speed
digital camera captures the expansion and boiling process
on a high speed movie which is later analyzed. The cam-
era operates at 20 000 fps for this experiment. Typical
wave trajectories is shown in figure 3.

5 Simulation set-up
The simulation domain is shown with initial conditions in
figure 4. The calculation was run with an initial CFL num-
ber set to 0.2 for the first 200 time steps. The CFL number
was then linearly increased to 0.5 over 50 time steps and
was set to 0.5 for the rest of the calculation. The initial
conditions for the simulation is shown in table 1. The one
dimensional domain was divided into 7000 control vol-
umes with 10−4 m length.

6 Results and discussion
The van der Waal EOS is not able to reproduce the thermo-
dynamical states quantitatively, especially close to satura-

Figure 2. Experimental set-up.

Figure 3. Schematic representation of the waves in the one di-
mensional expansion experiments.

tion condition. The results are presented as scaled quan-
tities to show the qualitative behaviour of the simulation
method. The pressure is scaled with saturation pressure
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Figure 4. Initial and boundary conditions in the simulation do-
main.

Table 1. INITIAL SIMULATION CONDITIONS

x < 0.25 m 0.25m ≥ x
x < 0.5m x≥ 0.5m

p [Pa] 5.5 ·106 5.5 ·106 105

u [m/s] 0 0 0
α 10−6 1−10−6 1−10−6

ρ1 [kg/m3] 175.00 175.00 1.8794
ρ2 [kg/m3] 530.45 565.46 565.46

at initial temperature, ie. the initial pressure in the tube.
The time is scaled by the average propagation time for
an expansion wave along the total length of the pipe and
the position is scaled by the tube length. The initial in-
terphase in the experiments was 56 % of the tube length
from the bottom. For comparison of the wave structures
the interphase is moved to scaled position 0.5 like in the
simulations. The wave structures in the experiments and
simulations are shown as x-t diagrams. The experimental
x-t diagram is extracted from the high speed movie. The
pixel row from the central position of the tube is stacked
along the time vector.

Figure 5 shows the simulated wave structure in the ex-
pansion tube. An initial expansion wave propagates down-
wards in the gas phase from scaled time 0. The expan-
sion wave both reflects and transmits at the interphase, at
scaled time 0.7, where the reflected wave is seen travel-
ing upwards and the transmitted wave continues down-

Figure 5. Scaled simulated density for expansion of CO2 in 1D-
domain. The results show the wave structure in the expansion
process.

Figure 6. Experimental x-t diagram of expansion of CO2 in a
narrow tube. The results show the wave structure in the expan-
sion process.

Figure 7. Simulated and experimental scaled pressure history at
the bottom of the expansion tube.

wards into the liquid. A condensation phase transition
occurs behind the reflected upwards traveling expansion
wave. A phase transition in the liquid is initiated and the
contact surface of the expanding liquid-gas mixture trav-
els upwards following the reflected expansion wave. The
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expansion wave traveling through the liquid is reflected at
the bottom of the tube and a faster phase transition is ini-
tiated there due to the high level of expansion. The phase
transition initiated by the incident expansion wave is slow
due to a low level of superheat. Once the expansion wave
reflects at the bottom and again interactes with the initial
interphase between liquid and vapour, at scaled time 1.6,
a faster phase transition is triggered. Comparing these re-
sults to the experimental results seen in figure 6 shows the
same wave structures. In the experiments a condensation
wave following the incident expansion wave occurs. This
is not seen in the simulations. The reflected expansion
wave is not clearly in seen in the experimental x-t dia-
gram. The condensation seen in the simulations will not
occur in experiments since the wave propagates into a two
phase fluid.

Figure 7 shows the relative scaled pressure at the bot-
tom of the tube vs. scaled time for simulation and exper-
iment. The large drop in the simulated pressure, not seen
in the experiments, is due to the expanding liquid. The
thermodynamical state in the expansion wave is highly
expanded metastable liquid. When the liquid pressure
reaches the spinodal state at scaled time 1.5, a very rapid
phase transition occurs and brings the pressure up towards
equilibrium pressure. This creates a shock wave propagat-
ing upwards due to the fast expansion in the boiling. This
shock is driven by a sudden change in thermodynamic
state to equilibrium. This rapid phase transition propa-
gates with the mesh speed, ie. ∆x/∆t and is an artefact
of the phase transition model. The experimental pressure
values does not drop as dramatically as the simulated pres-
sure. The reason for this discrepancy can be that nucle-
ation sites along the narrow tube will force a faster phase
transition in the metastable liquid and keep the pressure
at a higher level. The wall effects are not included in the
simulation. After the rapid phase transition and formation
of the shock wave the simulated pressure is close to the
experimental pressure.

7 Conclusions
A model and solver for rapid phase transition in com-
pressed liquefied gases is presented. The phase transition
model uses a mechanical and thermodynamical relaxation
approach for phase transition. The present model and
solver is capable of handling the wave types that can occur
in a depressurization process however the combination of
the van der Waals equation of state and an ideal geometry
in one dimension will not produce the quantitative values
seen in the experiments. Wall effects and low accuracy of
the EOS close to saturation conditions and in metastable
state causes a higher degree of superheat before a rapid
phase transition can occur in the simulations. When the
metastable liquid reaches the spinodal state, the model
produces an unphysically fast evaporation wave. Future
work to improve the simulation method will be to develop
a kinetic based phase transition model in highly expanded

metastable liquids. Such a model can reduce the possibil-
ity of low pressures seen in the metastable liquid during
the reflection of rarefaction waves. A kinetic based transi-
tion rate can include wall effects and effects from impuri-
ties in the liquid. For higher accuracy the present method
can be extended to more complex equations of states, like
the Span-Wagner EOS.

References
P. M. Hansen, K. Vaagsaether, A. V. Gaathaug and D.

Bjerketvedt. CO2 explosions - an experimental study
of rapid phase transition. 8th International Seminar
on Fire and Explosion Hazards, 25. – 28. April, Hefei,
China, 2016.

R. Menikoff and B.J. Plohr. The Riemann Problem for
Fluid-Flow of Real Materials. Reviews of Modern
Physics, 61(1):75–130, 1989.

G. A. Pinhasi, A. Ullmann, and A. Dayan. 1D plane nu-
merical model for boiling liquid expanding vapor ex-
plosion (BLEVE). International Journal of Heat and
Mass Transfer, 50(23-24):4780–4795, 2007.

R. Saurel, and R. Abgrall. A multiphase Godunov method
for compressible multifluid and multiphase flows. Jour-
nal of Computational Physics, 150(2):425–467, 1999.

R. Saurel, F. Petitpas, and R. Abgrall. Modelling phase
transition in metastable liquids: application to cavitat-
ing and flashing flows. Journal of Fluid Mechanics,
607:313–350, 2008.

R. Saurel, F. Petitpas, and R. A. Berry. Simple and effi-
cient relaxation methods for interfaces separating com-
pressible fluids, cavitating flows and shocks in mul-
tiphase mixtures. Journal of Computational Physics,
228(5):1678–1712, 2009.

J.R. Simoes-Moreira and J.E. Shepherd. Evaporation
waves in superheated dodecane. Journal of Fluid Me-
chanics, 382:63–86, 1999.

M. Slemrod. Dynamic phase transitions in a van der Waals
fluid. Journal of Differential Equations, 52(1):1–23,
1984.

R. Span and W. Wagner. A new equation of state for car-
bon dioxide covering the fluid region from the triple-
point temperature to 1100 K at pressures up to 800
MPa. Journal of Physical and Chemical Reference
Data, 25(6):1509–1596, 1996.

E. F. Toro. Riemann solvers and numerical methods for
fluid dynamics. Springer-Verlag, Heidelberg, second
edition, 1999.

M. M. Voort, A. C. Berg, D. J. E. M. Roekaerts, M. Xie,
and P. C. J. Bruijn. Blast from explosive evaporation

EUROSIM 2016 & SIMS 2016

658DOI: 10.3384/ecp17142653       Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland



of carbon dioxide: experiment, modeling and physics.
Shock Waves, 22(2):129–140, 2012.

M. Xie. "Thermodynamic and Gasdynamic Aspects of a
Boiling Liquid Expanding Vapour Explosion." PhD the-
sis, Delft University of Technology, 2013.

A. Zein, M. Hantke, and G. Warnecke. Modeling phase
transition for compressible two-phase flows applied to
metastable liquids. Journal of Computational Physics,
229(8):2964–2998, 2010.

H. W. Zheng, C. Shu, Y. T. Chew, and N. Qin. A solution
adaptive simulation of compressible multi-fluid flows
with general equation of state. International Journal for
Numerical Methods in Fluids, 67(5):616–637, 2011.

EUROSIM 2016 & SIMS 2016

659DOI: 10.3384/ecp17142653       Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland


	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	Introduction
	Calculation formulas
	Calculation of Intra-Ocular Lens for Non-Normal Eyes

	Back ground of studies
	Artificial Neural Network
	Real data
	Collected Data
	Specification of Patients Data Selected for Collection
	Specification of Preprocessing Parameters


	Results
	Objective
	ANN training
	ANN settings
	Results

	Conclusion
	Future work
	Introduction
	Homeostasis, Disturbance Rejection and Set Point Tracking
	Controller Motifs

	Results
	Dynamic Properties of Controller Motifs
	Tuning of Individual Controllers

	Conclusions
	Introduction
	Modelling the pharmacokinetics of propofol
	The 3-compartmental model
	Effect-site concentration model
	Model parameters

	Model verification
	Simulation results
	Propofol inflow
	Plasmatic concentration
	Effect-site concentration
	Evaluation of the predictive quality of the model

	Conclusion
	Introduction
	Modular Model Predictive Control Concept
	Building Setup
	Modular Predictive Control Concept

	Energy Supply Level - ESS - Models
	Linear Models
	Hybrid Models

	Model Predictive Controllers
	Objective Function
	LMPC
	MI-MPC

	Simulation Results
	Simulation Setup
	Demonstration of MPCC Performance
	Comparison between MPCC and RBC

	Conclusion
	Introduction
	Data Properties
	Macro Money Systems in QEs
	Behavior in QE1=(2008m11,2010m06)
	Behavior in QE2+=(2010m11,2012m08)
	Behavior in QE3=(2012m09,2014m10)

	Transmission Path of Housing Price from Reserve to Economic Activity
	Decomposition of M2 into Transaction and Precautionary Money Demands in (1975m10, 2016m03)
	Estimation of Precautionary Money Demand
	The Role of Business Condition u(t)=napm-50 in Transmission Mechanism of QEMP during QE1, QE2+ and QE3

	Conclusion
	Introduction
	Mathematical Model
	Model Parameters and Geometry
	Results and Discussions
	Conclusions
	Introduction
	Field Excitation Control
	Capability Curve
	Classical Control

	Concept and Formulation of MPC
	MPC as Excitation Control
	Modeling and Control Workflow

	Tuning the MPC Controller
	Time Response
	Open Circuit Conditions

	First-swing Angle Stability Enhancement
	Long-term Voltage Stability Enhancement
	Steady-state Voltage Stability
	Power System Simulator
	LTVS Simulations

	Discussion
	Conclusion
	Introduction
	Grid impedance model
	Impedance-based instability studies
	Practical implementation
	Conclusion
	Aknowledgements
	Introduction
	Literature Review
	Circulating Fluidized Bed Boilers
	Characteristics of RDF
	Agglomeration

	Methodology
	Description of Model
	Mass and Energy Balances
	Hydrodynamics

	Results and Discussion
	Validation
	Agglomerate Prediction

	Conclusion
	Introduction
	Theory
	Stability of Grid-Connected System
	Maximum-Length Binary Sequence

	Implementation in dSPACE
	System Setup
	Experiment

	Conclusions
	Introduction
	Governing Equation for Flow Modeling
	KP Numerical Scheme
	Simulation of the River Flow
	Results and Discussion
	Simulation Results
	Simulation Results for Numerical Stability Analysis

	Conclusion
	Introduction
	Air preparation process
	Fuzzy identification
	Takagi-Sugeno fuzzy model
	Fuzzy clustering

	Data collection
	Structure selection
	Input and output variables
	Representation of the systems' dynamics
	Fuzzy models granularity

	Fuzzy clustering and model validation
	Comments on resulting model performance

	Control experiments
	PID control
	Supervisory logic

	Conclusions
	Introduction
	First step - DES model
	Second Step - Portfolio optimization

	Stochastic DES model through markovian properties
	Product-Form Networks - Convolution algorithm
	Marginal probability
	Mean response time

	Load-haulage cycle
	DES model: Load-haulage system
	Project portfolio formulation
	Conclusion
	Introduction
	Overview of the Method
	Computing the Encounter Probabilities
	Example

	State Transition Matrix
	Projectile with a Single Sensor Fuzed Submunition
	Example
	Projectile with Two Sensor Fuzed Submunitions

	Failure Probability of the System
	Conclusion
	Hydro-pneumatic Accumulator
	Recent Research
	Purpose of This Study

	Logical Structure of Simulation Model
	Physics of Piston Type Hydro-Pneumatic Accumulator
	Nitrogen gas
	Mechanical Structure
	Hydraulic Fluid

	Conceptual Model

	Mathematical Model
	Equations for Nitrogen Gas
	Equations for Piston
	Equations for Friction
	Equations for Hydraulic Fluid
	Equations for Orifice

	Modelling in MATLAB/Simulink
	Calibration and Validation of the Simulation Model
	Testing Setup
	Laboratory Tests
	Validation

	Conclusion
	Introduction
	Contributions
	Setup for the analysis
	Experimental data
	Compressor Map
	Compressor Isentropic Efficiency
	Corrected Mass Flow
	Data Treatment

	 Pressure Losses in Gas Stand
	Pressure Loss in Straight Pipe
	Friction Factor - Laminar Flow
	Friction Factor - Turbulent Flow
	Pressure Loss In Bend
	Pressure Loss in Inlet Nozzle and Outlet Diffuser
	Adjust Measured Data
	Calculate New Compressor Efficiency

	Effect of pressure losses on measured compressor efficiency
	Compressor and Pipes Dimensions
	Case 1: Straight Pipes
	Case 2: Pipes with Diffuser and Nozzle
	Case 3: Pipes with Diffuser, Nozzle and Bend

	Summary and Discussion
	Future Work
	Conclusion
	Introduction
	Traffic Regulation: Stage selection
	Signal Control Schemes
	Pre-timed network control
	Max-Pressure Practical (MPract)

	Modelling and Simulation Overview
	An event-driven approach
	PointQ design

	Case Study-Data description
	From theory to applications
	System Stability
	Trajectory Delay Measurement
	Queue Delay Measurement
	Varying Traffic Conditions

	 PointQ versus AIMSUN Network Performance
	Evolution of phase (137,154)
	Evolution of phase (254,237)

	Conclusion
	Introduction
	Background
	MVB and Master Transfer
	Multifunction Vehicle Bus
	Mastership Transfer

	Model Checking with temporal logic

	System Modelling
	Bus Administrator Modelling
	basic data structure
	finite state machine of Bus Administrator

	Communication and Timing Modelling
	communication mechanism of BusAdmin
	timing mechanism


	Property Modelling
	Property Classification
	safety property
	liveness property

	Live sequence charts
	Observer Automata modelling

	Experiments
	Conclusion
	Introduction
	Experimental data
	Modeling
	Compressor
	Turbine
	EGR Blowers
	Auxiliary Blower
	Exhaust Back Pressure
	Combustion Species and Thermodynamic Parameters

	Parameterization Procedure
	Complete stationary parameterization
	Dynamic estimation

	Model Validation
	Conclusions
	Nomenclature
	Introduction
	Fundamentals
	Safe Active Learning
	The high pressure fuel supply system

	Design and Implementation
	Training of the hyperparameters
	The discriminative model
	The risk function
	The path to the next sample
	The algorithm

	Evaluation
	Evaluation in simulation
	Evaluation at a test vehicle

	Conclusion
	Introduction
	Modelling
	Centre of Gravity
	Aerodynamic Forces
	Definition of Angles
	Lever Arms
	Catenary
	Equations of Motion
	Velocities
	Self Stabilisation
	Complete Model

	Model Parameters
	Simulation Results
	Gliding Flight
	Towing Process

	Conclusions
	Introduction
	Context
	Compton scattering tomography (CST)

	Modelling of the new CST modality
	Proposed setup by back-scattering
	Direct problem : Image formation
	The half-space Radon transform (HRT)
	Image formation

	Inverse problem : Object Reconstruction
	Inversion of the HRT
	Filtered back-projection


	Simulation of the new CST modality
	Energy resolution of the detector
	Spatial discretization
	Window functions

	Conclusion and perspectives
	Introduction
	Powertrain model
	Problem formulation
	Tip-in problem constraints
	Boundary conditions for the tip-in problem
	Path constraints during tip-in

	Optimal control problem formulation
	Numerical solution of optimal control problems

	Optimal control results
	Extreme transients
	Compromise between time, Jerk and energy
	Jerk-Energy trade-off
	Efficient state and control transients

	Conclusions
	An Improved Kriging Model Based on Differential Evolution
	1 Introduction
	2 Theory of kriging model
	3 Kriging model based on DE algorithm
	3.1 Theory of DE algorithm
	3.2 Kriging interpolation based on DE algorithm
	3.3 Process of kriging Model based on DE algorithm

	4 An engineering example
	4.1 Setting DE algorithm parameters
	4.2 Data preprocessing
	4.3 Model computation and optimization

	5 Conclusion
	Introduction
	Model for slug flow
	Simulation for slug flow
	State estimation
	Control strategies
	Model predictive control
	PI control

	Simulation results and discussion
	Control structure I
	Control structure II
	Control structure III

	Computational time for MPC
	Maximum valve opening
	Conclusion
	Introduction
	Description of the loading bridge
	Modelling with Modelica
	Package of mechanical components Mechanics
	Package of causal components Blocks
	Structure and components of the overall model
	Model of the loading bridge
	World
	Cart
	Pendulum
	Drive


	Controller in Matlab Simulink environment
	Experiments
	Open loop experiments
	Closed loop experiments

	Conclusion
	Introduction
	MMT - Mathematics, Modelling and Tools
	Structure of MMT
	Usage of MMT

	Maple T.A. - Maple Testing and Assessment
	Structure MTA
	Usage MTA
	Mathapps
	MTA - Moodle Connector

	Case Study
	Conclusion
	Outlook
	Introduction
	Signal processing
	DFT and derivatives
	lp-norms and MIT-indices
	Nadaraya-Watson nonparametric regression

	Measurements and gearbox properties
	Load haul dumper front axle
	Water power station gearboxes

	Calculations from the LHD measurements
	Calculations from the WPS measurements
	Conclusion
	Introduction
	Preliminaries
	Problem Statement
	Vector Smoothing Splines

	Trajectory Planning
	Trajectory between Two Lines
	Centerline and Intermediate Time Instants
	Smoothing Spline Trajectory

	Numerical Examples
	Path with Piecewise Linear Boundaries
	Path in Obstacle Avoidance Problem

	Concluding Remarks
	Introduction
	Literature Review
	Dynamic multi-workstation model based on electrical components

	Simulation Model with a PI Controller
	Test and Results
	Final Remarks
	Introduction
	Related Work
	Methodology
	DataSet

	Semantic Identification Through Multiple Classifiers
	Global Feature Extraction through Wavelet Decomposition
	Deep Learning of Neural Network

	Image Retrieval
	Performance Analysis
	Conclusion
	Motivation
	Related work
	Data set and pre-processing
	Defining the curvature of a steel plate
	Experiment
	Discussion
	Conclusion
	Introduction
	New Evolutionary Computation
	Island model parallel distributed in NN-DEGA
	Self-adaptive using Neural Network
	Reconstruction of differential vector
	Elite strategy

	Numerical Experiments
	Benchmark Functions
	Experiment Results
	Comparison for Robustness

	Conclusion
	Introduction
	Classical RF Prediction
	Fuzzy Clustering Prediction
	Analysis
	Conclusion
	Introduction
	Dynamic Artificial Neural Network 
	Back Propagation Through Time (BPTT)
	Real Time Recurrent Learning (RTRL)
	Extended Kalman Filter Learning (EKF)

	Experimental Set-up
	Results
	Simulation Study
	Experimental Study

	Conclusion
	Introduction
	Overview of Toolbox
	DANN Main
	Uploading data set
	Division of data set
	Validation check
	Bias
	Learning algorithm
	Learning parameters
	Past inputs and outputs
	Additional parameters

	Parameter Tuning
	Plot Menu
	Performance plot
	Regression plot
	Prediction plot
	Parameter plot
	Error plot

	Additional information
	Installing the MATLAB DANN toolbox

	Case Studies
	Case I: BPTT learning algorithm for flow measurement
	Case II: EKF learning algorithm for temperature measurement
	Case III: RTRL learning algorithm for mortality prediction

	Conclusion
	Modeling and Simulation of Train Networks Using Max-Plus Algebra
	1. Introduction
	2. Max-plus algebra
	3. Scheduled max-plus linear systems
	4. Timetable stability
	4.1 Delay sensitivity analysis
	4.2 Dynamic Delay Propagation
	4.3 Recovery Matrix

	5. Conclusion
	Introduction
	Construction of DBN metamodels
	Utilization of DBN metamodels
	Example analysis - simulated operation of air base
	Conclusion
	Introduction
	Metastable liquids

	Model for two phase flow and phase transition
	The van der Waals equation of state

	Solver
	Stiff pressure relaxation
	Stiff thermodynamic relaxation

	Experiments
	Simulation set-up
	Results and discussion
	Conclusion
	Introduction
	ParModelica
	Previous Research on PDEs in Modelica
	Partial Differential Equations (PDE)
	Explicit Form

	Numerics
	Discretisation
	Runge-Kutta with Variable Step Length

	General-Purpose Computing on Graphics Processing Units (GPGPU)
	PDEs in Modelica
	Algorithmic Modelica and ParModelica
	Solver Framework
	User Defined State Derivative and Settings
	Types Used by the Solver
	Solvers

	Use Case — Heat in Plane
	Poor Insulation and Constant Temperature
	Constant Temperature Depending on Location

	Performance Measurement
	Pros & Cons of Solver Written in Modelica
	Conclusions
	Blood Flow in the Abdominal Aorta Post 'Chimney' Endovascular Aneurysm Repair
	1 Introduction
	2 Methodology
	2.1 Governing Equations
	2.2 Anatomical Model
	2.3 Numerical Model
	2.4 Numerical Discretization

	3 Results
	3.1 Validation
	3.2 Flow Patterns
	3.3 Flow Regime

	4 Discussion and Conclusions
	Introduction
	Spin-Image Algorithm
	The Proposed Parallel Spin-Images Algorithm
	Results and Analysis
	Platform Specification
	Experimental Data
	Results

	Conclusions and future work
	Introduction
	Overview of Python API
	Goal
	Installing the OMPython Extension
	Status
	Description of the API
	Python Class and Constructor
	Utility Routines, Converting Modelica  FMU
	Getting and Setting Information
	Operating on Python Object: Simulation, Optimization
	Operating on Python Object: Linearization


	Use of API for Model Analysis
	Case Study: Simple Tank Filled with Liquid
	Model Summary
	Modelica Encoding of Model
	Use of Python API
	Basic Simulation of Model
	Parameter Sensitivity/Monte Carlo Simulation

	Discussion and Conclusions
	Introduction
	Related Work
	Virtual Testing of Open embedded Systems
	Simulator Coupling for Network Simulation
	Network Fault Injection Testing
	Case Study
	Conclusions and future work
	Validation Method for Hardware-in-the-Loop Simulation Models
	1 Introduction
	2 Validation Methods
	2.1 Open-Loop Operation
	2.2 Independent Closed-Loop Operation
	2.3 Compensated Closed-Loop Operation

	3 Related Work
	3.1 Example Circuit
	3.2 Simulation Models

	4 Simulation Results
	4.1 Models with Different Switching Delays
	4.2 Discrete-Time Models
	4.3 Fixed-Point Models

	5 Conclusion
	Introduction
	Control Engineering: The Teacher's Challenge
	New Curriculum For Teaching Automatic Control
	Luma Activity
	Conclusion
	Introduction
	The Activated Sludge Process
	Mass balances and expression for the sludge age
	The settler

	ASP with ideal settler model
	Steady-state solutions
	Substrate input-output relationship for constant sludge age

	ASP with DZC settler model
	Steady-state solutions
	Substrate input-output relation for constant sludge age

	An approximation for S* given 0
	Numerical example
	Theorem 1
	Theorem 2

	Conclusions
	Introduction
	Materials and Methods
	Gaussian Mixture Models
	GMM based fault detection criteria

	Case Study: Monitoring a Secondary Settler
	Results 
	Discussions
	Conclusions
	Introduction
	Industrial Process Description
	SIAAP Waste water and sewage Sludge Treatment Process
	Incineration Process
	The Furnace
	The Heat Exchanger


	Identification Process Overview
	Sludge Incineration sub-models: Input-output interaction.
	Identification Strategy

	Validation Methods
	Absolute Criteria
	Relative reference-model criteria

	Results and Discussions
	Relative Reference-Model Criteria Results

	Conclusion
	1 Introduction
	2 Modelling
	2.1 Basic Process Components
	2.2 Boiler Evaporator Loop
	2.3 Test Model

	3 Simulation Tests
	3.1 Comparison of Numerical Solvers
	3.2 Effects of Initial State and Parameters

	4 Conclusions
	Introduction
	TCP-100 solar field description
	Mathematical modeling of TCP-100 solar field
	 Optical and geometric efficiencies
	Characteristics of the heat transfer fluid
	Thermal losses

	Simulations
	Conclusion
	Introduction
	Description of a Basic Gas Turbine Model
	Compressor
	Combustion Chamber
	Turbine Module

	Computational Causality And Conditions for Numerical Convergence
	First Principles Compression and Expansion Maps
	Compression Case
	Expansion Case

	Simulation Results
	Conclusion
	Appendix
	Introduction
	Modelling methodology, libraries and tools
	Plant Description
	Innovative aspects
	OTSG topology

	Device modelling
	Re-used components
	Custom component models
	Separator
	Feedwater heater
	Deaerator
	MS fluid model


	Plant modelling
	OTSG model
	Turbine model
	Feedwater preheaters train
	Plant control system
	Complete plant model

	Simulation objectives - methodology
	Simulation performance
	Conclusion
	Introduction
	Formal Problem Statement and SVM
	SVM by Set-Valued Training Data
	A Modification of the AdaBoost
	Imprecise Updating Weights of Robots
	Conclusion
	Introduction
	Methodology
	Power grid connection
	Electrolyser
	Interim gas storages
	Methanation
	MEA CO2 capture
	CH4 compression

	Control sequences
	CH4 compression
	Start-up
	Power grid connection
	Methanation reactor
	Electrolysers
	Interim gas storages
	CH4 compression

	Shutdown
	Methanation reactor
	CH4 compression
	Interim gas storages
	Electrolysers


	Results
	Conclusion and future work
	Acknowledgment
	Introduction
	Mathematical Model
	Assumptions
	Development of Model
	Material Balance
	Energy Balance
	Heat Exchanger


	Simulation Results and Discussion
	Simulation Results
	Comparison with Previous Work

	Conclusions
	1 Introduction
	2 Herding behavior of rhinos
	2.1 A synoptic model of space use
	2.2 Population size updating model

	3  Rhino herd (RH) algorithm
	3.1 Synoptic model
	3.2 Population size updating model
	3.3 RH algorithm

	4 Simulation results
	5 Discussions and conclusions
	Acknowledgements
	References

	Introduction
	Structure and Kinematics of the Double-Spiral Mobile Robot
	Structure
	Forward kinematics
	Gripper positions
	COG

	NESM
	Numerical Case Study
	Conditions and methods
	Results

	Discussion
	Conclusion
	Introduction
	Data analysis
	Nonlinear scaling
	Interactions
	Uncertainty
	Natural language

	Recursive analysis
	Scaling
	Interactions
	Fuzzy logic
	Smart adaptive systems

	Temporal analysis
	Trend indices
	Fluctuations
	Changes of operating conditions

	Conclusion
	Introduction
	MOEA/D
	Algorithm
	Focused Issue

	Proposed Method: Chain-Reaction Initial Solution Arrangement
	Aim and Concept
	Method

	Experimental Settings
	Results and Discussion
	Search Performance at Final Generation
	Search Performance over Generations

	Conclusions
	Introduction
	Modeling demand-side management
	Markets
	Actors
	Other elements

	Controlling consumption
	Optimizing scheduling
	Controlling (via) frequency

	Discussion and conclusions
	Introduction
	Components and Parameters of Musical Expression
	Learning Support System of Musical Representation
	Generation of Example of Musical Expression
	Construction of Kansei Space
	Image Estimation
	Parameter Values Estimation using Fuzzy Inference
	Interactive Modification of Musical Expression

	Comparison of Parameter of Musical Expression
	Advice for Parameter of Musical Expression

	Range of Learner's Musical Expression on Kansei Space
	Estimation of Range of Musical Expression
	Advice about Impression


	Experiment
	Results and Discussions

	Conclusion
	Introduction
	Formulating the GA Optimization
	The Problem Encoding
	The Objective Function (Fitness)
	Selecting The GA Operators
	Tuning the GA Parameters

	FPGA Implementation
	GA's HDL Entities
	Fitness
	Selection
	Crossover
	Mutation
	Generating Pseudo Random Sequences
	Replacement

	Performance Evaluation
	Functional Verification
	Fitness
	Selection
	Replacement
	Crossover
	Mutation
	LFSRs
	Comparator


	Integrating GA into the SoC
	Interfacing GA with the HPS
	Controlling GA from the Linux host

	Conclusion and Future Work
	Introduction
	Related Work
	Earthmoving Simulator
	Workspace Subdivision with Scoop Area
	High Point and Zero Contour Methods
	Simulation Results and Discussion
	Conclusion and Future Work
	Introduction
	SDNized Wireless LAN Testbed
	 Central Manager
	 Aggregator and Transport Network
	 Network Edge
	 Android Measurement Application
	Experiment Automation

	Mobility Management - A Use-Case Scenario Implementation
	Mobility Handling in Developed Testbed
	Logging 
	Running the Experiment
	Parsing and aggregating results


	Conclusion

