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Abstract

The présent research project is carried ont at the von Karman Institute for Fluid Dynamics 
(Rhode-Saint-Gense, Belgium) with the financial support of the European Space Agency.

The first stage of spacecrafts (e.g. Ariane 5, Vega, Shuttle) generally consista of large solid 
propellant rocket motors (SRM), which often consist of segmented structure and incorporate a 
submerged nozzle. During the combustion, the régression of the solid propellant surrounding the 
nozzle intégration part leads to the formation of a cavity around the nozzle lip. The propellant 
combustion generates liquefied alumina droplets coming from Chemical reaction of the aluminum 
composing the propellant grain. The alumina droplets being carried away by the hot bmrnt gases 
are flowing towards the nozzle. Meanwhile the droplets may interact with the internai flow. As a 
conséquence, some of the droplets are entrapped in the cavity forming an alumina puddle (slag) 
instead of being exhausted through the throat. This slag reduces the performances.

The aim of the présent study is to characterize the slag accumulation process in a simplified 
model of the MRS P230 motor using primarily optical experimental techniques. Therefore, a 
2D-like cold-gas model is designed, which represents the main geometrical features of the real 
motor (presence of an inhibitor, nozzle and cavity) and allows to approximate non-dimensional 
parameters of the internai two-phase flow (e.g. Stokes number, volume fraction). The model is 
attached to a wind-tunnel that provides quasi-axial flow (air) injection. A water spray device 
in the stagnation chamber realizes the models of the alumina droplets, which are accumulating 
in the aft-end cavity of the motor.

To be able to carry out experimental investigation, at first the the VKI Level Détection and 
Recordmp (LeDaR) and P article Image Velocimetry (PIV) measurement techniques had to be 
adapted to the two-phase flow condition of the facility.

A parametric liquid accumulation assessment is performed experimentally using the LeDaR 
technique to identify the influence of varions parameters on the liquid déposition rate. The 
obstacle tip to nozzle tip distance {OT2NT) is identified to be the most relevant, which indicates 
how much a droplet passing just at the inhibitor tip should deviate transversally to leave through 
the nozzle and not to be entrapped in the cavity.

As LeDaR gives no indication of the driving mechanisms, the flow field is analysed experimen­
tally, which is supported by numerical simulations to understand the main driving forces of the 
accumulation process. A single-phase PIV measurement campaign provides detailed informa­
tion about the statistical and instantaneous flow structures. The flow quantities are successfully 
compared to an équivalent 3D unsteady LES numerical model.

Two-phase flow CFD simulations suggest the importance of the droplet diameter on the 
accumulation rate. This observation is confirmed by two-phase flow PIV experiments as well. 
Accordingly, the droplet entrapment process is described by two mechanisms. The smaller 
droplets (representing a short characteristic time) appear to follow closely the air-phase. Thus,
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they may mix with the air-phase of the recirculation région downstream the inhibitor and can be 
carried into the cavity. On the other hand, the large droplets (representing a long characteristic 
tirae) are not able to follow the air-phase motion. Consequently, a large mean velocity différence 
is found between the droplets and the air-phase using the two-phase flow measurement data. 
Therefore, due to the inertia of the large droplets, they may fall into the cavity in function of 
the OT2NT and their velocity vector at the level of the inhibitor tip.

Finally, a third mechanism, dripping is identified as a contributor to the accumulation pro- 
cess. In the current quasi axial 2D-like set-up large drops are dripping from the inhibitor. In 
this configuration they are the main source of the accumulation process. Therefore, additional 
numerical simulations are performed to estimate the importance of dripping in more realistic 
configurations. The preliminary results suggest that dripping is not the main mechanism in the 
real slag accumulation process. However, it may still lead to a considérable contribution to the 
final amount of slag.
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Nomenclature

Alphanumeric symbols

Symbol Typical unit Explanation

a [m/s]
A [m^; mm'
BR = Shlockage/^total H
Cd H
Cyc H
dio\ Dio [/xm]
ds2; Dz2 [fxm]
D [m]
Da [mm]
Di [pixel]
Do [m]
Dp^ dp [/xm]
Dpixel i/xm]

Dy [mm]
Def.p2p [mm]

Def ■p2pmean [mm]

Blaser [mJ]
f [Hz]
fl [mm]
/# = fl/Da H

fd [Hz]
FwStep H
h [mm]
I H
U [mm]

Speed of sound 
Area
Blockage Ratio
Discharge coefficient
Vena contracta coefficient
Average droplet diameter
Sauter mean droplet diameter
Motor internai diameter
Aperture diameter of the caméra lens
Droplet image size
Nozzle throat diameter
Droplet diameter
The physical dimension of one pixel of the
CCD sensor
Vortex core diameter
Peak-to-peak deformation of the liquid sur­
face in the cavity
The mean peak-to-peak deformation of the 
liquid surface in the cavity 
Laser puise energy 
Prequency
Focal length of the caméra optics
Focal number (speed / stop number) of the
caméra optics
Dripping frequency (drops/seconds) 
Forward-step détection operator matrix 
Inhibitor height 
Intensity level
Longitudinal inhibitor location measured 
from the nozzle tip
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Lcam [mm]
M H
Mo = Uo/a H
Mpiv [mm/pixel]
O [mm]
02NR = Li/h H
OT2NT [mm]
Ap [Pa]
Pair [bar]
Plaser [W]
Pwater [bar]
Pliq. [bar]
PR = Spassage/^total [-]
Qv, Qv [mVs]
Qvd [1/min]
Qvf [m^/s]
Qm'i Qm [kg/s]
Reh H
RH [%]
\RMS\ = y/RMSu'^ + RUSv"^ [m/s]

RM Su, RMSv, RMSw [m/s]

S [ni^; mm^]
As [m; mm]
SN H
SobelY H
St H
At [ms]
T [K]
TI = RMS/Uo [%]
TIu,TIv,TIw [%]
t [s]
tsp [mm]
texp [s]
It^Uui [m/s]
u,v,w [m/s]

U, V, w [m/s]

|U| = VC/2 + V2 [m/s]

Caméra - laser-sheet distance 
Magnification of the caméra 
Mach number
Magnification of the PIV caméra 
Nozzle throat opening 
Obstacle-to-Nozzle Ratio 
Obstacle tip to nozzle tip distance 
Pressure différence; pressure drop 
Spray air supply pressure 
Laser light power 
Spray water supply pressure 
Spray liquid supply pressure 
Passage Ratio 
Volumétrie flow-rate 
Volumétrie droplet flow-rate 
Volumétrie fluid flow-rate 
Mass flow-rate 
Reynolds number based on h 
Relative Humidity
The magnitude of the in-plane (longitudinal
and transversal) velocity fluctuation
The RMS of the longitudinal, transversal,
span-wise velocity components
Section
Displacement
Signal-to-Noise ratio
Sobel operator matrix
Stokes number
Séparation time of the PIV experiments
Température
Turbulence intensity
The turbulence intensity of the longitudinal, 
transversal, span-wise velocity components 
Time
Splitting plate thickness 
Exposure time (acquisition time) during 
which the caméra shutter is open 
Velocity magnitude
Longitudinal, transversal, span-wise velocity 
components
The RMS of the longitudinal, transversal, 
span-wise velocity components 
The magnitude of the in-plane (longitudinal 
and transversal) velocity components



NOMENCLATURE xxni

Uo [m/s]
U PT [V]
Uinj. [m/s]
U jet [m/s]
Vâcc [1]
X, F, Z {x, y, z) [mm]
w [mm]
We H
Wol [%]
Wref H

We [pixel^
Wso [pixel^

Greek symbols

OCp H
F [mVs]
7 H

A [mm/ce]
A |nm|
A2 |l/s2|

P [kg/m^
Pf [kg/m3;
a [N/m]

[s]
Tp [s]
LO [1/s]
LJv [-]

Abbreviations

#
AP
ASSM

CCD
CMOS
CNES

Pree stream (référencé) flow velocity 
Pressure transducer raw voltage 
Flow injection velocity 
Flow velocity in the vena contracta 
Accumulated liquid volume 
Longitudinal, transversal, span-wise axes 
Cavity width 
Weber number 
Window overlapping factor 
Number of window refinement steps (itéra­
tions)
Window size during PIV processing 
Initial window size during PIV processing

Volume fraction 
Circulation
Gamma correction parameter during non- 
linear image conversion {lout = hrP)
Cell size, grid resolution 
Light wavelength
The second eigenvalue of the 5^ -I- Q? ten-
sor {S and fl being the symmetric and anti-
symmetric part of the velocity gradient ten-
sor respectively); used for vortex détection
Density
Fluid density
Surface tension
Flow characteristic time
Particle/droplet characteristic time
Vorticity
Dimensionless angular velocity of a vortex

Number
Ammonium perchlorate
Aerodynamics of Segmented Solid Motors re-
search and technology program
Charge-Coupled Device
Complementary Metal-Oxide Semiconductor
Centre National d’Etudes Spatiales (Prench
National Space Agency)
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CVS Corner (Angle) Vortex Shedding
DoF [mm] Depth-of-Field of the caméra (the thickness 

of the field, which is in focus)
DTV Droplet Tracking Velocimetry
EAP Étage d’Acceleration à Poudre (the solid 

rocket motor of the Ariane 5 launcher)
FoV (FoVs) [mm2] Field-of-view (Fields-of-view) of the caméra
fps [fps] Frames-per-second (frame-rate)
fft; FFT Fast Fourier Transform
FT (FTs) H Flow-through: the time required for a flow 

particle to travel through the whole numeri- 
cal domain.

HPM High-Power Motor (Space Shuttle Booster)
HTPB Hydroxyl-terminated polybutadiene
LDA Laser Doppler Anemometry
LES Large Eddy Simulation
LeDaR Level Détection and Recording
Meas.# Measurement number
ovs Obstacle Vortex Shedding
PIV Particle Image Velocimetry
PSD Power Spectral Density
PTV Particle Tracking Velocimetry
RANS Reynolds Averaged Navier-Stokes simulation
RSRM Redesigned Solid Rocket Motor (Space Shut­

tle Booster)
Spray# Spray nmnber
SRM Solid Rocket Motor
SRMU Solid Rocket Motor Upgrade (the SRM of the 

Titan IV launcher)
svs Surface (Pariétal) Vortex Shedding
TTL Transistor-Transistor Logic
VKI von Karman Institute
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Chapter 1

Introduction

1.1 Position of the problem

The utilization of civil-purpose rocket motors rapidly accelerated following the 1950s, when 
human became capable of launching objects to Earth orbit (starting with Sputnik-1) and into 
Space. This era of space exploration (studying Earth, the Solar System and the Universe) 
required larger and larger launcher vehicles for the ever increasing mass of spacecrafts and 
human missions.

During the décades, as Space became less distant thanks to the continuously developing 
vehicle technologies, the exploratory purpose started to shift towards commercial purposes. 
Various communication-, broadcasting-, meteorological-, positioning-, scientific-, etc. satellites 
need to be launched in constantly increasing number to altitudes varying between Low Earth 
Orbit (LEO) to Geostationary Earth Orbit (GEO).

In this market, the European Space Agency (ESA) is présent with the Ariane 5 launcher, 
which appears to be one of the most compétitive of the available vehicles (Isakowitz et al. 
(1999)). The current project is also associated to this vehicle. Its latest configuration, Ariane 5 
EGA (shown in Figure l.l(b) and 1.2) is capable of carrying 9.6 t payload to Geosynchronous 
Transfer Orbit (GTO), which is an elliptical orbit that allows to reach GEO. Furthermore, 
Ariane 5 is designed to hâve double launch capability to place two satellites simultaneously into 
orbit. The whole vehicle is 52 m tall and weights 780 t at lift-off. Its development is founded by 
ÉSA, managed by CNES (French National Space Agency) and operated by Arianespace. The 
launches take place at Europe’s spaceport in Guiana Space Center, near Kourou, French Guiana.

Like most heavy launchers, Ariane 5 consists of several stages. The first stage comprises the 
Cryogénie main stage (EPC) with the Vulcain (more recently Vulcain 2) engine and two solid 
rocket motors (EAP) on either side.

Each EAP is 3 m in diameter and 31 m tall. Their casing is made of 8 mm thick Steel, 
which can resist operating pressures above 60 bar. They weight 37 t each, when empty and they 
are filled with 238 t of solid propellant (therefore also called MPS P230), which are organized 
in three segments. Together, the EAPs provide about 11000 kN thrust during liftoff, which is 
about 92% of the total liftoff thrust. At tail-off, which occurs about 130 s after liftoff, the SRMs 
are jettisoned. By that time, the vehicle reaches an altitude of 60 km. After séparation, the 
motors fall back to the Atlantic Océan. They can be equipped with a parachute System, which 
allows recovery for examination purposes. The casing is never refurbished, like the Space Shuttle
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(a) Ariane 5 Generic arrangement (Ar5 (2000)). (b) The Ariane
5 EGA (Ar5 

(2004)).

Figure 1.1 - The Ariane 5 launcher.

Figure 1.2 - Ariane 5 ECA launch on 11 August 2006 (photo from Arianespace).

Boosters.

As its name shows, overall the EPC provides the main thrust of the vehicle. It is about 5.4 m
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in diameter and 31 m tall including the Vulcain (2) engine and two aluminium tanks for the 
150 t liquid oxygen (LO2) and 25 t liquid hydrogen (LH2) fuel. In vacuum, it develops about 
1350 kN thrust. The Vulcain engine is started about 9 seconds before EAP ignition (liftoff) 
to ensure and verify its proper functioning. From then, it opérâtes during about 540 s, while 
the launcher reaches an altitude between 160 and 210 km depending on the mission objectives. 
After the On Board Computer (OBC) shuts down the EPC, it re-enters the atmosphère still 
above the Atlantic Océan.

Above the EPC the Upper Stage can be found, which is encircled by the Vehicle Equipment 
Bay (VEB). The VEB contains ail vehicle avionics: telemetry, guidance, stage sequencing and 
destruction Systems. The inertial reference for the guidance is provided by two redondant laser 
gyroscopes.

The Upper Stage is used for the orbital injection and it can contain either the storable 
propellant upper stage (EPS, shown in Figure l.l(a)) or the cryogénie upper stage (ESC-A, 
visible in Figure 1.1 (b); or later the ESC-B Vinci engine). The reignitable EPS is mainly used 
for LEO missions, as it provides only 29 kN thrust and 321 s spécifie impulse. Ariane 5 ECA 
generally uses ESC-A, which contains 14 t of LO2 and (LH2). Powered by the HM7B engine of 
the Ariane 4 third stage, it delivers about 65 kN thrust in vacuum and 446 s spécifie impulse.

Finally, the payload fairing consists of two large composite half shells, which hâve acoustic 
absorbers on their interior to damp the noise generated at liftoff. The height of the fairing can 
be between 12.7 m and 17 m depending on the actual mission requirement. In case of a dual 
launch, the spacecraft compartment can be divided into two parts using either the SPELTRA 
(shown in Figure l.l(a)) or the SYLDA5 (visible in Figure l.l(b) module. SPELTRA is an 
external structure and therefore it has an external diameter of 5.4 m. SYLDA5 has a usable 
internai diameter of 4 m. Both structures surround the inner spacecraft and support the upper 
spacecraft. The fairing séparâtes from the launcher already around 185 s after liftoff.

As it is shown from the above overview, Ariane 5 incorporâtes large solid rocket motors 
(SRMs). In these EAPs like in several other large SRMs (Space Shuttle Boosters, Titan IV Solid 
Rocket Motor Upgrade, etc.), the nozzle is submerged in the last segment of solid propellant 
to shorten the overall length. It means that the convergent, the sonie throat and a part of the 
divergent are surrounded by solid propellant. This intégration allows orientation of the nozzle 
to provide adaptation of the rocket trajectory during the launch.

On the one hand, during the combustion, the régression of the solid propellant surround- 
ing the nozzle intégration part leads to the formation of a cavity around the nozzle lip (see 
Figure 2.1(c)).

On the other hand, the propellant combustion generates liquefied alumina droplets coming 
from Chemical reaction of the aluminium composing the propellant grain. During the launch, 
some of these droplets are entrapped in the cavity instead of being exhausted through the 
throat. The droplet accumulation in the cavity generates an alumina puddle, also called slag 
(VKI (2002)). During the first static firings of the EAP, the average accumulated slag mass was 
equal to about 2070 kg for one motor (Pevergne and Le Helley (1998)).

The slag reduces the performances of the solid propellant motor simply due to momentum 
impulse loss and due to its dead weight absence of impulse génération and hence, it is undesirable. 
Therefore, this slag accumulation phenomenon is the object of the current investigation.
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1.2 Background

Solid rocket motors contain conical propellant grains attached to their inner surface (for 
easier understanding see an example in Figure 2.1). The propellant grains are regressing radially 
during the combustion. Therefore, a flow is generated ail along their surface (injected radially), 
which is then travelling towards the nozzle to leave the combustion chamber. As the combustion 
Products (mass) escape at high velocity through the nozzle, a force is acting on the SRM (action- 
reaction), which is the thrust.

While the flow is travelling towards the nozzle, on the one hand it is constantly accelerating. 
On the other hand, instabilities may occur in the flow field causing e.g. vortex shedding (Vuillot 
(1995); Traineau et al. (1997)) or surface vortex génération (Lupoglazoff and Vuillot (1996)) as 
well. Concerning the topology of the flow, more details will be given in section 2.1.

In general, non-metalized solid propellants turn ail their ingrédients into gaseous phase dur­
ing the combustion and therefore they do not produce slag. However, in order to increase the 
thrust, the enthalpy of the combustion is increased by adding aluminium to the propellant 
material (Geisler (2002)). As an example, the grains of the Ariane 5 EAPs contain 14% polybu- 
tadiene (HTPB) binder, 68% ammonium perchlorate (AP) oxidizer and 18% aluminium powder 
(altogether about 238 t solid fuel). This kind of propellants generate liquified alumina droplets 
(AI2O3) as a residual of the combustion, which may accmnulate in stagnant areas inside the 
motor (primarily in the nozzle cavity shown in Figure 1.3 and 2.1(c)) and generate alumina 
puddle, also called slag.

Figure 1.3 - Post-fire alumina déposition in the Titan IV SRMU nozzle cavity (from Salita 
(1995)).

In the followings, the life of alumina is shown: section 1.2.1 explains the formation of the alu­
mina droplets and section 1.2.2 summarizes the history of investigations of the slag accumulation 
process.
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1.2.1 Alumina formation

The formation of the alumina droplets is summarized by Duterque and Lambert (1998) and 
Jackson et al. (2005). Initially, the propellant (e.g. the grains of the EAP) contains spherical AP 
with a typical diameter of about 200 /xm. The smaller aluminium particles (typically 5 to 40 /xm 
diameter) are located in the pockets between the AP (please follow Figure 1.4). During the 
propellant régression, when the aluminium particles are exposed at the surface, two phenomena 
may occur:

• on the one hand, some of the aluminium is directly carried away by the flow. Later, a 
part of their material evaporates forming smoke and the remaining will form fine alumina 
droplets (up-to 3 to 4 /xm) during the combustion.

• on the other hand, aluminimn particles may agglomerate on the propellant surface 
forming large globules. As the pocket model of Beckstead (1977) and Cohen (1983) 
describes, the size of the agglomerate is dépendent on both the AP diameter and the 
initial aluminium particle size, since the AP diameter defines the size of the pockets 
available for the set of aluminium particles, which might form a globule.

DTODcilant lÉumnan •Itmra

Figure 1.4 - Alumina formation (from Duterque (1996)).

As the agglomerate melts - still before the combustion -, an alumina cap is forming on 
its surface. In practice, the aluminium particles embedded in the propellant already contain 
a protective layer of alumina (Duterque (1996) assumes a thickness of 5 nm). By burning 
propellant samples in a pressurized chamber, with optical methods Duterque (1996) found that 
the large agglomérâtes hâve a médian diameter of about Dq5 = 125 /xm (with a mass fraction 
around 35% according to Duterque and Lambert (1998)). The cap of such an agglomerate can 
contain alumina équivalent to a 15 /tm spherical particle.
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The agglomération process is further studied by Trubert (2000) confirming the applicability 
of the pocket model of Cohen (1983). Furthermore, using high-speed caméra imaging, Trubert 
(2000) measured the ignition- and burning times of Al droplets as well. Furthermore, Legrand 
et al. (2000) studied the effect of CO2 and HCl gases on the combustion of levitating aluminium 
particles.

As it can be seen, the larger alumina particle formation is initiated by the agglomération 
process prior to combustion. As the dilatation coefficient of aluminium and alumina differs 
by an order of magnitude, in the oxidizing environment containing large thermal gradients, 
the agglomerate surface is constantly renewing and thus the caps might even grow just before 
the combustion. Furthermore, according to Law (1973), some of the small particles can later 
retrodiffuse from the gas-phase as well. Naturally, due to évaporation, some of the material of 
the agglomérâtes forms smoke as well by the end of the combustion. The actual burning process 
and the burning rate are studied with optical technics by Melcher et al. (2002).

Considering only the remaining large agglomérâtes, a final alumina droplet size of typically 
30 to 70 /im is reported by Duterque (1996). Later, Duterque and Lambert (1998) obtain about 
40 to 50 jum final alumina droplets. Other authors find slightly different values (see e.g. the 
right-hand side lobe in Figure 1.5), but as a common consensus, the large alumina droplet sizes 
always fall within the range of 20 to 200 /xm with a mean diameter around 60 to 70 /xm.

Figure 1.5 - Alumina droplet size distribution (from Delfour et al. (1998)).

1.2.2 Slag formation and modelling

As it can be seen from the way of alumina formation and qualitatively in Figure 1.5, finally 
the generated AI2O3 droplets hâve a typical bimodal log-normal size distribution. The first lobe 
contains the sub-micron size smoke and the small alumina droplet. These are ail sufîiciently 
small to follow the flow streams and thus they do not contribute to the slag production (stated 
e.g. by Duterque (1996); Salita (1995), etc.).

However, the droplets of the second lobe (typically between dp = 20 and 200 /xm) hâve 
a more important inertia, which prevents them following higher-frequency fluctuations of the 
gas-phase motion. Thus, they ■will hâve a time lag at each directional change or accélération of 
the continuous-phase, making it more probable for these droplets to interact with the internai 
surfaces of the motor and may cause accumulation in the nozzle cavity indicated in Figure 1.3 
and 2.1(c).

The P230 solid propellant motors of Ariane 5 are by far the largest solid rocket motors
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that hâve ever been used in Europe. Therefore, to support its development, qualification and 
early servicing periods (approximately during a decade), a research and technology program, 
called Aerodynamics of Segmented Solid Motors (ASSM) was dedicated to the study of the 
internai phenomena (Fabignon et al. (2000)). The attention was turned mainly towards the 
flow stability, the internai structures (first of ail the thermal protections), the fluid-structure 
coupling, the aluminium combustion and the slag accumulation phenomena.

Concerning the slag accumulation, the ASSM program started with the investigation of basic 
phenomena leading to the alumina droplet formation: agglomération, aluminium combustion 
and droplet size distribution détermination. The AI2O3 formation process was described in 
section 1.2.1.

The alumina droplet size distribution of the EAP is characterized experimentally in the 
rotating quench bomb facility of SNPE and in the (LP2) hélium quench motor of ONERA, where 
optical sizing is performed (Traineau et al. (1992)). The two experiments gave the same kind of 
droplet sizes. The mass fraction of the different alumina droplet sizes is measured by Delfour 
et al. (1998) in the LP2 facility. As mentioned in section 1.2.1, Duterque (1996) determined the 
agglomerate diameter distribution using the KL-12 dedicated visualization facility of ONERA. 
This data allowed later the modelling of the combustion process.

In order to détermine the total slag accumulation in the EAP, a spécifie action is established, 
called MACADAM (Mini Action Concertée pour l’Analyse du Dépôt d’Alumine dans l’MPS - 
Mini action to study the alumina déposition in the EAP), where the alumina entrapment is 
estimated using computations of different droplet trajectories.

With a quasi-steady Eulerian-Lagrangian method, without simulating the combustion and 
the coupling between the phases, Cesco et al. (1997) identify the importance of the applied 
capture rules, the droplet diameter and the turbulence level.

Later, a great numerical effort is dedicated to model the effect of the flow field on the Al 
droplet combustion (Orlandi and Fabignon (2000); Lupoglazoff et al. (2000); Legrand et al. 
(2000)). Furthermore, Villedieu et al. (2000) take into account the coalescence of large droplets 
and therefore obtain larger droplet sizes numerically inside the SRM.

In order to help to establish appropriate captme rules during the droplet-wall interaction, 
varions phenomena are defined upon the droplet impingement: rebound, déposition, spattering, 
splashing. These régimes are studied experimentally by Vardelle et al. (2000) using high-speed 
imaging of alumina droplets impinging on a hot plate and on liquid alumina film, and similar 
experiments were carried out in cold-flow condition as well using éthanol droplets. Furthermore, 
the droplet impingement on wall and liquid film is modelled numerically by Zaleski and Gueyfiier 
(1998) using DNS simulations.

The first génération of siag modelling simulations (e.g. Pevergne and Le Helley (1998); 
Cesco et al. (1997)) are based on a RANS approach. Firstly the steady flow field and the 
turbulence levels are computed. Then, alumina droplets are injected at discrète locations along 
the propellant surfaces and tracked until they reach the nozzle and either escape or hit a surface. 
Upon an impact, according to the implemented capture rule the droplet is considered to be either 
accumulating in the slag pool or evacuated through the nozzle. By applying this method on 
several geometries (that correspond to different operational times of the motor), even the total 
accumulation estimate can be integrated over the whole launch.

However, unsteady simulations performed by Godfroy and Guéry (1997) showed that the shed 
vortices of the flow field could strongly influence the slag accumulation: due to the centrifugal 
forces acting on the droplets inside the core of a vortex, the larger droplets are pushed to the
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periphery of the rotating structures and carried this way towards the nozzle, where a considérable 
amount deposits in the neighbouring cavity. As a resuit, e.g. Godfroy and Guéry (1997) - by 
performing the two-phase unsteady simulations with four different droplet diameters -, found 
that the accumulation is proportional to the square of the droplet diameter (Dp).

Furthermore, in an unsteady simulation. Le Helley et al. (2000) reproduces the realistic 
pressure oscillation levels of the motor with an artificial excitation. Since the pressure oscillations 
affect the shed vortices, the phenomenon was found to be influential on the accumulation as 
well. Furthermore, due to the "suction effect” of the vortices, 23% of the accumulating droplets 
originate from the S2 segment, while with earlier steady simulations practically 100% of the 
accumulating droplets originated from the S3 segment. Finally, as a conséquence of the periodic 
nature of the vortex shedding phenomenon, the accumulation is observed to be periodic as well.

Dupays (Dupays (2002); Dupays et al. (2000)) pointed out as well that the slag accumula­
tion process and the instability of the internai flow field of the motor are dépendent on each 
other. Thus, the investigation of the slag entrapment process should always take into account 
unsteadiness.

Conceming more recent numerical tool validations, Wirzberger et al. (2005) uses an Eulerian- 
Lagrangian approach with an in-house code (FLDYNS), which is still based on a steady ap- 
proach. Similar e.g. to Pevergne and Le Helley (1998), at first the steady-state flow field is 
calculated using different motor geometries at each 5 s of the operation. Then, the alumina 
droplet models are injected and tracked from the propellant surface imtil the nozzle exit taking 
into account the drag forces and gravity. In order to represent a bimodal droplet size distribu­
tion, 1 /um droplets model the alumina smoke and 100 fxm droplets model the larger droplets 
(Wirzberger and Yaniv (2005)). A simple upper limit capture rule is applied: ail the droplets 
that do not leave through the nozzle exit plane are considered to be captured in the cavity. 
Finally, the accumulations observed in the diflFerent time instants are integrated to obtain the 
total accumulation évolution. As a conséquence of the conservative capture rule, when compar- 
ing the results to static firing tests, the total slag mass appears to be highly over-estimated by 
the simulations. However, when comparing two different motor geometries, the accumulation 
tendencies are correctly predicted. Additionally, by analysing the droplet impact locations, us­
ing the same simulations a prédiction of aft-end érosion is deduced, as described by Wirzberger 
and Yaniv (2005).

Lately, Najjar et al. (2006) demonstrates the actual version of a full-physics compressible 
multi-phase munerical tool through the 3D unsteady analysis of the AFRL 70-lb BATES motor 
and the RSRM Shuttle Booster. The simulations are Euler-type with no LES turbulence mod- 
elling. The droplets are followed in a Lagrangian way and the combustion process is modelled 
as well together with the alumina smoke (with Equilibrium-Eulerian treatment). Therefore, at 
the propellant smface the droplets contain 90% Al and 10% AI2O3 as an initial cap. Later, the 
aluminium can evaporate, burn and the alumina can condense and solidify as well. Furthermore, 
the droplets may interact with the momentum of the gas-phase through a two-way coupling. 
Beside a 3D modelling of t = 0 s, a 2D analysis of the RSRM at t = 100 s of operation is shown. 
Here, recirculation zones are described in the head-end, in the cavity and around halfway be- 
tween the nozzle head and the rearward inhibitor. Impacts of large droplets {dp > 100 pm) are 
reported on the nozzle cowl and impacts of smaller droplets {dp < 25 /im) on the nozzle exit 
cône. Unfortunately, the short intégration time of the simulations prevents the detailed analysis 
of the droplet behaviour and thus the accumulation in the cavity.

Recently, those who perform numerical simulations ail recommend 3D unsteady computa­
tions to model the internai flow of a SRM, especially in order to be able to capture the pressure
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oscillation phenomenon (suggested e.g. by Anthoine et al. (2002) as well). However, using 
the experimental data provided by Anthoine et al. (2002), Telara et al. (2006a) présents a 2D 
axisymmetric simulation using a recent version of a commercial solver (Fluent^^), where the 
pressme oscillation frequencies and even the amplitudes are claimed to be well captured. Nat- 
urally, when the geometry (the thermal protection ring) is considered to be 3D, Telara et al. 
(2006b) models a 3D section of the domain as well.

Finally, once the slag is deposited in the cavity, its négative contribution to the launch does 
not finish. As it is liquid, on the one hand it may slosh inside the cavity (Meyer (1996)). On the 
other hand, if the aerodynamic forces are strong enough (and/or combined with the sloshing), 
slag may be ejected through the nozzle. However, even if it happens, although the on-board dead 
mass is decreasing, the momentum impulse loss of the motor can not be recovered. Furthermore, 
as Dotson et al. (1999) shows, depending on the amount of ejected slag, thrust oscillations may 
occur leading to control problems and possible vehicle instabilities. Another conséquence of the 
slag éjection is that the total amount of actually accumulated alumina might be higher than 
what is observed after a firing or launch.

The droplets, which are not entrapped in the cavity are exhausted through the nozzle, where 
due to the large flow accélération, they break up (Kovalev (2002); Sambamurthi (1996)).

Nevertheless, at the time of writing the présent fines, only a very limited information is 
available concerning the observation of the slag accumulation process in a SRM. In the US, 
RTR movies (Real Time Radiography) are recorded of the aft dôme (cavity) of the Titan IV 
SRMU and the SICBM during static test firings. The slag évolution is determined in the SRMU 
by Johnston et al. (1994) and in the SICBM by Frederick (1990). From Salita (1995) it is known 
that both évolutions exhibit a linear slag increase during the first part of the firing (up-to about 
72% and 75% motor action time respectively) from which a plateau (no slag pool increase) is 
observed. Finally, at the end of the tail-off, due to slag boiling, the slag level increases (without 
changing effectively its mass). Since no slag éjection is expected, the cause of the plateau and 
the driving forces of the accumulation remained unknown.

Furthermore, as Salita (1995) shows, even the well-controlled static firings might resuit in 
a large scattering of slag accumulation rate using a given motor configuration (e.g. in the 
HPM version of the Shuttle Booster a factor of 7.2 was observed between the minimum and 
the maximum accumulation rate among 14 test firings), while other motors exhibit a more 
repeatable slag rate (e.g. 5 SRMU firing resulted a max/min factor of 1.1 and 6 RSRM Shuttle 
Booster firings gave a factor of 1.8).

However, in real ffight condition the slag accumulation can be estimated only from the 
actual performance of the motor with respect to its nominal spécifications and no refiable data 
is available. Although the SRMs are sometimes recovered and examined due to the liquid 
sloshing during the descent and the landing impact, probably a considérable amount of slag is 
lost. In Space Shuttle Boosters for instance, Boraas (1990) found a slag mass in a recovered 
motor being 3 times smaller than what is typically observed during static firings.

Concerning the accumulation process, beside the entrapment due to the gas-flow, Salita 
(1995) considéra the contribution of streaming agglomérâtes on the propellant surface and on 
the case wall as well, which was effectively investigated in the simulation of a spinning motor 
by Meyer (1992).

As it can be seen, in spite of the fact that several aspects of the slag accumulation process 
hâve already been investigated, the phenomenon is not yet fully understood on global basis. 
Concerning the EAP of Ariane 5, after the ASSM program, the slag accumulation assessment
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got a lower priority, as the problem of pressure oscillation-induced instabilities appeared to be 
associated with considerably higher risks for the launch safety. Thus, after many - predominantly 
- numerical investigations (Fabignon et al. (2000)) there is still a need of experimental observation 
of the complex slag accumulation phenomenon.

1.3 Existing experimental facilities

In order to give an idea about the experimental flow modelling of varions aspects of the P230 
motor, a few of the main test benches are summarized in the followings.

1.3.1 Cold-gas facilities

Within the ASSM program, focusing mainly on the hydrodynamic instabihty, a number of 
cold-flow facilities are built to study certain fundamental phenomena présent in the motor. A 
summary of the main set-ups is given in Table 1.1.

Table 1.1 - Cold-flow experimental facilities (Guéry et al. (2000)). 
Name Geometry Investigated phenomena

VECLA 
VALDO 
MICATl 

VKI models 
VIOLETTE

2D duct
axisymmetric duct 
2D with inhibitors 
axisymmetric with inhibitors 
axisymmetric

SVS, turbulent transition 
S VS, turbulent transition 
OVS, turbulence
cavity volume effect on pressure oscillations 
CVS, 2-phase flow dispersion

1.3.1.1 VECLA

The VECLA set-up of ONERA is built in order to study the flow generated by wall injection 
(Taylor flow), similar to the radial flow injection in the SRMs. This flow may produce the 
surface vortex shedding (SVS) phenomenon, which was unknown prior to the ASSM program. 
The test section is a 2D duct, which is open to the ambient on one end (see Figure 1.6) and 
the flow is injected through a 581 mm long porous plate covering the bottom surface. The total 
length of the test section is 603 mm, its depth is 60 mm and its height can be fixed typically 
between 10 and 40 mm.

Prechambers Porous plate Open exit

Figure 1.6 - The VECLA set-up (based on Guéry et al. (2000)).



1.3 Existing experimental facilities 13

The latéral walls are transparent in order to provide Visual access. However, primarily split 
film anemometry and hot-wire measurements are performed in order to characterize the bending 
flow (called Taylor-flow) and the vortical structures generated by it. The injection velocity falls 
generally between 1 and 2 m/s. At the exit, the set-up can be equipped with a 2D nozzle if 
needed.

1.3.1.2 VALDO

Similarly to VECLA, the VALDO facility of ONERA is also built to study the SVS phe- 
nomenon and the eventual coupling between the SVS and acoustics, but this time in axisym- 
metric configuration, which is more représentative for the SRM geometry. The set-up is based 
mainly on tubes made of porous material (see Figure 1.7), which ensures the radial flow in­
jection. It is designed to use up-to four porous cylinders with 060 mm internai diameter and 
168 mm length. Therefore, the total length of the model can be varied up-to 672 mm depending 
on the actually mounted cylinder combination.

Figure 1.7 - The VALDO set-up (from Guéry et al. (2000)).

Similarly to VECLA, the channel is closed on one end and open to the ambient on the 
other end, where an axisymmetric nozzle can be mounted. In order to provide a good acoustic 
insolation, very fine poral material is chosen. Two sets of tubes: 8 pm. and 18 pm. are realized, 
which permits realizing different turbulence levels at the injection. The injection velocity is also 
of the order of 1 m/s.

Due to the porous tubes, there is no optical access to the test section. By design, hot-wires 
are used to measure the internai flow velocity distribution. The hot-wire can be inserted through 
a hole drilled in one of the porous cylinders.

1.3.1.3 MICATl

The cold-gas model of ENSMA is a 2D duct, which represents the characteristic features of 
the P230 motor at a scale of 1 /40. During the design the Mach number and the Strouhal number 
are respected in order to allow to investigate the hydrodynamic-acoustic coupling (primarily 
due to obstacle vortex shedding (OVS)). The air, representing the internai flow is injected quasi- 
radially through three segments of porous plates modelling the three segments of propellant 
grains (see also Figure 1.8). Due to the fact that in the real motor hydrodynamic instabilities 
occur at the time of the operation, when the first segment already bumed out, in most of the 
test cases no flow is injected through the first porous plate.
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dimensicms en mm

Figure 1.8 - The MICATl set-up (from Guéry et al. (2000)).

The set-up is equipped with a submerged nozzle model, where the throat opening (indicated 
by ht in Figure 1.8) can be changed in order to control the characteristic Mach number inside the 
chamber. Finally, the thermal protection rings between SI and S2 segments and between S2 and 
S3 segments are modelled by 2D obstacles to generate the vortices shed by the inhibitor (OVS). 
The interior is insulated acoustically on the one hand by the (2 p,m) porous injection plates and 
on the other hand by the sonie nozzle. In the facility, the flow is essentially investigated with 
hot-wire experiments.

In the wake of the inhibitor (between S2 and S3) vortices are generated. When these cohérent 
structures are strong enough, they reach the rear-end (the nozzle). As they impinge on it, 
pressure waves are generated, which travel upstream and may tune the vortex shedding frequency 
and create therefore résonance. Furthermore, due to the quasi-radial injection, SVS phenomenon 
occurs as well. These wall vortices are later mixing with the cohérent structures shed from the 
inhibitor, which may increase the acoustic energy levels. Therefore, MICATl allows to study 
the mixing effect of vortex shedding, acoustics and turbulence.

1.3.1.4 VIOLETTE

The VIOLETTE (Vortex Internai Organization Leading to Experimental Turbulent Trajec- 
tory Evaluation) set-up of ONERA models the P230 motor at a scale of 1/30 as well. However, 
it respects the geometry at about 95 s after ignition (approximately 73% burn time). The facil­
ity (see Figure 1.9) serves the investigation of the comer vortex shedding (CVS) phenomenon, 
which - coupled with the first acoustic mode - can lead to aeroacoustic résonance as well. The 
main objective of VIOLETTE is to study the aeroacoustic couphng in two-phase flow condition.

The flow is injected through a porous cylinder. The downstream end of the cylinder is made 
to be conical in order to simulate a chamfered edge propellant grain and therefore realize the 
CVS phenomenon. A plexiglass channel is attached to this duct, where hot-wire and unsteady 
pressure probes can be inserted. Finally, a nozzle is mounted with a needle System by which 
one can regulate the flow-rate and hence the internai Mach number. The plexiglass cylinder is 
interchangeable. Thus, the acoustic mode of the channel and the distance between the shedding 
point and the nozzle can be modified and therefore the amphtude of the coupling can be tuned.

In order to generate two-phase flow, micronic oil droplets are injected through an annular 
chamber at the upper dôme. Therefore, the effect of the droplet-phase on the flow-acoustic 
coupling could also be investigated in VIOLETTE.
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Figure 1.9 - The VIOLETTE set-up (from Guéry et al. (2000)).

1.3.1.5 VKI models

At the VKI one two-dimensional and three axisymmetric set-ups are available that allow 
studying the flow-acoustic coupling.

The two-dimensional model^ is built to characterize the vortices created by wall flow in­
jection, using whole-field optical measurement techniques, e.g. PIV (Laboureur (2007)). The 
seeded flow is injected through a 590 mm x 60 mm porous plate. The channel height is variable 
between 10 and 40 mm. The typical injection velocity is of the order of 1 to 2 m/s.

One of the axisymmetric models represents the P230 motor (when 50% of the propellant is 
burnt) at a scale of 1/15 and the two others at a scale of 1/30.

The 1/15 model is fed by axial flow injection (see Figure 1.10). The geometry of the set- 
up is similar to the real motor, except that the inhibitor, which models the emerging thermal 
protection between the S2 and S3 segments is placed doser to the nozzle in order to allow the 
shed vortices to reach the nozzle and internet with it in the absence of radial injection. In order 
to influence the vortex shedding phenomenon, the facility can be equipped with an acoustic 
active control System as well. During the investigation of Anthoine (2000) the nominal flow 
velocity is varied between 8 and 28 m/s without respecting the sonie condition at the nozzle.

The axial flow injection enables to apply transparent walls and thus the use of optical mea­
surement techniques. The set-up is carefully designed to allow the best possible quality PIV 
experiments between the inhibitor and the cavity entrance. Thus, the 2D plane of the flow field 
is investigated considering both the statistical and the instantaneous (cohérent structures) flow

'similax to VECLA, shown in section 1.3.1.1
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Figure 1.10 - The transparent VKI model (from Anthoine (2000)).

properties.

The 1/30 models (Figure 1.11) are modulai facilities and their purpose is to study the effect 
of the aft-end cavity volume on the pressure oscillations. Therefore, the nozzle together with 
the surrounding cavity are interchangeable. In this case, the sonie flow condition at the nozzle is 
also respected. Furthermore, with the help of a moving needle in the throat, the internai Mach 
number can be varied as well. Similar to MICATl, the interior of these models are acoustically 
insulated by the porous media at the injection and by the sonie condition at the nozzle throat.

(a) Axial set-up.

Figure 1.11 - The VKI models (from Anthoine (2000)).

The axial set-up (Figure l.ll(a)) reproduces the OVS phenomenon, while the radial injection 
set-up (Figure 1.11 (b)) reproduces the SVS phenomenon as well.

In both of the facilities hot-wire and unsteady pressure measurements can be performed in 
order to characterize the flow field and the flow-acoustic coupling.
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1.3.2 Hot-gas facilities

Within the ASSM program, a number of test benches are built, which take into account the 
combustion as well (Fabignon et al. (2000)). Some are modelling only spécifie phenomena of the 
EAP, others are a scaled model of the P230 motor. The models are built mostly by ONERA 
and the propellant is provided by SNPE. A few of the main set-ups are highlighted in Table 1.1 
and detailed in the followings.

__________________ Table 1.2 - Hot-gas experimental facilities.__________________
Name Geometry Investigated phenomena

Clx planar / axisymmetric vortex shedding 
SNPE 1/15, LPS and LP6 axisymmetric 1/15 P230

LP9 and LPIO axisymmetric 1/35 P230, SVS

1.3.2.1 Clx

ONERA’s Clx (also called as whistling motor) is among the first facilities, which model 
the operation of the P230 motor including combustion. It has an axisymmetric geometry (see 
Figure 1.12). This simplified model contains a chamfered edge propellant grain in order to pro­
vide an experimental database that can be used to validate numerical simulations (investigating 
turbulence models, propellant response, two-phase flow effects) of capturing the vortex shedding 
phenomenon. As it is shown in Figure 1.12, a simple converging-diverging nozzle is applied.

Figure 1.12 - The Clx test bench (from Fabignon et al. (2000)).

Clx served also during the first studies investigating the effect of particulate phase on the 
instabilities. Furthermore, in this test bench the applicability of the LDA (Laser Doppler 
Anemometry) technique is assessed, which provides a non-intrusive one-point unsteady velocity 
measurement.

1.3.2.2 SNPE 1/15, LP3 and LP6

The SNPE 1/15 model and the LP3 (also called as C2) and LP6 (Figure 1.13) test benches 
of ONERA are ail représentative models of the P230 motor at a scale of 1/15. Therefore, in the 
nominal configuration they contain three propellant segments corresponding to SI, S2 and S3 of 
P230 (using the same composite propellant material), which are separated by proper inhibitor 
models.

With the help of these test benches, by modifying the propellant composition or the internai 
geometry, one can test the performances of alternative SRM designs.
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Figure 1.13 - The LP6 model (from Fabignon et al. (2000)).

These facilities provide typically static chamber pressure, température and unsteady pressure 
measurements. They are mainly used to investigate the flow-acoustic coupling driven instabil- 
ities. It was found e.g. in the LP3 and LP6 motors that instabilities might occur even in the 
absence of inhibitors, which initiated the analysis of the SVS phenomenon. Furthermore, one 
has the possibility to investigate the behaviour of thermal protections of varions materials and 
shapes or analyse different nozzle geometries, etc.

1.3.2.3 LP9 and LPIO

LP9 and LP 10 test benches of ONERA are représentative models of the P230 motor at a scale 
of 1/35. At first, LP9 is constructed in order to demonstrate the SVS phenomenon. Therefore, 
this set-up is designed to operate without inhibitors. It comports a single propellant segment to 
reproduce the Taylor-fiow. However, in reality one can install multiple propellant segments as 
well to investigate additional configurations (e.g. the effect of a cavity between S2 and S3).

Figure 1.14 - The LPIO test bench (from Fabignon et al. (2000)).

LPIO (shown in Figure 1.14) is constructed with the aim to assess the scale effect. Therefore, 
nominally it is a 1/35 scale model of the P230 motor simulating ail the three propellant segments, 
like e.g. LP6.

These test benches can be instrumented with the same kind of measurement devices as the 
1/15 scale models.
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1.4 Objectives

The main goal of the présent investigation is to carry ont a fundamental, mainly experimental 
study concerning the slag accumulation process in a stagnant area modelling the nozzle cavity 
of the EAP (MPS P230) of Ariane 5. For this purpose a scaled 2D-like cold-gas model is used 
in order to obtain a quantitative visualisation database, through which the liquid accumulation 
phenomenon could be better described.

To achieve this goal, a primarily optical experimental approach is followed. However, to 
extend the measurement data and observations, complementary Computational Fluid Dynamics 
(CFD) techniques are used as well.

In practice, the objectives are defined to be twofold:

• On a global basis one should first détermine the main influential parameters of the slag 
accumulation process.

• The driving forces of the slag accumulation should be identified by studying the details 
of the internai flow field.

1.5 Methodology

Initially, no suitable facility existed at the VKI, which could be applied for the experimental 
approach of the présent project. Therefore, an appropriate cold-gas SRM model should be 
designed and built at first.

In order to achieve the global objective, one should perform an experimental campaign, 
where by changing varions geometrical- and flow parameters the most influential factor of the 
accumulation process can be identified. These measurements are carried out using the so- 
called Level Détection and Recording (LeDaR) technique developed at the VKI. LeDaR provides 
quantitative information about the accumulation, but it gives only a qualitative insight to the 
properties of the flow field in the vicinity of the accumulated liquid. Therefore, this campaign 
can provide only a database concerning the évolution of the magnitude of the accumulation in 
fonction of a large number of parameters. However, to understand the process itself, the internai 
flow field should be studied. Although the basis of LeDaR has existed, it needs to be modified 
considerably before its application in order to accommodate the actual conditions.

The investigation of the driving forces of the accumulation process is based a priori on the 
hypothesis that the slag accumulation is essentially govemed by the vortex-droplet interaction 
of the two-phase flow. Therefore, one should be able to résolve experimentally (and numerically 
as well) the vertical structures of the flow. This means that one should faveur optical whole-field 
measurement techniques (e.g. Particle Image Velocimetry, PIV) against intrusive (e.g. hot-wire) 
or optical (e.g. Laser Doppler Velocimetry) point measurement techniques, which do not provide 
quantitative information about the vortices of the flow.

Although PIV is a commonly used and well-established experimental technique, the basic 
technique is not operational in two-phase flow condition. Thus, an approach should be developed, 
which allows its application to two-phase flows as well. Therefore, from these experiments one 
should be able to détermine the relative motion of the droplets with respect to the continuous- 
phase both on instantaneous and statistical basis. Furthermore, using the PIV database the 
vortices of the airflow can also be analyzed.
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However, already the standard PIV technique is rather resource-consuming. Therefore, a 
complété parametric study can not be performed with it, especially not in two-phase flow con­
dition. That is why the considerably lighter LeDaR experimental campaign is essential, because 
it allows to highlight the tendencies of the slag accumulation, which provides guidelines during 
the flow fleld investigation with the PIV technique so as to be able to explain better the physics 
of the slag accumulation process.

The primary goal of the présent investigation is to perform LeDaR and PIV experiments and 
to dérivé a physical interprétation of the slag accumulation process. However, a CFD approach, 
based on 3D unsteady simulations are also carried out to be used in complément with the 
experimental database to understand better the liquid entrapment phenomenon.

1.6 OverView

Chapter 2 describes the experimental facility that was mostly used during the présent study. 
The main parameters and the properties of that wind-tunnel are determined. The performed 
measurements conceming the crucial steps of its design concept évolution, characterization, etc. 
are detailed in appendix B.

From this point, the présent thesis is divided into two main parts;

Part I explains the évolution and the development of the two main optical measmement tech­
niques that are used during the experimental investigation: the Level Détection and Recording 
(chapter 3) and the two-phase Particle Image Velocimetry (chapter 4) techniques.

Being the core, part II is dedicated to the description of the current slag accumulation 
assessment. Chapter 5 shows the measurement campaign during which the main parameters 
of the liquid accumulation in the current facility are determined. In the followings, chapter 6 
shows the analysis of the internai flow fleld on statistical basis both in single-phase and two- 
phase configuration. Here, besides the experiments, numerical simulations are mentioned as 
well, which are compared to the measurement data. Chapter 7 investigates the same data set, 
but on instantaneous bases by focusing on the vertical structures that are présent in the flow. 
The purpose of chapter 8 is to summarize the slag accumulation assessment and describe the 
current understanding of the phenomenon.

Finally, concluding remarks are given and the future aspects are highlighted.
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Modelling the phenomena

Although the présent research has a fundamental nature, when designing the parameters 
of the experimental facility, the parameters of the real motor are kept in mind, whenever it is 
possible. Therefore, at first the main conditions of the MPS P230 are overviewed. Then, a list is 
given about the necessary simplifications and another one about the parameters that should be 
respected. In the followings the détermination of the nominal conditions of the current model 
is shown and finally the droplet-phase modelling is described.

2.1 The MPS P230

A schematic of the EAP before firing is shown in Figure 2.1(a). As it can be seen, the motor 
contains three segments of propellant grains {SI, S2 and SS). The propellant can be ignited by 
the igniter within 350 ms.

The first segment has a star cross-section in order to enlarge its surface and therefore to 
provide an increased thrust during hft-off. However, the increased buming rate leads to a 
quicker burn-out of this segment. As it can be observed from the corresponding higher static 
pressure levels in Figure 2.2, the first segment opérâtes during about 25 s efîectively, while its 
complété bumout occurs around 40 s.

The second and the third segments are conical. Therefore, they provide thrust from the 
ignition during about 130 s. As they burn radially, their surface increases. That is why the 
static pressure is not constant, but it is slightly increasing in the combustion chamber until the 
end of the launch (see Figure 2.2). As the sketch of Figure 2.1(b) shows, initially the aft end 
cavity around the submerged nozzle is also filled with propellant. As the solid fuel is consumed, 
the cavity is created.

The topology of the flow is shown schematically in Figure 2.1(c) after the burn-out of the first 
segment. The top half of the figure exhibits the topology of the mean flow, showing the radial 
injection and the streamlines, which are curved in order to be directed towards the nozzle. The 
bottom half of the figure shows the instantaneous events. As the flow which originates from S2 
is passing over the thermal protection inhibitor ring, vortex rings are shed. These are travelling 
towards the nozzle, while the bending flow of S3 is probably maintaining their energy and 
therefore preventing them from early dissipation. Thus, these vortices are capable of reaching 
the nozzle head. As the vortices are travelling in front of the cavity entrance, they create small 
pressure fluctuations, which - coupled with acoustics - may lead to the instability phenomenon
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Solid propellant grains

(a) The SRM interior.

Inhibitors

(b) Schematic of the initial arrangement.

Figure 2.1 - The MPS P230.

Figure 2.2 - Static- and unsteady pressure évolution in P230 during static test firing (Fabignon 
et al. (2003)).

mentioned in section 1.2.

As it is mentioned earlier, the propellant material contains aluminium powder (about 18%) 
in order to increase the enthalpy of the combustion and therefore the thmst as well. Besides, it 
should also reduce the pressure oscillations. However, due to the aluminium content, liquified 
alumina (AI2O3) droplets are formed, which should also travel towards the nozzle. On their way 
they might interact with the vortices shed by the inhibitor and modify their properties. Finally, 
most of them are evacuated through the nozzle, but - as it was mentioned in section 1.1 - around
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2 t remains in the cavity around the nozzle by the end of the launch in each of the EAPs. 

Summarizing the previous information, the most important phenomena of the EAP operation
are:

• the obstacle vortex shedding,

• the presence of a two-phase flow,

• their interaction with a nozzle and its neighbouring stagnant area.

As a reference condition, the configuration of the launcher at about half of its operational 
time is taken (similarly to the already existing cold-gas axisymmetric VKI facilities, which are 
described in section 1.3.1.5). As mentioned before, by this time the first segment has already 
finished its combustion; only the second and the third segments represent the fiow source. The 
main reference parameters are summarized in Table 2.1. The necessary information about the 
corresponding geometry and the flow properties of the P230 is gathered from the works described 
in chapter 1.2.

Table 2.1 - Approximate P230 properties
Main geometrical parameters

Motor internai diameter D 2.3 [m]
Nozzle throat diameter Do 0.9 [m]
Inhibitor section height h 0.27 [m]

S2 inhibitor-nozzle distance Li 9.7 [m]
Main flow parameters
Internai température T 3400 [K]

Gas-phase viscosity 4.7 • 10-5 [kg/(m • s)]
Alumina density

(3.11 -9.54- 10-5 - T from
Sarou-Kanian et al. (2000)) Pp 2786 [kg/m5]

Droplet diameter range dp 20..200 [pm]
Internai mach number M 0.1 [-]

Reference velocity Uo 100 [m/s]
Total injection flow-rate Qm 12 [kg/(s • m^)]

Alumina flow-rate Qvd 0.067 [mVs]
Gas-phase flow-rate Qvf 408 [mVs]

Concerning the droplet-phase, the size distribution of the alumina droplets of the motor 
internai flow is bimodal. The majority of the particles (80-90% in terms of mass fraction) hâve 
a sub-micron size. These particles are following the fluid. Therefore, they can be considered 
as part of the flow and it is not necessary to model them. The diameter distribution of the 
remaining alumina droplets ranges between 20 and 200 pm. These particles should be modelled 
during the two-phase experiments. A mean diameter of about 70 pm is chosen as a reference. 
Regarding the quantity of the particles, it is assumed that 85% of the total mass of the alumina 
forms the sub-micron size droplets and the remaining 15% forms the droplets that should be 
taken into account.
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2.2 Main considérations

During the design of the experimental model, the main features of the Ariane 5 EAPs 
should be represented. However, due to the fondamental nature of the présent study, several 
assumptions are made:

• Cold-gas model; at présent no Chemical reaction is modelled and no thermal similarities 
are respected. The gas-phase of the real SRM is modelled by air and the liquified 
alumina droplets mainly by water droplets.

• Axial flow injection: since only non-intrusive optical measurement techniques are 
planned to be used, the flow cannot be injected through the shell of the model. Due to 
the lack of the radially injected bending flow, no surface vortex shedding SVS 
phenomenon should exist. Furthermore, the lifetime of any vortical structure in the 
model is expected to be shorter than it would be with the radial flow injection.

• Two-dimensional design: on the one hand, two-phase PIV technique has not been used 
before. On the other hand, the LeDaR technique has not been applied in the presence of 
hquid droplets. Thus, the prospectively complex model is attempted to be simplified by 
defining a two-dimensional geometry.

• Subsonic operation: the sonie flow behaviour in the nozzle throat is not respected. 
However, the sonie throat is assumed to hâve no impact on the path of the droplets 
inside the combustion chamber and therefore on the rate of accumulation since the flow 
velocity inside the real motor is lower than M = 0.1 up to the nozzle lip (see Table 2.1).

• Gravity = I9: the accélération (~ 4 to 4.5g) and the inclination angle of the motors are 
neglected in order to prevent the facility from being overcomplicated. Up-to lOp 
Johnston et al. (1994); Salita et al. (1990) found no effect of the accélération on the 
particle trajectories.

• Rigid inhibitor: the inhibitors are to be made of rigid material and therefore no 
flexibility is respected compared to the real case.

• Rectangular cavity: As it is shown in Figure 2.1, the bottom and the top surfaces of the 
cavity are curved. In order to be able to make the dimension (and thus the volume) of 
the cavity parametric^, ail the boundaries should be fiat with sharp 90° corners between 
them.

Taking into account the above mentioned simplifications, during the design of the simplified 
model the following similarities should be respected:

• Presence of the main geometrical features: First of ail, the main geometrical éléments of 
the real motor should be represented (the inhibitor between the segments S2 and S3, the 
nozzle and the neighbouring cavity).

• Obstacle vortex shedding (OVS): due to the presence of an inhibitor, the OVS 
phenomenon is respected. However, as it is mentioned earlier, the lifetime of the shed 
vortices is expected to be shorter due to the lack of radial flow injection.

*to aJlow to investigate its relevance on the accumulation rate
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• These vortices should however be able to reach the nozzle head after passing in front of 
the cavity opening.

• Flow accélération: the flow accélération features primarily at the inhibitor, but also at 
the nozzle should be modelled.

• Stagnant area: by modeUing the presence of the cavity neighbouring the nozzle lip, the 
stagnant area exista, where the liquid accumulâtes.

• Flow régime: even if the sonie condition at the nozzle is not respected, the flow inside the 
model should be in the same régime (e.g. turbulent) as in the real case.

• Two-phase flow condition: as it is mentioned before, the two-phase behaviour of the flow 
should be respected (using mainly water for the droplet-phase).

• Two-phase coupling: in the model, the interaction between the two phases should fall in 
the same régime as in the real case in order to obtain similar effect of the droplets on the 
vortices.

Additional requirement: as only optical experimental techniques are intended to be used, 
optical access to the interior of the model is essential. Therefore, its boundaries should be made 
of transparent material.

The final experimental facility is not explained in details at this point. It will be shown later 
in section 2.4. Furthermore, a detailed description concerning its design and characterization is 
given in Appendix B.

2.3 Modelling and similarities

The design of the présent experimental model should attempt to keep the geometrical pa- 
rameters similar to the real configuration. It should also allow a parametric study, therefore 
most of its dimensions should be modifiable. The current section is focusing on the définition 
of the nominal dimensions of the set-up (including the droplet-phase properties as well), while 
section 2.4 will show the available ranges of parameters.

2.3.1 The modelled geometry

As it is mentioned in section 2.2, due to the frequent use of optical measurement techniques, 
the experimental model is based on a two-dimensional design consisting of planar walls. The 
geometrical similarity is planned to be based primarily on respecting the passage ratios (PR == 
unblocked section/total section) of the varions internai éléments of the EAP.

Therefore, the model is similar to the MICATl facility (described in section 1.3.1.3), but 
using quasi-axial flow injection in order to facihtate the two-phase investigation.

The axial flow of the model is supplied by the VKI L-11 wind-tunnel (its choice and prelimi- 
nary characterization are detailed in section B.l). Its outlet has a cross-section of 200 x 200 mm^. 
Therefore, the model should be based on these dimensions, which should correspond to the inter­
nai diameter {D = 2.3 m) of the EAP. Due to the square outlet of the wind-tunnel, one has the 
possibility of constructing either a two-dimensional model, or even a square one. The complété 
design of the two kinds of arrangements are described in section B.2.2.1. When modelling an
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axisymmetric geometry, the advantage of the square concept over the two-dimensional geometry 
is that by respecting the passage ratios of the varions éléments (e.g. the PR of the inhibitor), the 
dimensions (e.g. the inhibitor height, h) are scaled proportionally as well. In a two-dimensional 
design the blockage éléments tend to become larger (e.g. at a glven PR: h^D > ^square) and 
therefore e.g. the generated vortices would tend to be larger as well. However, as the detailed 
investigation of section B.3 proved, due to the strong corner eflFects the square design is not 
applicable.

Nevertheless, building a simple two-dimensional model from the square cross-section outlet 
of the wind-tunnel, could lead to strong three-dimensional flow disturbances developing along 
the two wall corners opposite to the inhibitor. To overcome this problem, one could increase the 
two-dimensional aspect ratio of the model by designing it to be symmetric and incorporating a 
pair of inhibitors and a pair of cavities symmetrically to the axis of the wind-tunnel. However, 
the vortex shedding from that symmetric arrangement would be probably altemating between 
the two inhibitors, while annular vortex rings are shed from the real thermal protections. In 
order to prevent the interaction between the two sides of the symmetric test section, a splitting 
plate should be installed along the wind-tunnel axis. It can dissociate the phenomena in the 
two sides and if its surface is smooth enough, its boundary layer should be negligible as well.

In order to install a splitting plate, first of ail its thickness (tgp) should be defined. This 
investigation is detailed in section B.4. However, according to équation B.6 (which defines in a 
channel the flow accélération in the so-called vena contracta downstream a protruding obstacle) 
one can see that the flow accélération dépends not only on the PR {PR = Sp/S), but also 
on the vena contracta coefficient (c„c)- The Cvc dépends on the shape of the obstacle and - 
most importantly - on the proxdmity of the top-wall of the channel. Therefore, by modifying 
tsp and the inhibitor height {h), one should be capable of achieving similar flow accélérations 
downstream the inhibitor than in an axisymmetric case. That is why a study was initiated using 
PIV experiments (the details are shown in section B.4) to détermine Cqc in varions configurations 
and to compare it to the axisymmetric arrangement studied by Anthoine (2000). Furthermore, 
the instantaneous vortices are also identified and compared to the axisymmetric data. Finally, a 
tsp — 5 mm splitting plate and h — 33.5 mm were selected to represent the nominal configuration.

In the followings the nozzle is defined. The geometry of its cross-section is taken directly 
from the first génération EAP nozzle. This shape is used by Anthoine (2000) as well in the 
cold-gas axisymmetric VKI models (shown in section 1.3.1.5). Its throat opening in the présent 
model is simply defined in order to represent equal PR to the full-scale motor {PR = Dq/D, 
according to Table 2.1). Thus, a throat opening of o = 15.4 mm is defined to be nominal.

Then, the cavity geometry needs to be defined. As it was mentioned in section 2.2, the cavity 
should hâve a rectangular design to allow easier parametrization. To define its width, simply 
the section ratios are taken once again. The section of the EAP cavity is considered to be a 
ring of 1.77 m < Dcavity < 3 m. Therefore, by normalizing the section of this ring by the nozzle 
opening section (based on Dg), a ratio of about Scavity/S — 6.99 should be respected. Thus, the 
nominal cavity width of the model should he w = 107 mm.

Finally, the nominal inhibitor location is defined. In reality, during the combustion, the flow 
is injected radially. This radial injection may increase the energy and thus the lifetime of the 
vortices, as it is mentioned in section 2.1. Therefore, in spite of the large distance (approximately 
35hreal ) between the inhibitor and the nozzle head, the vortices can reach and internet with the 
nozzle. However, the présent simplified model is mounted on a wind-tunnel, which provides only 
axial flow injection. In order to allow the vortices to reach the nozzle and mimic the vortex- 
nozzle interaction phenomenon in a model with axial injection, Stubos et al. (1999) found an
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optimum distance of Lj = 8 to lOh and obtained no interaction beyond Li > 12h. Therefore, in 
the présent 2D model, the inhibitor is placed i, = 9/i fai- from the nozzle tip.

Thus, the main dimensions of the nominal parameters are defined. When the nominal 
configuration is modelled numerically, exactly these parameters are taken as well. A schematic 
of the final two-dimensional model can be seen in Figure 2.3.

Purthermore, as it is visible in Figure 2.4, most of the walls of the test section are made of 
plexiglass in order to provide optical access. Where the laser-sheet is intended to be introduced 
for the measurements, a glass window is embedded in a plexiglass ffame. The second exception 
is the opposite wall, which is made of a polished stainless steel. These two éléments are used 
to avoid light diffraction from the wall during the laser-sheet impact and improve the PIV 
measurement quality in the vicinity of these surfaces by allowing only full refiection of the sheet 
on itself.

200

Figure 2.3 - The final geometrical parameters of the test section.

Figure 2.4 - Different views of the final test section.

Since the final model is based on a symmetric design, the actual fiow symmetry has to 
be verified. Ail the details of this investigation are described in section B.5. Thanks to the 
satisfactory results, one can use either side of the model to characterize the internai phenomena.
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2.3.2 Flow conditions

The previous section showed the similarity considérations conceming the geometry of the 
facility. The current section describes the main flow similarity parameters, which include the 
reference flow velocity and the models of the alumina droplets.

2.3.2.1 The flow velocity

To respect the Mach number of the full-scale motor {Mq = Uo/a, where Uq is the mean 
velocity in the cross-section just upstream the nozzle tip), an axial flow velocity of the order of 
Uo = 30 m/s should be applied. However, as mentioned in section 2.2, the sonie condition at the 
nozzle throat is not attempted to be modelled. Prom the accumulation point of view only the 
flow characteristics up to the nozzle tip are of interest, which do not imply any compressibility. 
Therefore, lower velocities could be applied. As it is described in section B. 1.1, by using a 
blockage that is proportional to the nominal blockage of the nozzle, the blower of the wind- 
tunnel can provide a flow velocity up-to about Uq = 14 m/s.

However, even if one does not respect the exact flow condition, the flow régime has to be 
kept similar. In the real EAP, the Reynolds number is of the order of Re ~ 10^, which cannot be 
matched in a scaled model. However, as long as the viscosity effects are kept insignifleant (the 
Reynolds number is kept sufliciently high), the main flow characteristics should remain similar. 
A Reynolds number {Reh,) of 2.51 • 10“*, that corresponds to Uq = 10 m/s is acceptable. This 
flow velocity can be sustained in longer term by the blower of the wind-tunnel and is therefore 
chosen to be the nominal flow velocity in the test section upstream the inhibitor.

However, as it will be explained later (in section 4.4.1), during the two-phase PIV experiments 
the reference velocity has to be reduced to î/q = 2 m/s. This velocity represents a Reynolds 
number of Rch = 5025, which should still represent a turbulent régime.

2.3.2.2 The droplet-ph2ise

The liquefled AI2O3 droplets, which are présent in the flow of the EAPs, accumulate in the 
cavity next to the submerged nozzle. This accumulation is assumed to be governed by their 
interaction with the flow while they are travelling towards the nozzle. On the one hand, they 
may influence the properties of the vertical structures (that are shed from the inhibitor). On 
the other hand, the trajectory of the droplets may be governed by the gas-flow.

Modelling the proper behaviour of the liquified alumina particles during the tests is essential 
to understand the process of the slag accumulation and to identify its controlling parameters, 
which represent the primary goal of the présent project. To choose the properties of the droplets, 
first of ail the particle-flow interaction is taken into account. The turbulence modulation by 
liquid droplets in a plane mixing layer is studied at the VKI by Suda (2000) using PIV measure- 
ments in a vertical twin-jet wind-tunnel. The dimensionless parameters suggested to be used to 
characterize the interaction between the two phases of the flow are the Stokes number {St) and 
the volume fraction (a^). The Stokes number is deflned by the ratio between the characteristic 
response time of the droplets (xp) and the characteristic turbulent time scale of the flow (t/), as
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indicated in équation 2.1.

Tp Ppdp Uq 
Tf 18;U/Lo

(2.1)

where

(2.2)

(2.3)

In équation 2.2 pp is the density of the droplet phase, dp is the typical diameter of the droplets, 
Pf is the dynamic viscosity of the fluid phase. Therefore, one can see that the détermination of 
the characteristic time associated to the droplet-phase (xp) is rather straightforward. However, 
the characteristic time of the flow (r/ in équation 2.3) is less definite. It involves a reference 
velocity {Uq) and a reference dimension (Lq). Since these quantifies are difficult to be defined 
without knowing the exact properties of the flow fleld, at this stage Uq is chosen to be the 
nominal reference velocity of the flow (e.g. the average velocity upstream the nozzle tip) and Lq 
is chosen to be the diameter of the largest shed vortices, which is assumed to be proportional to 
the height of the inhibitor {Lq = h is defined).

The volume fraction is defined by équation 2.4.

To =
Ppdp

18m/

and

b.
Uo

Qvd
Qvf + Qvd

(2.4)

Based on the Stokes number and the volume fraction one can estimate the interaction between 
the phases of the two-phase flow (Gore and Crowe (1989) and Elghobashi (1994)). The analogy to 
Elghobashi (1994) can be seen in Figure 2.5. In the figure it is shown that the interaction between 
the phases dépends first of ail on the volume fraction (ûp). If the quantity of the particulate 
phase is too low (ap < 10“®), it does not hâve any effect on the fluid flow. If the quantity of 
the particulate phase is high ( ap > 10~®), the so-called four-way coupling occurs, where beside 
the particle-fluid interaction, also particle-particle interaction (e.g. frequent particle collision) is 
présent. Between these régions (10“® < ap < 10“®) the two-way coupling takes place, where the 
presence of the particles may modify the turbulence and the flow may act on the particle motion 
as well. Based on the graph, the nature of the modification in presence of two-way couphng 
dépends on the Stokes number.

If it is possible, the two-phase flow of the présent model should represent in the best possible 
way the internai two-phase flow of the motor. Therefore, the Stokes number (St) and the volume 
fraction (ap) are the most important parameters that should be respected. First of ail, the Stokes 
number and the volume fraction of the real case should be determined. Then, the models of the 
particles can be chosen.
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Figure 2.5 - Partide-flow interaction.

Using the reference values of the full-scale P230 shown in section 2.1, the resulting Stokes 
number is St = 6.01 and the volume fraction is üp = 2.2 • 10“'^. Therefore, these values are to 
be respected when determining the properties of the desired droplet-phase model.

Since the main purpose of the project is to study the driving parameters of the alumina 
entrapment and accumulation in the cavity next to the submerged nozzle, the model of the 
droplet-phase should be liquid as well. For safety and simplicity, water is chosen, which can be 
sprayed easily to form droplets. Thus, the mean droplet diameter (dp) and the volumétrie water 
flow-rate (Qvjd) of the idéal spray device can be calculated and are summarized in Table 2.2.

Table 2.2 - The idéal properties of the droplet-phase model
Nominal
condition

During 
2-phase PIV

St H 6.01 6.01
Otp H 2.2 • 10“^ 2.2 • 10-4
Lo [mm] 33.5 33.5
Uo [m/s] 10 2
dp [/im] 76.1 170.3

Qvd [m3/s] 8.8 ■ 10-^ 1.8 ■ 10~^
[1/min] 5.31 1.06

However, in reality an exact match cannot be found. The idea is to find a spray available 
on the market, which has properties as close as possible to the idéal spray. For the nominal 
configuration finally, a Lechler 502.548 sériés spray is chosen, which opérâtes with pressurized 
water. This model provides droplets with a mean Sauter diameter of about ds2 = 100 fim 
at a volumétrie flow-rate of Qvd = 5.8 • 10“^ m^/s (about 3.5 1/min). As it is indicated in 
Figure 2.5 and Table 2.3, the operating conditions of this atomizer represent quite well the 
estimated conditions of the full-scale motor.

During the two-phase PIV experiments a Lechler 156.000.17.13 sériés pneumatic atomizer is 
chosen. The mean Sauter diameter of water droplets generated by this device is about CÎ32 =
106.2 fxm (the actual droplet size distribution will be shown in Figure 6.20 in section 6.4.1) at a
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volumétrie flow-rate of Qvd = 0-31 • 10“® m^/s (about 0.19 1/min). As it is visible in Figure 2.5 
(and quantified in Table 2.3), although the operating conditions of this atomizer are different, 
theoretically it should still represent a similar régime to the estimated conditions of the full-scale 
motor.

Table 2.3 - The actual properties of the droplet-phase model
Nominal
condition

During 
2-phase PIV

Lo [mm] 33.5 33.5
Uo [m/s] 10 2
dp [/im] 100 106.2

Qvd |mVs| 5.8 • 10-5 0.31 • 10-5
[1/min] 3.5 0.19

St H 10.36 2.33
Oep H 1.5 ■ 10-i 0.4 ■ 10-^

The actually used spray can be installed at a constant level in the stagnation chamber of the 
wind-tunnel to achieve a good mixing. In order to reduce the change of disturbance of the spray 
regardless the actual device, a tubing System is designed. Since the wind-tunnel is based on a 
square build-up, a cross of tubes is installed in the stagnation chamber and the spray can be 
mounted inside the one, which has an axis normal to the splitting plate. Therefore, if necessary, 
the position of the spray normal to the splitting plate can be modified as well. The System is 
shown in Figure 2.6 without any of the atomizers.

Figure 2.6 - The spray support system.

The choice of the spray devices finalizes the définition of the nominal configuration of the 
new facility.

2.4 The parameters of the experimental facility

As it is mentioned in section 2.3.1, the model has a 200 x 200 mm^ cross-section, which 
is divided into two channels by a splitting plate, which has a final thickness of tsp = 5 mm. 
Furthermore, the longitudinal dimension of the cavity is fixed as well (156 mm). However, the 
rest of the main geometrical dimensions shown in Figure 2.3 are parametric.
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The inhibitors are easily interchangeable and therefore any values of h can be realized (typ- 
ically, inhibitor heights between h = 13.5 to 41 mm are used). As it will be explained in 
section 5.1, the obstacles are ail inclined by 10° upstream. This arrangement allows to control 
better the accumulating water droplets on the top of the inhibitors, while the sprays are operat- 
ing. A suction System is installed in the upstream corner of these obstacles close to the sidewalls, 
which extracts the accumulated liquid directly through the wall. Otherwise, the water would be 
taken away from the inhibitors by the airflow in forms of large droplets (several millimétrés in 
diameter) and deteriorate the quality of the slag accumulation (LeDaR) investigations.

The inhibitors can be fixed only at discrète locations. Positions between L, = 110 to 310 mm 
from the nozzle head are available in 40 mm incrément. This allows to realize obstacle-to-nozzle 
ratios in the range of 02NR = 2.7 to 23, when considering inhibitor height ranging from 
h = 13.5 mm to h = 41 mm.

Furthermore, the opening of the nozzle (nozzle throat) can be varied continuously between 
O = 15.4 and 45.4 mm. This allows to study the blockage effect of the nozzle and the relative 
position of the nozzle tip with respect to the inhibitor tip.

The final available geometrical parameter is the width of the cavity. It can vary between 
w = 44 and 140 mm continuously. By modifying the width of the cavity, different cavity volumes 
can be realized.

It should be noted that the width of the cavity {w) and the nozzle opening (o) are two 
independent parameters, i.e. they can be modified separately.

Concerning the flow parameters, as it is shown in section B. 1.1, the reference velocity can 
be varied between I/q = 0 to 14 m/s continuously. The actual velocity is determined with 
a calibrated Validyne pressure transducer by measuring the pressure différence between the 
stagnation chamber and the test section. Further details are given concerning the reference 
velocity measurement in section B.5.3.
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The présent part is focusing on the optical measurement techniques, which are to be applied 
during the experimental campaigns, namely the so-called LeDaR and the PIV techniques. Al- 
though both of them are in use at the VKI, the flow conditions in the actual facility are not 
appropriate for the direct application of either of these tools. As it will be shown, primarily the 
presence of the droplets in the experimental domain are responsible for the limitation. Therefore, 
both of the techniques hâve to be adapted/extended to make them applicable.

Chapter 4 is explaining the LeDaR technique, which should be applied to perform the para- 
metric investigation and détermine the relevant parameters of the slag accumulation, while 
chapter 4 is dealing with the PIV technique and its adaptation to two-phase flow condition.
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Chapter 3

The Level Détection and Recording 
technique

3.1 About the conventional LeDaR technique

Level Détection and Recording (LeDaR) is a VKI home-made non-intrusive optical measure- 
ment technique that detects the gas-liquid interface in a plane of a tank. The principle and 
performances of the original version are described by Bouchez et al. (2000); Planquart et al. 
(2002). By choosing an optical method for the liquid surface détection, apart from the volume 
measurement, one has the possibility to investigate the shape of the surface as well.

Therefore, during the LeDaR measurement, one requires a transparent réservoir to allow 
optical access. During the two-phase flow experiments, the réservoir is filled with some liquid 
(in the présent case water) (see Figure 3.1). The instantaneous position of this water surface is 
the subject of the investigation.

Figure 3.1 - General LeDaR arrangement.

By generating a laser-sheet (using a continuons laser source), the plane of interest is illumi- 
nated. The surface détection is limited to the illuminated région.

When the investigated liquid does not diffuse effectively the light - as for water -, one should 
dissolve some fluorescent dye in the liquid. Thus, the laser-sheet is exciting the fluorescent dye 
and the fluorescent light émission visualizes the plane.
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(a) Sloshing in a réservoir

Figure 3.2 - Sample frames of a video recording.

Prom the illuminated plane, a colour video stream can be recorded with a caméra. Typical 
frames are shown in Figure 3.2. The stream is analysed in real time by the LeDaR algorithm.

The LeDaR algorithm is basically an image processing tool using Microsoft DirectX and 
relying on the so-called Sobel edge-detection transformation filter. In practice, it scans the 
selected région of each frame pixel column by pixel column from top to bottom. At each pixel 
location it computes the convolution of the local intensity distribution with the 3x3 Sobel 
operator matrix (see Eq. (3.1)).

SobelY =
-1 -2 -1
0 0 0
1 2 1

(3.1)

As it can be seen, the filter is sensitive to vertical dark-to-bright gradients. At each location, 
the coefficient of the filter (Sobel coefficient) is determined and compared to a user-defined 
threshold. As soon as the value of the Sobel coefficient reaches the value of this threshold, the 
actual pixel position is considered to represent the liquid interface and the scanning of the lower 
positions of that pixel column is skipped.

The ensemble of the detected positions in ail of the pixel columns draws the whole liquid 
surface corresponding to the plane of the laser-sheet (similar to Figure 3.2(b)).

3.2 The adapted LeDaR technique

The présent section describes the limitations of the classical LeDaR technique within the 
présent application and introduces the realized improvements.

3.2.1 Adapting the measurement conditions

Within the présent study the operation of the EAPs of the Ariane 5 launcher is investigated. 
A water spray installed in the stagnation chamber simulâtes the alumina formation. Further- 
more, the main geometrical éléments (inhibitor, nozzle, cavity) are modelled. With the LeDaR 
technique the goal is to détermine the governing parameters of the slag accumulation process.
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A preliminary assessment was carried out with the help of Tran (2004) and some serious 
limitations of the classical LeDaR technique were shown, which prevent reliable measurements.

Although the set-up is built to be 2D-like, the motion of the airflow inside the cavity shows 
three-dimensional behaviom. As a conséquence, the waves of the accumulated water surface 
(induced by the airflow) are three-dimensional as well. The laser-sheet (the plane of the inves­
tigation) is positioned in the mid-span plane of the test section (as it is also done during the 
PIV measurements). Therefore, if the caméra is placed normally to the laser-sheet, the three- 
dimensional waves may block the view and inhibit acquiring images from the middle plane. 
To overcome this problem, the caméra should simply be inclined (looking slightly from above). 
During the data processing, one can easily take into account this perspective effect.

Figure 3.3 - Droplets on the sidewall of the preliminary set-up.

Furthermore, as it was already described by Tran (2004), the main source of the constraints 
is due to the water droplets that stick to the plexiglas through which the caméra is looking at 
the field (a sample frame is shown in Figure 3.3). These droplets restrict the optical access. 
They may deviate the light rays travelling towards the caméra. Furthermore, if they are close to 
the ”depth of field” of the caméra (the portion of space that is in focus and appears sharp in the 
images), they may represent intensity gradients that affect the level détection. In practice, these 
droplet images are detected instead of the real liquid surface. The conclusion of Tran (2004) is 
that the measurements performed within this condition hâve a very large ambiguity. In order 
to reduce the visibility of these droplets, two main solutions are found:

• Surface treatment of the cavity wall;

• Modification of the imaging properties of the droplet images.

The first solution consists of using a spécial transparent surface treatment that makes the 
surface hydrophobie, i.e. avoiding the droplets to stick to the sidewall through which the caméra 
observes the middle plane. Unfortunately, it is experienced that none of the tested materials 
provide noticeable improvement on plexiglas surfaces. However, treating the surface of glass 
results in a considérable modification. Therefore, the inner surface of the cavity wall through 
which the caméra records images is covered by a 2 mm thick glass sheet. The glass is treated 
with a silicon-based spray, which was found to be the most effective.

With this treatment, the surface would not remain dry while the spray is operating. Water 
droplets are still depositing. However, the size of the droplets remains smaller (the bigger ones 
are not able to stay on the vertical surface), which reduces their optical effect.
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The second solution to reduce the visibility of the wall droplets is to modify the imaging 
properties of the droplet images. The main goal of this approach is to hâve the blurriest possible 
images during the measurements from these droplets, while the plane of the laser-sheet is still 
Sharp. By blurring the droplet images, most importantly their contour would represent lower 
gradients. Furthermore, their intensity would reduce, as their size in the image increases (com- 
pared to the sharp droplet image size). The distance between the laser-sheet and the sidewall is 
fixed, therefore the only parameter that could be modified is the optical properties of the lens 
System of the caméra.

Apart from a few exceptions, ail of the image recording Systems hâve a property called the 
depth-of-field (DoF). The DoF stands for the depth (the dimension along the optical axis of 
the image recording System) of a brick-shaped space portion. By placing any object within this 
space portion, the recorded image would be absolutely sharp. In other words, this is the région, 
which is in focus. The size of the DoF dépends mainly on two parameters: the focal number 
(/#) aperture) of the caméra optics and the size of the recording medium (film or CCD/CMOS 
sensor). The smaller the recording medium is, the larger the DoF would become. Obviously, 
changing the size e.g. of a CCD-chip is not a common task. Therefore, one should consider 
the focal number. The larger the focal number is, the larger the DoF is. In order to limit the 
sharpness of the droplets on the wall, the narrowest possible DoF should be chosen, which can 
be achieved by opening the aperture and thus using the minimum available focal number.

(a) Recorded frame from the video caméra (b) Image recorded with the PIV caméra 
with manual settings

Figure 3.4 - Sample images of decreasing the DoF (without surface treatment).

Therefore, during the preliminary tests manual focusing (to the laser-sheet) is used with the 
video caméra and the aperture is set to the lowest available value (/# = 2.8). In spite of ail 
the efforts spent using the video caméra, no better image quality could be achieved than what 
is shown in Figure 3.4(a). Unfortunately, the visible droplets are not blurred enough and the 
détection algorithm identifies them as the liquid surface.

That is why the tests with the video caméra are not continued. Instead, the applicability 
of a CCD caméra that is used for PIV measurements (PCO 12-bit SensiCam) is investigated. 
Instalhng a /j = 50 mm Nikkor lens (/#mtn = 1-8) on this caméra, rather promising images 
(a sample is shown in Figure 3.4(b)) could be recorded in the preliminary set-up even without 
surface treatment.

The prehminary tests are performed using one side of the VKI L-6 vertical twin-jet wind 
timnel^ with a simplified test section. A sketch of the set-up can be seen in Figure 3.5(a). A

detailed description of the L-6 wind-tunnel is given by Suda (2000)
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water spray installed in the stagnation chamber provides the liquid-phase. For further details 
regarding the conditions, refer to Tran (2004).

As it can be seen in Figure 3.5(a), a balance supports the simplified cavity model (it is not 
fixed to the test section). Simultaneously with the LeDaR acquisitions (using the PCO PIV 
caméra inclined by 10° and no wall treatment), the instantaneous mass of the cavity (including 
the accumulated liquid) is recorded regularly from the display of the balance (at Uq = 7 m/s). 
During the same recording, the water spray fills the cavity at first and then the cavity is drained 
through a tube installed in one of its corners.

up
(b) LeDaR validation using simultaneous balance measurements

Figure 3.5 - Validating the adapted LeDaR measurement conditions.

The évolution of the water volume in time measured by LeDaR and simultaneously by 
the balance is plotted in Figure 3.5(b). One can observe a good agreement between the two 
measurements up to a volume of about 1.3 litres. Above this value, the LeDaR measurements 
under predict the real volume. The reason originates most probably from the 10° viewing angle 
of the caméra. At higher water levels it does not seem to be sufficient and the three-dimensional 
waves together with the splashes of the arriving droplets are biasing the measurements.

To smn up, a CCD or CMOS caméra should be used for the image recording with the 
lowest possible focal number. The caméra should be inclined more than 10° with respect to its 
horizontal position. Furthermore, the final liquid volumes should be always validated.

3.2.2 Adapting the détection algorithm

As already mentioned, the classical LeDaR program is a DirectX filter designed to analyse 
colour video streams. Fluoresceine is emitting essentially green light with a low amount of yellow 
content. In the digital RGB (red-green-blue) domain these colours cover therefore primarily the 
green layer and secondarily the red as well. However, at locally brighter régions (which is the 
case near the air-liquid interface) the yellow is more dominant. This means more pronounced 
intensity gradients in the red component at the surface. Hence, the filter is detecting the surface 
using only the red layer of each frame (the green and the blue layers are not taken into account).
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On the other hand, it is suggested to apply a CCD or a CMOS caméra instead of a video 
caméra to reduce the effect of the droplets that are depositing on the wall of the test section. 
However, current scientific CCD caméras involve greyscale sensors (do not apply e.g. any Bayer 
Colour Filter Array, Foveon-type sensor or other technique to colorize the images) and thus 
output greyscale still images. Although, formally it is possible to convert a sériés of greyscale 
images into a colour video format - since the red, the green and the blue layers would contain 
identical information -, the particularity of the red component is lost. Furthermore, the classical 
LeDaR program processes the video files in the same way as the real-time video signal. Thus, 
in function of the CPU speed it may skip several frames of the video stream, which makes the 
resulting time évolution unreliable.

As a conséquence, it is decided to rewrite the LeDaR algorithm using Matlab’s GUI (Graph- 
ical User Interface). This version reads sériés of still images and analyses them one-by-one. 
Furthermore, in the Matlab-based version apart from the Sobel edge-detection filter (équa­
tion 3.1), additional algorithms are implemented as well. Two of these new methods that seem 
to be promising within the current study are the Positive Gradient and the Forward Step filters. 
Both of these new algorithms scan the user-selected area of the images (pixel) column-by-column, 
like the original method with the Sobel-filter.

The Positive Gradient method computes simply the intensity gradient along each pixel col- 
umn (from top to bottom). The user can define a threshold (positive values stand for dark-to- 
bright gradients). In case the gradient is higher than this value, the given pixel is identified to 
represent the liquid surface at the given column. In case the gradient does not reach the value of 
the threshold within a column, the liquid level would be declared to the location of the highest 
gradient.

The Forward Step filter is similar to the Sobel-filter. It also computes the convolution with 
an operator matrix. However, this [21 x 3] operator matrix (see équation 3.2) is not detecting 
edges, but more steps in the intensity distribution.

FwStep =
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In Figure 3.6(a) a 200 x 200 pixels^ sample of a LeDaR image can be seen. Along the vertical 
inverted pixel column, the intensity profile is extracted and shown in Figure 3.6(b). Along the 
profile, one can observe a sharp peak at T = 77 pixels, which represents a small droplet image. 
Furthermore, a step is visible around Y = 150 pixels, which corresponds to the liquid interface.

As it can be seen, the intensity gradient of the droplet image is even steeper than the gradient 
of the water surface. Therefore, the Positive Gradient method would identify the liquid interface 
around the droplet. Since the Sobel-filter also detects a local gradient, it would predict the liquid 
interface around the droplet as well. However, the Forward Step filter is sensitive to intensity 
steps similar to the raising edge of an electric TTL signal thanks to its operator matrix. It
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Figure 3.6 - Typical intensity variation in LeDaR images in the vicinity of the interface.

would hâve higher coefficient value around (positive) gradients, where the preceding pixels hâve 
uniformly low values and the following pixels hâve uniformly high values.

The coefficient of the Forward Step filter is also compared to a user-defined threshold. The 
location where the coefficient reaches the value of the threshold is associated to the liquid 
interface.

The Forward Step filter can follow very well the shape of the surface. However, its drawback 
is that it is difficult to find a global threshold, which gives an accurate Y position of the water 
surface in the whole analysed image. The method is too sensitive to the uniformity of the 
illumination of the water. At régions where the illumination is stronger, it over-predicts the 
surface; while at weaker illumination régions it is not able to find the surface.

To make the détection more robust, an additional criterion is implemented. Similarly to 
the Positive Gradient method, in case the coefficient does not reach the user-defined threshold 
within one pixel column of the détection région, the position with the maximum coefficient value 
is distinguished to be the local position of the liquid level. The filter with this extension is called 
Maximum Forward Step filter.

This automatic method appears to be more robust than the previously described filters. 
Furthermore, it detects generally more precisely the water level than the basic Forward Step 
filter.

(a) Sobel filter (b) Positive Gradient (c) Forward Step filter (d) Maximum Forward 
filter Step filter

Figure 3.7 - Comparing the different détection methods.

A comparison of the filtering performances of the above-described techniques is shown in
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Figure 3.7 using the given sample image. However, it is important to emphasize that the 
optimal détection method may vary depending on the actual image quality.

Thus, finally both the experimental conditions and the surface détection algorithm should 
be capable of handling the current experimental conditions and therefore the LeDaR technique 
is considered to be operational for the foreseen parametric accumulation investigation.



Chapter 4

The two-phase Particle Image 
Velocimetry technique

In order to be able to perforai PIV experiments in two-phase fiow (air -1- liquid droplets) 
condition, first an appropriate technique should be estabhshed. The présent chapter explains 
the évolution and the principle of the currently developed approach.

As an introduction, a description is given about the main difficulties concerning the two- 
phase PIV technique. After defining the main goals, several methods are proposed which could 
be followed to achieve the objectives. The advantages and disadvantages of ail these solutions 
are investigated.

Finally, the proposed technique is further developed, and ail the aspects of its applicability 
are verified and demonstrated as well.

4.1 Introduction

4.1.1 The principle of PIV

Particle Image Velocimetry (PIV) is a whole-field non-intrusive optical measurement tech­
nique whose aim is to détermine the instantaneous velocity field of a flow.

In single-phase flow condition, small (investigating air: ~ 1 g,m diameter oil) tracer particles 
are injected to the fluid. The tracers are following the motion of the fluid without disturbing 
it. The région of interest is illuminated by a light-sheet (in general, using a laser-source) . The 
tracers inside the sheet are scattering light, from which two successive images with a known 
séparation time (At) are recorded with the help of a - generally digital - caméra (a sample is 
shown in Figure 4.1). Therefore, by determining the displacement of the tracer images (As), 
the velocity of the flow can be easily obtained (ü = As/At).

In practice, the image pairs are divided into smaller régions, called interrogation Windows. In 
each window pair, the mean displacement of the tracer images is determined using basically the 
cross-correlation fonction. In the PIV algorithm of the VKI (WiDIM), more elaborate methods 
(e.g. itérative window refinement, window overlapping, validation procedure, etc.) ensure a 
more précisé displacement détermination. More details about the conventional PIV technique 
itself and on the algorithm can be found in Appendix A.l, Scarano and Riethmuller (1999b;a); 
Scarano (2000).
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Figure 4.1 - Raw image pair recorded during a PIV measurement.

4.1.2 Difïiculties in two-phase condition

Nowadays, the PIV technique in single-phase condition is widely used in most laboratories. 
However, by introducing a second phase (liquid droplets, solid particles or gas bubbles) in the 
fluid, the application of the PIV technique is not obvious anymore. In the présent case, liquid 
droplets should simulate the liquified alumina particles of the SRM.

In two-phase flow configuration the objective of PIV is to simultaneously measure the velocity 
of each phase.

By recording images using the above-described method, one would obtain images similar 
to Figure 4.2(a). Here, the droplets belonging to both of the phases appear. However, as the 
second-phase droplets are at least one order of magnitude larger than the tracers, they are not 
able to follow the motion of the continuous-phase. In addition, they may even modify the gas 
flow field. The investigation of this interaction is one of the objectives of the présent study. 
By analysing these kind of images directly with the PIV algorithm, the displacement of the 
droplets could bias the corrélation and therefore the velocity field of the gas-phase and thus the 
corresponding gas-droplet interaction cannot be safely determined.

As a conséquence, the images of the two phases hâve to be separated. This is the key point of 
ail the multi-phase PIV measurements. Once succeeded, the conventional PIV algorithm could 
be used to détermine on the one hand the velocity field of the continuous-phase and on the other 
hand the displacement of the second phase droplets.

(a) Sample image in two-phase condition (air -I- water (b) Theoretical droplet image sizes
droplets)

Figure 4.2 - Two-phase flow acquisition.

As the différence in size between the tracers and the droplets is at least one order of mag­
nitude, it seems to be straightforward that by measuring the sizes of their images, they could 
be sorted out. However, these objects hâve a diameter close to the wavelength of the illuminât-
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ing light (A = 532 nm in case of the 2nd harmonie of a YAG laser). In this domain the laws 
of geometrical optics are not valid; instead, the Mie scattering theory is describing the image 
formation:

Di =
^(M-iAp)2 + (2.44-/#-A.(M + l))'

D.pixel
(4.1)

The droplet image size (Di) is computed using équation 4.1 in function of the physical droplet 
size {Dp) using a typical magnification (M = 0.15 : 1) and three different focal numbers (/#). 
According to the results (shown in Figure 4.2(b)) it is visible that computing the real droplet 
size based on the images (in pixels), the uncertainty can be very large up-to several tens of /xm. 
Therefore, distinguishing the tracers from the smallest droplets based only on their diameter in 
the images is practically impossible.

In order to overcome the difficulties and allow two-phase flow PIV measurements, several 
solutions are proposed by researchers. Among the recent investigations, Khalitov and Longmire 
(2002) demonstrated a phase séparation technique using solid glass particles in a turbulent 
channel flow. The glass particles are quasi mono-dispersed. During the experiments only one 
caméra is used and the identified images of the two phases are discriminated with a relatively 
complex algorithm based on the intensity and the diameter of the appearing objects.

However, as soon as the second phase particles are truly poly-dispersed, additional informa­
tion has to be found. The simplest excess information is related to the colour of the objects. 
Therefore, most of the researchers apply fluorescent dyes in either of the phases.

The flow around growing bubbles was studied by Dias Pereira (1999); Dias Perdra and 
Riethmuller (1998). An Argon-Ion laser illuminâtes the plane of interest. With the help of 
fluorescent tracers and a long-pass optical filter the PIV caméra is not affected by the laser 
reflections occurring at the bubble surface. A second caméra equipped with the same kind of 
long-pass filter acquires the bubble shadow contour with white back-illumination. Therefore, 
the discrete-phase (bubble) contours and the tracer particle images are separated.

Lindken and Merzkirch (2002) studied also a bubbly liquid flow. They applied a green 
(A = 532 nm) laser-sheet with fluorescent tracers (which emits light close to red) and a red 
back-illumination. Thus, in the images of the single caméra - that is equipped with an optical 
long-pass filter to eut the laser light - the bubbles show shadows and the tracers hâve higher 
intensity compared to the background. Therefore, the images of the different phases are identified 
and masked based on their intensity level.

The shadow technique was used by Nogueira et al. (2004) as well in order to detect the 
contours of large bubbles travelling in a vertical tube and to investigate the liquid motion 
upstream and downstream the bubble and the liquid film between the bubble and the tube wall 
with PIV.

Considering the air-droplet fiows, several approaches are proposed. Boëdec and Simoëns 
(2001) doped their droplets with fluorescent dye. One caméra records Mie scattering images 
(A = 532 nm) from the ensemble field (tracers and droplets) and a second caméra equipped with 
an optical long-pass filter records fluorescent droplet image pairs. To separate the two phases, 
the droplet images are identified and subtracted from the ensemble flow field.

The realized method of Towers et al. (1999) implies a green (A = 532 nm) laser puise 
corresponding to the first images of the PIV couples and a red (A = 610 nm) laser puise
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corresponding to the second images. The tracer particles are fluorescent. A home-made quasi- 
colour caméra grabs single images from the green layer and the red layer of the fleld-of-view. 
That allows on the one hand to separate the temporal information and on the other hand to 
discriminate between the fluorescent and non-fluorescent objects which correspond to the first 
laser puise.

The applicability of fluorescent tracers in the presence of a dense spray was demonstrated 
by Rottenkolber et al. (1999). Rottenkolber et al. (2002) shows two techniques: the masking 
and the peak séparation. The masking technique involves fluorescent tracers and one caméra, 
which is equipped with a carefully chosen optical long-pass fllter that reduces the Mie scattering 
intensity levels to the levels of the fluorescent émission. Later, the images of the tracers and 
the droplets are digitally separated based on délicate intensity thresholding. In case the local 
displacement of the two phases are sufficiently different, the peak séparation technique can be 
applied as well. This séparâtes the displacement information of the two phases according to the 
properties of the corrélation peaks.

Grünfeld et al. (2000) combines PFV with Laser Induced Fluorescence (LIF). A gaseous tracer 
(NO) is excited by a UV (A = 266 nm) laser-sheet from which fluorescent images are recorded. 
A second laser-sheet illuminâtes the field quasi-simultaneously. This light is scattered by the 
droplets, which can be recorded with a second caméra. Thus, the images of the two phases are 
separated optically.

Fluorescent tracers excited by A = 355 nm are used by Driscoll et al. (2003). A second laser- 
sheet produces A = 532 nm illumination used for the visualization of the droplets. However, 
the illuminations are not simultaneous. The séparation time of the double puises corresponding 
to the different wavelengths are adapted according to the velocity magnitudes of the different 
phases. A caméra equipped with a bandpass fllter acquires image pairs of the tracers and a second 
caméra equipped with an interférence fllter acquires Mie scattering images at A = 532 nm. As 
the number of droplets in the spray région is substantially higher than the number of tracers 
and since the droplets are considerably larger, the authors daim no need of additional phase 
séparation.

The most appealing technique - presented by Kosiwczuk (2006) - uses a laser-sheet of A = 
355 nm and different fluorescent dyes in the two phases. Using two caméras and proper optical 
filters, the Mie scattered flght is eut and the images of the phases are separated optically. Some 
further details on this method will be given later in section 4.2.4.

Similarly to most of these techniques, the approaches that are described in the following 
sections also differentiate between the objects of the two phases using an additional information 
based on fluorescent wavelength shift.

4.2 Choosing a two-phase PIV approach

In the présent section varions candidate tools are proposed for the two-phase PIV expéri­
menta. Both the potential and the limitations of each of them are described based on which 
flnally a sélection is made.
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4.2.1 The preliminary technique

The first technique that allows two-phase (gas -I- liquid droplets) PIV measurements is also 
developed within this research work. Details of its basic principle are given by Toth and Anthoine 
(2003); here only a summary is outlined together with a discussion concerning its performance.

4.2.1.1 The image recording

The technique itself is very similar to the one used by Boëdec and Simoëns (2001).

The method utilizes fluorescent dye (Rhodamine 6G) which is dissolved in the droplet-phase 
(represented by water droplets). In general, the molécules of a fluorescent paint absorb the 
photons of the illumination and use their energy to émit light at a higher wavelength. At the 
illuminating A = 532 nm wavelength Rhodamine 6G has a high absorbance, high efficiency and 
its émission band has a peak around 566 nm (e.g. according to Brackmann (2000)). Thus, on 
the one hand the droplets émit light in the yellow-orange range of the visible spectrum. On 
the other hand, on the surface of the droplets light reflection still occurs. Therefore, droplet 
images can be acquired at the fluorescent émission wavelength and/or at the illumination (laser) 
wavelength.

Within the présent technique (see also Figure 4.3) two PIV caméras are used to record 
simultaneous image pairs. One of the caméras records image pairs from both of the phases 
(entire flow field images, similar to Figure 4.2(a)). The second caméra is equipped with an 
optical long-pass filter that cuts the 532 nm illumination wavelength (and ail the shorter ones 
as well) and lets only the emitted fluorescent light pass through. As a resuit, the second caméra 
records simultaneous image pairs containing only droplet images. In the followings, an image 
Processing algorithm is separating the two phases.

Figure 4.3 - Arrangement using the preliminary technique.

4.2.1.2 The image processing algorithm

Here, only the latest version of the algorithm is described, which differs at some points from 
the one shown by Toth and Anthoine (2003).

The main idea of the process is to croate a mask that hides the images of the droplets in
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the instantaneous entire flow field image pairs. Once accomplished, the separate image pairs 
containing only tracer images and only droplet images are available.

At first the droplet images from Caméra #A are analysed. After filtering the image (to 
reduce noise and sharpen the images of the objects), the algorithm performs a wavelet analysis 
(for details, conceming the similar vortex-detection wavelet technique, please refer to Schram 
et al. (2004)) in order to detect the location and the size of each droplet image.

The images of the droplets represent an Airy pattern, which can be well approximated 
by a Gaussian distribution (shown e.g. by Adrian and Yao (1983) and Scarano (2000) as well). 
Therefore, using the two-dimensional Marr (Mexican hat) mother wavelet, the Gaussian droplets 
can be well localized. The shape of the mother wavelet is shown in Figure 4.4. In the détection 
algorithm typically rigcales = 12 different scales (diameters) of this function are considered. The 
smallest scale is typically 2 pixels in radius; the largest scale is of the order of the largest droplet 
radius observed visually in the images (around 7 pixels).

Figure 4.4 - The Mexican Hat mother wavelet.

The wavelet algorithm correlates ail the scales of the mother wavelet function with the whole 
image. From the nscales resulting wavelet coefficient fields local peaks are detected. These ones 
give the locations of the droplet images. Investigating the wavelet coefficients at a given position 
among the different scales, the approximate diameter of the droplet image can be obtained by 
choosing the scale that représenta the highest coefficient.

In order to be able to apply this information to the entire flow fleld images (of Caméra 
#B), the transfer function between the fields of view of the two caméras has to be determined 
(spatial calibration). This is simply done by using WiDIM on instantaneous single-phase images 
(containing only tracers) acquired simultaneously by the two caméras (these images are obtained 
from a separate preliminary recording without any optical fllter). A typical transformation fleld 
can be found in Figure 4.5.

Using the transformation field, the droplet image locations obtained by the wavelet-based 
algorithm can be transferred from the droplet-phase image ( Caméra #A) to the ensemble flow 
fleld image {Caméra #B). During the preliminary tests it was discovered that a small misalign- 
ment (up-to a few pixels) can occur in the droplet image location due to the uncertainty of the 
spatial calibration. Thus, the transformed droplet image location in the entire flow fleld image 
has to be tuned. For this purpose a small (the size of the detected radius of the droplet) search 
area is defined, where a new wavelet analysis is carried out using only three scales close to the 
predicted droplet image diameter.

However, in practice the lenses of the two caméras do not use the same aperture (/#) and 
do not receive the same light. Therefore, different image diameters will be projected from each
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Figure 4.5 - The différence between the fields of view of the two caméras.

droplet according to Figure 4.2(b). Thus, once the real droplet image position is determined, its 
diameter needs to be recomputed as well. In order to reduce the computational time and still 
remain accurate, in this last step the wavelet algorithm using several scales is avoided. Instead, 
starting from the centre of the droplet image, the intensity gradient is investigated along a 
vertical and a horizontal profile. The location, where the gradient changes sign (the intensity 
values stop decreasing) is considered to be the border of the droplet image along each profile. 
Finally, these values are averaged to obtain the final droplet diameter.

This process is repeated with ail the droplet images. As a resuit, one owns a map of the 
exact droplets’ image location together with their sizes. Therefore, ail the droplet images can 
be masked now in the same way as it is described by Tôth and Anthoine (2003), namely by 
defining zéro intensity value in the area corresponding to a droplet. In Figure 4.6(a) an example 
of a masked image is shown.

(a) Gas-phase PIV (tracers) image sample after (b) Droplet-phase image sample
masking)

Figure 4.6 - Test section configurations.

As a resuit, one has image pairs containing only tracer images (Figure 4.6(a)) and image 
pairs containing only droplet images (Figure 4.6(b)). Therefore, the conventional PIV algorithm 
(WiDIM) can be applied to obtain the gas-phase velocity field. Furthermore, the droplet prop- 
erties can also be determined using the droplet-image pairs, as it was presented in Toth and 
Anthoine (2003).

As shown by Régert (2004), using this method, the masks that practically displace together 
with the droplet images may still bias the gas-phase velocity field since they do not follow the 
gas-phase as the tracers but will be taken into account during the cross-correlation operation 
(as pointed out by Gui et al. (2003) as well). Furthermore, it was found (Régert (2004)) that 
the amount of scattered light from particularly large droplets could reach beyond the limit the



52 Chapter 4 - The two-phase Particle Image Velocimetry technique

CCD sensor of the caméra can sustain (for Caméra #B). This may lead to the damage of the 
PIV caméra. Therefore, this technique can not be used. However, using varions éléments of this 
method, other approaches are proposed.

4.2.2 The successive measurement technique

From the caméra safety point of view, it is essential that no light should arrive in any 
caméra at the wavelength of the laser, as direct light refiections from large droplets could contain 
dangerously high energy. Thus, the camera(s) should be protected by optical filters. Therefore, 
in order to be able to record images of objects, the use of fluorescent dye is inévitable (to realize 
a wavelength shift compared to the laser émission). As the fluorescent émission is isotropie, no 
direct reflection can occur at this wavelength.

However, one needs to differentiate between the two phases. By using 532 nm green light as 
an illumination (the 2nd harmonie of the YAG laser), unfortunately there is not enough space in 
the visible spectrum to use two different dyes in the two phases and separate them properly via 
optical filters. The applicability of a technique of this kind is investigated by Kosiwczuk et al. 
(2005).

Therefore, according to the first proposed technique, the images are not recorded simulta- 
neously. At first, a given type of fluorescent dye (e.g. Rhodamine B) is dissolved in the tracers. 
Image pairs are recorded using one caméra, which is equipped with a long-pass optical filter that 
cuts the wavelength of the laser. Then, the same fluorescent dye is dissolved only in the droplets 
and another sériés of image pairs is acquired with the same caméra through the same filter.

In other words, the same test is repeated twice. In both cases, the droplets are physically 
présent in the test section. However, they become visible to the caméra only when they contain 
fluorescent dye. When the droplets are not doped, fluorescent tracers are injected in the gas- 
phase.

Thus, in theory one should hâve separate image pairs containing only tracer images (the 
gas-phase) and separate image pairs containing only droplet images. Since they are recorded in 
different time instants, only the statistical properties of the two phases can be correlated.

4.2.2.1 The device generating fliuorescent seeding

Fluorescent droplets hâve already been generated using the preliminary technique without 
any problem. However, fluorescent tracers hâve not been generated yet. The traditional seeding 
generators of the VKI evaporate oil by spraying it on a heated (approx. 170 °C) plate. These 
devices produce particles of the order of 1 to 2 jj,m. Unfortunately, the fluorescent dye intended 
to be used (Rhodamine B) can not be dissolved in oil. Furthermore, by applying a fluorescent 
material, one does not want to beat up the tracers so as not to change the properties of the dye. 
The only available device producing fine droplets without heating is a Laskin nozzle at the VKI 
(Moraitis (1987)). However, the generated tracer diameter turned out to be too smalT to émit 
sufficient fluorescent light, which could be detected by the caméra. Therefore, a new seeding 
generator, a nebulizer is built.

The sketch and some pictures of the device are shown in Figure 4.7. During operation, sonie 
air is injected through a vertical tube. A feed pipe which originates from the bottom of the 
réservoir is attached to the horizontal liquid tube. At the injection, the sonie air is passing in

^it produces sub-micron size droplets
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front of the exit of this horizontal tube and créâtes a considérable pressure decrease. Therefore, 
the liquid from the réservoir is sucked up through the liquid feed pipe and immediately atomized 
by the airflow. The final unit contains four identical nozzles to be able to produce a large amount 
of seeding particles.

Figure 4.7 - The seeding generator.

The exit of the device is located on the top cover. As the atomized particles are travelling 
with the flow from top to bottom, they need to turn 180° to reach the exit. Therefore, the large 
particles (representing a Stokes-number doser to unity), which are not capable of following the 
motion of the air-flow will fall back into the liquid bath. Thus, the arrangement itself plays the 
rôle of an impactor entrapping the particles that are too large to be tracers.

Using this device one can generate droplets with a mean diameter of dz2 = 1-5 /xm. Finally, 
glycérine is applied as the base of the tracers’ material in which Rhodamine B can be dissolved 
effectively.

4.2.2.2 Fluorescent tracer applicability

In order to verify the applicability of the generated tracer particles, a single-phase PIV 
measurement is carried out in the VKI L-11 wind-tunnel by installing an inhibitor of h = 27 mm 
and without installing the nozzle cavity to allow easy access to the test section for frequent 
cleaning.

The fact that the acquired light is fluorescent émission (and not simple reflection) does 
not bias the PIV measurements. This was already confirmed e.g. by Kosiwczuk et al. (2005). 
However, working with fluorescent material, the particles should still be small enough to follow 
the airflow, but they should be large enough to contain sufficient dye molécules that could émit 
enough light from the laser excitation to be detected by the caméra.

Unfortunately, in the fluorescent domain, the amoimt of emitted light is not necessarily 
proportional to the amount of dissolved dye. In practice, by increasing the concentration, at 
first the emitted light intensity increases. However, beyond a given concentration one falls in 
the région of self-quenching. It means that the dye molécules are so close to each-other that the 
probability of an emitted photon hitting another dye molécule is very high. When this photon 
hits a molécule, it will be re-absorbed. As the efficiency of the dye molécules is well below 
100% (in case of Rhodamine B the efficiency peak is around 29%), it means that the amount of 
emitted light from a tracer decreases again beyond a given concentration.
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Conceming the illuminating light intensity, a non-linear behaviour can be observed as well. 
As the light energy is increased, more-and-more photons are absorbed by the dye molécules. 
However, the molécules hâve a given recovery time, therefore by exciting them with higher 
intensity would not produce more light émission. On the contrary, by applying too high illumi­
nation energy, the molécules might be burnt.

Therefore, as one can see, since the tracers are very small (they are comparable to the 
illuminating wavelength) there should be a size limit in terms of diameter below which the 
droplets would not be visible to the caméra whatever parameter is changed (dye concentration 
or laser energy). This limit was found to be around dp = 4 /xm by Towers et al. (1999) using 
saturated Rhodamine 640 solution.

Thus, during the présent vérification measurement, first of ail the visibility of the tracers 
should be checked. The secondary goal is to verify their applicability from the dynamic point 
of view (whether they follow the flow).

During the tests, the tracers are injected in the stagnation chamber to allow sufficient mixing 
before the air arrives at the test section. The injecting tube is installed on the top of the existing 
cross-shaped spray support (see Figure 4.8).

(b) Arrangement (c) The injection tube

Figure 4.8 - The seeding generator.

In the test section, the laser-sheet is generated in a classical way in the mid-span of the 
test section just downstream the inhibitor. One 12-bit PCO SensiCam PIV caméra is recording 
images through a long-pass optical filter (cutting around A = 580 nm) in order to eliminate the 
wavelength of the laser. The filter is working effectively: without fluorescent dye dissolved, no 
tracer is visible.

The concentration of the fluorescent dye is increased gradually and the image quality is 
always verified. A peak in the number of visible tracers is found around the concentration of
7.5 g/l. Therefore, this concentration is considered to be optimal for the présent application. It 
should be noted that looking visually at the actual number of tracers in the test section, only a 
few percent of the tracers produce sufficient light that can be captured by the caméra.

Since the brightness of a tracer is proportional roughly to its volume, a slight change in its 
diameter results in a considérable change in its intensity in the image. Thus, the tracers that 
reach above the noise level of the images (which is around / = 60 to 70) cover a wide range of 
intensifies. They reach up-to / = 500. The maximum intensity level that can be recorded by 
the 12-bit caméra is 4096.

The sample image that is shown in Figure 4.9 was acquired by using a /; = 50 mm lens at an
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aperture corresponding to /# = 1.8. Furthermore, the black pixels correspond to an intensity 
level of 7 = 78 and the white pixels correspond to 7 = 135 of the 12-bit information. The grey 
levels in between are converted linearly.

The image of Figure 4.9 is recorded at a free stream velocity of î7o = 2 m/s (the inhibitor is in 
the bottom left corner of the image and the flow is moving from left to right). As one can see, the 
amount of visible fluorescent tracers can be just sufficient to perform a PIV analysis. Therefore, 
300 image pairs are recorded and analysed. The mean flow fleld represented by velocity profiles 
is shown in Figure 4.10(a). The contour plot shows the velocity magnitude normalized by Uq.

The results are compared to an earlier single-phase measurement (presented in Toth and 
Anthoine (2003)), which was carried out using the same inhibitor height and similar free stream 
velocity. The earlier resuit is shown in Figure 4.10(b) using the same quantities.

2 m/8

X [x/h]

(a) Fluorescent tracers (b) OU tracers obtained by Tôth and Anthoine
(2003)

X [x/h]

Figure 4.10 - Statistical flow fleld obtained with oil tracers.

As it can be seen the data obtained with the fluorescent tracers shows a good agreement 
with the classical oil tracers. Therefore, the présent tracers are considered to be applicable with 
flows at lower volumétrie flow-rate (up-to 2 m/s in the présent test section).

4.2.2.3 Introducing the droplets

Once the applicability of the fluorescent tracers is confirmed, one should investigate the 
droplet-phase. As it is demonstrated in section 4.2.1, one can record images only of the droplet- 
phase, while it contains fluorescent dye using the preliminary technique. However, in two-phase
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flow condition the non-coloured droplets should be présent in the test section, while they should 
not appear in the tracer images.

Therefore, a test is performed by injecting only water droplets in the test section (without 
tracers). Before the test, the spraying System and its supply were cleaned carefully to remove ail 
possible earlier fluorescent dye remains. The optical properties of the caméra are kept unchanged; 
therefore it is still equipped with the long-pass optical fllter.

During the test, by running the water spray and the YAG laser (at the same energy level 
as during the fluorescent tracer-test), images similar to Figure 4.11 are recorded. In the sample 
apart from the contours of the test section two kinds of objects are visible.

Droplets

Déposition 
on the sidewall

Figure 4.11 - Sample image with non-fluorescent droplets.

First of ail, a fog-like object appears shortly after starting up the experiment, which originates 
roughly from the tip of the inhibitor and visually it diverges following the streamlines of the 
flow. However, this object is not located in the plane of the laser-sheet, but on the latéral 
Wall through which the caméra records the images. In practice, as some of the droplets hit the 
sidewall in the turbulent shear layer and wake, they deposit. Furthermore, as the surface of the 
wall contains some fluorescent dye remaining even after careful cleaning, the droplets dissolve a 
small amount of fluorescent material and using the energy of the laser light reflections, they émit 
light at the fluorescent wavelength. As they are not located in the depth of fleld of the caméra, 
the deposited droplet images are not sharp. Generally, they represent uniformly low intensity 
levels. Therefore, they may be disturbing, but PIV measurements should be still possible by 
considering this non-moving blurred light émission in the background for the PIV processing.

The second type of appearing objects in Figure 4.11 are droplet images. In spite of not 
introducing any fluorescent dye in the water, droplet images are still visible. The number of 
appearing droplets compared to the total number of droplets is very low. Most probably only the 
largest ones are visible. Their intensity level is very low, but since they are not uniform objects, 
they may disturb the gas-phase PIV measurements. Therefore, the source of their presence is 
attempted to be identifled.

First of ail their fluorescence content is checked. To flnd it out, a laser-beam reflection from 
one of the optical éléments is directed roughly vertically into a small cap, which contains flrst 
normal tap water from the same source from which the water of the spray is taken. The image 
in Figiue 4.12(a) is recorded with the caméra using a given setting. Here, the laser-beam is 
slightly visible.

Then, the tap water is directed through the spray supply System (réservoir and tubes), 
but not the spray itself to see how much dye the water picks up, if any. As it is visible in 
Figure 4.12(b), the water already contains a very small amount of fluorescent material (the 
laser-beam appears brighter with the same caméra setting).
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Finally, the water is directed through the whole spraying System (through the spray as well) 
and as it can be seen in Figure 4.12(c), the water dissolves even more dye (the fluorescent 
émission is so strong that the whole liquid surface saturâtes the image).

(a) Tap water (b) Tap water 
through the tubing 

System

(c) Tap water 
through the spray as 

well

Figure 4.12 - Verifying the dye content of the spray water.

In fact, the current spray device was used extensively to investigate fluorescent droplets 
and materials earlier. Before the current tests it was dismounted, cleaned carefully, kept in 
methanol bath and it was operated with clean water during an extensive period of time. As it is 
experienced, in spite of ail the cleaning processes, a small amount of dye can be still picked up 
by the water. The concentration should be practically zéro and inside the limited volume of the 
droplets the amount of dye itself might not be suflacient to make the droplets visible. However, 
this can contribute to the visibility of the water droplets in the caméra images (at the time of 
the tests there was no spray of similar type available, which would hâve never been used with 
fluorescent dye).

To analyse further the droplet visibility problem, the possible impact of the tracers is con- 
sidered. By running only the water spray (the same, cleaned device) and adjusting the caméra 
and the laser properties roughly to the same settings, the droplets were considerably less visible 
in the images. Tests outside the test section also confirm that the dye content of the droplets is 
not suflicient to make them visible.

That is why the contribution of the fluorescent tracers is suspected. Although, the tracers 
travel with the flow, time-to-time some tracers may touch the wall, which are then accumulating 
on the surfaces of the test section covering it with rather high-concentration fluorescent dye. In 
the régions where the laser-sheet enters the test section, the fluorescent dye is excited with very 
high energy. As it forms a very thin film, self-quenching does not play an important rôle, thus 
ail the emitted light will illuminate the test section (see also Figure 4.13) and therefore the 
illuminating light-sheet aheady contains fluorescent wavelengths. As this light is reflected by 
the droplets towards the caméra, the droplet images are appearing in the acquisitions.

If the test section is cleaned carefully, this effect is low, but during the investigation, the more 
tracers deposit on the surface, the more serious this problem may become. Therefore, during the 
future measurements short experiments and frequent cleaning should take place. Furthermore, 
the spraying System should contain preferably éléments, which never had any contact with the 
fluorescent dye of the tracer-phase.
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Fluorescent dye 
déposition on the 
surface of the 
test-section

Laser sheet

Fluorescent light 
émission from the 
surface of the 
test-section

Figure 4.13 - The impact of the fluorescent tracer déposition.

4.2.3 The one-camera technique

According to the présent method, one could use the nature of fluorescent light émission 
during the measurements.

When using a technique based on light scattering, one can not distinguish the tracer images 
from the (smaller) droplet images by measuring their diameter, as shown in Figure 4.2(b). Their 
intensity can not be used either.

Furthermore, an optical filter has to be used to protect the caméra sensor from light arriving 
at the wavelength of the laser and therefore one has to use fluorescent dye to visualize the 
droplets and the tracers.

When using a technique based on light émission, the intensity of the fluorescent light (assum- 
ing a constant illumination) dépends on the number of excited molécules, as already detailed in 
section 4.2.2.2. Therefore, assuming a given dye concentration, the emitted light is proportional 
to the volume of the droplet and thus to the cube of its diameter.

In the présent case, the droplets are at least one order of magnitude larger than the tracers. 
Thus, assuming the same dye concentration and applying the same image recording conditions, 
the tracers’ images can just reach an intensity level of / = 500, while the droplets’ images are 
ail saturated [I = 4095).

Naturally, by optimizing the dye concentration in the liquid of the droplet-phase, the satu­
ration could be avoided, while the brightness of the two kinds of objects could remain distinct. 
Therefore, although the tracers and the droplets would both appear in one image, they could 
be distinguished from each other using their intensity and size information. To measure their 
properties, the droplet détection algorithm described in section 4.2.1.2 could be appfled, which 
could give directly the required properties. In the followings, a discrimination criterion based 
on the object size and intensity could be implemented (similar to the one described by Khalitov 
and Longmire (2002)).

A sample image is shown with two different grey-level conversions in Figure 4.14. The 
sample is recorded by using the 7.5 g/l Rhodamine B in glycérine to generate the tracers and 
0.015 g/l Rhodamine B in water that forms the droplet-phase. The latter concentration is not 
an optimized value. In the figure it can be seen that more dye could hâve been used in the 
droplet-phase. Thus, the intensity levels of the two phases are slightly overlapping, but the 
potential of the technique can already be seen.



4.2 Choosing a two-phase PIV approach 59

(a) white corresponds to / = 135 (b) white corresponds to / = 512

Figure 4.14 - Fluorescent tracers and droplets: black corresponds to I = 78.

Concerning its performance, on the one hand the experiments would simplify. Only one 
caméra is sufRcient for the image recording and the problem related to the fluorescent dye 
déposition on the walls (described in section 4.2.2.3) would probably hâve a negligible effect.

On the other hand however, the phase séparation should be done by image processing. This 
process would be very time consuming, which could be a serious hmitation, when considering 
some thousand image pairs. Furthermore, the seeding concentration could become even coarser 
in the région of the images, where high number of droplets are présent.

4.2.4 The UV technique

The last proposed technique uses a modifled laser wavelength (A = 266 nm) compared to the 
classical PIV application (A = 532 nm). Performing two-phase PIV experiments with the use 
of the third harmonies of a YAG laser (A = 355 nm) has already been performed by Kosiwczuk 
et al. (2005). In this case, the illuminating wavelength is sufficiently short so that using two 
different fluorescent dyes in the two phases, the dyes will émit light at two rather distinct bands 
of the visible spectrum. Thus, using two caméras equipped with proper optical fllters, the 
images of the two phases can be separated optically. Therefore, two images can be recorded 
simultaneously, which contain only one of the phases each. However, Kosiwczuk et al. (2003) 
showed that the optical séparation is not perfect as some residual light remains in one of the 
images originates from the other phase.

In the présent proposition, keeping the idea of separating the two phases optically (see 
Figure 4.15), the quality of the séparation is attempted to be improved. Therefore, two different 
fluorescent dyes are dissolved in the two phases (droplets and tracers). However, these dyes 
would be excited simultaneously by different wavelengths.

A schematic of the principle of the proposed technique can be seen in Figure 4.16. As an 
illumination source, a YAG laser would be applied that is capable of producing puises at the 2nd 
harmonie (532 nm) and the 4th harmonie (266 nm) simultaneously. The idea is that the two 
puises are exciting fluorescent dyes, which hâve high absorbance at only one of the wavelengths 
(Rhodamine B at A = 532 nm and Butyl PBD at A = 266 nm). Therefore, the two phases would 
émit light at very distinct bands of the spectrum. Finally, by using two caméras equipped with 
proper optical fllters only the light of the fluorescent émissions would be recorded.

The applicability of fluorescent tracer particles containing Rhodamine B was verified in 
chapter 4.2.2.2. In the présent technique they would be excited with the same, A = 532 nm
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Figure 4.15 - Two-phase flow measurement principle.

Fluorescent
émission
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Figure 4.16 - The principles of the proposed measurement technique.

wavelength. Therefore, their applicability is not questioned.

However, the image recording capabilities using the current fluorescent droplets (containing 
Butyl PBD) has to be verifled. The résulta of the preliminary tests are shown in the followings. 
As a laser source, a "Quantel Twins Ultra 180” MiniYAG laser with simultaneous UV (A = 
266 nm) capabilities is used.

The droplet-phase is generated by a spray device. The spray produces small - dp = 10 to 50 pm 
droplets (its droplet size distribution is shown in Figure 4.17). The liquid used for the atom- 
ization is methanol containing Butyl-PBD fluorescent dye. Butyl-PBD absorbs the 266 nm UV 
light of the laser and emits light around a peak of 365 nm (according to Brackmann (2000)). 
Since the efflciency of the dye is low, visualizing relatively small droplets should be challenging.

In order to verify the applicability of the UV illumination and the UV fluorescent dye, the 
spray is installed in a tube to limit the dispersion of liquid droplets. A schematic of the test 
arrangement can be seen in Figure 4.18. A dichroic mirror séparâtes the two wavelengths of the 
laser-beam; currently only the 266 nm beam is utilized. Since BK7 lenses are not transparent 
for the 266 nm UV light and there was no other lens available during the period of the tests, 
simply the laser-beam was applied for the illumination and no sheet was generated. In practice, 
if a laser-sheet does not diverge considerably, the light energy per unit area is in the same order 
of magnitude as in the beam.

The fluorescent droplets are falling through the laser-beam and the fluorescent light émission
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Figure 4.17 - The droplet size distribution of the spray device.

is recorded with the 12-bit PCO SensiCam caméra. In order to increase its sensitivity, 2 x 
2 pixels^ binning is applied. The sensor of the caméra is blind below 280 nm wavelength. Thus, 
no optical filter is needed.

I

Figure 4.18 - The UV test arrangement.

A sample image can be seen in Figure 4.19(a). The number of droplets can be counted in the 
instantaneous acquisitions. Then, scattering images are recorded with A = 532 nm illumination 
(see Figure 4.19(b)), where a similar number of droplet images can be seen. Thus, the A = 266nm 
illumination appears to be applicable.

(a) Sample image using fluorescent droplets (b) Sample image using 532 nm scattered light

Figure 4.19 - Visibility of the fluorescent droplets.

Finally, it was also verified that the Rhodamine B doped tracers do not émit détectable light 
with the 266 nm excitation and the Butyl-PBD doped droplets do not émit détectable light with 
the 532 nm excitation.
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4.2.5 Comparison between the different methods

Currently, three approaches are presented that could be used as the replacement of the origi- 
nally developed preliminary two-phase PIV measurement technique. The preliminary technique 
cannot be used, as it is dangerous for the caméra. Therefore, one of the latter three techniques 
should be chosen for the future final measurements. The applicability of the three methods is 
investigated and in theory ail of them appeared to be operational.

The advantages and disadvantages of the techniques are summarized in Table 4.1 in order 
to help choosing the optimal technique for further development.

Table 4.1 - Two-phase PIV technique comparison.
Successive measurements One-camera UV-technique

(-h) Only one caméra 
is needed

(-b) Only one caméra 
is needed

(—) Need of two 
caméras

(—) Only statistical
analysis

(-b) Simultaneous 
measurements

(-b) Simultaneous 
measurements

(-f) High-quality
phase séparation

(-) Sensitive
phase séparation

(-b) High-quality
phase séparation

(-b) Quick (optical) 
phase séparation

(-) Computationally 
heavy séparation

(-b) Quick (optical) 
phase séparation

(-) Need of spécial 
optical éléments

The fact that only statistical property can be obtained with the successive measurement 
technique makes this method considerably less favourable. Therefore, the two remaining should 
be further evaluated.

Using only one caméra at a time is obviously easier during the measurements, but it was 
already demonstrated by T6th and Anthoine (2003) that two caméras can be synchronized and 
handled during an experimental campaign. Therefore, this disadvantage of the UV technique is 
far from being critical.

A huge advantage of the UV-technique is that it is separating the images of the two phases 
optically with the use of optical filters in front of the caméras. Optical séparation is not only 
quicker (it requires no additional computation), but once it is established, the images of the 
droplets and tracers ail fit smoothly in the image background. Therefore, during the PIV Pro­
cessing no moving intensity steps would be présent, which might bias the corrélation algorithm 
(mentioned in section 4.2.1.2).

In case of the UV technique, the cost of the optical phase séparation is the need of spécial 
optical éléments and a spécial laser source. Furthermore, beyond the financial aspects, during 
the imaging of both of the phases one has to balance right at the edge of the laws of physics 
and the current capabilities of the experimental equipment.

Considering ail the presently known advantages and disadvantages and the expérience gath- 
ered during the techniques assessments, the UV technique appears to be the most appealing. 
Therefore, this was made to function in the experimental facility.
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4.3 Developing the UV two-phase PIV method

4.3.1 Adapting the experimentzJ equipment for the UV technique

Concerning the ability to apply the UV technique in the facility, the most important obstacle 
is the A = 266 nm light, because the transparent-hke materials applied at the construction of 
the test section (glass and plexiglass) and the laser sheet optics (BK7 glass) are only transparent 
to the visible light rays, starting from around A = 300 nm.

In order to be able to generate the laser-sheet, the applied optical éléments hâve to be 
exchanged as well. For this purpose, a quartz cylindrical lens of / = —50 mm and two quartz 
spherical lenses of / = 150 mm and / = 300 mm respective focal lengths are purchased.

Furthermore, to be able to allow the A = 266 nm light to enter the test section of the wind- 
tunnel, the glass window of the détachable plexiglass wall is replaced by quartz as well. However, 
before building a new frame, the transmittance of the quartz piece is verified qualitatively. Thus, 
the A = 266 nm laser-beam is separated from the A = 532 nm using the dichroic mirror and a 
laser-sheet is generated from the A = 266 nm component. This light sheet is impinging on a 
conventional white A4 paper. Whitened papers often contain sufficient fluorescent material, to 
be able to visuahze the UV laser light. Thus, before the sheet would impinge on the paper, a 
part of it is passing through the quartz window and the remaining part is passing next to it.

An image is recorded from the fluorescent émission (see Figure 4.20). No intensity change 
is observed in the région corresponding to the part of the laser-sheet which passes through the 
quartz window. Therefore, according to the preliminary spécifications, the presently available 
quartz material is transparent to the A = 266 nm light. Thus, both of the wavelengths of the 
laser-sheet can illuminate the test section up)-to the glass splitting plate.

White paper

Laser above the 
quartz window

Laser through the 
quartz window

Laser below the 
quartz window

Figure 4.20 - The A = 266 nm laser-sheet passing through the quartz window.

The final optical éléments needed to make the technique operational are the optical filters of 
the caméras. On the one hand, the long-pass filter of the tracer-phase caméra already existed at 
the VKI and was used during the earlier tests (see e.g. section 4.2.2.2). However, on the other 
hand the short-pass filters of the droplet-phase caméra hâve to be chosen.

It is known that the short-pass filter should eut effectively the green laser wavelength (A = 
512 nm) and the fluorescent tracer light, but it should hâve a maximum transmittance below A = 
400 nm allowing the fluorescent droplet imaging. As it was mentioned earlier, the caméra is not 
sensitive to the A = 266 nm illumination either. Therefore, no précaution should be taken against 
it. Typical characteristics of the optical short-pass filters is shown in Figure 4.21(a). Although
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cutting the green laser light is not difficult, the absorption of the fluorescent tracer wavelength 
could be more problematic due to the local transmittance peaks at longer wavelengths.

(a) SP-500 (EO) transmittance.

Figure 4.21 - Optical short-pass filter transmittance (obtained from Edmunds Optics (EO)).

Therefore, two kinds of short-pass filter should be combined during the experiments. For this 
purpose, one SP-500 and one SP-550 Melles-Griot (MG) filters are selected, which are placed 
in front of the caméra lens (see Figure 4.22). These hâve a cut-off wavelength of 500 nm and 
550 nm respectively.

SP-500 (MG) SP-500 (EO)

SP-550
H

LP-580

1 1|CCD
1 11

Camera(s)

Figure 4.22 - Optical filter placement.

A visibility vérification is performed in the ambient using water droplets (with the same size 
distribution shown in Figure 4.17) with A = 532 nm illumination and the MG SP-500 filter in 
front of the caméra (applying 2x2 pixels^ binning). The intensity values between Imin = 78 and 
Imax = 135 of the 12-bit images are converted into 8-bit format to highlight the low-intensity 
objects, which are just emerging from the noise level of the caméra (the noise level is close to 
I = 78). As shown in Figure 4.23(a), the water droplets are still visible behind the MG SP- 
500 filter even in the presence of monochromatic light (A = 532 nm). Thus, a second SP-500 
filter from Edmimds Optics (EO) is installed between the caméra and its lens (see Figure 4.22). 
Finally, this configuration of two SP-500 filters already ensured the proper atténuation of the 
A = 532 nm wavelength of the laser, as the droplets are no longer visible in the images (an 
example is shown in Figure 4.23(b)).

One has to add that these tests are rather conservative as these filters should block primarily 
the reflected light from the tracers, which are about one order of magnitude smaller in diameter 
than the presently investigated water droplets. Since the relatively large water droplets are not 
visible in the highlighted caméra images, the scattered light from the tracers should not appear 
in the final droplet images either.

However, one should verify that by applying the three short-pass filters (2 x SP-500 and SP- 
550) together the fluorescent tracer images are not visible to the caméra, which is supposed to
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(a) SP-500 (MG). (b) SP-500 (MG) -I- SP-500 (EO).

Figure 4.23 - Pure water droplets visibility with A = 532 nm illumination.

record images only of the droplet-phase. Therefore, the outlet of the seeding generator is placed 
a few cm from the laser-sheet (containing only A = 532 nm). The caméra, equipped with the 
previously mentioned three short-pass filters, records the area where the tracers are Crossing the 
sheet. The tracers are composed of glycérine and 7.5 g/l Rhodamine B. This concentration is 
intended to be used during the experiments, as mentioned in section 4.2.2.2.

An example of the recorded images is shown in Figure 4.24. As before, the intensity values 
between Imin = 78 and Imax = 135 of the 12-bit images are converted into 8-bit format to 
highlight the low-intensity objects. No tracer particle is visible in the acquisition, which proves 
the proper cut-off feature of the présent short-pass filter set. The tube visible in the sample 
image is the outlet of the seeding generator, which is dimly illuminated by the parasitic light 
entering the darkroom.

Figure 4.24 — The visibility of the fluorescent tracers through the short-pass filter set.

Therefore, the fluorescent droplet-phase is considered to be applicable with the chosen optical 
filter set. The fluorescent tracer-phase and the long-pass filter were successfully investigated in 
section 4.2.2.2. Thus, at the présent status the UV technique is assumed to be practically 
operational.
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4.3.2 Demonstrating the applicability of the UV technique

In order to demonstrate the applicability of the whole UV two-phase PIV technique a simu- 
lated experiment is performed in the ambient (outside the test section of the wind tunnel). The 
measurement is performed in the tube installation which was used during the test described 
through Figure 4.18.

Tube

Spray

Glycérine + Rhodamine B 
tracers

Common Field of View

Laser-sheet 
(266 & 532 nm)

PIV caméra #1
Methanol + Butyl PBD 
droplets \

Short-pass 
Optical filters

Long-pass^
Optical filter piv caméra #2

Figure 4.25 - The set-up of the simulated experiment.

The présent arrangement is shown in Figure 4.25. The spray device that produces a droplet 
size distribution of Figure 4.17 is installed on the axis of the tube (0135 x 620 mm). The flow 
inside the tube is induced mainly by the droplet injection. The droplets are produced from 
2.67 g/l Butyl PBD - Methanol solution. To visualize the air-phase the above-described tracers 
of 7.5 g/l Rhodamine B - Glycérine solution are generated with the nebulizer. The seeding is 
injected close to the shell of the tube. Within the length of the tube the tracers are mixing 
properly. Furthermore, the airflow from the nebulizer also contributes to the induction of the 
flow inside the tube.

The laser-sheet is generated downstream the exit of the tube. With the help of the fourth 
harmonie generator crystal the laser source contains approximately 30 mJ A = 266 nm light and 
about 100 mJ residual A = 532 nm light according to the specifleations. The caméras equipped 
with the corresponding long-pass fllter and short-pass filters are placed perpendicularly on either 
side of the sheet. They acquire images from the same, about 80 x 50 mm fleld of view (FoV). 
To ensure a good overlapping between the two FoVs, each caméra is placed in a way that the 
opposite caméra appears in the middle of the images. The focal length of the caméra lenses 
is / = 50 mm and their aperture is set to /# = 1.8. In agreement with the preliminary tests 
2x2 pixels^ binning is applied to increase the sensitivity of the caméras. Therefore, the flnal 
resolution of the tracer images becomes 640 x 432 pixels^ and the droplet images 640 x 416 pixels^. 
The séparation time between the image pairs is set to At = 125 ps. Altogether 530 image pairs 
are acquired by each caméra.

A sample of the simultaneously recorded images are shown in Figure 4.26. No crosstalk can 
be noticed visually between the two phases (no objects are visible from the opposite phase).

During the processing of both of the phases, an initial window size of 96 x 96 pixels^ and two 
reflnement steps are deflned with 75% window overlapping. Using ail the available instantaneous
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(a) TVeicers. (b) Droplet-phase.

Figure 4.26 - SimuÜaneously recorded images.

velocity fields, the mean flow fields of the two phases are determined.

X [mm] X [mm]

(a) Air-phase. (b) Droplet-phase.

Figure 4.27 - Mean flow fields.

The statistical fields are indicated in Figure 4.27. The vectors of the figures represent the 
mean velocities and the contour-plots show the mean velocity magnitudes. In Figure 4.27(a) and 
4.27(b) different flow fields are visible. The droplets appear to respond quicker to gravity, as their 
velocity vectors tend to be doser to vertical direction. Furthermore, the mean velocity magnitude 
of the air-phase appears to be 40 to 60% higher than that of the droplet-phase. The overall 
momentum of the air-phase originates from the pneumatic atomizer and the seeding injection 
together. Therefore, the visible velocity différence is acceptable. The observed déviations in the 
mean velocity fields prove once again that the images of the two phases are properly separated 
optically.

A last aspect to be demonstrated is the spatial calibration of the FoVs of the caméras. Even 
if one takes a great care positioning the caméras to look at the same FoV, the two fields would 
never coïncide. However, they can be matched easily by recording an image of an object, which 
lyes exactly in the laser-sheet.

For this purpose one could use a transparency, which contains a random pattern. The same 
pattern could be seen by both of the caméras and by simple corrélation of the images the 
différence of the FoVs could be determined. For calibration purposes and to déterminé varions 
distortions this kind of technique is widely used in the hterature. However, one has to ensure 
that the transparency is perfectly planar and lies perfectly in the laser-sheet. Furthermore, the 
laser-sheet has a given thickness (~ 1 mm), which is considerably larger than the thickness 
of a transparency. Therefore, the placement of the calibration sheet becomes more difficult. 
Considering that the magnification of the PIV images are of the order of 0.1 mm/pixel, it is 
obvions that with the calibration of this type one can easily end up with an error of 4 — 5 pixels.
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To avoid it, one should use the laser-sheet itself to define the calibration plane. Thus, one 
could consider a calibration grid of e.g. wires, where thin wires are perpendicularly Crossing 
the measurement plane. Therefore, they are illuminated by the laser-sheet and the eventually 
recorded images could be correlated to détermine the différence between the two FoVs. However, 
here the difficulty could be the construction of the grid support, which should represent exactly 
the same optical distortion towards the caméras placed on either side of the measurement plane.

In order to minimize ail these ambiguities, it was finally decided to use the laser-sheet and 
the flow itself to détermine the différences between the FoVs of the two caméras. During the 
measurements with the two phases, the caméras are equipped with optical filters to record images 
from distinctive bands of the visible spectrum. Furthermore, none of the caméras can see any 
of the wavelengths of the laser source. In practice, one could remove the optical filters from the 
caméras for the spatial calibration. However, by doing so, the ray-tracing of the whole optical 
System is modified and one would again obtain about 3 to 5 pixels of error especially close to 
the corners of the images. This was experienced during the use of the preliminary technique 
(mentioned in section 4.2.1 and described in details by Toth and Anthoine (2003)).

Thus, the only possibility for the spatial calibration is to keep the optical filters. This imposes 
to use the two associated fluorescent materials (Butyl PBD and Rhodamine B). However, one 
should be sure that both caméras are observing the same objects. This is guaranteed only if both 
fluorescent materials are dissolved in the same liquid. The generated droplets are then excited 
by the two laser wavelengths to be captured by both caméras simultaneously. Considering the 
lower efficiency of Butyl PBD the droplet-phase was chosen to carry the two dyes. Since Butyl 
PBD cannot be dissolved e.g. in water, Methanol solution is used as the basis of the calibration 
liquid, which contains a low concentration of Rhodamine B (about 0.1 g/l) as well.

Therefore, by operating the spray of the calibration liquid, simultaneous images are recorded 
by both of the caméras. Then, pairs are composed from the simultaneous acquisitions, which 
are simply correlated using WiDIM. An example of the resulting calibration field is shown in 
Figure 4.28. This one corresponds to the démonstration experiment just previously described.

Figure 4.28 - Spatial calibration of the simulated experiment (the unit of the axes and the 
contour variable are [pixelsj).

The spatial calibration complétés the UV two-phase PIV technique, which should be applied 
now in the SRM model.
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4.4 The UV technique inside the test section

Once the varions aspects of the UV technique itself are claxified and its applicability is 
demonstrated in the ambient, the technique should be made operational inside the présent 
spécifie test section as well.

4.4.1 Adapting the experimental conditions

First of ail, one should note that UV two-phase PIV measurements can only be performed 
in the side of the test section which contains the quartz window through which the laser-sheet 
enters. The laser-sheet passing through the glass splitting plate contains only the A = 532 nm 
wavelength as the A = 266 nm UV light is blocked by glass.

Unfortunately, the successful démonstration of the UV technique does not guarantee its 
direct applicability inside the test section. The most important concern is the liquid déposition 
of the two phases on the walls of the test section.

The effect of Rhodamine déposition was already mentioned through Figure 4.13. In order 
to avoid the Rhodamine B déposition on the splitting plate a stripe of black tape is glued to 
the surface illuminated by the laser-sheet. The tape is relatively easily replaceable and thus the 
surface can be kept free of Rhodamine B in longer term. Furthermore, by avoiding the multiple 
reflections of the A = 532 nm light between the quartz window, the splitting plate and the 
polished stainless Steel surface, the excitation of the deposited dye is reduced as well.

However, as it is discovered, the most important Rhodamine B déposition is not the one 
on the quartz window and on the central part of the splitting plate, but in the corners of the 
splitting plate, where the glass splitting plate is glued to the sidewalls with silicone. As the 
Rhodamine B doped tracers are depositing on the surface of silicone, Rhodamine B is diffusing 
probably in the surface roughness of silicone. This pénétration makes any cleaning ineffective. 
As the laser-sheet goes through the quartz window (see Figure 4.29), light is scattered inside 
the test section illuminating the corners as well.

Due to the considérable amount of fiuorescent dye already deposited in the corners, the 
scattered light produces sufficient fiuorescent émission, which is able to visualize at least the 
larger droplets with the sensitive caméra. Even if the tracer caméra is equipped with an optical 
long-pass filter, since the illumination occurs at the émission wavelength of the tracers, the 
droplets may become visible in the tracer-images. Although the corner émission illuminâtes 
practically ail the droplets in the test section quasi-equally, not ail of them are visible; only the 
ones which are within the few mm thick depth-of-field (DoF) of the imaging System (the ones 
which are sharp) will appear in the acquisitions. However, the DoF is typically larger than the 
laser-sheet thickness.

In order to block the fiuorescent corner illumination, these two glued corners are painted 
black and the painting is regularly renewed after almost each measurement session. An example 
of the tracer caméra image is shown in Figure 4.30 before and after the corner treatment, while 
only water droplets are injected in the test section. As it can be seen, the parasitic illumination 
from the splitting plate corners could be reduced effectively.

However, performing optical two-phase experiments in a confined test section is known to be 
difficult. As it was shown by Toth et al. (2006), during the LeDaR experiments in the cavity, 
water droplet déposition on the wall through which the caméra acquires the images causes serious 
difficulties. On the one hand, it is known from the accumulation data that only a few percent
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Figure 4.29 - Rhodamine B déposition in the test section.

(a) Before the corner treatment. (b) After the corner treatment.

Figure 4.30 - Sample images of water droplets through the long-pass optical filter (Imin = 96, 
Imax = 512, 7 = 2/3;.

of the droplets enter in the cavity. On the other hand, in the wake of the inhibitor a larger 
turbulence is présent than inside the cavity, as it is described by Lema et al. (2006) and Toth 
et al. (2005). As a conséquence, in the région of the présent interest (downstream the inhibitor) 
an even more intense droplet déposition is expected. These expectations are indeed confirmed 
by prehminary tests. Therefore, a strategy should be established to minimize the déposition as 
much as possible and to minimize its effect during the data processing.

First of ail, in order to limit the amount of liquid interacting with the surface, the chosen 
spray device has only about 20° cône angle. Within the measurement conditions this is still 
sufficient to provide a rather uniform mass loading throughout the cross-section of the test 
section.

In order to minimize the déposition, siu'face treatment is applied to make the sidewalls 
hydrophobie, similarly to the LeDaR experiments. Thus, the inner surfaces of the plexiglass 
and the glass sidewalls (see Figure 4.29) are treated with Rain-X. Earlier, a silicone-based 
product was used, but as it performs similarly to Rain-X, the choice is made on availability- 
basis. Although Rain-X is also less effective on plexiglass, no glass layer is fixed on the plexiglass 
surface, hke during the LeDaR investigation, because it would further compUcate the optical 
access due to its fixation.

Making the surface hydrophobie does not mean that no droplet deposits on it, but the size of 
the depositing droplets are strongly limited. Only very small droplets (e.g. dp < l mm) would
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be able to stick to and accumulate on the surface. As soon as any of the droplets would grow 
larger (due to agglomération), it would quickly flow down the surface by gravity and the flow. 
Having a fine layer of droplets of dp < 1 mm on the window through which the caméra records 
images, the acquisition is still possible as soon as the déposition is sufficiently far from the DoF 
of the caméra optics (the image of the deposited liquid is sufficiently blurred).

As the déposition on the foreground window is more critical (it may hide tracer/droplet 
images) than the one in the backgroimd, its blur disk is attempted to be increased by choosing 
a short focal length caméra lens^. Therefore, / = 35 mm, = 2 Nikkor lenses are chosen 
for both caméras. This allows to reduce the distance between the sidewall and the caméra 
(approximately to 300 mm, with respect to the 200 mm test section width), while the FoV 
is kept reasonably large (> 100 mm). Thus, by applying the thinnest possible DoF, which is 
provided at /# = 2, the image recording conditions are optimized. A sample of the final image 
quality is shown in Figure 4.31 from both of the phases, when the surface liquid déposition 
already became quasi-steady.

The way of reducing the effect of the remaining surface wetting will be described in sec­
tion 4.4.2.

(a) Tracers. (b) Droplets.

Figure 4.31 - Sample two-phase PIV images in the test section (Imin — 0, Imax = 1024,
7 = 2/3;.

The liquid-phase is based on Methanol, in which Butyl PBD is dissolved. However, when 
the solution is sprayed, a solid material déposition is observed at the high flow velocity (low 
pressure) régions inside the pneumatic atomizer. The déposition is so intense that it allows to 
acquire only a few dozens of images (at 3 fps) before the liquid supply of the spray is completely 
blocked. In order to extend the experimental period, the solution is modified. It was found that 
by adding water to the solution, the déposition can be slowed down. Although the resulting 
mixture is not stable, it can be used within one day before the fluorescent dye recrystallizes.

Thus, the final solution representing the liquid-phase is created volumetrically from 1/5 part 
Methanol (in which ail the necessary Butyl PBD is dissolved) and 4/5 part demineralized water. 
This way the spray device can work practically imchanged, while at least 100 to 150 images are 
acquired and the fluorescent properties of the fresh liquid remain identical to the pure Methanol 
solution.

Concerning the adaptation of the experimental conditions, one should consider safety factors 
as well. Liquid containing Methanol is sprayed in the stagnation chamber of the wind-tunnel and

^at short subject distances - such as in the présent case - the influence of the focal length (/) on the DoF is 
neghgible using a given magnification
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once it is mixed with water, its flammability is reduced. However, Methanol itself is still toxic, 
like Rhodamine B. Therefore, one should be sure that the flow extraction System downstream 
the test section is effective. Unfortunately, currently this is not the case at high velocities. 
Furthermore, apart from the toxicity, the liquid-phase is not stable, which prevents storing 
larger quantities of it. In addition, larger liquid flow-rate injection would resuit larger liquid 
déposition on the latéral walls. Together with the diSiculty that the spray is frequently blocked 
by the mixture, at the présent status lower hquid flow-rates are preferred. Furthermore, a 
more effective seeding generator is built (same type as described in section 4.2.2.1). Although 
it provides a larger seeding concentration, this increase should be used purely to increase the 
quality of the experiments, which is further degraded by the liquid déposition on the latéral 
walls. Finally, considering ail the above-mentioned reasons, it is decided not to respect anymore 
the nominal condition of the previous investigations {Uq = 10 m/s). Instead, by keeping the 
geometry unchanged, the flow velocity is deflned to be f/o = 2 m/s. Therefore, the Reynolds 
number is reduced from Reh = 2.51 • 10^ to Reh = 5025.

To sum up, the experimental procedure is the following. First of ail, Butyl PBD is dissolved 
in Methanol in 5 times the desired concentration at least one week prior to the experiments 
due to the weak dissolving characteristics. The corners of the test section between the latéral 
walls and the splitting plate are black-painted and a clean stripe of black tape is placed in the 
centre of the splitting plate the day before the experiments. Before the wind-tunnel is started, 
the latéral walls are treated with Rain-X. Once the wind-tunnel ran at least 30 minutes at 
[/q = 2 m/s (to stabilize), the laser is switched on to beat up the foiurth harmonie generator 
crystal, which requires about 5 minutes to reach its effective operation. During this time 1/5 
Methanol solution is put in the spray supply réservoir and 4/5 demineralized water is added to 
it. Finally, the air-supply of the pneumatic atomizer is opened (however, the liquid supply is 
kept closed so that no droplets are generated at this moment).

When everything is prepared, the seeding generator is started to produce the gas-phase 
tracers and when the seeding appears to be visually steady, the acquisition of the caméras 
are started as well, which is quickly followed by the opening of the liquid supply of the spray 
device to generate the droplet-phase. The acquired images of both phases are continuously 
and simultaneously monitored. The image recording is stopped, when a decrease in droplet 
concentration is observed in the images, or at very latest 200 image pairs after the first droplets 
appeared.

Then, the liquid supply of the spray and the seeding generator are switched off and the 
test section is dismounted. From the walls the deposited liquid and fluorescent dye are cleaned. 
Furthermore, after a few cycles the surface treatment is renewed as well. Once the test section 
is assembled, the stagnation chamber of the wind-tunnel is opened and the spray device is 
removed and dismounted for a complété cleaning of its internai channels. Furthermore, the 
seeding injection éléments are always cleaned as well, to prevent the agglomération and the 
eventual dripping of large glycérine droplets with very high concentration Rhodamine B, which 
could seriously contaminate the test section. After the cleaning process, the spray and the 
seeding injection are re-installed and the stagnation chamber is closed again. When needed, the 
liquid réservoir of the spray is refllled with a new mixture. Finally, a new sériés of images is 
acquired.

This process is repeated 10 to 15 times in each FoV of each configuration. Once the simulta- 
neous two-phase image pairs are acquired, the set-up is once more cleaned (including the spray 
device) and a sériés of 1500 images are recorded with the tracer-camera exactly in the same 
condition as the previous measurements, except that no liquid is supplied to the spray device. 
These image pairs therefore represent the single-phase flow configuration.
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Finally, the spatial calibration is performed by the above-mentioned calibration spray, which 
contains both fluorescent dyes. At the very end, an absolute spatial calibration is performed 
with the help of a ruler to be able to locate each FoV with respect to the inhibitor tip.

4.4.2 Image pre-processing

The fact that the liquid déposition on the latéral walls is reduced and its efifect is limited as 
much as possible by optimizing the DoF of the caméra optics does not mean that the images 
could be free of their presence (see Figure 4.31). Even if their image is blurred, on the one hand 
they simply reduce the signal-to-noise ratio of the images of the tracers and droplets. On the 
other hand, they may influence directly the velocity détermination of either of the phases at low 
seeding (or droplet) concentration régions. Therefore, their presence in the images is attempted 
to be reduced.

In general, to improve the signal-to-noise ratio of PIV experiments, it is a widely applied 
technique to subtract the background intensity distribution of the images. This could be deter- 
mined by using either the actual PIV images or separately recorded background images (without 
seeding). In either case, generally the mean intensity of ail the pixel locations are determined 
together with the RMS of the local intensity value. Later, the background can be defined with 
varions combinations of the mean and RMS intensity distribution. Others deflne the background 
image by taking the minimum intensity value over the whole set of images in every pixel loca­
tion. In any case, the resulting background image can be subtracted from each PIV image and 
therefore one can obtain an image of only the tracers, which is ideally free of any reflection or 
other artifacts that might be caused by the investigated geometry.

However, in the présent case, recording background images (without tracers and droplets 
respectively) is pointless, because the depositing droplets to be masked are changing almost from 
one image to the other. For the same reason, one cannot use the measurement images, because 
the statistical analysis would not give any indication of the temporal change of déposition.

(a) Tracers. (b) Droplet-phase.

Figure 4.32 - Sample background images (Imin = 0, Imax = 1024, 7 = 2/3/

Therefore, a masking technique is defined, where an individual background image is deter­
mined for each instantaneous recording. Namely, at each acquisition the actual image and the 
four preceding recordings are analysed and in every pixel location the minimum intensity is 
determined (a pair of examples is shown in Figure 4.32). Thus, with a high probabihty, in each 
pixel location an intensity value is recorded that is not associated to a tracer (or droplet) located 
inside the laser-sheet, but to the locally deposited liquid on any of the latéral walls. Later, each
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unique background image is subtracted from the corresponding acquisition. An example of the 
resulting images is shown in Figure 4.33.

(a) Tracers. (b) Droplet-phase.

Figure 4.33 - Sample images after background subtraction (Imin = 0) Imax = 1024, 7 = 2/S).

In order to demonstrate the impact of the présent background subtraction method, a sériés 
of 1500 images is recorded, while the spray device is producing water droplets and only the 
tracer-camera is acquiring images of the fluorescent tracers of the air-phase. Basically, this is 
the method called successive measurement technique described in section 4.2.2. From here, only 
the mean flow fleld is shown in Figure 4.34 without and with the local background subtraction. 
It can be seen easily that without applying the background subtraction even the largest mean 
flow structures can not be resolved, while with the local background subtraction these mean 
structures are appearing in the flow.

X [mm] X [mm]

(a) Without background subtraction. (b) With background subtraction.

Figure 4.34 - Sample mean flow flelds.

Thus, the overall quality of the experiments meets the requirements that are needed to be 
able to perform the two-phase PIV measurements inside the test section. Therefore, at this point 
both of the optical techniques (LeDaR and two-phase PIV) are considered to be applicable and 
the development of the dedicated experimental tools is flnished.
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Liquid accumulation assessment
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Following the methodology described in chapter 1.5, the investigation of the slag accumula­
tion process in the current 2D cold-gas model begins by the measurement of the liquid déposition 
in the cavity using the LeDaR technique. The influence of ail the available parameters on the 
liquid accumulation are assessed by this technique and the most important ones are identi- 
fied. However, LeDaR gives only the tendencies of the accumulation, but it is not capable of 
explaining the driving forces of it.

Therefore, after the LeDaR measurements, the flow-field should be analyzed as well. For this 
purpose both experimental and munerical (CFD) tools can be used. However, before considering 
any of the numerical data, the relevance of the simulations hâve to be verified. The validation 
can be performed relatively easily in single-phase flow configuration e.g. by performing classical 
PIV experiments and numerical simulations in the nominal condition of the LeDaR investigation. 
Once validated, the numerical data can be used to extract additional properties of the flow 
supporting the experimental database.

During the experimental flow investigation, besides the single-phase flow characterization, 
two-phase PIV experiments should be performed as well.

Concerning the flow field analysis, at first the statistical quantities should be extracted and 
the main mean flow structures should be investigated together with the distribution of the 
velocity fluctuations. To see the effect of the presence of the droplets on the mean gas-phase, 
the single-phase and the two-phase flow quantities can be compared.

However, the accumulation process is very probably driven by forces, which could not be 
described through statistical quantities. Therefore, the instantaneous structures of the flow field 
should be analyzed as well, which means primarily the vortices of the gas-phase. The goal is to 
reveal the global mechanism of the droplet transport via the vertical structures.

Following the above-described steps, by the end of the current part a better understanding 
should be gathered concerning the accumulation process.
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Chapter 5

The investigated parameters of the 
liquid accumulation

The présent chapter is explaining the parametric investigation carried ont using the LeDaR 
technique in order to détermine the relevant parameters of the slag accumulation, the forces 
behind that process being investigated in the following chapters.

Following the LeDaR technique adaptation, the parametric investigation of the liquid accu­
mulation is depicted starting with the measurement conditions. Dater, the varions measurement 
parameters and the main results are introduced as well.

5.1 Experimental conditions

The LeDaR investigation is carried out in the VKI L-11 wind-tunnel (Figure 5.1(a)), which is 
described in section 2.4 and Appendix B. The LeDaR configuration of the test section is shown 
in Figure 5.1 (b).

Most of the test section walls are made of transparent material, which allows optical access. 
Furthermore, different geometrical parameters {h, Li, o, w) can be varied to see their effect on the 
accumulation. Due to the symmetric flow condition (its vérification is shown in section B.5.2), 
the measurements are carried out using only one side of the test section.

The experiments are carried out at room température using air to model the gas-phase of the 
internai fluid of the SRM and using water droplets generated by a spray device (the droplet size 
répartition is shown in Figure 5.2) to model the alumina droplets. The water spray is mounted in 
the middle of the stagnation chamber of the wind tunnel in order to allow a proper mixing of the 
water droplets with the air-phase before reaching the test section. For more details concerning 
the flow similarity parameters and the spray device, please refer to section 2.3.

In the current study, the rate of liquid accumulation in the cavity should be compared to the 
initial flow-rate of the spray to détermine the portion of the entrapped liquid. Therefore, the 
supplying water flow-rate of the sprays needs to be measured. Furthermore, one should apply 
similar flow-rates, while studying the effect of different parameters. In order to hâve a direct, 
more précisé measure of the flow-rate, a flow meter is installed in the water supply System.

The water supply System of the spray consista of (see Figure 5.3) a 200 1 tank, which stocks 
water with 10 mg/1 Fluoresceine. This concentration ensures the visibility of the water in
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‘ Water

(a) The wind-tunnel. (b) The test section.

Figure 5.1 - Experimental configuration.

Figure 5.2 - Volumétrie droplet size répartition of the poly-disperse spray.

the measurement plane, while the fluorescent dye does not absorb a considérable amount of 
light, which would prevent from having a uniform illumination. A pump provides the required 
water supply to the spray device. Its flow-rate can be regulated with a by-pass. A pressure- 
difference transducer connected to a Venturi tube yields an electric signal (proportional to the 
instantaneous water flow-rate), which is recorded with an acquisition computer.

A direct flow-rate vs. voltage calibration is made. By operating the spray outside the wind- 
tunnel, the water droplets are collected during 2 minutes in a réservoir. Simultaneously, the 
computer acquires the output voltage of the transducer at an acquisition frequency of 270 Hz. 
During 2 minutes 32400 samples are taken. The flow-rate can be determined from the volume of 
the accumulated water and by computing the mean of the recorded samples the corresponding 
voltage value can be obtained as well.
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Acquisition
computer

Suppiytank Valve

Figure 5.3 - The water supply System.

By applying different setting in the by-pass, the voltage corresponding to several flow-rates 
can be determined. Finally, the calibration curve (shown in Figure 5.4) can be obtained by fitting 
a polynomial on the measurement points. Since the output voltage of the pressure transducer 
is linearly proportional to the pressure différence and the pressure différence has a second order 
relationship with the flow-rate, the fitted polynomial should be second order as well.

Figure 5.4 - The calibration curve of the Venturi-based flow meter (the error bars represent the 
RMS ofUpr).

In Figure 5.4, beside the mean of the recorded voltage quantities, their fluctuation (RMS) 
is indicated as well. One can see that the electric signal has a very large fluctuation, which 
prevents setting precisely the flow-rate of the water by using the instantaneous reading of the 
output voltage. However, the mean value of a long-term voltage recording (e.g. simultaneous 
recording during the LeDaR measurements) can give the real flow-rate accurately.

Furthermore, within the measurement condition, a considérable amount of water droplets is 
hitting the inhibitor. As a resuit, this liquid is accumulating on the upstream side of the obstacle 
and as it reaches a critical amount, it is carried away by the airflow in the form of large droplets 
(several millimeters in diameter). Due to gravity, the main part of this water is dripping into 
the cavity creating large splashes, which dégradé the surface détection of LeDaR.

In order to limit its effect, the depositing liquid is evacuated from the obstacle. To achieve 
this, the inhibitor is inclined by 10° upstream (see Figure 5.1 (b)). To verify the influence of this 
inchnation on the flow field, PIV experiment is carried out at f/o = 7 m/s using an h = 25 mm 
obstacle (straight and inclined successively). The field downstream the inhibitor is divided 
into two fields of view (FoVs). In each FoV 400 image pairs are acquired to obtain statistical 
quantities. As it is shown in Figure 5.5, no critical effect of the inclination is found on the flow
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field downstream the inhibitor.

(a) Straight inhibitor.

TL [%]; 0 4 8 11 16 24 32 40

X/h [-]
(b) 10° inclination.

Figure 5.5 - The effect of the inhibitor inclination on the flow (TIv = v/Uq).

On the upstream side of the obstacle the accumulating liquid is pushed (by gravity and by 
the airflow) towards the base of the inhibitor. With the help of a pump (set to an adéquate 
flow-rate) and a small tubing System (the airflow should not be modifled) the excess water can 
be evacuated from the test section. The final liquid extraction System is shown in Figme 5.6. 
The liquid accumulation on the upstream face of the inhibitor and the associated dripping 
phenomenon will be further discussed in section 8.1.

(a) The tube mounted on the inhibitor (top); Revealing the 
suction holes (bottom).

(b) The System installed on the test sec­
tion Wall.

Figure 5.6 - The liquid extraction tube installed on the inhibitor.

During ail the LeDaR measurements the light-sheet is generated in the mid-span plane of 
the cavity using an Argon Ion continuons laser and a cylindrical lens (see Figure 5.1 (b)). The 
laser-beam diameter is of the order of 1 mm. Therefore, the laser-sheet has the same thickness. 
On the one hand, the most energetic part of the light plane is directed towards a mirror placed 
below the investigated cavity. This mirror reflects the sheet and illuminâtes the région of interest 
from below. On the other hand, the rest of the laser-sheet goes through the sidewall of the cavity. 
Due to the construction of the set-up, from the side one can not illuminate the bottom 20 mm 
of the cavity. This is the main reason why the most energetic part of the light plane is directed 
towards the mirror.

The energy of the continuons laser is always adjusted according to the actual image quality. 
In most of the cases Piaser = 0.4 to 0.6 W is used.
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Figure 5.7 — Image recorded with the high-speed caméra in the nominal configuration.

During the présent experiments a Phantom v7.1 high-speed CMOS caméra is used. The 
exposure time of the caméra is chosen to be texp = 0.5 ms, which is sufficiently short to freeze 
the motion of the liquid surface. However, the flow and thus the accumulated water do not 
hâve a strict two-dimensional behaviour inside the cavity. In agreement with the preliminary 
investigation, to ensure a clear view in the presence of three-dimensional waves, the caméra is 
inchned by about 15° and the spray is working only until the accumulated water reaches roughly 
the middle of the recorded images. However, when the spray is stopped, the acquisition goes on 
until the caméra buffer is full.

The caméra is equipped with a / = 35 mm AF Nikkor lens. As explained in section 4.4.1, 
the advantage of the short focal length is the larger blur disk of the objects (i.e. liquid droplets) 
depositing on the window through which the caméra records images. To realize the shallowest 
possible DoF^ the widest available aperture (/# = 2.0) is used. The thin glass sheet through 
which the images are acquired is also treated with the silicon-based product to prevent the 
déposition of large droplets. The final image quality is shown in Figure 5.7.

The high-speed caméra has a maximal spatial resolution of 800 x 600 pixels^ and 1 GB 
on-board memory. The size of this memory détermines the maximum number of recordable 
images and thus the length of the sériés of acquisitions. Therefore, the image size is reduced to 
640 X 480 pixels^, at which a maximum of 2289 acquisitions can be taken in each sériés.

The caméra is capable of recording images with the maximum resolution even at 4000 frames- 
per-second (fps). However, during the LeDaR measurements this high frame-rate is not required. 
With the internai triggering of the caméra, the lowest applicable recording speed is 100 fps. At 
this frame-rate 2289 images are taken in only 22.88 seconds.

With most of the parameters, a very low amount of accumulation is expected during 22.88 s, 
which could be measured only with a high uncertainty. In order to increase the recording time, 
the overall frame-rate should be reduced, which can only be realized by triggering the caméra 
with an external signal.

For the LeDaR measurements, the motion of the fiow or the liquid surface should not be 
followed in time. The only criterion from the point of the accumulation is that the images 
(samples) should be taken at known instants. Although currently it is not a goal to follow the 
deformation of the water surface in time during the accumulation, the chance should be kept for 
this investigation, as it might appear to be important in the future. Therefore, a burst recording 
(triggering signal) is designed (for easier understanding see Figure 5.8). It is decided to acquire

^Depth of Field
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a sequence of 10 samples in each 4 seconds. These 10 images are recorded at a frame-rate of 
100 Hz, which allows to résolve locally the motion of the liquid interface. Furthermore, at the 
period time of 4 seconds it is still possible to follow the volume increase with sufficient resolution.

Applying this image recording method, it takes about 908 seconds to record 2289 images 
and fill the on-board memory of the caméra.

Although the LeDaR measurement technique was validated earlier, at the end of each exper- 
iment the water is drained from both of the cavities into a jug and the volumes are recorded to 
verify in-situ the LeDaR experiments. Furthermore, due to the fact that the spray device does 
not operate perfectly symmetrically, determining the différence of accumulated liquid in the two 
cavities, the non-symmetric behaviour of the spray can be corrected.

5.2 Data Processing

In order to détermine the increase of the water volume in the cavity, the recorded sériés of 
images are processed first with LeDaR using always the optimal détection method.

Within the présent study, the évolution of the shape of the liquid interface during the ac­
cumulation is out of interest^, the surface is detected only in a small zone of the images. This 
zone is defined in each sériés separately based on the mean image quality distribution. Since 
the acquisitions hâve occasionally some disturbances, while the spray is operating (e.g. splashes 
of droplets falling from the inhibitor, reflections from the 3D waves, etc.) and the illumination 
is not ideally uniform (it is influenced by the liquid surface movement and the volume increase 
as well), choosing an optimal région of processing is necessary. However, one can always find a 
narrow (at least 100 pixels wide) zone, within which the intensity distribution does not change 
significantly and it is not disturbed frequently by droplets or waves (a sample is shown in Fig­
ure 5.9(a)). In this way, the analysis is more reliable and the processing time can be reduced 
as well. By investigating only a part of the images, the fluctuation of the volume in time would 
be artiflcially larger (due to the waves of long wavelength). However, having sufflciently large 
number of samples, the mean rate of entrapment remains unaffected.

The LeDaR output data containing the instantaneous liquid surface shapes are post-processed 
by an algorithm which is analysing and correcting the eventual discontinuities in the detected 
surface.

Finally, the instantaneous water volume is calculated knowing the mean actual water level 
(assumed along the whole width of the cavity), the position of the bottom of the cavity, the

^using the presently aequired images, the liquid surface shap>e and motion characteristics are analysed by 
MyriUas (2006); Tôth et al. (2006)
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(a) Sample of the processed région.

Figure 5.9 - LeDaR data processing.

magnification of the images (the length corresponding to one pixel) and the inclination angle of 
the caméra.

Plotting the liquid volume évolution in time, graphs similar to the one shown in Figure 5.9(b) 
can be obtained. As one can see, the raw volume increase shows increasing fluctuation as the 
volume of the liquid increases. However, by computing the moving average (averages of 25 local 
volume points) the évolution already shows a more stable mean increase.

Focusing on the part of the plot which corresponds to the time while the spray is not operating 
(in the example of Figure 5.9(b), for t > 580 s), the mean flnal volume can be determined. The 
mean final volumes are compared to the values that are measured with the jug after each test. 
This comparison shows a good agreement in most of the cases (the resuit is shown in Figure 5.10).
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Figure 5.10 - The différence between the LeDaR and the jug measurements.

Focusing on the part of the plot which corresponds to the time while the spray is operating, 
a linear volume increase can be observed for ail the 23 tested configurations. In order to déter­
miné the rate of liquid accumulation, a first-order polynomial is fitted on the time-series in the 
corresponding range. The slope of this linear fitting (the relationship of Meas.#l is shown in 
Figure 5.9(b)) gives directly the rate of accumulation.

Finally, the portion of the accumulated droplets should be determined with respect to the to­
tal amount generated by the spray. However, from the post-experimental volume measurements
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Table 5.1- The main characteristics of the spray device for the nominal condition 
Config. Pu, [bar] dz2 [pm] Qv^ [1/min] St [-] üp x [-]

Spray 5 100 3.5 10.36 1.5
MPS P230 6.01 2.2

performed with the jug, it is observed that the rate of entrapment in the left cavity (regarding 
the arrangement, please refer to Figure 5.1 (b)) is not equal to the one measured in the right 
cavity. Since the flow inside the test section is verified to be symmetric, the entrapment should 
be equal as well if the spray operated symmetrically.

Therefore, the water mass-flow injected into each half of the test section is defined by repar- 
titioning the total mass-flow of the spray (measured with the Venturi tube) using the ratio of 
the accumulated liquid in the two cavities obtained by the post-experimental jug measurement.

5.3 Measurement parameters

Within the présent experiments the main objective is to study the efîect of the available 
parameters on the liquid déposition. Altogether 23 configurations are chosen. The parameters 
are summarized in Table 5.2. The measurement résulta in terms of accumulation rate are 
indicated as well in the table, but they will be discussed only later.

As it is defined in section 2.3, the présent configuration ^1 (Meas.#l) is considered to be the 
nominal condition. The measurements with this configuration are taken twice (see Meas.#!'") 
in order to verify the repeatability of the tests. In most of the other configurations only one 
parameter is modified compared to this nominal setting (in Table 5.2 the modified parameters 
are shown with bold characters).

For ail the configurations the same spray device is used, which works with pressurized water. 
As it is described in section 5.1, its flow-rate is measured with the help of a Venturi tube. 
Although the présent tests are performed in a 2D-like facility in cold-gas condition, the dynamic 
characteristics of the droplets of the real motor are attempted to be modelled. By respecting the 
volume fraction (up) of the liquid-phase and the Stokes number (St), the interaction between the 
two phases should be similar as in the real condition (for more details refer to section 2.3). The 
properties of the spray device for the nominal configuration and the corresponding similarity 
parameters of the real SRM can be found in Table 5.1.

At first, the effect of the free stream velocity is studied. 6, 8, 12 and 14 m/s are chosen 
within Meas.#2 to #5 respectively. These values correspond to a Stokes number of St = 
[6.22; 8.29; 12.44; 14.51] and a volume fraction of Qp = [2.5; 1.9; 1.2; 1.1] • 10"“* respectively.

In the followings the effect of the inhibitor is measured. Within Meas.#6 to #8, the nominal 
inhibitor is moved doser to the nozzle to realize smaller Obstacle-to-Nozzle Ratios {02NR, 
Li/h). Furthermore, Meas.#8, #9, #10 and #12 represent roughly similar 02NRs, where the 
inhibitor size and position are modified simultaneously. Finally, inhibitors with different sizes 
are installed to the nominal position (Meas.#ll to #13) to cover a wide range of 02NR, but 
keeping the same physical location. Using Meas.#6 to #13 and Meas.#l, it is possible to 
analyse the effect of the inhibitors keeping constant either its height, its position or the 02NRs, 
by modifying the two other parameters. The h = [13.5..50] mm inhibitors represent a range of 
Stokes numbers of St = [25.72..6.94].
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Additionally, two spécial arrangements are defined related to the obstacle. In Meas.#14 
no inhibitor is installed in the test section. In contrary, in case of Meas.#15 two inhibitors are 
mounted. The first inhibitor is the nominal one at its nominal position. The additional inhibitor 
is the smallest available obstacle, which is placed to the closest available position to the nozzle.

Within Meas.#16 to #18, different cavity widths (w) are taken keeping the nozzle at the 
same position. Thus, the volume of the cavity is modified.

The final parameter is the size of the nozzle throat (o) within Meas.#19 to #23. By keeping 
the volume of the cavity constant, the importance of the distance between the inhibitor tip and 
the nozzle tip along the y axis (please, refer to Figure 5.1 (b)) could be seen at a given 02NR. 
In case of Meas.#20 (o = 42 mm), the tip of the obstacle is aligned with the tip of the nozzle. 
Purthermore, o = 67 mm is the largest dimension that could be set with the présent facility. 
Finally, according to continuity, with o = 25.4 mm the fiow velocity in the nozzle throat should 
be the same as at C/q = 6 m/s.

5.4 Liquid accumulation results

The rate of liquid accumulation in percentage of the total amount generated by the atomizer 
and corrected for the non-symmetry of the spray is summarized in Table 5.2 for every con­
figuration. In the followings, the rate of accumulation is also plotted in function of the main 
parameters. In each plot, the nominal configurations (Meas.#l and #F) are highlighted. The 
corresponding descriptions only list the observations. Here no detailed physical explanation is 
given; it will be included in chapter 8.

5.4.1 The fiow velocity

In Figure 5.11 (a) the accumulation rate is plotted in function of the free stream air velocity 
(Uq). By increasing Uq with a factor of 2.3, the accumulation decreases by a factor of 3.4. 
Therefore, the fiow velocity is considered to be one of the infiuential parameters.

5.4.2 The inhibitor size

The liquid accumulation with respect to the height of the inhibitor (h) is shown in Fig­
ure 5.11 (b). By changing h between 0 and 50 mm, the rate of accumulation ranges from 25.0 % 
down to 5.5 % respectively with a relationship that appears to be close to linear. Therefore, h 
should be one of the most relevant parameters.

Focusing on the h = 33.5 mm inhibitor, in Figure 5.11 (b) below the nominal conditions the 
configuration with two inhibitors can be seen. Thus, by installing a small additional obstacle 
between the main inhibitor and the nozzle, the entrapment rate appears to be reduced from an 
average of 8.2% to 4.9%.

5.4.3 The inhibitor position

Figure 5.12(a) shows the rate of accumulation in function of the physical distance between 
the nozzle tip and the inhibitor (Lj). In the plot, the h = 0 mm case (Meas.#14; without 
inhibitor) is indicated as Lj = 0 mm.
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Table 5.2 - The experimental parameters and the obtained résulta

Meas.ff
Uo

[m/s]
h

[mm]
Li

[mm]
02NR

H
w

[mm]
0

[mm]
Accumulation

[%]
1 10 33.5 310 9.25 107.2 15.4 8.6
r 10 33.5 310 9.25 107.2 15.4 7.8
2 6 33.5 310 9.25 107.2 15.4 10.0
3 8 33.5 310 9.25 107.2 15.4 7.3
4 12 33.5 310 9.25 107.2 15.4 6.1
5 14 33.5 310 9.25 107.2 15.4 2.9
6 10 33.5 70 2.09 107.2 15.4 7.6
7 10 33.5 150 4.48 107.2 15.4 6.8
8 10 33.5 230 6.87 107.2 15.4 10.2
9 10 41 270 6.59 107.2 15.4 6.2
10 10 23.5 150 6.38 107.2 15.4 14.1
11 10 23.5 310 13.19 107.2 15.4 10.0
12 10 50 310 6.20 107.2 15.4 5.5
13 10 13.5 310 22.96 107.2 15.4 17.1
14 10 0 (0) 0 107.2 15.4 25.0
15 10 33.5/13.5 310/110 9.25/8.15 107.2 15.4 4.9
16 10 33.5 310 9.25 45.2 15.4 3.8
17 10 33.5 310 9.25 76.2 15.4 8.4
18 10 33.5 310 9.25 139 15.4 6.5
19 10 33.5 310 9.25 107.2 25.4 4.5
20 10 33.5 310 9.25 107.2 42 4.6
21 10 33.5 310 9.25 107.2 47 3.1
22 10 33.5 310 9.25 107.2 52 6.8
23 10 33.5 310 9.25 107.2 67 5.4

cO

3
E
3
U
U<

h [mm]

(b) The inhibitor height (h).

Figure 5.11 - Liquid accumulation résulta of different flow velocities and inhibitor sizes (the 
”X” symbols show the nominal configurations).

Considering the ensemble of ail the indicated measurement points, one can not define a 
tendency in function of Lj. One can however observe that the accumulation rate is the highest 
for the smallest inhibitor height {h = 0 and h = 13.5 mm), as already indicated in the previous 
section.
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Figure 5.12- Liquid accumulation results of different inhibitor positions (the ”X” symbols show 
the nominal configurations).

Focusing on the data with constant inhibitor size (e.g. h = 33.5 mm), the accumulation 
does not change considerably by varying the position; between the minimum and the maximum 
value one can find a factor of 1.5.

Focusing on the data that represent a roughly constant Obstacle-to-Nozzle Ratio {02NR = 
6.20..6.87), the accumulation shows a roughly linear decrease in function of increasing Lj. How- 
ever, the increase of Li is also associated to an increase of h since 02NR is constant. Thus, the 
relevant parameter is again the inhibitor size and not its position.

Furthermore, in Figure 5.12(b) the accumulation in function of 02NR is shown. Now focusing 
on the measurements, where inhibitors with different heights are mounted to the same position 
{Li = 310 mm), a clearly linear increase can be observed in the accumulation in function of 
increasing 02NR, which proves once again that the relevant parameter is neither Li nor 02NR, 
but h.

5.4.4 The cavity width

The accumulation in function of the cavity width {w) is shown in Figure 5.13(a). By keeping 
the nozzle (o) at a given position, the width of the cavity is modified. Within the investigated 
range, a concave behaviour is discovered. The maximum droplet entrapment rate appears around 
w = 100 mm (64% of the height of the cavity).

Although the accumulation rate changes by a factor of two within the examined range, the 
width of the cavity does not appear to be the most influential parameter since the accumulation 
changes in a smaller range compared to h, for instance.

5.4.5 The nozzle throat opening

The effect of the nozzle opening (o) on the droplet entrapment rate is shown in Figure 5.13(b). 
According to the plot, one can conclude that in the investigated range, the nozzle throat opening 
does not hâve a direct impact on the liquid accumulation.
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(a) The width of the cavity (w). (b) The nozzle throat size (o).

Figure 5.13 - Liquid accumulation results of different cavity parameters (the ”X” symbole show 
the nominal configurations).

5.4.6 Obstacle tip to nozzle tip distance

The Obstacle tip to nozzle tip distance (OT2NT) is defined by the distance between the tip 
of the inhibitor and the tip of the nozzle along the y (transversal) axis (see Figure 5.14(b)). The 
component of the distance along the x (longitudinal) axis is not taken into account. Therefore, 
the OT2NT gives the distance by which a droplet - passing near the tip of the inhibitor - has 
to be deviated by the flow in order to escape through the nozzle and not to be trapped in the 
cavity.

caoo)

(a) Accumulation rate (the ”X” symbols show the (b) The définition of the OT2NT distance,
nominal configurations).

Figure 5.14 - The relative distance between the nozzle tip and the inhibitor tip (OT2NT).

In Figure 5.14(a), the liquid accumulation rate is plotted in fonction of the OT2NT distance.

At first sight, by increasing this distance, the accumulation is not affected up to about 
OT2NT = 20 mm. Further increasing OT2NT the liquid entrapment increases gradually.

According to Figure 5.14(a), regardless to the position of the nozzle, a minimal accumulation 
rate is présent.

This accumulation may represent on the one hand the droplets, which are hitting the wall 
in the recirculation région downstream the inhibitor. As soon as a droplet hits the wall, most 
probably it does not enter the flow anymore, but it slides into the cavity.
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On the other hand, droplets may be entrapped due to the vortex-nozzle interaction. This 
process is assumed to be quasi-periodic, controlled by the vortex shedding frequency downstream 
the inhibitor. Therefore, it could contribute by a constant amount of liquid.

However, by modifying the size (and the position) of the inhibitor, one may change con- 
siderably the instantaneous and the mean topology of the internai flow field. Therefore, this 
modification could also hâve a considérable impact on the amount of accumulated liquid.

One has to add that while o is changed, Uq is kept constant. Therefore, the velocity magni­
tudes and thus the flow dynamics around the nozzle lip are changing considerably as well.

To sum up, the OT2NT distance - which comprises o and h as well - is found to be a relevant 
parameter in the droplet entrapment process.

5.5 Summary on the parameters of the accumulation rate

Prom the above described investigation the obstacle tip to nozzle tip distance (OT2NT) 
turns out to be the most relevant parameter in the accumulation process. By définition, it 
involves the inhibitor size (h) and the nozzle throat opening (o). Prom these two the inhibitor 
height is prédominant in the investigated range.

One can identify the cavity width (w) and Uo being the secondary parameters that drive the 
accumulation. As it was seen, they could modify the liquid déposition rate at least with a factor 
of two in the investigated ranges.

The remaining inhibitor position (Lj) and obstacle-to-nozzle ratio (02NR) parameters do 
not hâve a significant influence.

Therefore, the following investigations focus on the flow field by means of single-phase and 
two-phase PIV experiments and numerical simulations to reveal the main mechanisms that lead 
to the primary importance of the inhibitor and the nozzle tip.





Chapter 6

Statistical flow-field investigation

Concerning the investigation of the flow field inside the présent 2D cold-gas SRM model, the 
présent chapter provides the analysis of the statistical quantities. At first, a detailed single-phase 
PIV experiment and the corresponding results are described. This case is mainly used for the 
validation of numerical tools, which is shown in the followings. Later, droplets are injected in 
the numerical domain and their effect on the statistical flow quantities are highlighted. Finally, 
the (statistical) data obtained with the new two-phase PIV technique are shown.

6.1 Single-phase PIV experiments

Since the main purpose of the présent experimental data is to validate numerical tools, only 
one geometrical arrangement is chosen, which is then entirely characterized in the mid-span 
plane with the highest possible resolution and in the best possible way.

6.1.1 Experimental conditions

The geometry of the experimental model is shown in Figure 6.1. This is the conflguration 
which is considered to be nominal in the current facility.

Figure 6.1- Eocperimental geometry.

The height of the inhibitor is h = 33.5 mm. The presence of this fence induces the obstacle 
vortex shedding (OVS). In order to allow the vortices to reach the nozzle and reproduce the
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vortex-nozzle interaction phenomenon in the 2D model, the inhibitor is placed at Lj = 9h from 
the nozzle.

At the bottom of the cavity a 30 mm thick plexiglass piece is modelling the accumulated 
liquid. Later, the plexiglass piece is replaced by the same amount of water to see the importance 
of having liquid interface with respect to the solid wall.

The nominal free stream velocity of Uq = 10 m/s is chosen, which results Rch = 2.51 x 10'^.

To characterize the single-phase internai flow field of the 2D-like simplified model of the 
SRM, the PIV technique is used (the principle of the technique is introduced in section 4.1.1). 
The laser-sheet representing the measurement plane is generated in the mid-span plane of the 
test section perpendicularly to the splitting plate. The tracers are oil particles of the order 
of 1 to 2 jum in diameter. A caméra with 1280 x 864 pixels^ effective resolution - placed 
perpendicularly to the laser-sheet - is recording the measurement image pairs.

Figure 6.2 - Fields of view ofthe PIV measurements (thefields are slightly shifted transversally 
to facüitate the understanding).

Currently, the région of interest covers the whole mid-span plane of the test section from 
the inhibitor until the nozzle throat, including the cavity. Ail this area should be covered by 
the PIV experiments in order to be able to compare the data to the numerical simulations. 
Furthermore, since from these measurements (later on) the vortices should be identified and 
their properties should be extracted, the measurements should hâve high enough resolution. 
Hence, the magnification of the images is limited to about 0.081 mm/pixel between the inhibitor 
and the nozzle and about 0.09 mm/pixel inside the cavity. The low magnification has a good 
contribution to the measurement quality near the walls of the section; this reduces the area of 
régions affected by the light reflections.

In order to achieve the required higher spatial resolution, the région of interest is divided into 
12 fields-of-view (FoV), which means that the measurement is performed by using 12 different 
caméra positions (indicated in Fig. 6.2) one after the other. After the PIV analysis, once the 
mean flow field of each FoV is computed, the 12 fields hâve to be combined in order to retrieve 
the mean flow field of the whole région of interest. Therefore, a spécial care of the spatial 
calibration (position and magnification) has to be taken. The 13*** FoV shown in Fig. 6.2 covers 
the whole cavity. However, this field is not taken into account in the combined view.

Furthermore, a spécial care is taken to achieve as high overall signal-to-noise ratio {SN) as 
possible. Focusing on the région of the expected path of the vortices, the settings are tuned 
until the S N reaches mostly above 5.

The séparation time (At) between the PIV images is optimized in each FoV according to the 
actual magnification and the local flow conditions. In each FoV 1000 image pairs are recorded 
which allow to détermine reliable turbulence quantities beside the mean velocity vectors. As
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it was mentioned before, ail the plots of the different FoVs are combined and presented as one 
single field.

6.1.2 Experimental results

During the PIV processing of each FoV (by using WiDIM PIV software developed by Scarano 
(2000)), the optimal initial window size and the number of window refinement itérations are 
determined according to the actual image quality. The switched-on window-distortion algorithm 
and the 75% window overlapping are common parameters of the data processing. As a resuit, 
e.g. in the région between the inhibitor and the nozzle, the resolution of the velocity field is
1.4 to 2.5 vectors/mm by keeping a high mean signal-to-noise ratio (SN) (see Figure 6.3).

Figure 6.3 - Signal-to-noise ratio distribution of the PIV measurements.

While the statistical quantities are computed from the instantaneous flow fields, a validation 
process is carried out in every cell of each field. Where SNmean does not reach a value of 2.3, 
the measurement is considered to be unacceptable. An indicator of this eflFect is e.g. when 
streamlines enter in the wall. In the contour plots these ambiguous areas appear in white 
(without value) which indicates that locally the measurement quality is low and the mean 
velocity vectors may not represent physical behaviour.

6.1.2.1 The statistical flow quantities

During the analysis of the obtained statistical flow structures the plane of interest and the 
boundaries are divided into several zones. The most frequently used terms (in chapter 6, 7 and 
8) are summarized in Figure 6.4.

After combining the 12 FoVs recorded in the symmetry plane of the test section, the stream­
lines of the mean flow are shown in Figure 6.5(a). It can be observed that in the mean, a 
flow particle, following the streamline which originates roughly from the tip of the inhibitor 
{X/h = 0; F/h = 1), arrives at the nozzle head and escapes from the model through the throat. 
The flow particles placed at higher Y/h positions than this streamline are directly escaping as 
well.

As no radial flow injection occurs perpendicular to the side wall, a complex circulating 
région can be seen below this streamline (at lower Y/h values). This area is govemed mainly by 
two mean rotating structures. One of them is located in the cavity, centered at [X/h = 9.82; 
Y/h = —0.11), and the other one extends from the tip of the inhibitor until the entrance of the 
cavity; its center is at {X/h = 4.04; Y/h = 0.89). At the downstream corner of the inhibitor 
and just upstream from the entrance of the cavity, smaller counter-rotating mean structures are
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Figure 6.4 - Schematic of the main boundary éléments and mean flow structures.

formed. Due to local light reflection and image quality problems, the counter-rotating mean 
structures at the upstream corner of the inhibitor and in the three corners of the cavity could 
not be captured.

In the contour of Figure 6.5(b) the mean in-plane velocity magnitudes can be seen. It can 
be observed that the flow is accelerating as it passes over the inhibitor. The magnitude of the 
velocity reaches slightly above 21 m/s in the vena contracta. Then, the free stream flow slows 
down below 20 m/s. As it approaches the nozzle, it accelerates again and in the nozzle throat 
it reaches a velocity magnitude higher than 50 m/s. Unfortunately, this latter value could not 
be captured more precisely.

Considering the fluctuations, Figures 6.5(c) and 6.5(d) show the RMS of the stream-wise 
(Î7) and of the transversal (V) velocity components respectively. RMSu increases abruptly 
above 3.6 m/s at the tip of the obstacle, due to the presence of a shear layer at the séparation. 
The area from the inhibitor to the nozzle head may be divided roughly into two zones. In 
the first one, from X/h = 0 to X/h = 4.2 (corresponding approximately to the center of 
the main recirculation structure), the value of this fluctuation component is increasing and 
spreading gradually, reaching a value of about 50% of the initial free stream velocity {Uq). In 
the second zone, from the center of the recirculation région to the nozzle head, the iso-contours 
of this fluctuation component keep a constant width together with a constant maximum value 
of RMSu at about 50% of Uq.

RMSv shows a similar évolution to RMSu, with a maximmn value above 35% of Uq- How- 
ever, in the second région, in front of the nozzle head one may notice values above 45% of Uq, 
due to the local accélération of the flow and turbulence production by the flow impingement on 
the nozzle wall.

In practice, the main fluctuations are driven by the shear layer attached to the inhibitor 
tip. Close to the obstacle tip it is very stable, representing mainly longitudinal fluctuation. 
Therefore, in a narrow band high RMSu values appear immediately. However, shortly after the 
obstaele the shear layer starts flapping and breaks up into vortices, which make the transversal 
fluctuations {RMSy) increase gradually.

From the numerical simulations that will be introduced in section 6.2, some instantaneous
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(a) Streamlines of the mean flow field.

(b) Mean velocity magnitude distribution.

(c) Fluctuation of the longitudinal velocity component.
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(d) Fluctuation of the transversal velocity component.

Figure 6.5 - Results of the ensemble averaged PIV campaign in the symmetry plane.

fields are extracted by Lema et al. (2005). In those fields it can be seen that the vortices are 
formed around X/h = 1.5 to 2 and a first pairing takes place already around X/h = 3 to 4. Until 
here, the cohérent structures are growing, thus the fluctuations are spreading transversally. A
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second pairing can be observed at = 4 to 6, but due to dissipation, this does not resuit 
in a considérable increase of the size of the vortices. Prom X/h = 8 until the nozzle tip a 
second shear layer is présent at the entrance of the cavity, which may deform and elongate the 
vortical structures and increase slightly the level of fluctuations (as seen e.g. in Figure 6.5(d)). 
At the nozzle tip, depending on the transversal vortex position with respect to the stagnation 
point, the structures either escap through the throat or enter in the circulation zone inside the 
cavity. Inside the cavity, they initiate the fluctuations. However, they break up already in 
the boundary layer of the nozzle lip due to the very strong three-dimensional effects and they 
dissipate. Therefore, by the time the flow makes a 270° turn and arrives back to the entrance 
of the cavity, the fluctuations decay (also visible in Figure 6.5(c)).

6.1.2.2 Effect of the slag in the cavity

The statistical flow quantities described in section 6.1.2.1 are obtained by performing the 
experiments, while a 30 mm thick plexiglass sheet is placed in the cavity, which models the 
accumulated liquid. In the présent section the influence of the rigid surface with respect to the 
déformable liquid interface is assessed. Therefore, 30 mm water is poured into the cavity and 
the mean flow topology is investigated using one FoV.

12 13
X/h [-]

8 9 10 11 12 13
X/h H

(a) Plexiglass in the cavity (FoV #13). (b) Water in the cavity.

Figure 6.6 - Flow field by changing the medium in the bottom of the cavity.

The comparison of the two cases can be seen in Figure 6.6. Due to the presence of waves, 
high-energy laser light reflections occur above the water surface. To protect the caméra from 
dangerous reflections, the interface area is not characterized (white région between X/h = 11.1 
and 11.8 in Figure 6.6(b)).

Some différences can be observed between the two plots. At first, looking at the streamlines, 
the center of the mean recirculating structure shifts slightly from {X/h = 9.82; Y/h = —0.11) 
to {X/h = 9.76; Y/h = -0.04) by having water in place of a solid wall. Secondly, defining 
absolute velocity fluctuation by \RMS\ = VRMSu^ + RMSv"^, one may notice that the highest 
values appear at the cavity entrance and along the nozzle wall in both cases (Figure 6.6). Most 
probably, these high values are associated with the entering of the vortical structures in the cavity 
together with the génération of a shear layer at the cavity opening. However, investigating the 
lower \RMS\ values, one can see the minimum value of this absolute fluctuation near the centre 
of the main mean recirculating structure by having plexigiass in the cavity. On the contrary, a 
similar minimum value area is not visible, when water is présent in the bottom of the cavity. 
The recirculation area appears to be globally less stable than with solid wall.
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This is due to the presence of waves already observed on the liquid interface during the liquid 
accumulation investigation performed in chapter 5. Therefore, while the mean flow field does 
not seem to be strongly affected by the presence of the liquid interface, the velocity fluctuation 
appears to be influenced by the waves of the water surface.

6.2 Single-phase flow numerical simulations

The slag réduction in the SRM could be achieved by intensive numerical campaign. Never- 
theless, the validation of both the methodology and the commercial solver is mandatory. In the 
présent section the validation of the single-phase condition is shown.

The numerical investigation that is discussed in section 6.2 and 6.3 (except 6.3.3) was entirely 
carried out by M. R. Lema and R Rambaud from the préparation of the simulations until their 
statistical analysis. Therefore, only the main aspects are shown here, which are necessary to 
understand better section 6.3.3, the instantaneous flow assessment (chapter 7) and the discussion 
of the accumulation process (chapter 8). More details on this numerical study and further results 
are given by Lema et al. (2005; 2007).

6.2.1 The numerical domain

The numerical simulations are performed with CFD-ACE+ commercial solver using LES 
turbulence modelling. The computations are based on the experimental conditions. Accordingly, 
the numerical domain is three-dimensional with 200 mm span-wise dimension. The irrelevance 
of two-dimensional simulations was proven by Lema (2005) and Lema et al. (2005). As it is 
shown in Figure 6.7, the geometry corresponds to one half of the test section, up-to the splitting 
plate (see Figure 6.1). Furthermore, the properties of room-temperature air are given to the 
fluid.

9h , f NriTTlp

Cavity
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Figure 6.7 - Numerical domain geometry.

The boundary conditions are taken to reproduce the measured flow. The inlet of the nu­
merical domain is located at X/h = —2.8. For this boundary, a two-dimensional mean velocity 
distribution is created by using two experimental velocity profiles. The first profile is taken 
from the xy plane of the previous PIV experiments. The second profile is measmed with PIV 
in a plane parallel to the splitting plate {xz) in the middle of the test section. Based on these 
measurements, the inlet velocity distribution is generated as shown in Figure 6.8. The RMS 
value of each velocity component is also measured experimentally. Even though this value is 
not constant along the profiles, a constant typical value is defined in the numerical simulation: 
RMSu = 0.3 m/s, RMSv = 0.5 m/s and RMSw = 0.5 m/s.
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Figure 6.8 - Inlet velocity distribution.

The applied numerical methods to discretize the équations are second order in time (Crank- 
Nicolson method) and second order limited in space. The linear équations of velocity and 
pressure correction are solved with the Algebraic Multi-Grid (AMG) numerical solver. The 
convergence criterion of the itérative unsteady solver is set to a minimum residual of 10“^ or 
a maximum of 20 itérations in each time step. The sub-grid stress tensor is modelled with a 
dynamic version of the Smagorinsky model.

The grid must be generated to be fine enough to approximate the details of the flow, while 
trying to reduce the computational effort to reach a converged solution. For this purpose, 
a hybrid mesh is created (some enlargements are shown in Figure 6.9): a structured grid 
near the solid walls and the inhibitor to approximate the high gradient boundary layer, and 
an unstructured quadrilatéral mesh in the rest of the domain. The number of mesh points is 
20786 X 50 (by having 50 cells in the z direction), which corresponds to more than one million 
cells. The size of the smallest cell is as fine as Ù>.min/H = 4.25 • 10“®. The auto time step option 
is used so as not to exceed a CFL number of 0.425. During the simulation the flow field at every 
20th time step is saved.

Figure 6.9 - Some examples of the hybrid grid of the numerical domain.

6.2.2 Validating the numerical data

In order to compare the unsteady numerical data to the statistical experimental results, first 
of ail the simulation was calculated during more than three flow-throughs (FTs). One FT stands 
for the time required for a flow particle to travel through the computational domain at bulk 
velocity. Later, ail the stored flow fields of the 3 FTs are averaged. Finally, ffom the mid-span 
plane of the 3D numerical domain (defined by the laser-sheet position of the experiments) the 
in-plane components of the data are extracted and presented.
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(a) Streamlines of the mean flow fleld.

(b) Mean velocity magnitude distribution.

(c) Fluctuation of the longitudinal velocity component.

(d) Fluctuation of the transversal velocity component.

Figure 6.10 — Results ofthe time averaged LES simulation in the symmetry plane (single-phase).

In Figure 6.10 one can see the distribution of the same quantities as those presented in 
Figure 6.5 related to the experimental investigation.
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Conceming the topology of the mean flow fields, the numerical field (Figure 6.10(a)) re- 
sembles well the experimental data (Figure 6.5(a)). The streamlines visualize the same mean 
circulating structures. Furthermore, these mean zones hâve similar sizes and locations.

A large recirculating bubble downstream the inhibitor extends from the tip of the obstacle 
until the entrance of the cavity. Its centre is located at Xjh = 4.45; Y/h = 0.75, which is 
about 10% more downstream and 0.14h (approximately 19%) doser to the sidewall than in the 
experiments. However, its height and therefore the dimension of the vena contracta of the free 
stream flow are very well reproduced.

The mean flow rotation inside the cavity appears to be convincing as well. The position of 
its centre appears to be 0.11 h doser to the nozzle transversally (it is located at Y/h — 0.00) 
and shifted only 0.02h upstream longitudinally {X/h = 9.80). Its dimension is defined mainly 
by the three cavity walls and the nozzle. Therefore, no déviation, is discovered here.

Conceming the secondary circulating mean flow stmctures, they ail appear in the time 
averaged numerical results even those that were not obtained from PIV due to light reflection 
problems. Mostly, their location and dimension match very well with the experimental data.

One of the aspects worth mentioning is the saddle point. This hyperbolic point - which is 
located at X/h = 7.78; Y/h = 0.65 in the experiments - shifts to X/h — 7.57; Y/h = 0.87 in the 
numerical plot. The saddle point is defined by the main recirculation bubble downstream the 
inhibitor, the shear layer at the entrance of the cavity, the free stream flow and the small mean 
circulating structure below it. As the saddle point is displaced, ail these structures are modifled 
as well. Thus, the main recirculation bubble is slightly shorter, the shear layer of the cavity 
entrance is less steep, the streamlines of the free stream flow are less curved as the flow begins its 
accélération towards the nozzle, and the secondary circulating structure at the entrance comer 
of the cavity is considerably larger.

Finally, the smaller circulating structure at the downstream corner of the inhibitor, together 
with the beginning of the main recirculating bubble show some différences with respect to 
the experimental results. Visually, the small structure looks to be less developed, or highly 
affected by three-dimensional effects. However, if the flow is correctly simulated, even the three- 
dimensional effects should produce similar patterns experimentally and numerically. For this 
reason, and considering that the numerical mean flow field is constmcted using only 3 FTs^, 
Lema et al. (2005) also suspect that in this région the data are not fully converged. Using the 
data of Lema et al. (2005), the statistical convergence will be further assessed in section 7.2.

As it can be expected from the good agreement of the flow topology, globally the in-plane 
velocity magnitude plots (see Figure 6.5(b) and Figure 6.10(b)) also show very similar patterns 
and well matching velocity magnitudes.

However, a slight différence can be seen in the accélération of the flow in the vena contracta. 
Concentrating only to the local velocity maxima, while experimentally the 21 m/s value is 
reached farther downstream {X/h > 2), munerically this value appears already at X/h < 1. 
Furthermore, the free stream flow does not slow down below 20 m/s numerically before the 
second accélération towards the nozzle, which is clearly due to the higher saddle point position.

In the recirculation région, the velocity amplitudes appear to be well represented; both the 
magnitudes in the main recirculation bubble and the rotational speed of the mean vortex in the 
cavity are well matching. However, the pattern of the numerical plot (Figure 6.10(b)) does not 
appear to be as regular as the experimental plot (Figure 6.5(b)) in the same régions. This is

^flow-throughs, 1 FT is the time during which a flow particle travels through the numerical domain at bulk 
velocity
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suspected to be caused simply by the lack of full convergence.

Concerning the velocity fluctuations, as it can be seen in Figure 6.10(c) and 6.10(d), the 
statistical convergence issue arises once again. By analysing the plots, the fleld can be divided 
again into two main régions: 1) Xjh < 4.5; 2) Xjh, > 4.5.

In the flrst région - practically until the centre of the main recirculating structure downstream 
the inhibitor - the standard déviation of both velocity components exhibit lower values than those 
ones which were observed during the experiments (shown in Figure 6.5(c) and 6.5(d)). This 
underestimation originates from the définition of the random inlet turbulence, which neither 
représenta spatial nor temporal corrélation. However, in spite of the incorrect prédiction until 
the région of the inhibitor, further downstream a rather correct turbulence content is retrieved. 
As it can be seen in the second zone, ai Xjh > 4.5 the levels of the fluctuation components are 
accurate; at some places they are even slightly over-predicted. The phenomenon is due to the 
natural imsteadiness of the shear layer attached to the inhibitor, which is producing a shedding 
of cohérent structures seeding the flow with the necessary perturbations.

In order to be able to compare more precisely the actual matching and déviation of the 
experimental and numerical data, profiles of the longitudinal velocity component and the velocity 
fluctuation magnitudes are also extracted at four X/h positions (Figures 6.11 and 6.12).

One profile is taken at A/h = 0, which corresponds to the tip of the inhibitor. The second 
profile is taken (according to the experimental data) approximately at the position of the center 
of the main mean recirculating structure {X/h = 4), which originates from the tip of the inhibitor 
and extends until the cavity. The third profile is desired to be extracted from the corner of the 
beginning of the cavity. However, in this région (due to the structure of the set-up) the PIV 
measurements hâve locally low quality (see Figure 6.5 ). Hence, the position of the third profile 
is defined to be at X/h = 7.6. The fourth profile is defined at X/h = 10. This location is close to 
the center of the main mean swirling structure inside the cavity (according to the experimental 
data).

Ail the above-mentioned observations driven from the contour plots can be seen locally more 
precisely in Figures 6.11 and 6.12.

Finally, the extracted profiles and the previous contour plots also show a good agreement 
between the time-averaged numerical data and the ensemble averaged experimental results.

6.3 Two-phase flow numerical simulations

As for section 6.2, the achievements described in the current section (6.3) (except 6.3.3) are 
also performed by M. R. Lema and P. Rambaud. Therefore, only the main aspects are shown 
and commented here. Further details can be found in Lema et al. (2005; 2007; 2006).

After the satisfactory single-phase flow validation, the second phase is injected in the nu­
merical domain. The Lagrangian water-droplets may act on the air-phase through a two-way 
coupling source term. In practice, two simulations were performed. One with droplets of con­
stant diameter {dp = 100 /xm) and one using the same (poly-disperse) droplet size distribution 
as during the LeDaR experiments (see Figure 5.2). The water flow-rate is the same in both 
cases as during the nominal condition of the LeDaR measurements (Table 5.1).

The amount of liquid accumulation is attempted to be determined numerically as well. 
Therefore, a capture rule has to be defined. Cesco (1997) studied the droplet-wall interaction.
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Figure 6.11 - Mid-span plane comparison between the experimental and the numerical longitu­
dinal velocity components.

where various phenomena are considered during the collision: rebound, déposition, spattering 
and splashing. These phenomena can be distinguished and modelled reasonably well in the 
presence of a dry surface. However, in the presence of a wet surface (e.g. liquid alumina film 
on the nozzle lip), without simulating directly each collision, the uncertainty on the type of the 
actual phenomenon is very large. Therefore, in the final simulations Cesco (1997) counted every 
droplet hitting the wet nozzle lip depositing and contributing to the liquid film.

Since in the présent case aU the internai walls of the test section are wet during the spray 
operation, the same criterion is used to estimate the accumulation. Various zones are defined 
to cover ail the boundaries of the numerical domain (see Figure 6.13): the topwall région from 
which the droplets are escaping through the nozzle, the cavity région extending from the down- 
stream face of the inhibitor until about the stagnation point of the airflow on the nozzle lip 
(see Figure 6.10(a)) and the obstacle zone where droplets deposit on the inhibitor which are 
extracted by the experimental water extraction System .

At the walls of the numerical domain vanishing droplet condition is applied, but through a 
user subroutine the mass of the droplets hitting any of the walls of the above-described three 
régions is counted in each time-step. In particular, the droplets hitting any of the walls of 
the cavity région as defined above (from the inhibitor to the nozzle lip) are considered to end 
up finally in the pool of the cavity. In this way, the water accumulation in the cavity can be 
determined numerically.
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Figure 6.12 - Mid-span plane cornparison between the experimental and the numerical velocity 
fluctuation magnitudes.
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Figure 6.13 - Régions of numerical boundaries used for liquid accumulation record through 
droplet mass counting.

6.3.1 The efFect of the mono-disperse spray

The statistical two-phase flow LES results including the action of the mono-disperse droplets 
are presented in Figure 6.14. In the followings, a cornparison between the single-phase flow 
numerical results and two-phase flow is given.

The impact of the mono-disperse droplets is clearly visible already from the stream-traces 
of the mean flow, especially at the entrance of the cavity and inside of it. In the single-phase 
flow conflguration (see Figure 6.10(a)) the cavity is closed by a streamline that points to the 
stagnation point on the nozzle head (i.e. no streamline enters in the cavity). In the mono­
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disperse case (shown in Figure 6.14(a)) there is no streamline closing the cavity entrance and 
therefore some stream-traces even enter in the area located at 9 < Xjh < 9.4. Naturally, this 
behaviour can be observed only in the mid-span plane. Three-dimensional effects ensure the 
mass conservation.

Although it appears to be slightly flatter, the main recirculation bubble downstream the 
inhibitor is less affected by the droplet phase. As it can be seen in Figure 6.15(a), the droplets 
are not able to follow the motion of the flow (due to their long characteristic time) and therefore 
only a few of them enter in the main recirculation bubble. Therefore, they are not able to 
modify the flow properties at about Yjh < 1. However, a large quantity of droplets enter in the 
cavity (visible in Figure 6.15(a)) and due to their momentum they act on the air-phase. That 
is why the cavity becomes open and the streamlines of the gas-phase enter in the cavity in the 
mid-span plane of the domain.

The magnitude of the air velocity (see Figure 6.10(b) and 6.14(b)) is slightly weaker in the 
free stream above the main recirculation. This shows that the droplets react to the flow but not 
as quickly as a phase composed of pure tracers (representing St « 1). This delay induces a 
decrease of the air velocity.

The distribution of the longitudinal velocity component fluctuations (see Figure 6.10(c) and 
6.14(c)) shows lower values in the free stream, but increased values inside the cavity, at the 
location associated with the intrusion of droplets. The transversal velocity fluctuations (see 
Figure 6.10(d) and 6.14(d)) show slightly higher values at the entrance of the cavity.

Based on these results, one may conclude that dp = 100 /i^m mono-disperse droplets at 
this volumétrie flow-rate affect signiflcantly the air flow and should lead to a significant water 
accumulation in the cavity. However, with the help of the mass counter user subroutine, only 
0.5% of the injected droplet mass is effectively accumulating in the cavity.

6.3.2 The effect of the poly-disperse spray

The resuit associated with a poly-disperse droplet distribution is presented in Figure 6.16.

According to the stream-traces of the mean flow in the mid-span plane of the domain (see 
Figure 6.16(a)) no streamline enters in the cavity anymore. Although, the overall water flow-rate 
is the same as in the mono-disperse configuration, due to the wide range of droplet sizes and 
the large number of smaller droplets (which hâve a considerably lower momentum and shorter 
relaxation time), the droplets seem to be unable to modify the pattern of the mean flow at the 
cavity entrance.

The global arrangement of streamlines is also very similar to a flow free of droplets (see 
also Figure 6.10(a)). Nevertheless, some small différences hâve to be noticed. First of ail, 
the downstream half of the main recirculation bubble (4 < A/h < 8) appears clearly to be 
flatter in the poly-disperse configuration. Furthermore, the secondary circulating structure 
at the downstream corner of the inhibitor (0.2 < X/h < 1.5) looks to be smaller and more 
pronounced as well. These indicate that more droplets enter in the main recirculation zone, 
which is confirmed also by an instantaneous snapshot of the droplets distribution (shown in 
Figure 6.15(b)). In this plot a wide range of Stokes number may be foimd from St < 1 to 
St > 1. Although in this distribution the droplets of about dp = 100 fj,m are still included, they 
represent only a low part of the total amount of droplets.

Looking at the overall results, the poly-disperse droplets seem to hâve a weaker influence 
on the mean flow than the mono-disperse droplets. This is probably due to the lower volume
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(a) Streamlines of the mean flow field.

(b) Mean velocity magnitude distribution.

(c) Fluctuation of the longitudinal velocity component.
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(d) Fluctuation of the transversal velocity component.

Figure 6.14 - Results of the time averaged LES simulation in the symmetry plane using mono­
disperse droplet size distribution (based on S FTs).
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(a) Mono-disperse configuration.
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(b) Poly-disperse configuration.

Figure 6.15 - Instantaneous droplet-distributions.

fraction having an active diameter (i.e. sufficiently large diameter and high mass fiow-rate to 
perturb the air-flow).

The high-turbulence région of the longitudinal velocity component fluctuation pattern (see 
Figure 6.10(c) and 6.16(c)) appears to be slightly different compared to the single-phase flow 
results. However, judging the différences is knowing that the results are not fully converged sta- 
tistically. Furthermore, the transversal velocity component fluctuations (shown in Figure 6.10(d) 
and 6.16(d)) exhibit lower peak values in general.

On the one hand, it appears that even if the distribution of droplets induces less changes 
in the statistical air-phase properties, a larger number of droplets may be carried inside the 
cavity (see Figure 6.15(b) compared to Figure 6.15(a)). On the other hand, when estimating 
the amount of accumulated liquid with the particle coimter subroutine, a higher rate (0.7%) is 
observed with the poly-disperse distribution than with the mono-disperse droplets. However, 
these numerically observed accumulation rates show about an order of magnitude lower values 
than what was observed experimentally (around 8%). The reasons of this déviation are not 
investigated here, they will be further studied in section 8.1.

6.3.3 Droplet size effect on the accumulation

As it could be seen from the comparison between the simulations with the mono-disperse 
and poly-disperse droplet-distributions, the droplet size has an important effect on the one hand 
on the coupling between the two phases and on the other hand on the amount of accumulation. 
As it is found by Lema et al. (2006), the smaller droplets tend to provide a larger rate of 
accumulation.

In order to verify this observation, taking it from its final time step, the simulation of Lema 
et al. (2007) is modified. First of ail, the injected liquid mass is set to 1 ■ 10~^® kg/s (quasi 
zéro). The computation is run in this way during 2.9 flow-throughs (FTs) in order to evacuate 
the droplets from the domain. Then, the liquid flow-rate is increased again to the nominal level
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(b) Mean velocity magnitude distribution.

(c) Fluctuation of the longitudinal velocity component.

(d) Fluctuation of the transversal velocity component.

Figure 6.16 - Results of the time averaged LES simulation in the symmetry plane using poly- 
disperse dmplet size distribution (based on 3 FTs).
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and three different simulations representing different droplet size distributions are performed:

• In the first thread the nominal configuration is computed with the nominal droplet size 
distribution;

• In the second thread the droplet diameters corresponding to the nominal distribution are 
halved;

• In the last thread the droplet diameters corresponding to the nominal distribution are 
doubled;
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Figure 6.17 - Volumétrie droplet size répartition of the poly-disperse spray during the droplet 
size assessment.

The volumétrie répartition of the resulting distributions is indicated in Figure 6.17. By 
ruiming these simulations, at first they fill up the numerical domain with liquid droplets and 
consequently provide liquid accumulation in the cavity, which is monitored with the dedicated 
user subroutine.

As the accumulation rate re-establishes, a quasi linear déposition rate can be observed in 
time. This state requires about 1.7 FT from the instant of the droplets injection. Starting 
from this instant the simulations are run for about 1.3 more FT during which the accumulation 
in the cavity is recorded. Finally, the average droplet entrapment rate is determined with a 
linear fitting applied on this last accumulation part. The resulting liquid accumulation rates are 
summarized in Table 6.1.

Table 6.1 - Droplet size effect on the accumulation rate.
Simulation Accumulation rate [%]

with nominal droplet size distribution 0.55
with halved droplet size distribution 2.18

with doubled droplet size distribution 1.47

As it can be seen, the entrapment rate in the nominal configuration is slightly underestimated 
with respect to Lema et al. (2007) (0.55% vs. 0.7%). This is probably due to the relatively short 
(1.3 FT) intégration time of the accumulation phenomenon.

With respect to the nominal configuration about 4-times higher accumulation rate is ob­
served in the presence of the halved droplet size distribution. Indeed, an increasing tendency is
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(a) Halved distribution. (b) Doubled distribution.

Figure 6.18 - Instantaneous spatial droplet distributions.

expected, because the smaller droplets hâve a shorter associated characteristic time-scale, which 
allows them to respond better to the air-phase fluctuations and therefore to be entrained in the 
recirculation zone and into the cavity. Accordingly, Figure 6.18(a) shows a large number of small 
droplets in the recirculation zone. Although they are relatively small, they still do not satisfy 
the St « 1 criterion and thus they are not able to follow perfectly the continuons phase. This 
means that as soon as they approach a wall (e.g. in the cavity), they are likely to hit it and 
therefore contribute to the accumulation.

Applying the same analogy to the doubled droplet size distribution, one should expect a 
lower entrapment rate, while the computations show more than 2.6-times higher accumulation. 
In this case, the entrapment is governed primarily by the larger droplets as only a few amount of 
small droplets are injected in the domain. To the présent large droplets a longer characteristic 
time should be associated, which means that they are even less sensitive to the surrounding air- 
phase motion. They are less likely to be affected by the flow accélération in the vena contracta 
or by the generated turbulent structures. Therefore, the importance of the momentum of these 
droplets is superior to the entrainment phenomenon. Accordingly, in Figure 6.18(b) almost no 
mixing of large droplets can be observed. As a conséquence, the liquid entrapment should be 
lead by the OT2NT parameter^ (see its définition in Figure 5.14(b)). If OT2NT > 0, the large 
droplets passing just in front of the inhibitor tip might not be deviated sufficiently by the flow 
field in order to allow them to escape through the nozzle.

Due to the short computational time after the droplets’ re-establishment, unfortunately no 
statistical quantities can be derived from the flow properties.

6.4 Two-phase flow PIV experiments

With the help of the two-phase PIV technique described in chapter 4, the flow field in the 
presence of the droplets is studied as well. From the gathered database the statistical quantities 
are shown in the présent section.

6.4.1 The experimental configuration

The présent experimental campaign is the first with the UV two-phase PIV technique. As 
it can be seen in section 4.4, applying this method in the 2D SRM model is rather challenging. 
Furthermore, the flow to be investigated is rather complex as well. Therefore, no parametric 
study is carried out. Thus, the attention is turned towards the nominal geometrical configuration

^The Obstacle Tip to Nozzle Tip distanœ shows how much a droplet passing at the inhibitor tip needs to travel 
transversally (along the Y/h axis) to be able to escape through the nozzle and to avoid being entrapped in the 
cavity.
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(see Figure 6.19, where h = 33.5 mm).

Figure 6.19 - The geometry of the test section and the FoVs during the two-phase PIV experi- 
ments.

Altogether three FoVs are defined (as indicated in Figure 6.19). At first, the région of the 
inhibitor is to be investigated. The third FoV is defined to be as close as possible to the cavity 
entrance. Since experiment can only be performed through the quartz window, even FoV#3 
cannot reach up-to the corner of the cavity entrance. Finally, the second FoV is chosen to 
overlap with #1 and #3 covering the space between them.

As mentioned in section 4.4.1, the flow velocity has to be C/q = 2 m/s. Thus, the Reynolds 
number based on h and Uq becomes Re^ = 5025.

The séparation time (At) during the image recording is adjusted to hâve approximately a 
maximum of 5 to 7 pixels displacement in single-phase flow configuration. The actual séparation 
times are indicated in Table 6.2 together with the approximate magnification of the PIV caméras.

Table 6.2 - Two-phase PIV acquisition parameters.
FoV At [ps] Mpiv [mm/pixel]

FoV#l 330 0.184
FoV#2 330 0.192
FoV#3 330 0.187

The illuminating YAG laser is operating at 9.22 Hz. However, in order to ensure a simulta- 
neous image recording, the two caméras acquire an image pair only at every third laser double 
puise. This results in an acquisition rate of about 3.07 Hz. Among the settings of the cam­
éras 2x2 pixels^ binning is selected in agreement with the preliminary technique assessment 
(section 4.3.2). Therefore, both of the image pairs hâve 640 x 432 pixels^ resolution.

The droplet-phase is generated by a Lechler 156.000.17.13 spray device, which is supplied 
by Piiq. = 0.8 bar and Pair = 1-25 bar. With these parameters it provides a flow-rate of 
about Qvd = 0.133 1/min. The generated droplet size distribution is characterized by PDPA 
measurements using water. The actual distribution is shown in Figure 6.20, where the mean 
Sauter droplet diameter is ds2 = 106.2 /xm.®

® During the two-phase PIV experiments lower reference velocity has to be used than in the nominal configu-
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Figure 6.20 - Droplet size distribution of the spray device.

The experiments are performed according to the procedure described in section 4.4.1. This 
means that at each FoV, when ail the sériés of two-phase acquisitions are finished, 1500 to 1800 
image pairs are recorded in single-phase flow condition, while everything is operating in the same 
way as during the two-phase flow condition (except the liquid supply of the spray is closed). 
This can give a reference single-phase flow field.

Before the PIV processing the local background is subtracted from ail the images using the 
method described in section 4.4.2.

As one can see in Figure 4.33(b), the droplet images contain a rather high droplet concentra­
tion, which is comparable to the current seeding density (see Figure 4.33(a)), while the droplets 
hâve typically higher intensity and larger size in the images. Therefore, the droplet images 
seem to be even better candidates for PIV processing than the tracers. Although they represent 
poly-disperse size distribution, the current goal is to obtain statistical information from the flow 
(investigate the mean flow field). Therefore, ail the recordings - including the droplet images - 
are processed by the PIV algorithm, WiDIM.

During the analysis, the processing parameters are adapted to the current image conditions. 
The actually applied initial window size combinations, number of itérations and the final window 
overlapping factors are summarized in Table 6.3.

Once the instantaneous flow fields are available, a statistical analysis is performed. At first, 
the droplet-phase data are taken, where in ail the sériés of every FoV the first image, where 
the spray is already established is determined. Starting from this instant altogether 100 flow 
fields are extracted from each sériés, which resuit 1200, 1700 and 1200 instantaneous droplet- 
phase fields in the three FoVs respectively. The same time instants are extracted from the 
simultaneously acquired tracer-phase fields (two-phase flow condition). Finally, from the single- 
phase flow recordings the same total number of instantaneous fields are taken. Ail these data 
are analysed statistically in order to obtain the mean flow field and turbulence information.

ration of the LeDaR investigation and in the numerical simulations. As explained in section 2.3.2.2, to limit the 
modification of the characteristic non-dimensional parameters {St, Op), a different spray device has to be chosen 
for the présent measurements.
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Table 6.3 - Two-phase PIV processing parameters.
Flow

condition Phase FoV [pixel^]
Wref

H
Woi
[%]

Single-phase air FoV#l 96x 96 2 75
Two-phase air FoV#l 96x 96 2 75
Two-phase droplet FoV#l 144 X 144 2 75

Single-phase air FoV#2 96 X 96 2 75
Two-phase air FoV#2 96 X 96 2 75
Two-phase droplet FoV#2 144 X 144 2 75

Single-phase air FoV#3 96 X 96 2 75
Two-phase air FoV#3 96 X 96 2 75
Two-phase droplet FoV#3 144 X 144 2 75

6.4.2 The resulting statistical flow fields

In the current section the statistical flow flelds are shown and analysed. Here, no comparison 
of the two-phase flow data is given with respect to earlier single-phase flow measurements, 
because the eventual observations might not be relevant due to the different reference velocity. 
However, the two-phase flow information can be compared to the new available complementary 
single-phase flow data. Furthermore, within the two-phase flow case at each FoV simultaneous 
air-phase and droplet-phase flelds are obtained. Therefore, in the following figures, when plotting 
any of the statistical quantities, at flrst the single-phase flow condition is shown, which is followed 
by the gas-phase of the two-phase flow configuration and flnally the droplet-phase information 
can be seen.

First of ail, the distribution of the measurement quality is shown in Figure 6.21 together 
with the stream-traces of the flow. Later, when drawing any conclusion, the régions where 
SNmean < 2 should be handled with great care, as the observed information might hâve no 
physical content due to the low measurement quality.

Focusing on the flow flelds represented by the stream-traces of the air-phase, a similar recir­
culation région is revealed downstream the inhibitor, as previously e.g. in section 6.1 or 6.3.2. 
A main circulating structure is created by the separating flow, which extends from the inhibitor 
tip. Unfortunately, its downstream end falls outside the investigatable area, therefore it is not 
known whether the flow reattaches before the cavity entrance. By analysing the captured part 
of the recirculation, the main bubble appears to be flatter in the two-phase flow case (see Fig­
ure 6.21(b)) than in the single-phase flow case (shown in Figure 6.21(a)). As it was already 
discussed in section 6.3.2, with the poly-disperse spray distribution, the primary effect of the 
droplets on the mean flow fleld is also the flatter main recirculation bubble, which is pronounced 
primarily in the downstream half of it (see Figure 6.10(a) and 6.16(a)).

Furthermore, the centre of the main recirculation bubble shifts about 0.3/i upstream in 
the two-phase flow condition (Figure 6.21 (b)) with respect to the single-phase flow case (Fig­
ure 6.21(a)). As the main bubble is compressed, the secondary counter-rotating mean structure 
at the downstream corner of the inhibitor becomes smaller as well.

As it was mentioned above, the droplet-phase image pairs are analysed by WiDIM as well. 
This resuit is shown in Figure 6.21(c). However, when inspecting the indicated flow fleld, the 
plot should be divided into two régions: the free stream and the recirculation région.

As it can be seen in the plot, the droplets (especially the larger ones) are not able to follow
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(c) Two-phase flow condition, droplet-phase.

Figure 6.21 - Measurement quality and mean flow field.

the curvature of the airflow as it is accelerating in the vena contracta. Prom the tip of the 
inhibitor, the droplets seem to be unaffected by the flow as their trajectory remains parallel to 
the sidewall. On the other hand, since the liquid volume fraction is sufficiently high, the droplets 
are acting on the air-phase by making the main mean structure flatter.

Before analysing the droplet-phase in the recirculation zone, one should investigate their 
behaviour upstream the inhibitor. The droplets are generated by the spray device in the stag­
nation chamber. Then, they enter in the test section. During this time, they fall probably 
straight as their motion is dominated by gravity and the uniformly accelerating airflow. As 
the air approaches the inhibitor, it accelerates rapidly and it croates a mean rotating structure, 
which extends about Ih upstream the obstacle (see Figure 6.5(a)). However, as the droplets 
hâve a large momentum and long characteristic time, they are not able to follow this abrupt 
change and most of the droplets, which were travelling towards the inhibitor are impinging on 
it and accumulate. This process means that downstream the inhibitor (at Y/h < 1) no large 
droplet should be présent, because they are flltered out by the obstacle.

However, due to the mixing in the shear layer, the smaller droplets might tend to enter in 
the recirculation région. Their behaviour is more similar to the tracers: they follow better the 
motion of the flow. Although their concentration is quite low, it seems to be still sufficient to
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visualize the main recirculation bubble.

Thus, by summarizing the droplet-phase motion, on the one hand a mean pattern similar 
to the air-phase can be observed at about Yjh < 1, which is drawn by the smaller droplets, 
which are able to follow better the airflow. On the other hand, at F/h > 1 the whole range of 
the injected droplet sizes are présent, including the larger droplets. Due to the fact that these 
are appearing typically larger and brighter in the images, their signal is prédominant during the 
cross-correlation. Therefore, in this région the measured velocity is representing primarily the 
motion of the larger droplets. Since they are weakly effected by the airflow, the velocity field at 
F/h > 1 is considerably different from the one observed in the air-phase.

The contour plot of the velocity magnitudes are shown in Figure 6.22. In the régions where 
the measurements are reliable, only slight différences can be observed between the single-phase 
and the two-phase configurations.
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(a) Single-phase flow condition.
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(c) Two-phase flow condition, droplet-phase.

Figure 6.22 - Velocity magnitude distribution.

In the figures, the edges of the FoVs are visuahzed by the discontinuity of the contour plot. 
It is the most pronounced between FoV#2 and #3. In FoV#3 the air velocity appears to be 
substantially higher than in FoV#2. The différences originate from the fact that the nominal 
flow velocity is rather low {Uq = 2 m/s), which is difficult to measure accurately with the 
Validyne (described in section 2.4). In order to quantify the velocity mismatch, a |U| profile
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is extracted along Yjh = 2 (in the free stream). The profile is shown in Figure 6.23, where 
a différence of about 17% is measured at the discontinuity between FoV#2 and #3, and 2% 
between FoV#l and #2. Therefore, the reference velocity could be considered to be afîected 
roughly by the same amount.

Figure 6.23 - Velocity magnitude profile (\ U\) at Y/h = 2.

In the followings, the turbulence intensity (TI) of the velocity components are determined. 
T lu and Tly are obtained by normalizing the RMS of the corresponding velocity component 
by the free stream velocity, Uo-

Concerning the transversal fluctuations of the continuons phase, a slight turbulence decay 
(around 20% smaller values) can be observed in the two-phase flow configuration with respect 
to the single-phase flow results (see Figure 6.24(a) and 6.24(b)).

However, looking at Figure 6.24(c), in the droplet-phase motion considerably lower fluctu­
ation can be seen compared to the Tly levels of the corresponding air motion (around 50% 
smaller). These observations seem again to be in good agreement with the longer characteristic 
time of the droplets, which are not able to follow the large-frequency changes of the air-phase 
and therefore, they might damp the fluctuations of the air as well.

Furthermore, one should note that the meaning of the droplet-phase fluctuation is not entirely 
analogous to the carrier-phase fluctuations. Especially below the inhibitor shear layer, where 
the free stream flow séparâtes and créâtes a low-velocity recirculation, large droplets travel at 
considerably higher velocity, as they are unable to adapt rapidly to the low-velocity fluctuations. 
On the other hand, the smaller droplets may adapt quicker to the local low-speed conditions and 
to the continuous-phase fluctuations as well. Therefore, in the droplet-phase images different 
velocity information may be présent at the same location depending on the actual droplet 
diameter, which may also increase the local velocity fluctuation during the statistical analysis.

The patterns of the fluctuations of the longitudinal velocity component (Tlu) seem to be 
even more similar in general between Figures 6.25(a) and 6.25(b). However, in the shear layer 
région (between 0 < X/h < 2.5) the turbulence appears to be slightly higher and more spread 
in the two-phase flow condition. This might be explained by the fact that while the air-phase 
is accelerating in the vena contracta, the droplets are not able to adapt the flow change. Since 
the droplets are randomly distributed in the domain, when the local droplet-concentration is 
higher, they may slow down the accélération of the air; when the local droplet concentration is 
lower, the air could be able to accelerate freely. Finally, at any point around and in the shear 
layer, due to the temporal variation of the droplet concentration, lower and higher air velocities 
are expected, which obviously increase the TI of the longitudinal component.

Unlike to the transversal turbulence intensity, the longitudinal velocity fluctuation of the
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(a) Single-phase flow condition.
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(c) Two-phase flow condition, droplet-phase.

Figure 6.24 - Transversal velocity component fluctuation.

droplets shows similar levels (see Figtire 6.25(c)) as that of the continuous-phase. However, 
although the levels are similar, the pattern is still differing from the air-phase. Here, the high- 
fluctuation area is following approximately Y/h = 1, instead of the curvature of the vena con­
tracta. This pattern could show the mixing région, where the smaller droplets could start 
entering the recirculation région.

6.4.3 The droplet-phase distribution

In order to separate the motion of droplets of varions sizes, the acquisitions are further 
analysed. A droplet image détection algorithm is developed based on the one explained in 
section 4.2.1.2, which identifies the location and the diameter of particle images using wavelet 
analysis. Then, the droplet image diameters are assumed to be proportional to the real diameter. 
Considering droplets ranging from some tens of fxm to a few hundreds pm, during the image 
formation the Mie scattering law is gradually overtaken by the laws of geometrical optics. In 
this latter domain, the larger an object is, the larger its image becomes. In addition, the droplet 
images are acquired from the fluorescent light emitted by the droplets. Thus, by assuming a 
constant illumination energy and uniform fluorescent dye concentration, the intensity of the 
fluorescent flght is proportional to the volume of the droplets (therefore, ~ Dp^). Due to the



6.4 Two-phase flow PIV experiments 119

X/h[-]
(a) Single-phase flow condition.

X/h[-]
(b) Two-phase flow condition, air-phase.

2 3 4 5 6
X/h[-]

(c) Two-phase flow condition, droplet-phase.

Figure 6.25 — Longitudinal velocity component fluctuation.

fact that the wind-tunnel walls are wet, a halo is appearing around each droplet image, which 
makes the droplets look even larger in diameter (see e.g. Figure 4.33(b)). The intensity of the 
halo dépends on the intensity of the light source: the droplet. Thus, if a larger droplet image 
is detected, with a high probability it should represent a droplet, which is of the larger kind 
physically.

(a) The arbitrary diameter distribu- (b) Relating the arbitraxy distribu- (c) The resulting physical droplet di- 
tion. tion to the physical quantities. ameters.

Figure 6.26 - Determining the physical diameters of the detected droplets (using the data of 
FoV#2).
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Hence, after the détection, the histogram of the droplet image diameters is plotted. An ex­
ample is shown in Figure 6.26(a). Although, here the dimension of Dp is indicated to be [mm], it 
is still an arbitrary magnitude; the [pixel] diameter value is simply multiplied by the magnifica- 
tion of the caméra. In order to détermine the physical quantity, a one-dimensional wavelet-like 
algorithm is looking for the best match (the superposition is shown in Figure 6.26(b)) between 
the arbitrary diameter histogram and the one obtained from PDPA experiments (Figure 6.20). 
Thus, the droplet diameters can be obtained with physical units (jum), as it is shown in Fig­
ure 6.26(c).

Once the droplet locations and diameters are known, one can investigate the spatial concen­
tration map of the droplets and the average diameters as well.

In Figure 6.27 the mean droplet concentration distribution is shown. As it is expected, in 
the recirculation région downstream the inhibitor about 4-times lower droplet concentration is 
found than in the free stream flow. As it is explained in section 6.3.3 the inhibitor is filtering 
out the larger droplets and in the recirculation région typically smaller droplets can be found, 
which are capable of responding quicker to the air-phase motion and thus being carried by the 
flow structures.
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Figure 6.27 - Mean droplet concentration.

This theory is confirmed by the arithmetic mean droplet diameter distribution of the current 
experiments as well (see Figure 6.28). In the recirculation région a considerably lower mean 
droplet diameter is found than in the free stream. Furthermore, as the smaller particles are 
entering in the recirculation zone, in the wake of the shear layer the mean droplet diameter 
increases and therefore this région may exhibit even slightly larger average sizes than the free 
stream région.

0 1 2 3 4 5 6
X/h[-]

Figure 6.28 - Mean droplet diameter distribution.

Furthermore, one may notice that in Figure 6.27 in the zones corresponding to the three 
FoVs, the centre région always suggests a slightly higher local droplet concentration. However, 
this should not be considered to be physical. The phenomenon should be the conséquence 
of the non-uniform laser-sheet thickness. During the laser-sheet génération the laser-beam is 
stretched to form a sheet. Therefore, the centre région of the laser-sheet is always thicker than 
the extremities and thus in the centre more droplets are illuminated.
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Looking at the zone corresponding to FoV#3 in Figure 6.27, one can see that the droplets 
seem to be pushed even doser to the splitting plate than in FoV#2. Considering the fact that 
in this zone the reference velocity is higher than in the preceding zones (as it is described earlier 
in section 6.4.2), this observation is probably physical.

Finally, the average droplet diameter in the région of FoV#2 appears to be about 10% lower 
than in the two neighbouring régions. The mismatch is certainly not caused by the flow, but 
the source is not yet identifled. In any case, the flgure still represents well the tendencies of the 
droplet diameter distribution.

6.4.4 About the mean relative motion between the two phases

From the previous sections, it is clear that noticing the différences between the mean air- 
phase motion and the mean droplet-phase motion are not always obvions. In order to be able 
to highlight them better, the above-described two-phase flow plots are interpolated to a com- 
mon rectangular grid (containing 150 x 50 éléments) and ail the droplet-phase quantities are 
subtracted from the air-phase quantities. These new variables are indicated by an ”a-d”‘^ index.

Concerning the mean velocity différences between the continuous-phase and the droplets, on 
the one hand the transversal component (see Figure 6.29(b)) shows a low-amplitude déviation, 
which is caused mainly by the lack of vena contracta in the droplet-phase mean flow fleld. On the 
other hand, the pattern of the longitudinal velocity component différence (see Figure 6.29(a)) 
visualizes clearly that in the région where the mixing of the droplets should take place, the 
air-phase has a substantially lower velocity, especially close to the tip of the inhibitor (in the 
top part of the main recirculation bubble). Since the mean longitudinal velocity component 
différence is more important than the transversal velocity component différence, by subtracting 
the mean velocity magnitude of the droplet-phase from the air-phase data, the resulting contour 
plot (see Figure 6.30(b)) resembles Figure 6.29(a).

The stream-traces based on the two mean velocity component différences are shown in Fig­
ure 6.30(a) that indicate practically the direction of the mean drag force acting on the droplets, 
which leads to the mixing of the discrète phase.

The turbulence intensities are shown in Figure 6.31. Since the transversal velocity com­
ponent fluctuation of the droplet-phase is uniformly low (see Figure 6.24(c)), the pattern of 
the fluctuation différence (shown in Figure 6.31 (b)) is similar to the pattern of the air-phase 
transversal fluctuation (see Figure 6.24(b)).

However, the différence of the mean longitudinal velocity component fluctuations (shown in 
Figure 6.31 (a)) visualizes downstream the inhibitor tip both the slightly curved shear layer of 
the airflow and the high-fluctuation région of the droplet-phase (seen in Figure 6.25(c)) at the 
level oî Y/h = 1. This latter is visible roughly up-to X/h = A. It can be observed that these 
two areas are rather distinct spatially. Further downstream in the wake of the inhibitor, the 
longitudinal turbulence intensity component - similarly to the transversal component - shows a 
superior air-phase turbulence content.

By subtracting the magnitudes of the corresponding fluctuation components of the droplet- 
phase from the air-phase (indicated in Figure 6.31 (c)), ail the above-described structures are 
appearing: the mixing layer of the droplet-phase is visible together with the air-phase shear 
layer, which is followed by the wake of the inhibitor.

4» air — droplets’
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(a) Longitudinal velocity component.
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(b) Transversal velocity component.

Figure 6.29 - Velocity component différences (air-droplets).

(a) The stream-traces of the ”flow-difference”.

0 1 2 3 4 5 6
X/h[-]

(b) Velocity magnitude.

Figure 6.30- Velocity field différences (air-droplets).

6.5 Summary on the statistical flow field properties

To investigate the the flow behaviour, a statistical analysis is carried ont using both experi­
mental and numerical data.

The mean flow structures are analysed in details using a high-resolution single-phase flow PIV 
measurement data. In the absence of radial flow injection, a complex mean recirculation zone is
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Figure 6.31 - Turbulence intensity différences (air-droplets).

présent downstream the inhibitor and in the cavity. Purthermore, high velocity fluctuations are 
observed mainly in the wake of the inhibitor caused probably by the inhibitor shear layer and 
the shed vortices.

Using the experimental database single-phase flow simulations (performed by Lema et al. 
(2007)) are validated. A good agreement is found in terms of the properties of the mean flow 
structures. The inlet turbulence définition could be further improved, but due to the intrusive 
inhibitor the velocity fluctuation content of the simulations are matching reasonably well to the 
experimental pattern.

In two-phase flow configuration two simulations are performed by Lema et al. (2007). One 
with mono-dispersed droplets and one with poly-dispersed simulation modelling the experimental 
configuration used during the LeDaR experiments (chapter 5). Besides analysing the statistical 
flow quantities, the liquid accumulation inside the cavity is monitored as well. In the mono- 
dispersed configuration the mean air-phase structures appear to be highly modified, while the 
accumulation rate remains rather low. In contrary, the poly-dispersed droplets affect less the 
mean flow field, but resuit in a higher accumulation rate as a large quantity of smaller droplets 
are found to be entrapped in the recirculation zone of the cavity.

Prom these two-phase flow simulations the importance of the droplet size is found. Therefore,



124 Chapter 6 - Statistical flow-field investigation

new simulations are performed with halved and doubled droplet sizes. In both cases a higher 
accumulation rate is observed with respect to the nominal configuration. This database allows 
to dissociate two phenomena associated to the entrapment process in fonction of the droplet 
size. On the one hand, the smaller droplets (representing a short characteristic time) are able 
to respond to the fiuctuations of the continuous-phase. Therefore, they are able to mix in 
the recirculation zone and be entrapped in the cavity. On the other hand, the large droplets 
(representing a long characteristic time) are not affected significantly by the airflow. Therefore, 
due to their inertia they may fall into the cavity pool. Their contribution to the accumulation 
rate dépends primarily on the OT2NT and the direction of their trajectory, when they pass in 
front of the inhibitor tip.

Finally, two-phase flow PIV experiments are also performed. Due to the measurement condi­
tions, the reference velocity had to be decreased (from 10 to 2 m/s) with respect to the nominal 
LeDaR configuration (and thus the CFD cases). Furthermore, the optical access allows to in- 
vestigate only the main recirculation bubble région downstream the inhibitor. Nevertheless, the 
droplet-phase shows similar modification on the mean fiow field than the numerical simulations. 
However, experimentally the différences between the single-phase and the two-phase cases are 
more pronounced (e.g. more affected main recirculation bubble).

Using the two-phase fiow experimental database the relative mean motion of the droplet- 
phase and the continuous-phase is analysed. In the recirculation zone downstream the inhibitor 
smaller droplets are found, which appear to follow closely the air-phase (demonstrating the 
mixing capability of smaller droplet classes). However, near the inhibitor shear layer where 
large number of big droplets are located, a large velocity différence (above 1 m/s) is found, 
which decays very slowly. This shows once again the importance of the large droplets’ inertia 
during the entrapment process.
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Instantaneous flow-fîeld investigation

In the previous chapter the flow fields obtained from experiments and numerical investiga­
tions are described from statistical point of view (mean flow fleld, fluctuations, etc.). The goal 
of the présent chapter is to analyse the same database, but focusing on instantaneous phenom- 
ena. Primarily, the vertical structures of the flow fields are identifled and the évolution of their 
properties are investigated.

As it could be seen before, the two-phase PIV experiments are performed at a lower reference 
velocity compared to the nominal LeDaR configuration. Therefore, the discussion of the instan­
taneous results are divided in function of the velocity as well. The nominal section (7.2) includes 
the single-phase PIV experiment together with the corresponding numerical simulations, which 
is then followed by the two-phase PIV description (section 7.3).

7.1 The methodology of the vortex analysis

To identify the vortices in the available instantaneous flow fields, the VKI wavelet-based 
vortex détection algorithm is used (for details concerning the method, please refer to section A.2). 
At first, it is detecting the structures of high vorticity values by convoluting the enstrophy-field 
(square of the vorticity) with different scales of a 2D Marr (Mexican-hat) mother wavelet. To 
discriminate between shear and rotating motions, the A2 criterion of Jeong and Hussain (1995) 
is used. This coefficient is the second eigenvalue of the 5^ -h tensor {S and Q being the 
symmetric and the anti-symmetric part of the velocity gradient tensor respectively), which 
simplifies to équation 7.1 in 2D. As it is shown by Jeong and Hussain (1995), A2 always has 
négative value where the rotation is prédominant, which is the case in the core of vortices. 
Therefore, the discrimination between shear and rotation can be made.

/ du\^ /du dv\ 
\dx J \dy dx J (7.1)

As Table 7.1 indicates, the nominal speed single-phase PIV experiments provide 1000 instan­
taneous samples in ail of the FoVs. The single-phase and the poly-dispersed CFD cases provide 
698 and 593 snapshots respectively. Finally, from the two-phase PIV experiments 1200 fields 
are considered both in single-phase flow and two-phase flow configurations.

To be able to identify the cohérent structures with the existing tool, at first the various data
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Table 7.1- Database parameters for the vortex détection.
Case # of samples per FoV A [mm/cell]

Single-phase PIV 1000 0.6
Single-phase LES 698 2
Poly-disperse LES 593 2

Two-phase PIV
Single-phase 1200 1.1
Two-phase 1200 1.1

sets (PIV and CFD) should represent a two-dimensional vector-field with equal spatial resolution. 
Otherwise, the vortex détection algorithm might be biased simply by the resolution différence. 
The typical field resolutions are also summarized in Table 7.1. From the PIV experiments the 
obtained vector-fields always hâve constant resolution of about the indicated value. However, 
the CFD simulations are performed on a hybrid type grid. Here, the reference A = 2 mm/cell 
is defined by the typical unstructured cell size in the wake area (in the middle of the domain).

At first, ail the images of the 12 PIV FoVs (of the nominal speed investigation) are repro- 
cessed using the parameters of the coarsest field (resulting 0.6 mm vector spacing).

To obtain similar 2D instantaneous fields from the numerical domain, the 3D LES data is 
transformed. From each stored time-step the hybrid data structure from the mid-span plane 
is extracted and interpolated to a rectangular isotropie grid, which has the same resolution 
(A = 0.6 mm/cell) as the corresponding measurements.

As it is mentioned above, the two-phase PIV results are not intended to be compared directly 
to the nominal speed experimental and CFD data. Therefore, in these fields (both in the single- 
phase and two-phase flow cases) the original lower resolution is kept (A = 1.1 mm/cell).

For the experimental database at nominal speed, ail the 1000 instantaneous samples of ail 
the FoVs are acquired at about 1 Hz. During the two-phase PIV measurements a frequency of 
about 3 Hz is used. These are sufficiently low frequencies to represent statistically independent 
flow fields. On the other hand, the single-phase numerical simulations provide 698 instantaneous 
fields (and the poly-dispersed case provides 593 fields) exported at a frequency of about 1.5 kHz 
(lower than the one associated with the time step), which does not allow real indépendance 
from a statistical point of view. Despite the fact that this limitation would need to be further 
broadened (by taking samples from longer time sériés), the methodology should still allow to 
highhght some aspects of the instantaneous flow nature. The statistical convergence of the 
numerical data will be further analysed in section 7.2.

In each field, the thresholds of the détection (for details conceming the détection thresholds, 
see section A.2.2) are set to twice the standard déviation of the vorticity and négative A2 values 
respectively. Furthermore, a minimum Oseen likeness of Like > 0.5 is defined.^

Similarly to the methodology of Ôzsoy et al. (2005), the analysis is carried out on a coarse 
40 X 20 rectangular grid, which is created to cover the whole domain (see Figure 7.1 (a)). The 
number of vortices located in each cell of this grid are counted and their properties (e.g. core 
diameter, Oseen likeness, circulation, etc.) are averaged. Naturally, in the PIV database the 
FoVs are trimmed to avoid overlapping. In the vicinity of most of the boundaries the cells

* As mentioned in section A.2.2, the likeness coefiBlcient {Like) should give an indication about the deformation 
of the identified vortical structures. It is defined by the ratio between the wavelet coefficient of the detected vortex 
and the wavelet coefficient of the idéal 2D Oseen vortex of the same size.
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partially cover the walls as well. Purthermore, because of the particular shear e.g. at the curved 
nozzle lip, non-physical vortices centered to the solid surface are systematically detected. To 
avoid these ambiguities, the first cells next to the boundaries are not considered during the 
analysis (see the filled cells in Figure 7.1(a)). Furthermore, the cells upstream the inhibitor are 
also disregarded.

?

X/h [-]

(b) Two-phase PIV experiments. 

analysis domain.

Concerning the two-phase PIV data, a similarly coarse grid is defined, where the vortex 
properties are locally averaged after détection. However, as the experiments do not cover the 
whole domain, a smaller grid of 25 x 12 cells is created between the bottom wall and the splitting 
plate of the test section (see Figure 7.1(b)). Please note that the FoVs of the experiments do 
not cover the whole section. Therefore, in the presented results a band of constantly zéro values 
will be visible in the vicinity of the splitting plate.

X/h H

(a) Nominal speed investigation.

Figure 7.1 - The vortex

7.2 Nominal speed investigation

Within the nominal speed investigation the single-phase flow assessments are discussed sep- 
arately (section 7.2.1) from the two-phase flow simulation (section 7.2.2). However, to allow an 
easier comparison, the poly-disperse case plots are already shown together with the single-phase 
figures.

Before the results on the vertical structures are presented, the statistical convergence of 
the time resolved numerical simulations is assessed. For this purpose the 593 instantaneous 
fields corresponding to the mid-span plane of the poly-dispersed case domain are taken into 
account.^ The investigation is performed with the algorithm of Theunissen et al. (2007), which 
is a statistical analysis tool based on Moving Block Bootstrapping. It détermines the first and 
second order momentum (i.e. mean and standard déviation) of a signal. The output furthermore 
contains the errors made in the momentum statistics at a given confidence level. Knowing the 
error, a rough estimate is given concerning the number of independent samples, which is to be 
evaluated in the présent assessment. Currently the local longitudinal velocity component (U) is 
analysed in each cell of the domain at a strict confidence level of 99%.

As Figure 7.2 shows, in the wake of the inhibitor and in the recirculation région (where the 
vortices are expected to be located) the number of independent samples of the time averaged 
data remains mostly below NIu = 100, which corresponds to about 17% of the total samples. 
Values below NIu = 2Q are visible as well in the low velocity région of the recirculation zone. 
Therefore, the numerical data is considered not being fully converged ffom the statistical point

^These are the same fields used for the vortex détection purposes as well (mentioned in section 7.1).
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Figure 7.2 - The distribution of the number of locally independent samples œnsidering the U 
velocity component of the 593 poly-dispersed CFD fields.

of view. As a conséquence, the statistical flow properties at the lower velocity régions should be 
handled with care.

7.2.1 Single-phase flow configuration

The goal of the analysis of the vortex content of the CFD data of Lema et al. (2007) is 
twofold. On the one hand, one can be interested whether the time-resolved numerical simula­
tions, which might be free of experimental artifacts (e.g. light reflections, experimental noise, 
droplet déposition in two-phase flow configuration, etc.) are able to provide an additional insight 
to the instantaneous structures. On the other hand, the présent investigation vérifiés whether 
the vortex contents of the experimental and the numerical database are matching, validating 
the simulations on instantaneous basis.

Following the détection, first of ail the total number of the identified vortices is analysed. 
As Table 7.2 shows, in the ensemble of the PIV fields about 3.7-times more vertical structures 
are extracted than in the corresponding simulations. The possible sources of this déviation are 
assessed a few paragraphs below.

Table 7.2 - Number of detected vortices (at nominal speed).
Case Total # of vortices # / sample

Single-phase PIV 199244 199.24
Single-phase LES 38051 54.51
Poly-disperse LES 34100 57.50

To visualize qualitatively which régions exhibit the lower total number of the detected vor­
tices, ail the structures of the nominal speed database are plotted in Figure 7.3. Quantitative 
comparison will be given later on. By comparing Figure 7.3(a) and 7.3(b), a global decrease can 
be observed without any particular areas that would hâve suffered more, except the free stream 
région. As it can be seen, in the PIV database a number of vortices are located above the shear 
layer of the inhibitor, while no vortices are found in the numerical field. This différence might 
also be the resuit of the incorrect inlet turbulence définition of the numerical domain, which is 
mentioned in section 6.2.2^.

Furthermore, in the areas with lower vortex concentration, one can trace clearly the path of 

®random perturbation with no spatial nor temporal corrélation
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(a) PrV experiment. (b) Single-phase flow LES.

(c) Poly-disperse LES.

Figure 7.3 - Spatial vortex distribution map at the nominal référencé velocity.

the vortices in Figure 7.3(b) and 7.3(c), which indicates once again the statistical dépendance 
of the numerical samples, as mentioned above. Thus, especially in these régions (e.g. inside the 
cavity) the average vortex properties should be handled with care.

According to the vortex concentration maps (Figure 7.4(a) and Figure 7.4(c)) similar dis­
tributions can be observed experimentally and numerically. The cohérent structures originate 
from the shear layer attached to the inhibitor tip and then they follow the streamlines of the 
flow. The région oi 0 < X/h <2 can be considered as the zone where the shear layer becomes 
unstable and créâtes vortices. At about 2 < X/h < 4, the zone of high vortex concentration is 
spreading, while the total number of vortices counted crosswise in the région seems to remain 
constant.

In the zone 4 < X/h < 8 the vortices are mainly carried towards the nozzle. Some remain in 
the free stream flow région, others descend doser to the wall. The latter vertical structures may 
interact with the recirculating flow and thus may induce vortices at the wall, which are entrained 
towards the inhibitor. However, before reaching it, they probably dissipate below a détectable 
level, which can be seen from their decreasing number. At this point one should add that this 
recirculation is visible in the numerical simulation (in Figure 7.4(c)), while experimentally the 
vortices appear to dissipate quicker below the limit of détection.

To verify whether the vortices physically dissipate or only reach below a détectable level, the 
distribution of the Kolmogorov scale is estimated using p = v/RMSu. As Figure 7.5 shows, the 
Kolmogorov scale ranges between 77 = 3 and 50 ym. In the régions, where vortices are detected, 
the values are limited to 77 < 15 /xm. As it will be explained below, the core diameter of the 
smallest detected structures is about 4-Ap/y = 2.4 mm. The two orders of magnitude différence 
between the Kolmogorov scale and the smallest detected vortices suggests that the vortices do 
not dissipate physically, when the local vortex concentration decreases. Instead, the available 
data is not able to résolve them.

In the area represented by the streamline that closes the cavity entrance between X/h = 8 
and the nozzle tip (around X/h = 9, Y/h = 1.5; see Figure 6.4), the number of vortices looks 
to be decreasing, as the free stream flow accelerates for a second time.
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(a) Vortex concentration (PIV experiment). (b) Mean vortex core diameter (PIV experiment).
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(c) Vortex concentration (single-phase LES). (d) Mean vortex core diameter (single-phase LES).
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(e) Vortex concentration (poly-disperse spray in LES), (f) Mean vortex core diameter (poly-disperse spray in
LES).

Figure 7.4 - Statistical properties ofthe identified cohérent structures (concentration and vortex 
core diameter).

Figure 7.5 - The estimated Kolmogorov scale distribution using the nominal speed PIV mea- 
surement data.

Topologically, as it may be seen, in Figure 6.5(a) and 6.10(a) the mean stream-traces reveal 
a stagnation point near the nozzle tip (at about X/h = 9.3, Y/h = 1.5, indicated in Figure 6.4). 
In an average sense the vortices are convected by following the streamlines, but the flow around 
this mean stagnation point is highly fluctuating as it is seen by the high levels of RMS values of 
both velocity components (refer to Figure 6.5(c)-6.5(d) and Figure 6.10(c)-6.10(d)). Reflecting 
this observation to the instantaneous point of view (Figme 7.4(a)), a large amount of vortices 
fly over the nozzle through the throat, but a large number of vortices enter in the cavity as 
well. It is worth noticing that these vortices interact also with the wall vorticity produced at 
the vicinity of the nozzle lip.
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Figure 7.6 - Normalized vortex diameter distributions (Nominal speed cases).

However, following the streamlines of the flow, from the corner between the nozzle lip and 
the cavity bottom, the vortex production seems to weaken in the cavity both in the experimental 
and numerical data (Figure 7.4(a) and 7.4(c)). The existing structures are simply rotating with 
the flow and most of them disappear before turning once and reaching again the entrance of the 
cavity.

Furthennore, disregarding the shear phenomena (e.g. inhibitor shear layer, boundary layers), 
in an average sense a good agreement is found between the areas of high vortex concentration 
(Figure 7.4(a)) and the areas of high velocity fluctuation (e.g. Figure 6.5(c)). This confirms 
that the fluctuations of the main flow are linked with the passage of vortices.

Concerning the mean size of the vortices, a similar pattern can be seen between the experi­
mental case (see Figure 7.4(b)) and the numerical data (shown in Figure 7.4(d)). However, one 
should notice that the ranges of the core sizes are considerably different.

This might be the resuit of the considerably lower numerical spatial resolution. While the 
PIV measurements hâve a constant high resolution (about Ap/y = 0.6 mm), the numerical 
grid is refined close to the walls'^, but rather coarse unstructured cells (typically of the order 
of Acfd = 2 mm, but cells larger than 4 mm also exist) are applied farther away from the 
boundaries. Furthermore, in case of a vortical structure, which has the size of a cell, the LES 
simulation relies on the sub-grid model, which is essentially dissipating ail the small events. 
Although the numerical data is interpolated to a rectangular grid that has the same resolution 
as the experimental grid, the unresolved details of the flow can not be retrieved. As a resuit, the 
large quantity of small vortices identifled experimentally could not be extracted numerically and 
thus the range of the mean size distribution shifts towards smaller diameters in the experiments. 
The core diameter populations normalized by the original grid sizes are indicated in Figure 7.6. 
The abscissa magnifications represent equal physical dimensions. As it can be seen, the détection 
algorithm has a cut-ofî core diameter, as no vortices are obtained with < 4Ap/y. The 
smallest numerical vortices hâve a diameter of = 5Apiv, which corresponds to about = 
l.5 Acfd-

To verify, whether the roots of the core diameter mismatch are in the resolution différence, 
450 image pairs of FoV#4 of the PIV experiments (Figure 6.2) are processed at lower resolution, 
with a final vector spacing of Ap/y = 1.95 mm. In Figure 7.7(a) a cut-off core diameter of about 
Dy = 7.5 mm can be observed, which corresponds approximately to 4-times the coarse vector 
spacing. The resulting core distribution shifts towards considerably higher diameters. The main

‘‘The smallest cell size is about Acfd = 0.04 mm.
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reason of the shift can be seen in Figure 7.7(b) and 7.7(c). The low resolution velocity field is 
not able to describe small structures, which may travel in the vicinity of each other. Therefore, 
the wavelet algorithm systematically identifies a single large structures at these locations.

“0 5 10 Ï5
D, [mm]

(a) Core diameter distributions.

X [mm]

(b) Low resolution field.

X[mm]

(c) High resolution field.

Figure 7.7 - The effect of the flow field resolution on the vortex détection.

Although the low resolution CFD data {Acfd = 2 mm) is interpolated to a high-resolution 
grid (Ap/v — 0.6 mm, corresponding to the PIV measurements) the flow fields are only over- 
sampled, but they do not contain any further detail of the vertical structures. Therefore, either a 
simulation at a finer mesh or a PIV analysis at a similarly coarse resolution should be performed 
to obtain a more fair comparison between the vortex content of the experimental and numerical 
data. In the présent case, the experimental vortices are considered to be better resolved, while 
the numerical database still allows a quasi qualitative comparison.

Another aspect related to the study of Foucat and Stanislas (2002) that might bias the 
vortex size distribution is the experimental noise of the PIV measurements, which might be 
amphfied by higher order dérivatives during the wavelet détection (Vollmers (2001)). As the 
experimental data are not filtered, the noise might distort the contours of the vertical structures, 
which might lead to biased core size détection with the wavelet analysis. However, by comparing 
the dérivatives on the présent fields using second order and third order schemes^, no significant 
différence can be observed on the related quantities.

A third reason might originate form the turbulence content of the numerical model. As 
one can see e.g. in Figure 7.4(d), large vortices are created in the wake of the separating 
inhibitor flow. As the turbulence levels are underestimated in the simulations up-to about 
X/h < 4.5 (explained in section 6.2.2), the vortices may grow with almost no interaction with 
other tmrbulent structures. This could contribute to larger vortex production in the numerical 
domain as well.

In both of the plots (Figure 7.4(b)) and 7.4(d)), starting from the tip of the inhibitor the 
growth of the vortices is clear. From about Xjh = 2 the test section could be divided into two 
parts: on the one hand, the structures transported at higher Y/h locations (typically Y/h > 1.4) 
are able to maintain their larger diameter probably due to the energy transfer from the free 
stream flow; on the other hand, at lower Y/h locations the mean vortex core diameter decreases, 
which could be due to the interaction between the vortices and the flow of the recirculation 
région. The interaction may also induce the production of smaller structures. As it will be

®during the vortex détection in the présent data set third order Richardson scheme is appUed
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shown later, in the same région (about F//i < 1.4) a large number of counter-rotating vortices 
are présent, which cannot originate from the inhibitor shear layer. Thus, these structures should 
be produced in the main recirculation région and therefore they may hâve a small diameter, 
which decreases the local mean core size. Longitudinally, this divided zone extends until about 
Xjh = 8. Downstream from here, the core size of the larger vortices decreases as well roughly 
to the level of the vortices of the recirculation région.

During the interaction with nozzle head, the vortex properties may decrease below a dé­
tectable lirnit probably due to strong deformation, as Figure 7.4(a) and 7.4(c) show a gradually 
decreasing vortex concentration in the nozzle throat. On the cavity side of the nozzle lip the 
concentration also decreases. However, the mean vortex core diameter appears to be increasing 
especially in the very low velocity central région of the rotating cavity flow. One has to add that 
in Figure 7.4(d) the spots of minimum vortex core diameter is simply the resuit of no detected 
vortical structures in the corresponding cells (see Figure 7.3(b) as well).

In the followings the vortex deformation is assessed, which is characterized by the shape 
factor Like (Oseen likeness). The deformation of the detected vortices is compared to the idéal 
Oseen vortex and the matching is expressed on a scale of [0,1], 1 being the idéal vortex (for 
details, please refer to section A.2.2). As previously mentioned, structures with a coefficient 
Like <0.5 are rejected during the wavelet analysis.

The mean Oseen likeness distribution of the experiments (Figure 7.8(a)) shows a generally 
high value (of around Like = 0.8) in the field with a rather small amount of déviation. As the 
majority of the identified PIV vortices hâve a relatively small diameter, the lower amount of 
distortion associated with the higher values of likeness is understandable.

In the recirculation région {Xjh < 8) the lowest shape factors are located in the wake of the 
inhibitor (Figure 7.8(a) and 7.8(b)), where the largest vortex concentration is observed (Fig­
ure 7.4(a)). This is probably due to the strong three-dimensional behaviour, which characterizes 
the wake région (pointed out by Lema et al. (2006)). As the vortex détection is two-dimensional, 
it can only give an indication about the in-plane projection of the vortices. If a vortex is not 
oriented normal to the mid-span plane, in function of its inclination angle the resulting Oseen 
likeness coefficient will be lower. Therefore, the decrease in likeness may be an indication of the 
turbulent flow behaviour.

In the free stream flow area a lower vortex distortion is visible (see Figure 7.8 (a)). However, 
the Oseen likeness présents a larger amount of fluctuation, which is probably the resuit of 
the locally lower number of detected cohérent structures and therefore the lack of statistical 
convergence. As the main flow passes through the vena contracta, it remains less disturbed (e.g. 
no significant shear is présent), which may explain a smaller vortex distortion.

At the bottom part of the recirculation région, close to the sidewall of the test section a 
consistently high Oseen likeness can be seen. This area (about X/h>3,Y/h< 0.8) corresponds 
to a low mean velocity seeded with smaller vortices at a lower concentration. These could resuit 
in a lower amount of deformation. As these vortices may be transported further upstream 
{X/h < 3), the area of lower flow velocity and lower fluctuation values broadens (see Figure 6.5). 
Although a decreasing number of cohérent structures are detected, their core size is increasing, 
while they keep a shape which is doser to an idéal Oseen vortex.

The area of the cavity entrance is probably highly affected by the local measurement qual- 
ity (Figure 6.3), because vertically organized areas with suddenly lower Oseen likeness appear 
between about 8 < X/h < 9. Although the recirculation région is more complex to be able 
to judge, but no sudden change is expected in the free stream. The locally low SN may hâve
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(a) Oseen likeness (PIV experiment). (b) Oseen likeness (single-phase LES).

(c) Oseen likeness (poly-disperse spray in LES).

Figure 7.8 - Statistical pmperties of the identified cohérent structures (Oseen likeness).

biased the vortex distortion in the same band inside the cavity and even atX//i>llas well. 
However, in the centre area of the cavity the relative vortex deformation variations along the 
transversal axis should be unaffected by the measurement quality, as the SN is roughly constant 
in that direction, which represents the orientation of the laser-sheet.

In the band of about 9 < X/h < 11 a rather uniform Oseen likeness can be seen. As the 
flow of the mean recirculation bubble of the cavity transports the vortices, although the number 
of the vortices is decreasing, their distortion seems to be constant. Nevertheless, an increase 
of deformation (decrease of likeness) is apparent in the centre of this mean structure, which is 
represented by relatively larger vortices.

By comparing the experimental Oseen likeness distribution (Figure 7.8(a)) to the numerical 
case (Figure 7.8(b)), qualitatively a similar pattern can be seen. However, in this latter plot 
the transversally oriented areas of lower Oseen likeness coefficients are not visible in the area of 
8 < X/h < 9, which also suggests that the above-mentioned behaviour is related to the lower 
local measurement quality (lower SN in the PIV data).

Although Figure 7.8(b) represents a larger local fluctuation of the distortion coefficient (cer- 
tainly due to the lack of statistical convergence), it exhibits a larger dynamics as well. For 
instance, compared to the experiments, the numerical data contains considerably lower and 
higher values in the inhibitor wake. However, the same local increasing Oseen likeness tendency 
can be observed in the free stream and close to the sidewall of the test section as well. Fur- 
thermore, the previously described locally higher distortion level appears also in the centre of 
the cavity. At the periphery of the cavity, drawing any conclusion would be difficult, as the 
appearing pattern is the resuit of a low number of passing vortices.

In the détection algorithm, among the properties of the detected cohérent structures the 
circulation (F) is defined by the intégral of the vorticity over the in-plane vortex surface. The 
circulation may hâve a positive or a négative sign depending on the direction of the rotational 
speed vector (the sense of rotation). In the présent fields the négative values represent clockwise 
rotation, the positive values represent counter-clockwise rotation. Therefore, instead of simply 
averaging the circulation, it is divided into two quantities: its sign {Sign., which can hâve a value 
of -1 or -fl at each vortex) and its magnitude (|r|). During the post-processing both of these 
quantities are averaged and the obtained plots are analysed.
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The average rotational sign distribution of the PIV fields is shown in Figure 7.9(a). Since 
Sign can only hâve a value of -1 or +1, during the averaging one can get in each cell an indication 
of the preferential direction of rotation on the [—1,1] scale. For example, an average value of 
Sign = —0.2 means that in the given cell 60% of the vortices are turning clockwise and 40% 
counter-clockwise.

Looking at the experimental database (Figure 7.9(a)), the field can be divided into four 
régions according to the sign of the preferential rotational direction (please follow Figure 6.4): 
the wake of the inhibitor, the cavity, the area around the cavity entrance corner and finally, the 
downstream corner of the inhibitor.

The primary area is the wake of the inhibitor, which is initiated by the shear layer attached 
to the inhibitor tip. As the vortices are formed from the shear layer induced by the high-speed 
free stream flow, ail these primary vertical structures rotate clockwise (indicated by the value 
lower than -0.8).® As some of these vortices lift up to the free stream flow (to about Y/h > 2), 
the mean sign of the rotation remains below -0.6, which suggests no signiflcant interaction with 
each other, with the inlet turbulence, or with the splitting plate. Please note that the few 
counter-clockwise rotating vortices detected ât X/h < i and Y/h > 2 are probably vortices 
which already existed in the flow upstream the inhibitor.

Those of the shed cohérent structures, which tend to follow better the mean stream-traces 
of the flow might interact with each other due to the rather high local vortex concentration and 
they might interact with the reversed flow passing close to the sidewall of the test section. As a 
resuit, counter-clockwise rotating vortices might be created. Their niunber almost reaches the 
number of the clockwise vortices at Y/h < 0.7.

The second largest région of Figure 7.9(a) is the cavity, where the majority of the vortices 
turn again clockwise, which matches the rotational direction of the mean recirculation bubble 
of the cavity. Therefore, it appears that the eventual production of new vortices from the nozzle 
lip interaction (mentioned earlier) does not hâve an important effect on the main vortex content 
in the cavity farther from the boundaries, but the main flow rotation is prédominant.

As indicated earlier, by the time the cavity flow turns once and approaches again the corner 
at the cavity entrance {X/h = 8, Y/h = 0), most of the vortices are probably dissipating 
below a détectable level, as their number is decreasing rapidly. However, starting from the 
corner opposite to the nozzle lip (X/h = 8, Y/h — —1.8) new, mainly counter-clockwise turning 
vortices seem to born near the boundary due to the flow-wall interaction. Furthermore, at the 
cavity entrance corner a small secondary shear layer is induced by the cavity flow (visible in 
Figure 6.5(a)), which may also produce additional vertical structures rotating counter-clockwise.

The fourth région that can be elaborated is the area of the downstream corner of the inhibitor, 
where a mean counter-rotating structure résides which is driven by the main recirculation bubble 
(see Figure 6.5(a)). Therefore, at this location probably the same swirling structure is identifled 
instantaneously. Although its location might shift slightly from the interaction with the flow 
of the main recirculation bubble, its presence is rather consistent, which is shown by the local 
Sign > 0.8 value and the vortex concentration map (Figure 7.4(a)) as well.

Comparing the experimental results (Figure 7.9(a)) to the numerical data (Figure 7.9(c)), 
once again a pattern representing similar features can be seen. Like in the previously mentioned 
properties, the lack of statistical convergence is also visible. Furthermore, probably due to the 
different numerical inlet turbulence définition (random perturbation with neither spatial, nor 
temporal corrélation) no vortices can be seen that would originate from upstream the inhibitor.

®In the shear layer values lower than -0.98 are présent.
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(a) RotationaJ sign (PIV experiment). (b) Circulation (PIV experiment).

(c) RotationaJ sign (single-phase LES). (d) Circulation (single-phase LES).

(e) RotationaJ sign (poly-disperse spray in LES). (f) Circulation (poly-disperse spray in LES).

Figure 7.9 - Statistical properties of the identified cohérent structures (Sign of rotation and 
circulation magnitude).

Consequently, a very homogeneous vortex rotational direction {Sign < -0.8) appears along an 
imaginary straight line between the obstacle tip and the nozzle throat. Furthermore, the négative 
Sign values in the cavity and the positive values along the above-mentioned boundaries (the 
cavity entrance corner and the downstream corner of the inhibitor) are also more pronounced 
by the numerical vortices. It is more difficult to find régions, where opposite rotational signs 
would coexist statistically.

To analyse the magnitude of the circulation (the strength of the vortices), at first the exper­
imental database is considered (the normalized plot is shown in Figure 7.9(b)). The maximum 
circulation magnitude value is observed at the main location of their production (at the inhibitor 
shear layer). Lower values in multiple neighbouring cells can only be seen just below the shear 
layer and in the ffee stream, at X/h < 1.

As the strongest cohérent structures are transported downstream from the inhibitor shear 
layer, they are spreading and probably interacting with each other and with the flow, possibly 
through pairing, breakup, or even création of new vortices, which leads to the graduai dissipation 
of their energy. As they arrive at the nozzle head, the vortices still possess about 2/3 of their 
initial strength. However, as meanwhile the average vortex diameter is considerably decreasing, 
the vorticity (and thus the angular velocity) of the vortices should increase, which might be 
induced by the free stream flow.

No other signiflcantly high energy vortex is generated in the cavity or at the downstream 
corner of the obstacle. So, the flow rotation in the cavity and the secondary recirculation bubble 
just downstream the inhibitor appear to be secondary mechanisms with respect to the inhibitor
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shear layer.

By analysing the strength of the cohérent structures of the numerical simulations (see Fig­
ure 7.9(d)), first of ail about an order of magnitude higher peak values can be observed. Further- 
more, similarly to the transversal velocity component fluctuations of the flow (Figure 6.10(d)), 
but at a slightly higher Yjh région, the mean circulation magnitude in the wake appears to 
decrease until about X//i = 6.5, where it slightly increases again. However, due to the rather 
low number of local samples this observation might not be représentative. In any case, the mean 
circulation appears to decrease at a higher rate than what is observed experimentally. Further- 
more, a clear increase of vortex strength is visible in the centre région of the cavity, which might 
be due to the local core diameter increase and the lack of less energetic structures, which are 
not able to enter in the centre of the mean recirculation bubble of the cavity.

As the necessary data is available, the turbulence cascade of the flow is attempted to be 
estimated by using the energies of the vortices (similar to Schram (2003)). Although, relating 
it to the accumulation process is far from being obvions, it is part of the characteristics of the 
vortices, which are transporting the droplets. Therefore, the normalized energy computed from 
the circulation is plotted in function of a normalized wave number ((Z?t,/h)“^), which is based 
on the vortex core diameter (see e.g. Figure 7.10(a)). The energy spectrum of a homogeneous 
isotropie turbulent flow could exhibit an energy decay with a slope of -5/3. The actual values 
corresponding to the varions data sets are indicated in Table 7.3.
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As Figure 7.10(a) shows, the spectrum of the experimental vortices is quite homogenously
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distributed with a rather steep decaying slope of -3.97. However, looking at the spectrum of the 
numerical data (Figure 7.10(b)), the most important différence is that on the left hand side of 
the plot, two lobes are visible representing equally large vortices with an energy différence of 
about an order of magnitude. The overall decay slope is -3.17 in the CFD data.

In the average core diameter distribution of the LES vortices (Figure 7.4 (d)) large structures 
appear in the wake of the inhibitor and in the centre of the cavity. In order to distinguish the 
two lobes, the vortices of the recirculation région {X/h < 8) are highlighted. In two-phase flow 
condition these vortical structures should be responsible for the droplets mixing and hence for 
the droplet entrapment process. The light-gray filled points of Figure 7.10 highlight that these 
vortices are the more energetic ones and the second lobe should correspond to the cavity centre.

Table 7.3 - Estimated turbulence dissipation rate (at nominal speed).

Case
Dissipation coef. 

(entire fleld)
Dissipation coef. 

{X/h < 8)
Single-phase PIV -3.97 -4.09
Single-phase LES -3.17 -3.88
Poly-disperse LES -3.19 -3.79

As the vortical structures located upstream the cavity are expected to hâve a larger influence 
on the droplets mixing, the decay slope of this région is separately indicated in Table 7.3. As 
Figure 7.10(a) shows, the decay rate does not change considerably (-4.09 vs. -3.97) in the PIV 
data, because the cavity vortices do not seem to be highly different from the ones of the wake 
région. However, the slope represented by the numerical structures (see also Figure 7.10(b)) 
changes considerably from -3.17 to -3.88.

Thus, in spite of the different vortex characteristics inside the cavity, the zone oî X/h < 8 
shows a rather similar decay rate (with a différence of about 5%) in the experimental database 
and the numerical simulations.

7.2.2 Two-phase flow numerical approach

Following the comparison of the single-phase PIV and CFD vortex contents, the présent 
chapter focuses on the vortical structure properties of the poly-disperse LES case with respect 
to the single-phase LES. In general, due to the fact that the présent CFD data do not represent 
a statistically fully converged solution, the explanation focuses only on the major différences 
visible in the varions vortex properties. This is applied especially in the cavity région, where 
the vortex concentration is even lower (Figure 7.4(c)).

Examining first of ail the number of detected structures per fleld, a slight increase of about 
5.5% can be seen in Table 7.2. The vortex concentration map (see Figure 7.4(e)) resembles the 
single-phase simulations (Figure 7.4(c)). However, one can notice some clear différences.

The shear layer attached to the inhibitor tip seems to contain more vortical structures. 
However, this may be an artifact of the détection algorithm, because from about X/h = 1.5 
the vortex concentrations of the two-phase case shows similar values than the single-phase flow 
conflguration.

Further downstream, in the recirculation zone a longitudinal shift can be seen in terms of 
the zones containing larger number of vortices. The cohérent structures of the recirculation zone 
using the poly-disperse spray clearly appear to shift upstream with respect to the single-phase
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flow configuration. It suggests that the cohérent structures descend earlier doser to the wall and 
internet with the recirculation zone. It indicates that the liquid droplets might push the vortices 
doser to the bottom wall, which is in good agreement with the statistical fiow fidd observations 
(section 6.3.2 and 6.4.2), where the main recirculation became flatter. Consequently, the vortices, 
which are transported towards the free stream région also appear to be more limited in tenus 
of mean transversal {Y/h) location.

In the mean vortex core diameters, a similar growth is visible in the shear layer in the 
presence of the droplets and in single-phase flow configuration (see Figures 7.4(f) and 7.4(d)). 
However, in the wake the spreading of the large vortices is more limited in the two-phase flow 
case. Even a core diameter decrease can be observed from about Xjh = 3.5.

The size decrease in the presence of the dispersed phase is in agreement with the results of a 
mixing layer investigated by Miller (2001), where the vortices appear also to be more distorted 
in the presence of particles or droplets. A larger degree of distortion is reported by Wallner and 
Meiburg (1999) as well. However, by comparing Figure 7.8(b) and 7.8(c), no clear decrease of 
the Oseen likeness parameter (which would mean a larger amount of vortex deformation) can 
be stated.

No clear différence in terms of preferential rotational direction can be seen either (shown in 
Figure 7.9(c) and 7.9(e)).

However, the poly-disperse droplets seem to modify the strength of the vortices (see Fig­
ure 7.9(d) and 7.9(f)). Inside the wake lower mean circulation magnitudes can be observed, 
which might be the direct effect of the decreasing vortex diameter in the presence of the droplet- 
phase.

To verify whether the rotating motion of the vortices changes due to the droplets, a non- 
dimensional rotational speed is calculated. As the rotation also equals to the intégral of the 
tangential velocity along the vortex periphery, the dimensionless rotational speed can be obtained 
from the normalized circulation magnitude and the normalized core diameter using équation 7.2.

(7.2)

As it can be seen in Figure 7.11, in the presence of the droplets, the mean rotational speed 
of the vortices also decreases slightly. Therefore, the weakening of the vertical structures is a 
combination of shrinking and slower rotation.

X/h H X/h [-]

(a) Single-phase LES. (b) Poly-disperse LES.

Figure 7.11 - Normalized angular velocity distribution.

Comparing Figure 7.10(b) and 7.10(c), the turbulence spectra appear to be similar consid-
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ering either the whole field or the région of Xjh < 8. As Table 7.3 shows, the single-phase 
and two-phase decay slopes give rather close values. As the few identified vortices in the centre 
of the cavity are smaller in the presence of the poly-disperse droplets (Figure 7.4(f)), the lobe 
corresponding to these structures in Figure 7.10(c) becomes less distinct as well.

Finally, one should notice that as far as the statistical convergence of the mean quantities 
allows to judge, the observed différences between the single-phase and two-phase flow cases are 
rather modest. This behaviour might be correct, but it might originate also from the way the 
solver models the Lagrangian phase. In order to save a considérable amount of computational 
time, the droplets are not tracked individually. Instead, packets of droplets of the same diameter 
are created, which are called parcels or super-particles. Each parcel carries several physical 
droplets. This number can reach above 20000 in case of smaller droplets (Lema et al. (2007)). 
When they are tracked, the parcels behave as a single droplet. It is only at the accumulation, 
where their real mass is retrieved. Therefore, the simulations might represent correct droplet 
mass fraction, but the volume fraction is considerably lower than it is physically, which could 
limit the amplitude of the modelled interaction between the two phases.

7.3 Two-phase PIV investigation

The phenomena controlling the évolution of the properties of the vortices in single-phase flow 
condition are detailed in section 7.2.1. Therefore, similarly to section 7.2.2, the description of 
the vertical structures of the two-phase PIV experiments is focusing on the effect of the droplet- 
phase. Note that the reference velocity for these experiments is C/q = 2 m/s. The two-phase 
PIV data are therefore not comparable to the results shown in section 7.2.1. However, they are 
compared to other single-phase experiments performed exactly for the same conditions as the 
two-phase flow measurements but without operating the spray. As Table 7.1 smnmarizes, 1200 
samples are analysed for each flow configuration.

Analysing flrst of ail the total number of detected vortices. Table 7.4 shows about 30% less 
vortical structures in the two-phase flow configuration. This tendency is the contrary of the 
numerical tendency, where a slight increase is experienced. As Figure 7.12 indicates, the vortex 
core size distribution présents very high values near the détectable limit of about = 4Ap/y 
(during the two-phase PIV investigation Ap/y = 1.1 mm). Thus, probably a considérable 
amount of structures shrank below that limit, which may lead to a lower total number of 
identified vortical structures.

________ Table 7.4 - Two-phase PIV vortex détection results.________
Case Total # of vortices # / sample Dissipation coef.

Single-phase 17720 14.77 -3.70
Two-phase 12398 10.33 -3.73

The spatial vortex distribution of the two-phase case (Figure 7.13(b)) shows that the num­
ber of detected vortices decreases quasi uniformly with respect to the single-phase configuration 
(Figure 7.13(a)). No particular area is visible, where the relative concentration would be dras- 
tically lower than elsewhere. Nevertheless, each cell in the inhibitor wake région represents at 
least 100 vortices. Therefore, the mean vortex properties should be statistically représentative.

Concerning the pattern, the vortices seem to be pushed doser to the sidewall of the test 
section, as it is also observed in the mean flow pattern (Figure 6.21 (b)) and in the numerical
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Figure 7.12 - Normalized vortex diameter distributions (two-phase PIV).

X/h H X/h [-]

(a) Single-phase. (b) Two-phase.

Figure 7.13 - Vortex concentration distribution obtained with the two-phase PIV experiments.

data. Consequently, the shear layer, where the vortices are generated is flatter and even in the 
spreading wake, a lower amount of vertical structures appears at V/h > 2. The spreading of the 
wake appears to be quicker as well. By X//i = 3 it seems to be established; from this location 
a rather constant transversal concentration distribution is visible.^

Furthermore, in the région close to the shear layer (about 1 < X/h < 4, 0.8 < Y/h < 
2) a slightly larger local vortex concentration can be seen in the two-phase flow case. The 
vortices appear to spread more transversally. However, hy X/h = A these tendencies reverse. 
The structures start to dissipate below a détectable limit and their overall number is slightly 
decreasing, while in single-phase flow condition their number looks to increase slightly.

Without the droplets the vortices are spreading transversally from the shear layer up to 
X/h = 6. In the presence of the liquid-phase, the areas seeded with more vortices can be found 
gradually farther from the sidewall, beyond X/h > 4.

The différences in the plots representing the mean core diameter distribution are even more 
apparent (Figure 7.14). First of ail, one should notice that the vortices are slightly larger than 
in the previously observed nominal speed experimental investigation (Figure 7.4(b)), which is 
in agreement with the coarser velocity field.®

^The transversal distribution does not change considerably in function of the longitudinal position.
®In section 7.2.1 the effect of resolution is assessed. It is shown that by decreasing the resolution, larger vortices 

may be identified at locations, where small structures are transpwrted in the vicinity of each other. Furthermore, 
simply the increase of the détectable limit (which remains Dv = 4A) shifts the mean core diameter towards larger 
values as well.
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X/h [-] X/h [-]

(a) Single-phase. (b) Two-phase.

Figure 7.14 - Mean core diameter distribution obtained with the two-phase PIV experiments.

As one could expect based on Figure 7.12, the mean vortex cores appear to shrink in the two- 
phase flow configuration (Figure 7.14(a)) with respect to the single-phase case (Figure 7.14(b)) 
throughout the field. A slight change can be observed at the location of the mean recirculation 
centre (approximately at 1.8 < X/h < 4.2, Y/h < 1.2). In the inhibitor wake région, the 
diameter of the structures appear to drop by 10 to 20%.

Even the downstream corner of the inhibitor is no exception, where the secondary mean 
structure can be found. It is found already in the statistical results that this mean rotating 
structure became considerably smaller due to the more restricted main recirculation bubble 
(Figure 6.21(b)).

The distribution of the Oseen likeness shows the same kind of modification (see Figure 7.13) 
as the mean core diameter: the vortices are becoming more distorted (by about Like = 
0.05 to 0.1) in the main part of the field, except in the centre area of the main recirculation 
bubble, where the Oseen likeness decrease is limited to about Like = 0.05.

x/h H x/h H
(a) Single-phase. (b) Two-phase.

Figure 7.15 - Oseen likeness distribution obtained with the two-phase PIV experiments.

Therefore, these results suggest that the injected liquid droplets prevent the developing 
vortices from an increased core diameter maybe by limiting the flapping of the shear layer or 
through other mechanisms. Furthermore, due to its discrète distribution, the dispersed phase 
may distort the vortices as well starting from their création. As mentioned in section 7.2.2, 
this tendency is in good agreement with Miller (2001); Wallner and Meiburg (1999). Hence, 
the combination of these effects may put a considérable number of vortices below the limit of 
detectability {Dy = 4Apjv and Like = 0.5 respectively), which could explain the 30% drop in 
the total number of vortices.

Furthermore, one should notice that if the vortices were only more distorted, but exhibiting 
the same overall diameter, the détection algorithm might be also biased, when determining the 
core diameter. Therefore, the vorticity peak of each vortex centre is extracted and averaged 
as well. This property is independent of the détection algorithm as it is computed directly
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from the velocity field. Looking at the wake région in Figure 7.16(a), the vortices appear to be 
more energetic in single-phase flow configuration compared to the two-phase flow case, which 
is shown in Figure 7.16(b). Therefore, the presence of the droplet-phase appears to damp the 
shed vortices.

£
?
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(a) Single-phase.

X/h[-]

(b) Two-phase.

Figure 7.16 - Vorticity peak distribution obtained with the two-phase PIV experiments.

In the followings the quantities derived from the circulation are analysed in the same way 
as in section 7.2.2. At first, the average direction of rotation is shown in Figure 7.17. In both 
configurations, the few incoming vortices of the free stream flow (about X/h < 1.5, Y/h > 1.5) 
are rotating in arbitrary directions. However, the ones created by the shear layer turn clockwise. 
Some of the vertical structures, are probably affected by the free stream flow and gradually lift 
up. They define this preferential direction even up-to X/h = 6 in single-phase flow configuration. 
However, in the two-phase flow condition the vortices of the inhibitor wake are more divided. A 
consistent négative rotational sign {Sign < —0.8) can be seen only up-to about X/h — \. Almost 
everywhere else in the wake and in the recirculation région, one can observe about 10% higher 
number of local counter-clockwise rotating vortical structures. On the one hand, it may suggest 
the génération of a relatively larger number of vortices due to the interaction with the reversed 
flow area or with other vortical structures. On the other hand, it may signify a higher rate of 
vortex dissipation below a détectable limit among the vortices originating from the inhibitor 
shear layer.

X/h[-] ^ X/h[-]

(a) Single-phase. (b) Two-phase.

Figure 7.17 - Preferential direction of rotation with the two-phase PIV experiments.

Close to the sidewall and at the downstream corner of the inhibitor, where counter-clockwise 
rotation is prédominant, no significant change can be observed. However, one should note that 
in these régions the number of vortices is lower. Nevertheless, one can see the shrinking of the 
area of the secondary mean rotating structure once again.

Figure 7.18 also visualizes the wake of the inhibitor represented by the larger circulation 
magnitude values. In two-phase flow condition the strongest instantaneous structures are trans- 
ported at a lower Y/h location, as it is expected according to the previous observations. Fur- 
thermore, the two-phase vortices appear to be about 15% weaker than the vortical structures in
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the single-phase flow configurations, which is consistent with the mean core diameter decrease 
mentioned above.

X/h [-] X/h [-]

(a) Single-phase. (b) Two-phase.

Figure 7.18 - Circulation magnitude distribution with the two-phase PIV experiments.

Figure 7.16 already showed a weaker vorticity peak in the centre of the vortices. However, 
the mean normalized rotational speed distribution is also determined by using équation 7.2. 
Figure 7.17 demonstrates that although the mean rotational speed values are slightly lower in 
the two-phase flow configuration (see Figure 7.19(a) vs. 7.19(b)), the magnitudes are quite 
similar.

x/h [-] x/h [-]

(a) Single-phase. (b) Two-phase.

Figure 7.19 - Normalized angular velocity distribution with the two-phase PIV experiments.

In the turbulence spectrum, a larger spreading of the data points can be observed in the two- 
phase flow configuration (Figure 7.20(b)) compared to the single-phase flow case (Figure 7.20(a)). 
However, the corresponding decay slopes (shown in Table 7.4) give very close values, which 
suggest that the droplets do not hâve a significant effect on the decay of the turbulent processes.

(a) Single-phase flow. (b) Two-phase flow.

Figure 7.20 - Turbulence spectrum estimation.
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Purthermore, the obtained decay rates of the carrent experiments are lower in magnitude 
than the ones obtained in the corresponding area {X/h < 8) during the nominal speed investi­
gation (see Table 7.3).

7.4 Summary on the instantaneous flow behaviour

To investigate the instantaneous flow behaviour, the vortical structures are detected in the 
snapshots of ail the databases and their properties are analysed.

The most energetic vortices are generated by the shear layer attached to the inhibitor tip. 
As they are transported by the flow further downstream, they may interact with each other, the 
free stream and the recirculation région and thus their energy is mainly dissipating.

Comparing ail the presented experimental and numerical databases, one of the main dif­
férences is the consistently smaller mean experimental vortex size. Multiple possibilities are 
mentioned. The most probable reason is the coarse numerical grid, which simply does not 
résolve the smaller vortices.

Unfortunately, the numerical database does not provide sufficient statistically independent 
samples, which prevents a detailed comparison of the single-phase and two-phase flow cases.

Using the two-phase PIV technique more pronounced effects are revealed due to the prés­
ence of the droplet-phase (noticed already in the statistical properties) in spite of the quasi 
lower volume fraction compared to the poly-dispersed LES computations. Différences can be 
discovered practically in ail of the vortex properties. In general, in the presence of the droplets, 
the air-phase vortices show a damped energy content, which could be observed in ail the related 
variables.

Considering that the droplets require a certain time to respond to the flow motion (due to 
their longer characteristic time), their mixing with the flow of the recirculation zone should begin 
farther upstream from the nozzle. As it will be explained in section 8.2, in the entrapment process 
of the smaller droplet classes the energetic vortices of the inhibitor wake play an important rôle.





Chapter 8

The understanding of the current 
accumulation process

In chapter 5 the tendencies of the liquid accumulation are determined, where the importance 
of the inhibitor height and the obstacle tip to nozzle tip distance (OT2NT) are identified. To un- 
derstand better the flow mechanisms of the présent configuration, PIV campaigns and numerical 
simulations are performed both in single-phase and two-phase flow configurations. The obtained 
statistical flow quantities are presented in chapter 6 and the vortex properties are discussed in 
chapter 7.

The current chapter’s aims are to synthesize the main observations and describe the current 
understanding of the accumulation process. As it will be shown, in the presence of the droplet- 
phase, liquid can accumulate in the cavity through two main mechanisms:

• droplet entrapment;

• dripping.

Following the above-mentioned flow field investigations, the main aspects of the entrapment 
process are described in section 8.2. However, the présent databases do not provide sufficient 
information about the dripping phenomenon. It could only be observed during the LeDaR 
investigation. So far, it has been neglected (both in the présent study and elsewhere), but its 
main aspects are attempted to be explained and explored in section 8.1.

8.1 The dripping process

As it was described in section 5.1, liquid accumulâtes on the upstream surface of the in­
hibitor and without the liquid extraction System a considérable amount of water falls directly 
in the cavity and disturbs the LeDaR measurements. Although, the suction System reduces it 
considerably, dripping still occurs from the inhibitor.

As mentioned in section 6.3.2, the poly-disperse droplets resuit in a CFD predicted entrap­
ment rate of about 0.7% of the injected mass, while in the corresponding nominal configuration 
of the LeDaR measurements approximately 8% is observed. The différence, which is about 
an order of magnitude is not believed to be munerical error. Instead, the contribution of the 
residual experimental dripping is assessed.
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Supplementary visualization experiments are carried out to understand the contribution of 
dripping to the accumulation in the 2D-like facility (section 8.1.1) and additional simulations 
are performed in the framework of this research work to assess its importance in the presence 
of radial flow injection (section 8.1.2).

8.1.1 Dripping visualization

During the LeDaR image recording large drops of water are dripping from the downstream 
surface of the inhibitor (see section 5.1). The inhibitor is inclined by 10° against the gravity and 
a liquid extraction System is installed to evacuate a major quantity of depositing liquid from the 
upstream corner of the inhibitor. Thus, the number of drops falling in the cavity is considerably 
lower. However, it can be still observed occasionally in the recordings.

To explore the dripping, a new experimental campaign is initiated. The goal is to visualize 
the falhng drops and give a rough estimation of their contribution to the accumulation.

The investigation is performed in the nominal configuration of the LeDaR experiments {h = 
33.5 mm, Uq = 10 m/s, LeDaR spray device). To quantify the dripping, the Phantom v7.1 
high-speed CMOS caméra is used at 640 x 480 pixels^ resolution with a / = 50 mm AF Nikkor 
lens at /# = 1.8 to obtain the shallowest possible depth-of-field (DoF). The caméra is positioned 
according to Figure 8.1 (b) to visualize the whole width (200 mm) of the test section.

The illumination is provided by a 1 kW halogenous photographie lamp, which is placed about 
1 m from the latéral wall of the test section. The bulb has about 010 mm diameter and 100 mm 
length. Its length is oriented vertically (aligned with the flow). On the test section wall a black 
paper frame is mounted with a slit opening to limit the illuminated volume (see Figure 8.1). 
The arrangement ensures a quasi collimated lighting in the path of the drops, while most of the 
test section walls remain darker. This is essential to obtain an optical access through the fully 
wet boundaries, while the spray is operating.

(a) Top and bottom view recording.

Illuminated area

(b) Front view recording.

Figure 8.1 - Dripping visualization arrangement.

While the set-up is operating, the high-speed caméra acquires sériés of 2296 images at fre- 
quencies of [100,200,300] fps with [9.9,3,3.3] ms exposure times respectively (similar to Fig­
ure 8.2(a)) to test the influence of the sampling rate. However, no importance of the recording 
frequency is found. Thus, the various cases are not difîerentiated during the analysis.

In the images the typical droplet diameter is measured by counting the number of pixels 
across their image at the moment when the minuscus of the departing drop vanishes. This gives
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(a) Front view. (b) The bottom of the inhibitor.

Figure 8.2 - Sample frames of the high-speed caméra visualization of the dripping phenomenon.

an average value of dp = 25 pixels that corresponds to about dp = 8 mm. Prom dp the droplet 
volume is calculated by assuming spherical shape. Finally, the dripping frequency is determined 
from the time sériés by counting the number of drops during the acquisitions. This gives an 
average value of fd = 6.8 Hz. As a resuit, the residual dripping contribution to the accumulation 
is about 6.1% of the injected water.

To détermine the amount of liquid extracted by the suction System from the upstream 
face of the inhibitor, the nominal LeDaR configuration is further assessed. Using the same 
parameters, three tests are performed, for which the liquid accumulation in the cavities and the 
total extracted water volume are measured separately. As a resuit, in the cavity an accumulation 
rate (entrapment+dripping) of 9.2% is obtained, while 14.5% of the total sprayed water is 
extracted by the suction System from the inhibitors, which gives a total of 23.7%.

In the numerical simulations using the poly-dispersed droplets, 0.7% entrapment rate is 
obtained and 19.1% of the injected liquid accumulâtes on the inhibitor (Lema et al. (2007)). 
Hence, a sum of 19.8% water deposits on the inhibitor and in the cavity. This measure seems 
to be reasonably close to the 23.7% found experimentally. However, when considering that 
the dripping contributes with 6.1% to the experimental accumulation, the entrapment mass 
représenta 3.1% of the total sprayed water mass, which is 4.4-times more important than the 
numerical entrapment rate.

Although the dripping drops represent an important mass, between them and the continuous- 
phase no coupling is assumed. On the one hand, the drops are far too large to be noticeably 
infiuenced by the lower-velocity fiow of the recirculation région. On the other hand, the dripping 
frequency is quite low and span-wise dispersed (occurs ail along the inhibitor), which suggests 
that on statistical basis this liquid does not modify the air-phase noticeably.

Considering the large drop diameter {dp = 8 mm) the stability of the drops is assessed. In the 
high-speed caméra images no breakup is observed up-to about X = 150 mm = 4.5h. However, 
further downstream no recording is available to observe the drop behaviour. A conservative 
estimation is performed by neglecting the drag force. The impact velocity of the drop at the 
cavity bottom (about X = 400 mm = 12h from the inhibitor) is computed. Due to gravity it 
accelerates to Ud = 2.8 m/s. While the drop traverses the recirculation zone, it may cross the 
zone representing the highest velocity reverse fiow {Uf = —5 m/s, see Figure 6.5(b)). To follow
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the conservative estimation, the Weber number^ is computed using U = U^ — Uf = 7.8 m/s. The 
resulting We = 6.67 shows that the drops are stable and should not break up before arriving to 
the cavity.

Attempting to gather more information about the liquid behaviour on the inhibitor, further 
visualizations are performed. At first, the high-speed caméra is positioned to the side of the 
test section (see Figure 8.1 (a)) in order to record images of the downstream face of the inhibitor 
(called bottom view, similar to Figure 8.2(b)) and of the upstream face of the inhibitor (called 
top view).

In the bottom view (Figure 8.2(b)) drop seeds are visible, which are located at about 
1/2 to 2/3h from the base of the inhibitor. The drop seeds are fed with water through liq­
uid channels originating from the obstacle tip. As it can be expected based on the local velocity 
magnitudes (Figure 6.5(b)) the high-speed caméra recordings show no considérable disturbance 
of the seed surfaces due to the airflow. The low disturbance allows the drop seeds to grow until 
they reach a critical mass and fall in the cavity. This explains the rather uniform drop sizes 
observed in the front view acquisitions (Figure 8.2(a)).

The images of the high-speed caméra do not reveal any temporally resolvable event on the 
upstream face of the inhibitor (top view). Therefore, to achieve better image quality, two PCO 
SensiCam PIV caméras are used with / = 35 mm AF Nikkor lenses. The two caméras record 
images (640 x 480 pixels^ resolution) simultaneously at about 3 Hz. One of them is acquiring the 
top view and the second one the front view (see the arrangements in Figure 8.1 (a) and 8.1 (b) 
respectively). To realize the shallowest possible DoF, the widest aperture is chosen (/# = 2). 
As the top caméra is facing the illumination, very large reflections appear on the entire surface 
of the inhibitor, which hide ail the details of the surface. The caméras are commonly triggered 
and therefore they apply the same exposure time {tgxp = 1.2 ms). To attenuate the light in 
general, the top caméra is equipped with an SP-500 short-pass filter and to reduce the amount 
of reflection, it is fitted with a hnear polarizer filter as well, which is rotated to its most effectively 
attenuating position. In this arrangement similar acquisitions are obtained with the two CCD 
caméras (Figure 8.3).

Figure 8.3 — Sample images of the CCD caméra visualization of the dripping phenomenon.

Besides investigating the top of the inhibitor, the simultaneous acquisition allows to déter­
mine occasionally the distance between the dripping drops and the sidewall of the test section.

(J
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The image pair of Figure 8.3 shows a unique instant, where two drops are visible simultaneously, 
which represent different distances from the inhibitor. They visualize well that the airflow has 
indeed small influence transversally on the drop path.

As Figure 8.3(b) shows, while the spray is operating, a continuous liquid film can be observed 
on the inhibitor. Even with the high-speed caméra (up-to 4000 fps) no temporal corrélation can 
be observed on the visible surface irregularities. Therefore, the appearing waves are assumed 
to be caused primarily by the impacting water droplets, which is confirmed by the first image 
recorded after the last droplet is seen in the test section when closing the spray (Figure 8.4(a)). 
The absolutely still surface suggests a very thin liquid thickness. Unfortunately, with this 
visualization it cannot be quantified. The impact of the flow field can be observed in Figme 8.4(b) 
that is acquired about 7.7 s after Figure 8.4(a). Here, the inhibitor is already dry at its tip and 
close to its base, but still wet in the middle area.

(a) First droplet-free im- (b) The drying surface
âge (t). (t + 7.7s).

Figure 8.4 - Sample images of the upstream surface of the inhibitor with closed spray.

The stream-traces of Figure 6.5(a) and 6.10(a) reveal a stagnation point in the middle of 
the upstream face of the inhibitor. From the stagnation point towards the inhibitor tip the flow 
accelerates, which might direct the liquid film towards the tip, where the water remains attached 
to the surface and flows to the downstream surface. As mentioned above, at the downstream 
face of the inhibitor no significant air forces act, which allows the liquid to accumulate with 
the continuous supply from the upstream surface forming drop seeds and thus producing the 
dripping phenomenon.

8.1.2 Liquid déposition with radial flow injection

In the présent model the liquid déposition on the inhibitor provides an important contribution 
to the liquid accumulation in the cavity through the dripping phenomenon. As mentioned above, 
the déposition rate on the inhibitor is of the order of 20%. Therefore, one may ask, whether 
the contribution of the dripping phenomenon in a real SRM could be important. Within the 
présent PhD thesis only a brief assessment is performed based on new numerical simulations to 
détermine the ratio of the droplet déposition on the inhibitor and the entrapment in the cavity 
using two simple cases with (quasi) radial flow injection.

At first, the 3D grid of Lema et al. (2007) representing the current nominal configuration is 
taken. The surface of the quasi axial injection is replaced by a wall and the whole sidewall of 
the test section (in the plane F/h = 0) is defined to be the injection. The rest of the geometry
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Figure 8.5 - Instantaneous droplet distributions with quasi radial flow injection.

and therefore the grid itself is unchanged. The quasi radial flow inlet is normal to the wall at 
a magnitude of F = 2.129 m/s. It is perturbed by 1.5% turbulence, which is a typical value 
when the flow is injected through a porous plate (Anthoine (2000)). The mean injection velocity 
ensures the same air mass injection as the axial conflguration, which means that the bulk velocity 
just upstream the nozzle tip is Uq = 10 m/s.

The droplet-phase is also injected quasi radially together with the air. The same total water 
mass flow-rate and droplet size distribution is used as during the poly-dispersed simulation 
(section 6.3.2). Hence, the Stokes number (St) and the volume fraction (op) are unchanged.

Instantaneous droplet distributions are shown in Figure 8.5. Above the inhibitor the gradient 
which is visible in the droplet size distribution suggests that the larger droplets are unable to 
follow the flow as it turns around the obstacle and they probably hit the top wall (modelling 
the splitting plate).

The contour plot representing the vorticity visualizes the shear layer attached to the inhibitor 
tip, which leads to vortex shedding. The shed vortices are passing close to the splitting plate. 
Thus, when they arrive at the nozzle, they do not internet with the nozzle tip and therefore 
no larger droplets are carried into the cavity. There, only a few very small droplets are visible. 
They might be entrained by the interaction between the nozzle head and the flapping shear layer 
that closes the cavity entrance.

The liquid mass déposition rate is calculated both on the inhibitor and in the cavity during 
6 flow-throughs (FTs). On the inhibitor 3.4% of the injected water is observed. This value is 
5.6-times lower than in the axial-injection case. As explained in section 6.3.3, the droplets hâve 
a long characteristic time, which limits their response to the air-phase motion. Therefore, when 
they move towards the obstacle, especially the larger droplets tend to impact on it, while the 
flow is passing around the inhibitor. In the radial injection case the projection of the inhibitor 
on the injecting surface (~ sin{10°)h) is considerably smaller than the inhibitor projection on 
the axial injection surface (~ cos(10°)h). Therefore, by assuming no droplet déviation after 
the injection, in the quasi radial conflguration proportionally lower^ accumulation rate can be

^with a factor of about sm( 10°)/cos(10°) = tÿ(10°), where 10° is the inclination angle of the inhibitor with
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expected.

As mentioned above, only a few small droplets are observed instantaneously in the cavity. 
Consequently, the average entrapment rate is 0.07%, an order of magnitude lower compared to 
the quasi axial injection.

This simulation demonstrates the importance of the vortex-nozzle interaction. As the vor- 
tices together with the droplets are transported through the throat, the entrapment drops by 
an order of magnitude in this spécial configuration. As mentioned above, the déposition on 
the inhibitor decreases considerably as well, which would suggest a lower amount of dripping. 
The ratio between the inhibitor déposition (3.4%) and the cavity entrapment (0.07%) is 48.6 
(Table 8.1). The same ratio with axial injection using the poly-dispersed droplet distribution 
is 27.3. Therefore, the relative importance of the dripping increased by injecting the flow quasi 
radially in the same domain.

Modelling the flow downstream an inhibitor, Lema (2005) showed the irrelevance of two- 
dimensional simulations on statistical basis in similar situations. However, to hâve a rough idea 
about the accumulation rate on the inhibitor in an axisymmetric geometry with radial injection, 
a new 2D axisymmetric LES simulation is performed. In this case the geometry of the présent 
2D-like model is abandoned. Instead, a more reahstic geometry, the nominal configuration of 
the 1/30 scale cold-gas EAP model of Anthoine (2000) (introduced in section 1.3.1.5) is meshed 
using 85497 cells.

As shown in Figure 1.11 (b), the inhibitor is not inclined in any direction. The internai 
diameter of the channel is D = 076 mm and the passage at the inhibitor is d = 058 mm (please 
follow Figure l.ll(b)). The nozzle throat is o = 030 mm and no needle is considered. The 
injection velocity (using air) is normal to the cylindrical wall. Its magnitude [V = 0.30 m/s) 
ensures a bulk flow velocity of 10 m/s just upstream the nozzle head. Therefore, a similar Mach 
number is modelled like during the nominal speed investigation (see section 2.3.2.1). At the inlet 
1.5% turbulence intensity is prescribed, which corresponds to the characterization of Anthoine 
(2000).

The droplet size distribution of the poly-dispersed 3D model (shown in section 6.3) is taken 
as a reference. However, to keep the Stokes mnnber constant, the diameters corresponding 
to every class are divided by 1.6 (similarly to the halved distribution shown in Figure 6.17). 
The flow-rate of water is set to Qm = LIO • 10~^ kg/(s • rad), which keeps the volume fraction 
constant.

An instantaneous vorticity plot of the whole fleld can be seen in Figure 8.6(a), which visu- 
alizes the characteristic vortex shedding phenomenon. A close-up view of the inhibitor région 
including the instantaneous droplets’ locations (Figure 8.6(b)) reveals the blockage of the straight 
obstacle. Prom the inhibitor tip the shear layer of the air-phase and the quasi shear layer of 
the droplets are distinguishable. However, while in the 2D-like test section with two-phase PIV 
(section 6.4.4) the quasi shear layer of the droplets is observed doser to the obstacle base, in the 
présent simulation it is on the opposite side of the air shear layer (i.e. in the free stream région). 
As the air shear layer always follows the curvature of the vena contracta, when the droplets 
are injected radially, their initial momentum and their time lag (due to their long characteristic 
time) do not allow them to enter in the shear layer with the air-phase. Thus the droplets of 
the S2 segment are initially separated from the shed vortices. However, as it can be seen in the 
plot, the developing vertical structures start to entrain the smaller droplets from the free stream 
région. Purthermore, in the centre of the shed vertical structures only middle-class and large

respect to the Y/h axis
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particles (originating from the S3 segment) can be found, which are characterized by a longer 
relaxation time. The smaller droplets (which hâve a correspondingly shorter characteristic time) 
respond quicker to the flow. Therefore, due to the local rotation of the forming vortices, the 
smaller droplets can be found in the periphery of the vertical structures.

(a) Vorticity plot.

(b) The area of the inhibitor. (c) The nozzle cavity.

Figure 8.6 - Instantaneous droplet distributions with radial flow injection in the axisymmetric 
domain fA common legend, shown in Figure 8.6(a) is applicable to ail the sub-figures).

Further downstream, close to the nozzle (Figure 8.6(c)) only the largest droplets résidé in 
the centre région of the vortices, while the smaller ones are encircling the vertical structures. 
This corresponds well to the observations of e.g. Godfroy and Guéry (1997). Consequently, as 
the vortices interact with the nozzle head, packets of droplets of smaller classes are transported 
in the cavity. Most of them are entrapped and contribute to the accumulation. In the cavity 
two counter-rotating structures can be seen, which appear to be stable in time considering both 
their location and size.

Due to the inertia of the larger droplets, they tend to cross the highly fluctuating flow région 
and are transported by the free stream flow close to the axis of the model. Therefore, most of 
them exit through the throat or impinge on the convergent part of the nozzle^. Only few large 
particles are observed inside the cavity. Thus, their contribution is low to the liquid entrapment 
process.

The depositing liquid mass in the axisymmetric case is also computed on the inhibitor and 
in the cavity during 1.4 FTs. In the cavity an entrapment rate of 5.9% resulted, which is about 
8.4-times higher than in the original quasi-axial simulation using the poly-dispersed droplet 
distribution (section 6.3.2). On the straight inhibitor a déposition rate of 1.4% is observed, 
which is about 13.3-times lower than in the quasi axial poly-dispersed case.

The liquid déposition on the inhibitor is about 1 /4 of the amount of the entrapped droplets 
in the cavity (Table 8.1). Although, this ratio is considerably lower than the one observed with 
the rectangular 2D-like geometry, the potential of dripping is still quite large. Therefore, this 
aspect should be further investigated preferably with 3D simulation on the real geometry with 
flexible inhibitor ring. If the importance of dripping is confirmed, the liquid behaviour on the 
inhibitor should also be assessed.

^between the nozzle tip and the throat
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Table 8.1 - The importance of dripping
Case Dripping [%] Entrapment [%] Vrippinq

Entrapment

Poly-dispersed 19.1 0.7 27.3
Quasi radial 3.4 0.07 48.6

Axisymmetric radial 1.4 5.9 0.24

8.2 The entrapment process

The process, by which liquid droplets travelling in the continuous-phase are finally entrained 
in the stagnation area modelling the nozzle cavity to contribute to the liquid accumulation is 
called presently entrapment.

As it can be seen from the previous chapters and section 8.1.2, the flow fluctuations within 
the inhibitor wake might hâve a major influence on the entrapment. However, based on the size 
(and therefore the characteristic time) of the droplets, their path may or may not be governed 
by the continuous-phase. Accordingly, the entrapment can be divided into two mechanisms:

• inertia-driven transport;

• vortex-driven transport (mixing).

As demonstrated in section 6.3.3, since the large droplets hâve a characteristic time (xp) 
that is considerably longer than the one of the flow (r/), their response to the higher frequency 
fluctuations associated e.g. with the passage of vortical structures is strongly limited. Therefore, 
they tend to behave according to their initial momentum, which is defined by the developed 
upstream flow and probably by gravity as well. As they pass in front of the inhibitor tip, 
they might be slightly deviated by the curved main flow accélération in the vena contracta (see 
Figure 6.21(c) and 6.15(a)), but due to their inertia they do not respond to the fluctuations that 
are présent in the wake of the inhibitor.

Consequently, the tendency of the large droplets for being entrapped is defined by their 
velocity vector, when they pass above the inhibitor tip, their transversal distance from the 
inhibitor tip at the same moment, and the obstacle tip to nozzle tip distance (OT2NT).

On the other hand, the small droplets hâve a shorter characteristic time, which is doser to 
the one of the flow. Although they are not tracers, they tend to respond to the flow fluctuations, 
which allows the continuous-phase to guide them.

A shear layer is attached to the inhibitor. Due to its unstable behaviour, vortices are 
generated, which are transported by the main flow towards the nozzle. They may follow the 
mean streamlines of the flow, enter the main recirculation région downstream the obstacle or 
lift up to the free stream flow, as explained in chapter 7. In either case, droplets encircle the 
vortical structures. The smaller droplets remain on the periphery of the vortices and they are 
thus transported. This behaviour can be seen numerically (see Figure 6.15(a)) and reported e.g. 
by Godfroy and Guéry (1997); Miller (2001). Figure 8.7 indicates two instantaneous images of 
the droplet-phase, where the circles indicate the location of the vortical structures of the air- 
phase extracted from the corresponding tracer acquisitions. These examples also show a lower 
local droplet concentration in the vicinity of the vortices and a higher concentration encircling 
the vortex core régions, which finally enhances the mixing of droplets.
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Figure 8.7 - Instantanœus vortex-droplet distribution in FoV#2 of the two-phase PIV investi­
gation.

On statistical basis the mixing behaviour induced by vortices can be demonstrated by com- 
paring the typical vortex locations and the mean droplet concentration. Figure 8.8(a) shows 
once again the droplet concentration map of the two-phase PIV experiments. In the figure the 
area corresponding to transversal concentration gradient can be identified (between the high 
concentration free stream and the minimum concentration near-sidewall région). Focusing on 
the same area in Figime 8.8(b), a high vortex concentration can be observed.

Figure 8.8 - Statistical vortex-droplet distribution in the two-phase PIV investigation.

As shown in Figure 7.4(a), the vortices are interacting with the nozzle tip. Then, some 
are deviated towards the throat, the others enter the cavity. Ail of them are carrying smaller 
droplets, which thus may enter in the cavity with the latter structures. Most of these droplets 
hit one wall of the cavity, and contribute to the accumulation.

8.3 Summary on the accumulation process

In the présent chapter at first the dripping phenomenon is further assessed to better under- 
stand its importance on the liquid accumulation in the cavity. As it is shown, in the présent 
configuration the dripping is the main contributor with respect to the droplet entrapment.

By performing complementary simulations, the potential of dripping is investigated. The 
obtained results suggest that this process is less important in a more realistic motor configuration 
(with radial injection and in axisymmetric geometry).

Furthermore, the entrapment process is analysed, which represents the accumulation induced 
by the interaction between the continuous-phase and the droplet-phase. The smaller droplets 
are found to be transported by the vortices into the cavity. The air-phase has less effect on the
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path of the larger droplets, which may fall into the cavity due to their inertia. Finally, these 
two mechanisms give the total quantity of the entrapped liquid.





Chapter 9

Conclusions and future perspectives

9.1 Conclusions

The first stage of spacecrafts (e.g. Ariane 5, Vega, Shuttle) generally consists of solid pro- 
pellant rocket motors (SRM). These are typically operating during the first part of the lift-off 
providing most of the thrust to accelerate the vehicle. On the one hand, to shorten the overall 
length, the nozzle is submerged in the last segment of solid propellant. This means that the 
convergent, the sonie throat and a part of the divergent are suirounded by solid propellant. This 
intégration allows the orientation of the nozzle to provide adaptation of the rocket trajectory 
during the launch. During the combustion, the régression of the solid propellant surrounding 
the nozzle intégration part leads to the formation of a cavity around the nozzle lip. On the other 
hand, the propellant combustion generates liquefied alumina droplets coming from Chemical re­
action of the aluminum composing the propellant grain. The alumina droplets being carried 
away by the hot burnt gases are flowing towards the nozzle. Meanwhile the droplets may inter- 
act with the internai flow. As a conséquence, some of the droplets are entrapped in the cavity 
instead of being exhausted through the throat. The accumulation of the droplets in the cavity 
generates an alumina puddle, also called slag. This slag reduces the performance of the solid 
propellant motor due to its dead weight absence of impulse génération, sloshing, etc. In case of 
the EAP of Ariane 5 the mass of the accumulated droplets can reach up to 2 tons by the end of 
the launch in each motor.

The aim of the présent study is to characterize the slag accumulation process in a simplified 
model of the MPS P230 solid rocket motors of the Ariane 5 launcher using primarily optical 
experimental techniques. Therefore, at first a 2D-like cold-gas model is defined and built, which 
represents the main geometrical features of the real motor (presence of an inhibitor, a nozzle and 
a cavity) and allows to approximate non-dimensional parameters of the internai two-phase flow 
(e.g. Stokes number, volume fraction). The model is attached to a wind-tunnel that provides 
quasi-axial flow (air) injection. A water spray device in the stagnation chamber realizes the 
models of the alumina droplets, which are accumulating in the aft-end cavity of the motor. The 
planar transparent walls of the test section give an optical access to observe varions flow events.

To be able to carry out an experimental investigation, at first the available measurement 
techniques had to be adapted to the two-phase flow condition of the facility. The related con­
clusions are described in section 9.2. A parametric liquid accumulation assessment is performed 
experimentally in the model to identify the most influential parameters of the slag déposition. 
In the followings, the flow field is analysed experimentally, which is supported by numerical 
simulations to understand the main driving forces of the accumulation process. The obtained
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databases and achievements are concluded in section 9.3.

9.2 Conclusions on the measurement techniques

During the project mainly two optical experimental techniques are used: Level Détection 
and Recording (LeDaR) and Particle Image Velocimetry (PIV).

With LeDaR liquid free surfaces can be detected in a plane, which makes it a good candidate 
for the parametric study of the accumulation rate tendencies in the cavity. However, it requires 
clear imaging of the investigated surface. While the spray is operating, the wetting of the 
Wall and the frequent dripping deteriorate the measurement quality. Therefore, the inhibitor is 
inclined and fitted with a liquid extraction System, the cavity wall is treated and the optical 
properties of the acquisition System are optimized to minimize the effect of the disturbances. 
The Processing algorithm is also redeveloped and more robust détection filters are implemented. 
Thus, the adapted LeDaR technique has been significantly improved to be capable of delivering 
good quality information in harsh condition.

The PIV technique is used to détermine the velocity field of the flow in the mid-span plane 
of the test section. The flow velocity is obtained with the help of tracer particles through 
image analysis. However, in two-phase flow configuration the acquisitions contain both tracer 
and droplet images, which the cross-correlation algorithm cannot distinguish. As a resuit, the 
droplets would bias the air-phase velocity measurement. Thus, the images of the two phases 
hâve to be separated. Several methods are proposed and evaluated to separate the images of the 
two phases either optically or through image processing. Finally, the UV technique is chosen and 
developed within the frame of the présent research work. It is based on a laser producing green 
and UV light puises simultaneously. The two wavelengths excite different fluorescent dyes, which 
émit light at distinct wavelengths. Therefore, using a pair of synchronized caméras equipped 
with proper optical filters, the images of the two phases can be separated simultaneously and 
purely optically. During the development its applicability is verified and its performance is 
demonstrated. Once principally operational, it still needed to be adapted to the wet environment 
of the test section. It required the development of a dynamic background subtraction algorithm, 
frequent cleaning and wall treatment during the test campaigns.

9.3 Conclusions on the slag accumulation process

At first a parametric study is performed with the adapted LeDaR technique using the avail- 
able configurations of the facility to identify the most influential parameters of the liquid accu­
mulation process.

As a resuit, the primary importance of the obstacle tip to nozzle tip distance {OT2NT) is 
pointed out. This parameter includes the inhibitor height (h) and the nozzle throat opening^ 
(o). OT2NT indicates how much a droplet passing just at the inhibitor tip should deviate 
transversally to leave through the nozzle and not to be entrapped in the cavity. The cavity 
width {w) and the reference flow velocity (I/q) are considered to hâve a secondary rôle during 
the accumulation. The inhibitor position (Lj) and the obstacle-to-nozzle ratio {02NR) do not 
hâve a significant influence in the présent model.

With the attempt to understand better the mechanisms driving the accumulation process, 

^or nozzle head location
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the flow field of the nominal LeDaR configuration is studied. The main mean flow topology is 
characterized in single-phase flow configuration using the PIV technique. The area of interest 
(the mid-span plane from the inhibitor until the nozzle throat and the cavity) is divided into 
12 FoVs^, which provide high resolution and good local measurement quality. In the absence of 
quasi radial flow injection through the sidewall a recirculation région is observed in the mean flow 
fields downstream the inhibitor and inside the cavity. The velocity fluctuation plots visualize 
the inhibitor shear layer and the wake of the inhibitor, which represent high fluctuation values 
and suggest the shedding of vortical structures.

The nominal configuration is modelled numerically by Lema et al. (2007) with 3D LES 
simulations both in single-phase and two-phase flow configuration. Using the above-mentioned 
experimental flow fleld, the numerical data are successfully validated in terms of the statistical 
flow quantifies. In the two-phase flow simulations with poly-dispersed droplet size distribution 
the Lagrangian phase does not appear to influence outstandingly the mean flow quantifies. 
Concerning the accumulation, primarily small particles are observed in the cavity, which suggests 
the importance of the droplet size on the droplet entrapment process. Therefore, based on 
the poly-dispersed case two new simulations are performed; one with doubled and one with 
halved droplet size distribution at a constant liquid mass fraction. In both cases the amount 
of accumulation (obtained with a mass counter user subroutine) became higher than with the 
nominal distribution. It reveals that the small droplets are carried by the air and therefore they 
may mix easily in the recirculation zone and flnally be entrapped in the cavity. On the other 
hand, the large droplets are not able to follow the air motion. Therefore, in function of the 
OT2NT, due to their inertia they may also be entrapped in large quantifies in the cavity.

The area of interest between the inhibitor and the cavity entrance is also measured in two- 
phase flow configuration using the developed two-phase PIV technique. Unfortunately, the 
experiments had to be performed at a reduced reference velocity in the nominal geometry. 
In order to attempt to keep the non-dimensional parameters unchanged, for this campaign a 
different spray device is used. In terms of the statistical flow quantifies a decrease is observed in 
the main recirculation bubble size and a damping is seen in the transversal velocity component 
fluctuation levels in two-phase flow configuration with respect to the single-phase flow case. The 
noticed droplet effects are similar to those of the numerical simulations. Additionally, the motion 
of the droplet-phase is analysed and compared to the simultaneous mean air-phase motion (using 
the experimental data). In the wake of the inhibitor a signiflcant mean velocity différence is 
discovered between the air-phase and the droplet-phase (locally represented by large droplets). 
It shows that due to the associated long characteristic time, the droplets are not able to adapt 
their velocity to the locally low air velocity.

To investigate the droplets’ mixing mechanism, the instantaneous flow structure properties 
are analysed. The vortices are detected using the varions databases (experimental and numer­
ical, single-phase and two-phase flow configuration) with a wavelet-analysis based algorithm. 
Comparing the vortical structures of the numerical and the experimental databases, consis- 
tently smaller core diameters are observed experimentally. As discussed, this might be caused 
by the locally coarse 3D hybrid numerical mesh in the wake area. The analysis shows that the 
vortices are mainly created by the inhibitor shear layer and are populated primarily in the wake 
of the inhibitor, where their energy is gradually dissipated. Vortices are also found in the cavity 
centre representing locally higher energy, but in low number. The comparison between single- 
phase and two-phase cases (relying mainly on the two-phase PIV data) shows the damping eff'ect 
of the droplets on the vortices. As mentioned in the previous paragraph, the droplets are not 
able to respond to the changes of the air-phase motion. However, they represent a considérable

^fields-of-view
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volume fraction, which allows them to act on the continuous-phase and damp the fluctuations. 
Thus, the vortices may become weaker. As observed also from the statistical flow quantifies, the 
two-phase PIV experiments give more pronounced modification on the vertical structure prop- 
erties than the poly-dispersed numerical simulation compared to the corresponding single-phase 
configuration.

The energetic vortices of the inhibitor wake are found to drive the mixing phenomenon. As 
the smaller droplets are able to respond to the flow fluctuations, they encircle the vortices and 
are thus entrained in the recirculation zone or during the vortex-nozzle interaction they are 
probably entrapped directly in the cavity.

Another mechanism of the droplet entrapment is related to the large droplets, which are not 
responding considerably to the flow fluctuations. In function of the OT2NT due to their initial 
inertia (at the inhibitor tip) they may fall directly into the cavity.

Besides the entrapment mechanisms a new phenomenon is identifled. As the droplets are 
injected upstream the inhibitor, a large liquid quantity is depositing on it, which finally produces 
dripping drops. In the experimental model the dripping has an important contribution to the 
total accumulation. Preliminary numerical simulations suggest that its importance may be 
lower in case of radially injected flow, but its contribution could be still significant during the 
accumulation process.

According to the présent understanding the entrapment mechanisms and the dripping phe­
nomenon together give the total amount of liquid accumulation in the nozzle cavity.

9.4 Future perspectives

Through an experimental and numerical single-phase and two-phase flow investigation the 
présent research pointed out the main phenomena acting during the slag accumulation process 
in a simplifled cold-gas model.

To complété the current database, numerical simulations should be performed in the condi­
tions of the two-phase flow PIV experiments. Therefore, the numerical tools could be validated 
directly in the presence of droplets.

Related to the slag accmnulation process most importantly the potential of the dripping 
phenomenon should be further assessed. The influence of the radial injection should be investi- 
gated preferably in a représentative axisymmetric geometry with a proper flexible inhibitor ring 
between the S2 and the S3 segments. The deformed shape of this obstacle might hâve a large 
impact on the characteristics of the liquid déposition (drop seed formation location and drop 
size) and therefore on the amount of dripping.

In the présent study axially injected flow configuration is investigated, which can be consid- 
ered as the contribution of the S2 segment of the motor to the accumulation process. Therefore, 
the effect of the S3 segment should also be incorporated. Namely, the interaction between the 
injected droplets and the vortices passing just above the injection surface should be assessed. 
As the droplet injection through a porous medium appears to be challenging, the corresponding 
study might not be realizable through cold-gas experiments.

Concerning the entrapment process, the transport mechanism of the varions droplet classes 
should be quantified. Their response to the typical vortices of the EAP configuration over 
the length between the inhibitor and the nozzle tip should be described. Such a quantitative
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droplet-vortex interaction model would enable to elaborate the vortex and the inertia driven 
mechanisins and the eventual hybrid phenomena. Thus, the entrapment rate could be better 
estimated during future motor design and analysis.

Finally, the currently developed two-phase PIV method is applicable to assess any kind of 
two-way coupled gaseous fluid in the presence of liquid droplets. Although the wetting of the 
boundaries are complicating the experiments and the image processing, with a limited amount 
of droplets on the Windows the technique is still operational.
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Appendix A

The existing experimental tools

A.l The PIV technique

As its name shows, with the Particle Image Velocimetry (PIV) technique one can détermine 
the velocity field of a flow with the help of particle images.

The conventional arrangement during a PIV measurement is shown in Figure A.l.

Laser-sheet

Figure A.l - A conventional PIV arrangement.

Small particles (tracers) are suspended in the fluid. These particles are small enough to 
follow the flow accurately. A thin light sheet produced by a laser source illuminâtes the plane 
of interest. Two successive images are acquired with a caméra from the light scattered by the 
tracers located inside the laser-sheet. The two exposures are separated by a short time interval 
- called séparation time (At) -, dmring which the tracers are moving with the flow. According 
to their displacement (Af) and the time interval the velocity can be calculated as:

(A.1)

In practice, the in-plane components of Af {rx,ry) of équation A.l can be determined by 
image processing (using cross-correlation). Thus, the two-dimensional, two-component velocity 
field of the flow can be determined by the classical PIV technique.
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In the followings, the main aspects of the above-mentioned éléments are discussed briefly:

• Tracers:

Particles seeded into a flow field act as small tracers allowing the visualization of the move- 
ment of the flow in time. On the one hand, the particles must be suSiciently large and efiicient 
in light scattering; they must be détectable by the imaging System. This dépends on the record- 
ing optics and the illumination source as well. On the other hand, the tracers must be small 
enough to follow accurately the fluid motion (they should represent St « 1). Measuring air, 
generally oil particles of the order of 1 ywm are used. Finally, the concentration of the particles 
must be sufficiently high in order to obtain a good corrélation of the images and détermine the 
displacement.

• Illumination:

The flow is illuminated by a plane of light (laser) with finite thickness (usually about 1 mm). 
The light plane should not hâve variable thickness, because it might cause failure if the flow has 
substantial gradients across the thickness.

The shape of the light sheet should be smooth. The central plane should really be a planar 
surface.

The intensity distribution inside the laser-sheet is not very significant during PIV measure- 
ments. However, it should not hâve signiflcant variations.

Even at high velocity flows the images of the tracers should be frozen. Therefore, during 
measurements in air, double-pulsed YAG lasers are used.

• Image processing:

At flrst, the recorded images are divided into smaller régions, called Windows (see Figure A.2). 
Then, using the cross-correlation function, the mean displacement of the tracer images is deter- 
mined in each window: the location of the largest peak in the correlation-fleld gives directly the 
local motion. ^ Thus, one can obtain the displacement-field of the flow. Knowing the magnifl- 
cation factor of the caméra and the séparation time (At), the computation of the velocity field 
is straightforward.

Supposing that the light intensity in the flrst window, a is given by the function Wa{x,y) 
and that of the second window, b by Wb{x,y). If the intensity distribution of the tracer images 
is denoted by I(x, y) it is possible to write:

Wa{x,y) = I{x,y) (A.2)

^b{x,y) = + Ax,y + Ay) = I{x,y)®5{x - Ax,y- Ay) (A.3)

^The maximum value of the cross-correlation of two functions gives a shift (S). Shifting the first function by 
this amount, results in a superposition of the two functions.
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Figure A.2 - A œnventional PIV arrangement.

Supposing that the first image is simply translatée! by {Ax,Ay), the convolution with the 
Dirac function acts as the translation operator.

The cross-correlation of the two functions has to be computed now by its définition:

Wa{x,y)oWh{x,y) = C{x,y) (A.4)

Applying Fourier transformation can also help in this purpose to facilitate digital processing:

F{Wa{x, y) O Wb{x, y)) = F{Wa{x, y))F{Wbix, y))* (A.5)

^ Waix, y) O Wbix, y) = F-^{FiWa{x, y))F{Wt,{x, y))*) (A.6)

• Digital Processing:

The size of the interrogation Windows (VFs) dépends on the number of particles and the 
maximum displacement of the particles in the window. It is suggested that the window must be 
at least four times as large as the maximum displacement of the particles to obtain the maximum 
probability that the particle pairs from each exposure will be présent inside the corresponding 
window. It is also suggested, that the maximum displacement normal to the plane should be 
maximum 30% of the light sheet thickness in order to preserve a large number of the particle 
pairs in both recordings.

Reducing the time interval causes smaller displacements. In this case the spatial resolution 
of the flow properties will be better using smaller window sizes, but the accuracy will be worse. 
The number of particles per window also reduces; since the corrélation technique is dépendent 
on the particles, it may make the resuit noise-dependent.

To increase the measurement density overlapping of the interrogation Windows is applied. 
Determining the overlapping carefully is very important. If it is small, the velocity field will be 
under-sampled. If it is too high, the velocity field will be over-sampled.
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The implemented particularities of WiDIM (which software was used during the data Pro­
cessing) are described below. More detailed description is given by the author, Scarano (2000); 
Scarano and Riethmuller (1999b;a).

1. Itérative processing

In WiDIM, the analysis is performed iteratively. At first, a prédiction is made by applying 
ail the above-mentioned processing rules. Then, the results can be refined step-by-step, 
always relying on the previous itération.

2. Window displacement

There are some particles, which escape from the corresponding région in the second im­
age. That is why the location of the Windows in the second image are defined based on 
the displacement of the previous itération. In this case it is no matter how large is the 
displacement to window size ratio, the signal to noise ratio ^ will be maximized in the 
corrélation map.

3. Multigrid

Once the Windows are "following” the displacement of the tracer images, the window size 
is not limited anymore by the particle motion. Thus, in order to increase the spatial 
resolution, the interrogation Windows are made finer at each step of the itérative process.

4. Correction of erroneous vectors

For different reasons, there are invalid vectors. They arise from:

- weak local seeding concentration;
- reflections near boundaries;
- laser-sheet misalignment;
- strong out-of-plane motion of the fiow.

In WiDIM, an automatic erroneous vector détection is performed (based on the SN and 
a médian threshold) and interpolation is applied to compute the displacements at these 
places.

5. Window distortion

The cross-correlation technique assumed that the particle displacement is uniform in the 
Windows but in reality it is not the case. The quality and the accuracy of the corrélation 
highly dépend on the velocity gradient in the corrélation Windows. Therefore, in the last 
itération the Windows of the second (6) image are distorted according to the local velocity 
gradient. Thus, combined with the window displacement, the corrélation technique can 
achieve good measurement in high gradient flow field.

6. Sub-pixel interpolation of the corrélation function

The cross-correlation function described above (and shown in Figure A.2) gives discrète 
values of the corrélation peak locations. For instance, in a 32 x 32 pixels^ window there are 
1024 possible discrète places of the corrélation peak (velocity vector). To obtain a contin­
uons description of the corrélation function, the following interpolations are implemented:

- centroid or centre of mass method
- gaussian curve fitting method
- Whittaker’s reconstruction filter method

^SN, the ratio of the ampUtude of the largest- and the second largest peaks in the correlation-field
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A.2 The wavelet analysis based vortex détection

A.2.1 The détection algorithm

Before entering into the details of the détection principle, a définition of the vortical struc­
tures needs to be established. In the présent investigation two-dimensional velocity fields are 
considered (PIV data and the mid-span plane of 3D simulations). Therefore, during the anal­
ysis only two-dimensional slices of structures are taken into account. The vortices are defined 
to be distinct régions exhibiting energetic uniform rotation around a centre point, which can be 
advected with a certain transport velocity. Accordingly, the rotating structures are assumed to 
hâve an axis of rotation normal to the plane of investigation.

To detect the vortices of the available instantaneous fiow fields, the continuons wavelet 
transformation algorithm of Schram et al. (2004) is used, which is based on the method of Farge 
(1992); Farge et al. (1998).

The n-dimensional wavelet transform of the function / is obtained by:

/(a,b) = (^,,6|/)= / f{x)K^,{x)d^x (A.7)

where î'a,6 represents the wavelet family function, which contains the wave-like mother 
wavelet (^(æ)) at varions scales (a) and translation (6):

4'a,6(æ) =

In the continuons wavelet transform the (a) and (b) parameters vary continuously between 
[0, oo] and [—oo, oo] respectively.

The mother wavelet function satisfies the admissibility condition, which implies that it has 
to hâve a zéro mean value. Furthermore, it should hâve a similar shape to the pattern to be 
extracted.

The vortices are assumed to hâve a 2D distribution close to the classical Oseen vortex, which 
exhibits a Gaussian vorticity pattern. The détection is performed on the enstrophy-field (square 
of the vorticity) to increase the signal-to-noise ratio of the cohérent structures with respect to 
the background noise. Therefore, the 2D Marr (Mexican-hat) mother wavelet (see équation A.9 
and Figure A.3) is implemented, which has a Gaussian central peak surrounded by négative 
valued annulus to ensure the zéro mean.

/ x'^ + y^\

<Ü^^y = {2-x^ -y'^)e\ ^ / (A.9)

The described détection method identifies ail sort of structures, which are represented by 
high vorticity values (i.e. vortical structures, shear). To discriminate between the shear-like 
motion and rotation, the algorithm relies on the A2 criterion of Jeong and Hussain (1995). The 
A2 coefficient is the second eigenvalue of the S“^ + tensor (5 and Q being the symmetric
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and the anti-symmetric part of the velocity gradient tensor respectively^), which simplifies to 
équation A. 10 in 2D. As it is shown by Jeong and Hussain (1995), A2 always fias a négative 
value where the rotation is prédominant, which is the case in the core of vortices. Therefore the 
discrimination between shear and rotation can be made.

/ /'du dv\
\dx J \dy dx J

(A.IO)

A.2.2 The détection criteria

To be able to décidé whether an identified structure is an acceptable vortex, the algorithm 
relies on a set of user-defined thresholds.

At first, thresholds are required on the minimum acceptable vorticity peak and on the max­
imum A2 peak. As explained in section A.2.1 A2 is négative in the vortex cores. Therefore, the 
threshold represents the maximum acceptable value in the centre of the vertical structure. In 
the présent investigation these thresholds are determined according to Schram (2003). Using ail 
the instantaneous flow fields of each FoV“^ the standard déviation of vorticity and of the négative 
A2 values are determined in the area of interest. The threshold of both variables is defined to 
be twice its standard déviation.

The algorithm détermines the diameter of the vortices by choosing the scale of the mother 
wavelet, which is fitting the best with the enstrophy field (provides the highest wavelet coeffi­
cient) at the location of the vortex. However, the scales are defined in a user-defined interval 
{[/^vrnint Dvmax])t which limits the range of the resulting core sizes. If D^rnin = 0 and i^vmox = 00 
is imposed (also in the présent investigation), the algorithm defines automatically the scales in 
function of the size of the field maximizing the range of core sizes.

An indicator of the vortex deformation {Like) is defined by the ratio between the wavelet 
coefficient of the detected vortex and the wavelet coefficient of the idéal 2D Oseen vortex of the 
same size. Therefore, it can range between Like = [0,1]. In the algorithm a threshold is defined 
(currently Like = 0.5 is used) below which the vortex is rejected to keep uniformly rotating 
structures.

= i (vu -I- (Vv)^) and fî = i (Vv - (Va)^)
■‘Field-of-View
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If the parameters of a detected structure satisfies ail these criteria, it is accepted and con- 
sidered as a vortex.
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Appendix B

The design and characterization of 
the experimental facility

The current chapter is describing step-by-step the design of the main parameters of the 
experimental model from the choice of the facility, the définition of the main dimensions and 
finally the vérification of the internai flow uniformity as well.

B.l Choosing the wind-tunnel

At the von Karman Institute (VKI), initially the so-called L-6 vertical twin-jet wind tunnel 
served for two-phase flow (air + water droplets) investigations. However, non-uniformities are 
encountered with the inlet velocity profile in its test section (see Toth and Anthoine (2003) for 
further details). Therefore, the applicability of another tunnel is assessed. The subject of the 
assessment became very quickly the VKI L-11 wind-tunnel for its known uniformity, stability 
and convenient dimensions.

However, it has to be mentioned that the L-6 wind-tunnel was also used in order to gain 
expérience and assess the applicability of certain optical measurement techniques (LeDaR and 
PIV). These investigations are explained by Toth and Anthoine (2003) and Toth and Anthoine 
(2004).

B. 1.1 General considérations and the Blockage effect

The VKI L-11 wind-tunnel (see Figure B.l) is based on a square design. Its cross section 
is square from the diffuser to the test section. For this reason, symmetric inlet conditions are 
expected. Furthermore, the flow inlet is expected to be more uniform as well. The cross section 
of the wind-tunnel at the end of the contraction is 200 x 200 mm^. Thus, the cross section of 
the original test section is 200 x 200 mm^ as well.

Originally, the wind-tunnel is supplied by a blower, which is attached directly with a flexible 
(rubber) joint. Nominally, the blower is capable of achieving about 15 m/s flow velocity in the 
test section. This velocity would be acceptable for the final measurements. However, this should 
be produced by having the inhibitors and the nozzle model installed as well. Since these pièces 
of equipment produce a considérable pressure drop, their blockage effect should be taken into 
account, when the maximum performance of the blower is measured.



184 Appendix B - The design and characterization of the experimental facility

During the investigation of the highest achievable velocity, only the largest blockage is mod- 
elled, which in practice is imposed by the nozzle throat.

As the dimensions of the model of the nozzle are not known yet, several blockage éléments 
are created for the existing test section (with 200 x 200 mm^ cross-section) in order to assess the 
pressure drop. These éléments are aluminium sheets, which can be attached to the end of the 
existing test section. In the aluminium sheets different opening geometries and opening areas 
are created. The different shapes (square and two-dimensional) are summarized in Table B.l.

In Table B.l the passage ratio {PR) is defined by dividing the open section by the original 
section of the wind-tunnel 200 x 200 mm^.

The PR of the square (80 mm) and the 2D (31 mm) plates corresponds approximately to 
the passage ratio of the real nozzle in the Ariane 5 EAP (see details later in B.2.2.2).

First of ail, the effect of changing the blockage shape (square vs. 2D) and the passage ratio 
is investigated. Therefore, the blockage éléments are mounted at the outlet of the test section 
of the wind-tunnel (see the square element in Figure B.3) one after the other. The flow velocity 
inside the test section is set to 2 m/s (measured by a turbine meter) in each case. In this 
condition, the pressure différence between the stagnation chamber of the wind-tunnel and the 
ambient is measured by a Betz-type water column manometer.

The 2D blockages, which hâve 25 and 80 mm openings are mounted in an asymmetric way 
as well in order to represent higher passage ratios. In practice, the 2D blockage consists of two 
aluminium plates, which are fixed to the exit of the wind-tunnel in such a way that a horizontal 
opening remains in the center of the section (see the sketches in Table B.l as well). Producing the 
asymmetric blockage in the présent case means that only one of the blocking plates is mounted.

The results of the pressure drop measurements can be seen in Figure B.2. It is experienced 
that a small différence between the square and the 2D shape exists by having approximately 
the same blockage ratio (square 80 mm and 2D 31 mm). The pressure drop associated with the 
square configuration resulted in being slightly larger. However, the différence is negligible in the 
présent case. For this reason, in the further tests only the square plate is used, which allows an 
easier repeatability of the tests.

In the followings, the maximum velocity and thus the maximum flow-rate in the test section 
is determined by using the originally installed blower of the wind-tunnel with the square blockage 
element attached to the end of the test section (see Figure B.3). The free stream velocity of the 
flow inside the test section is still measured by a turbine meter.

DIFFUSER HONEYCOMB CONTRAaiON

Figure B.l - The initial arrangement of the VKI L-11 wind-tunnel.
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Table B.l - Blockage geometries for the speed tests
Opening type Opening section [mm'^J PiîH Schematic

No blockage 200x200 1
■

1

J
i
i

Square (80 mm) 80x80 0.156

2D (31 mm) 31x200 0.151 m

2D (25 mm) 25x200 0.122
■

2D (80 mm) 80x200 0.390 iPBÜ

2D (25 mm) asymmetric 112.5x200 0.561

1

2D (80 mm) asymmetric 140x200 0.695

It tums out that using a blockage of about 84.4%, the maximum velodty the blower can 
provide in the test section is around 2.61 m/s. This corresponds to a flow-rate of about 385 m^/h. 
The pressure drop is measured simultaneously with a Betz-type water column manometer. The 
manometer is measuring the pressure différence between the stagnation chamber of the wind- 
tunnel and the ambient. The main source of the pressure drop is considered to be the blockage 
itself. Therefore, the dynamic pressrure of the flow is neglected at this stage. At the maximum 
performance (2.61 m/s) of the fan the pressure drop is about 395 Pa (see also Figure B.4).

The obtained maximum flow velodty in the test section is not sufficient for the later mea-



186 Appendix B - The design and characterization of the experimental facility

Figure B.3 - The square blockage installed on the test section of the wind-tunnel.

surements. Therefore, the blower should be exchanged by another one, which is able to provide 
a flow velocity above 10 m/s with the présent blockage.

According to the principles of the orifice fiowmeters (Figliola and E. (1991)), it is known (see 
équation (B.l)) that the pressure drop is proportional to the square of the flow-rate.

Qv =
2Ap

Ap =
1

1 (B.l)

In équation (B.l) Ap is the pressure drop; Qv is the volumétrie fiow-rate; Cd is the so-called 
discharge coefficient; A\ is the original cross-section and is the opening of the orifice plate. 
Based on the analogy of the orifice plate, one can apply it to the présent problem regarding the 
blocking plates. Knowing that the relationship between the pressure drop and the flow-rate is 
second order, one can extrapolate the already existing measurement data to higher flow-rates 
(see Figure B.4). Thus, the desired pressure drop can be predicted and the required blower can 
be selected.

As it is illustrated in Figure B.4, in order to be able to operate the wind-tunnel above 10 m/s 
free stream velocity in the test section with the given amoimt of blockage, a blower is required, 
which is able to provide about 2000 m^/h flow-rate against about 10 kPa pressure drop.

The final selected blower opérâtes with 96 kW power and according to its characteristics, it 
is able to provide the desired conditions by having its working point still below the pumping 
curve. Thus, the air supply is continuous without fluctuations.

Once the suitable blower is selected, it is installed to the wind-tunnel. Since the new blower 
has a considerably bigger size than the original, it cannot be mounted directly on the wind- 
tunnel. Instead, the blower supplies the tunnel through a tubing System (see Figure B.5).

Connecting the new blower to the wind-tunnel, the previously described speed tests are re- 
peated including the pressure drop measurements. These results are also indicated in Figure B.4. 
Unfortunately, the Betz-type manometer cannot measure higher pressures than 600 mmH20 
(about 5.9 kPa). Otherwise, the available new measurement points fit well with the extrapola-
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Figure B.4 - Speed test with the new blower of the L-11 wind-tunnel and with the square 
blockage.

tion. The real maximum performance of the blower is not reached in order to save the engine; 
therefore the maximum velocity is approximated to be at least 14 m/s. However, the blower can 
be used in long term at 10-11 m/s, which is already acceptable.

Later, the expected pressure drop was verified at 10 m/s using a calibrated pressure trans- 
ducer. The resulting 5923 Pa confirms the prédiction as well.

B. 1.2 Uniformity test with the original test section

In its final configuration the wind-tunnel will be installed in vertical position (the flow is 
going towards the ground) at the place of the VKI L-6 wind-tunnel. The available space at 
this location above the wind-tunnel is strongly limited. Therefore, the tubing system of the air 
supply should hâve a 90° curvature just before the diffuser of the stagnation chamber. However, 
in this configuration it is not guaranteed that this curvature has no effect on the uniformity of 
the flow inside the test section. Thus before installing the wind-tunnel to its place, the flow 
uniformity at the inlet of the test section has to be verified.

For this reason, the supplying tube is aligned in the position, which is expected to be its final 
configuration (indicated in Figure B.5) and one plane of the original test section of the tunnel 
is fuUy characterized (from the flow uniformity point of view) with hot-wire. The selected cross 
section is located 80 mm downstream the convergent part of the stagnation chamber.

In order to verify the uniformity of the flow with the single hot-wire (installed on a ID 
displacement system), the mean velocity profiles are measured at six different locations. The 
arrangement of the profiles is shown in Figme B.6. Three horizontal and three vertical profiles 
are taken. Two profiles represent the symmetry axes and the four remaining profiles are chosen 
to be in the vicinity of the four sidewalls of the test section.

The flow velocity is set to about 12 m/s. The velocity is verified continuously by a hot-sphere, 
which is installed downstream the hot-wire.

The frequency response of the hot-wire is in each measurement case higher than 9.5 kHz. 
The signal of the hot-wire is filtered at // = 0.75 kHz and amplified with a gain of ^4 = 5. The 
sampling frequency of the acquisition system is set to fs = 2 kHz and at each measurement
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Figure B.5 - The tubing between the blower and the wind-tunnel.

Figure B.6 - Preliminary flow Met uniformity characterization location.

position Ns = 15000 samples are recorded.

Based on these samples, the mean stream-wise velocity is determined at each measurement 
point. Each profile is normalized by the actual free stream velocity. The actual free stream 
velocity is determined by averaging the mean velocity values that correspond to 40 < y < 
160 mm.

The resulting normalized mean velocity profiles are shown in Figure B.8(a). In the figure 
ail the profiles are plotted in one graph to be able to see the déviations from each other, which 
would show the non-imiformity of the flow.

The profiles taken at different positions show a good agreement in general. The top of the 
profiles (y > 170 mm) shows an accélération of the flow, which is certainly not representing the 
mean stream-wise movement of the flow. This effect is most probably due to the presence of 
the holes (about 10 mm in diameter) through which the hot-wire is penetrating the test section. 
Through these holes rapid air évacuation is observed due to the large pressure drop caused by 
the blockage (for this reason, during the measurements the holes out of use are blocked).

Furthermore, most of the profiles show a slight décélération in the mean velocity by the 
increasing y position. However, this décélération is around 3-4 %, which could be simply caused 
by the blockage effect of the shaft of the hot-wire.

In Figure B.8(b) one can see the déviations of the velocity profiles from each other. The 
figure shows a zoom-in to the région 0.9 < t//C/o < 1.1. It is clear that the déviations are mainly
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Figure B.7 - The applied hot-wire.

UAJjH
(a) Pull profiles. (b) Enlargement.

Figure B.8 - Mean velocity profiles of the inlet uniformity characterization.

below ±2 %, which is considered to be acceptable (Pope (1947)).

Performing ail the above-mentioned tests and considering the results, it is decided that the 
VKI L-11 wind-tunnel is applicable for the planned measurements. Thus, the design of the final 
configuration can be started.

B.2 Facility design and adaptations

Finally, as the L-11 wind-tunnel is selected to be the basis of the final facility, it is installed 
in the place of the L-6 wind-tunnel in vertical position and to design a new test section for the 
présent purposes. This is shown in Figure B.9.
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B.2.1 The wind-tunnel

The platform is two-storey. Mainly, the wind-tunnel itself - the stagnation chamber and 
part of the convergent - is located upstairs. On the top one can see the tube, through which 
the air is supplied. It is designed to be in the same position as it is arranged during the first 
characterization of the facility (see B. 1.2).

The sprays, which generate the liquid-phase during the measurements are going to be in- 
stalled just upstream the convergent part of the stagnation chamber. One of the walls of the 
stagnation chamber includes a plexiglass window. Through this window the operation of the 
spray could be monitored.

The test section is going to be located downstairs attached to the end of the convergent 
module.

Figure B.9 - The L-11 wind-tunnel înstalled vertically.

Before the wind-tunnel is fixed in its final position, it is disassembled in order to inspect and 
clean its interior. Once it is disassembled, ail the wooden surfaces (ail the walls, except for the 
plexiglass) are lacqued in order to make them water-repellent. Otherwise, operating the water 
sprays, the water would shortly damage the structure.

After ail the treatments, the wind-tunnel is finally mounted to its place, mainly according 
to the design.

B.2.2 The test section

As it has been mentioned before, the test section is directly attached to the end of the 
convergent part of the L-11 wind-tunnel.

The test section itself represents the main characteristics of the solid propellant motor 
(P230/MPS) of the Ariane 5 spacecraft. The test section should model in the best possible 
way the main features of the motor, when 50 % of the propellant is bumt. However, there are 
four important différences compared to the real situation;
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• The présent tests are cold-gas simulations. Therefore, the measurements are carried out 
at ambient temperatme, without any Chemical reaction;

• The flow is axial;

• The Mach number of the real case (M = 0.1) is not respected (having approximately 
M = 0.04). In any case, the sonie condition at the nozzle is not modelled;

• The real motor is axisymmetric, while the model is two-dimensional.

In spite of the différences, the main internai geometrical characteristics should be respected. 
On the one hand, in the real case (see also a schematic in Figure 2.1(c)) there is an inhibitor 
(thermal insulation) between the second and the third stage, which defines the main structure 
of the internai flow and flrst of ail, this inhibitor is responsible for the vortex formation in the 
flow. On the other hand, the presence of the nozzle is important, since the generated vortices 
are impinging on the nozzle head. Therefore, depending on the interaction between the vortices 
and the nozzle, the accumulation of the liquid in the cavity next to the nozzle could be strongly 
influenced.

As a conséquence, in order to understand the main parameters of the liquid accumulation, 
one has to model the presence of the inhibitor between the second and the third segments and 
the nozzle (with the cavity).

Prom now, within this section (only in section B.2.2.1 and B.2.2.2), the term ”test section” 
stands for the test section of the wind-tunnel, including the inhibitor, but excluding the nozzle. 
This is made in order to be able to explain the design in a more simple way.

B.2.2.1 The test section geometry

Basically the final section of the convergent part of the L-11 wind-tunnel defines the dimen­
sion of the test section. Therefore, it should be 200 x 200 mm^. Since the test section has a 
square concept, one has the possibility to use it in the square configuration. However, by in- 
stalling a splitting plate in the middle of the test section a 2D concept can be created easily (see 
Figure B.lO(a)). The geometry of the set-up can be symmetric, which equalizes the pressure 
drops on either side. On the other hand, in the square design ail the éléments (obstacle, nozzle, 
cavity) should be square.

During the design, as it was mentioned before, one of the goals is to croate a model, which 
represents in the best possible way the characteristics of the real motor. For this reason, at 
the design, the section ratios (e.g. the PR of the inhibitor) should be respected in order to 
hâve similar flow-pattem. However, considering the inhibitor, if the section ratios are respected 
with the real, axisymmetric motor, the obstacle height in the model should be relatively higher. 
However, if the inhibitor height is higher, the path of the vortices will be farther from the 
sidewall, which by itself may modify their properties. Furthermore, the presence of the splitting 
plate (which does not exist in the real case) may hâve an influence on the flow as well.

As a conséquence, the square concept is more favourable, since in this case one can respect 
the section ratios with the real motor, while the distance ratios are similar as well. In addition, in 
the square model no splitting plate is needed. On the other hand, using the square configuration, 
one should verify that there are no considérable corner and three-dimensional effects appearing 
in the flow.
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(a) 2D (b) square

Figure B. 10 - Test section concepts.

Therefore, at the présent State, both designs are kept in mind and the very first task is to 
perform some tests to be able to décidé between the two configurations.

B.2.2.1.1 The sidewalls of the test section Since optical measurement techniques would 
be used, the walls of the test section should provide optical access. Therefore, it should be made 
of plexiglass, since it is easier to machine than glass.

However, performing PIV measurements with a YAG Laser, the high-energy light is dan- 
gerous for the plexiglass. Due to the impurities of plexiglass, the light beats up the material, 
which starts locally boiling and forms small (up to 1 mm) bubbles. Since these bubbles scatter 
the light, the light intensity distribution in the laser-sheet inside the test section would not be 
uniform. In order to avoid this effect, in the wall of the wind tunnel, where the Laser enters, a 
glass window is designed in the plexiglass frame. Therefore, the Laser light can enter the section 
through the glass window, which is more robust against the high-energy light. This wall is called 
to be the front of the test section.

Performing PIV measurements close to walls is always difficult mainly because of light refiec- 
tions from the wall. These refiections hâve an eflfect on the images even in the régions of the fiow 
field, where they reduce the performances of the cross-correlation. That is why the surface, close 
to which measurements are carried out, should be treated carefully. The best solution in case of 
plane areas is to make them mirror-like surfaces. In this case, as the light of the laser-sheet hits 
the surface, it is refiected back in itself. Thus, besides reducing the side refiections, the light 
energy inside the laser sheet could be almost doubled as well. To realize the mirror-like surface 
of one of the walls of the wind-tunnel, the easiest solution is to apply polished métal. Therefore, 
the wall of the test section opposite to the glass windowed wall is made of stainless Steel and its 
surface along its centre is polished. This wall is called to be the back of the test section.
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According to the expériences that are gained during the preliminary assessment of the LeDaR 
measurement technique (see section 3.2.1) and the two-phase PIV measurement technique, it 
seems that plexiglass is not well suited as being the material of the sidewalls. Due to water 
déposition, the optical access to the test section dramatically reduces during the measurements. 
In addition, the surface of the plexiglass cannot be treated to be water-repellent. For this reason, 
according to the original design, the side surfaces of the test section are covered in the interior 
by a thin (1 mm thick) glass film, which is glued to the plexiglass along its border.

Figure B.ll - The main walls of the test section.

The final design of the walls of the test section can be seen in Figure B.ll. The front wall 
can be easily recognized by the glass window. The identification of the rest of the walls is then 
straightforward. Finally, including the glass films on the sidewalls, the internai dimension of 
the first test section in practice became 199 x 197 mm^ (the distance between the front and the 
back surface is 199 mm).

B.2.2.1.2 Inhibitors At the State of the design of the facility, before making the decision 
between the two-dimensional and the square test section, the design of the inhibitors has not 
been finalized yet. However, obstacles are designed for both of the geometries.

The test section is designed in a way that the inhibitors can be fixed through the front and 
the back walls (see the pairs of small sticks in the 3D drawing in Figure B.ll). Since the glass 
film is glued to the sidewalls, through them no fixation is possible.

This limitation is true for the splitting plate as well. Therefore, the splitting plate has to 
be also fixed to the front and the back walls, which can only be realized by applying additional 
plexiglass sheets placed onto the sidewalls. The concept can be seen in Figure B. 12, which is 
the top-view of the two-dimensional configuration. The additional plates are hatched.

Figure B.12 - The position of the additional plates to fix the splitting plate.

These additional plates are covered by a glass film (1 mm thick) as well. Therefore, in the two- 
dimensional case the cross section of the test section is further reduced to 199 x 183 mm^, where
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the 4 mm thick splitting plate is not taken into account. Naturally, in the square configuration 
the section is not modified (199 x 197 mm^).

To déterminé the dimensions of the first génération inhibitors, a previous study of Anthoine 
(2000) is kept in mind. Within that project the acoustic coupling is studied experimentaUy inside 
the motor, using a 1/30 scaled axisymmetric model with either axial or radial fiow injection. The 
model is a scaled représentation of the geometry of the real motor, when half of the propellant 
is burnt. The first inhibitors of the L-11 facility are designed to respect the same section ratios 
(same PR) as for the three main obstacles that can be installed in the axisymmetric model. The 
calculated inhibitor heights {h) are indicated in Table B.2.

Table B.2 - Determined inhibitor sizes
haxisymmetric [nim] PR[-] ^sQuare [min] h2D [mm]

9 0.582 24 41
7 0.666 18 27
4 0.801 11 13

The obstacle with haxisymmetHc = 9 mm corresponds to the real case. Therefore, this 
inhibitor is considered to be nominal during the tests related to the design of the facility. The 
definitive nominal inhibitor size will be chosen in section B.4.

In the final measurements the applied obstacles are going to be inclined as it is justified in 
section 5.1.

Regarding the position of the obstacle, this parameter can also be changed later during the 
measurements. According to the présent design of the L-11 facility, the shortest possible distance 
between the inhibitor and the tip of the nozzle can be Lj = 70 mm. The maximum position is 
designed to be Li = 310 mm. In between, the available positions are spaced by 40 mm. This 
can cover the 02NRs^ between 1.7 and 23.8 in the two-dimensional case (calculating with the 
inhibitors of Table B.2) and between 2.9 and 28.2 in the square case.

B.2.2.2 The cavity geometry

Due to the fact that the final decision between the square and the two-dimensional concept 
is not made at the présent status, the final nozzle and the cavity geometry is not available.

However, it is already known that the nominal geometry of the nozzle and the cavity should 
represent the geometry of the real case. Defining the width of the cavity, the section ratios 
with respect to the test section should be considered. In addition, modification of the cavity 
geometry (e.g. the volume of the cavity) should be possible on the final set-up.

In practice, the modification of the cavity geometry is very difficult in the square case. That 
is why it is decided that for each configuration a new cavity (the nozzle and the cavity are 
considered to be one unit) is built. In the two-dimensional case the cavity can be designed in a 
way that the modification of its geometry can be realized on the same piece.

In Figure B. 13 the cavity corresponding to the square concept can be seen, as it is positioned 
to its place.

During preliminary measurements with the L-6 wind-tunnel, when the liquid accumulation 
is studied, a balance is used to détermine the weight of the accumulated liquid and compare it to

^Obstacle-toNozzle Ratio, 02NR = Li/h
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the LeDaR measurements (for further details on these tests, please refer to T6th and Anthoine 
(2004) and Tran (2004)). The possibility of performing balance measurements should be kept 
in the L-11 wind-tunnel as well. However, this nécessitâtes that the cavity is not fixed, nor 
attached to the test section. Instead, a small (maximum 1 mm) gap is left between the two. 
This gap should be small enough so as not to hâve considérable leakage. Therefore, in both 
(square and 2D) cases, the cavity is not planned to be fixed to the test section but put on a 
balance System. When the balance measurement is not needed, the cavity can be supported by 
a table, which has an opening to allow the flow to leave the test section through the nozzle. In 
this case, the gap between the test section and the cavity can be closed.

As it was mentioned earlier, during the design of the cavity and the nozzle, no sonie condition 
is expected at the nozzle.
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Finally, Figure B. 14 shows the design of the whole assembled facility including the wind- 
tunnel and the test section with the cavity. The varions gray levels of the three-dimensional 
drawing represent different pièces, but not necessarily different materials.

Below the cavity its spécial support can be seen. This support is holding the cavity, when no 
balance measurements are made. Below the support the suction System can be installed. This 
is required for the PIV measurements.

The spray, which produces the droplets of the second phase, can be installed in the stagnation 
chamber of the wind-tunnel. Its location is not indicated in these drawings.

B.3 Investigation of the Square and the Two-dimensional con­
cept

As it was introduced in section B.2.2.1, the first objective is to décidé between the square and 
the two-dimensional concept of the design for the final facility. Therefore, a PIV experimental 
campaign is performed in the test section.

B.3.1 The in-plane investigation

During the PIV measurements, three configurations are compared. In this case, apart from 
the inhibitor, nothing else is installed in the test section (tests without the cavity). Every 
investigated obstacle is fixed about 303 mm downstream the beginning of the test section.

One of the arrangements représenta the square design with a square inhibitor, which has a 
150 X 150 mm^ opening. In this configuration the cross-section of the test section is therefore 
199 X 197 mm^. Thus, the average inhibitor height is h = 24 mm.

The two remaining arrangements both represent the two-dimensional (2D) design with in­
hibitor sizes of /i = 33.5 mm and h = 41 mm. In the 2D configurations a 4 mm thick splitting 
plate is mounted in the mdddle of the test section. This plate ensures that the flows behind 
the opposite inhibitors are not dépendent on each other (prevents the coupling between the two 
vortex shedding). As it was mentioned in section B.2.2.1.2, in order to fix the splitting plate, 
two additional plates are required. Therefore, in this case, the cross-section of the test section 
reduces to 199 x 183 mm^.

See Figure B.10, Figure B.11 (without the cavity) and Figure B.15 to understand better the 
configurations. After ail, the blockage of the square inhibitor corresponds to the blockage of the 
41 mm high 2D obstacle.

Ail the inhibitors are made of 2 mm thick aluminium plates and ail of them are straight 
(normal to the sidewalls).

At first, PIV measurements are made with a laser-sheet, which is aligned with the mean 
flow and adjusted to the center of the test section (see the dashed fines in Figure B. 15). This 
laser-sheet position corresponds exactly to the position that is planned to use in the future. 
However, in the présent experiments, the FoV of the caméra covers the whole cross-section 
of the wind-tunnel. During the measurements the symmetry and the stability of the flow are 
investigated.

The free stream velocity of the flow is Uq = 10 m/s. With each configuration 1000 image pairs
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Figure B. 15 - Test section configurations.
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are recorded to calculate the mean flow field. During the data processing, the initial window 
size is 72 x 72 pixel^. Two window refinement steps and finally 50 % of window overlapping are 
applied. As a resuit, the spacing between the velocity vectors is 9 x 9 pixel^ (1.4 x 1.4 mm^).

X [mm]

Figure B.16 - Mean flow field (square configuration; in-plane).

The mean flow fleld corresponding to each arrangement can be seen in Figure B. 16 and 
Figure B. 17. The contour plots of the figures show the mean velocity magnitude. Furthermore, 
the mean velocity vectors are indicated as well.

Based on the contour plot of Figure B. 16, it can be seen that in mean, the velocity magnitudes 
show a very symmetric distribution. The maximum velocity at the vena contracta is just above 
24.8 m/s.

In the 2D-case results (Figure B.17(a) and Figure B.17(b)), close to the splitting plate 
unexpected, large velocity magnitude variations can be seen. However, they appear only because
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the image quality in these régions is low due to image quality issues (from the glue that fixes 
the glass film to the surface of the plates that hold the splitting plate).

Looking at the contour plot of Figure B.17(a), the fiow appears to be rather symmetric. 
However, it is important that although the blockage ratio of the 2D obstacle {h = 41 mm) 
equals to the blockage effect of the square inhibitor, in the 2D case the fiow accélération appears 
to be larger. In this case the maximum mean velocity reaches 28 m/s.

(a) h = 41 mm (b) /i = 33 mm

Figure B.17 - Mean flow field (2D configurations; in-plane).

Considering the contour plot of Figure B.17(b), one can see that using the h = 33 mm 
obstacle - which represents smaller blockage than the square inhibitor -, the maximum mean 
velocity of the accelerated flow is doser to the value that is observed with the square obstacle (it 
is just below 24.5 m/s). However, in this case the distribution of the velocity magnitude values 
does not seem to be very symmetric.

In order to quantify the asymmetry of the mean velocity magnitude with the latter con­
figuration, profiles of the velocity magnitude information are extracted at A == 8 mm and 
A = 80 mm.

(a) The fuU profile (b) Enlajgement

Figure B. 18 - Velocity magnitude at X = 8 mm.
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The profile from the position X = 8 mm is shown in Figure B. 18. In the figure the points 
called "Original” represent the profile. However, in order to be able to see easier the différence, 
the profile is mirrored and plotted in the same graph under the name of ” Mirrored”. Further- 
more, Figure B.18(a) the left plot shows the whole profile and Figure B.18(b) shows a zoom-in 
to the région of the maximum velocity values.

(b) Enlargement

Figure B. 19 - Velocity magnitude at X = 80 nun.

In Figure B. 19 the profile from the position X = 80 mm is presented in the same way as 
Figure B. 18. Based on the two figures, it is clear that in the mean velocity magnitude a différence 
of about 1 m/s can be observed as asymmetry. Comparing this value to the maximum values, a 
ratio of about 4.5% or ±2.3% can be found. Although, this amount is still acceptable, it should 
be verified later, with the final obstacles especially, when the nozzle is also installed.

However, observing a considérable différence in the mean velocities, when different geometry 
(square and 2D) inhibitors are applied, the flow accélération will be studied later more deeply 
(in B.4). Considering the two-dimensional configuration, one should find out, what is the re- 
lationship between respecting section ratios and respecting dimension ratios. The section ratio 
means the blockage (or passage) ratio. The dimension ratio means the ratio between the height 
of the obstacle and the total height of the test section.

B.3.2 The out-of-plane investigation

Using the PIV technique, the flow in the out-of-plane (in the plane normal to the mean 
flow direction) is investigated downstream the inhibitors (see Figure B.20). However, during the 
out-of plane cases only one of the 2D obstacles {h = 33.5 mm) is investigated beside the square 
inhibitor. The free stream velocity of the flow is again Uq = 10 m/s.

The différence of the présent measurements with respect to the in-plane investigation is 
that in the présent case the laser-sheet is horizontal, perpendicular to the main flow direction. 
Using both inhibitors, two laser-sheet positions are investigated. The sheet is placed at X = 8 
and 80 mm downstream each obstacle. These positions are indicated in Figure B.20(a) and 
Figure B.20(b) by the dashed Unes.

Since the caméra has to be perpendicular to the laser-sheet during the conventional (2- 
dimensional, 2-component) PIV measurement, it is placed below the wind-tunnel. In order to 
prevent the optics of the caméra to be contaminated by the oil seeding, a plexiglass shield is 
placed above it, which has to be cleaned frequently. The plexiglass is fixed to a support, which is 
indépendant from the caméra. Therefore, the caméra is protected from the aerodynamic forces
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Figure B.20 - Test section configurations.

as well. Otherwise, the exhaust flow of the test section would continuously move the caméra 
and the FoV would not be constant.

With each configuration 1000 image pairs are recorded to calculate the mean flow fleld. 
During the data processing, the initial window size is 80 x 80 pixels^. Two window refinement 
steps and flnally 50% of window overlapping are applied. As a resuit, the spacing between the 
velocity vectors is 10 x 10 pixels^ (~ 1.6 x 1.6 mm^).

In order to reduce the ambiguities, each measurement is performed using one FoV (one posi­
tion) of the caméra. Therefore, the whole cross-section of the test section has to be illuminated 
by the laser-sheet. At this point the polished back surface became undoubtedly handy. Thanks 
to it, even in the areas that are shadowed by the frame of the glass window in the front wall of 
the test section it is possible to obtain some results. Although, the signal-to-noise-ratio is lower, 
mostly it is still acceptable.

Due to the harsh measurement conditions, before the results, the mean signal-to-noise ratio 
SNmean distribution is shown in Figure B.21 corresponding to every measurement configuration. 
Later, using these figures, one can judge the physical content and the reliability of the results.

The results of the measurements are shown in Figure B.22 and Figure B.23(b). In each figure 
the walls are indicated. The red dashed line in the centre stands for the position of the in-plane 
measurement.

At A = 8 mm far from the inhibitor the flow is strongly dominated by the obstacle. That 
is why in ternis of the mean quantities no 3D effect was observed. Thus, in Figure B.22(a) and 
Figure B.22(b) the contour plot représenta the mean V velocity component (aligned with the 
F-axis), which is common with the in-plane component of the regular measurements.

Looking at the mean V component, the symmetry of the flow accélération can be seen, 
which appears to be symmetric both in the two-dimensional (Figure B.22(b)) and the square 
(Figure B.22(a)) case. If the flow accélération were asymmetric, then farther downstream more 
important 3D effects could be expected.

At A = 80 mm far from the inhibitor the eflfect of the obstacle is less dominant and the
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Figure B.22 - Mean velocity field at X = 8 mm.

3D structures of the flow already establish. Therefore, in Figure B.23(a) and Figure B.23(b) 
the mean W velocity component (aligned with the Z-axis) is shown in the contour plot. In 
the regular PIV measurement this component is the out-of-plane component, which cannot be 
measured.
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In Figure B.23(a) and Figure B.23(b) the mean out-of-plane motion, the mean 3D effect on 
the regular measurements can be seen directly. In the square configuration (see Figure B.23(a)) 
an out-of-plane motion of 0.2 to 0.4 m/s can be seen in the middle région of the test section along 
the centre line. With respect to the free stream velocity upstream the inhibitor {Uq = 10 m/s) 
this cross-flow is less than 4%. Regarding the 2D case (Figure B.23(b)), this cross-flow is more 
important in some régions. It even exceeds 8%, but considering the SNmean (Figure B.21) in 
the corresponding région, it is probable that the measured magnitude of the mean cross-flow is 
not physical.
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(a) Square configuration. (b) Two-dimensional (h = 33.5 mm) configuration.

Figure B.23 - Mean velocity field at X = 80 mm.

Since the same configurations are used as during the in-plane measurements, the discovered 
symmetry problem (see Figure B. 18 and Figure B. 19) can be investigated again focusing to the 
2D h = 33.5 mm high obstacle. During the two measurements the V velocity component is 
common. Therefore, along the line, which is common in the two measurement planes, the V 
velocity component is extracted. Its absolute value is determined and plotted in Figure B.24. In 
the plots the mirrored profiles are shown as well to allow the easier détermination of the asym- 
metry. One can observe a less smooth plot in case of the out-of-plane measurement. However, in 
this case a better symmetry can be seen between 0 < F < 45mm, while a high amplitude peak 
appears between 100 < F < 150. In these plots the parallax effect (which will be explained in 
B.5.1) is not taken into account.

Considering the two-dimensional configuration, the splitting plate séparâtes the two sides of 
the wind-tunnel. Therefore, the flow in the two sides cannot interact with each other. Since, 
during the measurements the flow of only one side is investigated, the observed degree of non- 
symmetry can be acceptable. Moreover, after installing the cavity to the set-up, the symmetry 
of the flow is expected to improve due to the imposed additional pressure drop.

To sum up ail, it can be stated that based on the mean out-of-plane measurements, the two 
configurations (square and two-dimensional) are similar. The symmetry of the flow could be 
accepted and no outstanding mean 3D effect is discovered.

B.3.3 Deciding between the square and the two-dimensionsd design

In order to be able to décidé between the square and the two-dimensional configurations, the 
measurement data are further analysed.
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Figure B.24 - |F| profiles at X = 80 mm (2D inhibitor; h = 33.5 mm^.

The contour plots of Figure B.25(a) and Figure B.25(b) show the velocity magnitude in the 
square and the two-dimensional (using the h = 33.5 mm 2D obstacle) case respectively.

As it was discussed earlier, the velocity magnitudes are slightly higher in the square case, 
but they are still similar with these geometries. Some non-symmetry can also be seen in the 
two-dimensional (2D) case, which is now neglected according to the previous agreement.

In the figures the streamlines of the flow are indicated as well. Looking at the 2D config­
uration (Figure B.25(b)), the mean flow structures between 0 < F < 50 mm and 150 < F < 
200 mm, they show a good symmetry. In both sides, a big recirculating structure extends from 
the tip of the obstacles. Their center seems to be close to the edge of the présent fields of 
view. In earlier (see the report of Toth and Anthoine (2003)) obstacle-flow measurement (with 
Uo = 2.33 m/s and BR = 27%, while currently Uq = 10 (m/s) and BR = 34.4%) the center 
of the main recirculating région resulted to be 3.65 • h (where h is the obstacle height). In the 
présent case {h = 33.5 mm) this distance corresponds to 122.3 mm.

In addition, in the 2D measurements (Figure B.25(b)) the secondary circulating structure 
also appears just downstream the obstacles. Although, these structures cannot be characterized 
due to the low resolution of the measurements, their appearance is already welcome.

Looking at the streamlines of the flow representing the square configuration (Figure B.25(a)), 
the above-mentioned structures cannot be identified. The mean in-plane flow field shows strong 
three-dimensionahty. Sources and drains are visible. The mean structures are not well defined 
either. Between 0 < F < 50 mm two small circulating structures seem to appear, while between 
150 < F < 200 mm only a larger structure is visible. After ail, there is no similar mean 
recirculation in the flow field that would be similar to any earlier 2D studies downstream an 
inhibitor.

Regardless of the above-mentioned observations, the data were further investigated in order 
to discover différences in the instantaneous fields as well. However, not individual samples are 
studied, but quantifies are defined, which could represent instantaneous behaviour.

At first, the distribution of the absolute value of vorticity is computed in each instantaneous 
velocity field using équation B.2.

|a;|
dv du 
dx dy

(B.2)
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(a) Square case. (b) Two-dimensional {h = 33.5 mm) case.

Figure B.25 - Velocity magnitude and streamlines.

Then, this quantity is averaged in each spatial location over the 1000 recorded fields. With 
this method in ternis of mean, one can still see the régions, which hâve a vorticity value different 
from zéro with a higher probability in the instantaneous fields. The resuit can be seen in the 
contour plot of Figure B.26(a) (square case) and Figure B.26(b) (2D case).

Based on these figures, the two configurations show a good agreement. No significant différ­
ence can be found. The large values in Figure B.26(b) in the vicinity of the splitting plate are 
not considered, since they are due to the low local image quality and lack of visual access.
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Figure B.26 - Absolute vorticity plot.

Finally, one more quantity, ” Neg.X” is defined based on A2. A criterion, based on A2 is 
used e.g. in the VKI wavelet-analysis algorithm, which is detecting vortices in fiow fields. The
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définition (assuming 2D flow) is shown in équation B.3.

/ du \ ^ /du dv\ 
\dx J \dy dx J (B.3)

(a) Square case.
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(b) Two-dimensional {h ~ 33.5 mm) case.

Figure B.27 - Négative Lambda distribution.

The régions with négative A2 value represent régions, where the rotation of the flow is 
stronger, so it indicates vortex-like structures. Prom A2, the mean "iVe^.A” field is defined by 
équation B.4,

Neg.X= ^
Fields

0 if 
A2 if

A2 >= 0 \ 
A2 < 0 J (B.4)

Thus, this quantity should indicate in each field the régions, where vortices, or vortex-like 
structures appear in the instantaneous fields. The more négative this value is, the higher the 
probability is that at a given position vortices exist. Therefore, it should show the path of 
the vortices. The resuit can be seen in the contour plot of Figure B.27(a) (square case) and 
Figure B.27(b) (2D case).

One can observe more significant différences between the ” Neg.X” plots, than between the 
|o;| plots previously. In the square case (Figure B.27(a)) ”Neg.X” is doser to zéro, than in the 
2D case (Figure B.27(b)). In addition, the square configuration is far less symmetric, than the 
2D configuration.

Concisely, it can be seen, that looking either at the mean flow structures, or at the instan­
taneous structmres (vortices), the square configuration performs far worse, than the 2D config­
uration. The reason is probably the large three-dimensional effect appearing with the square 
obstacle. Therefore, it is suggested to apply a 2D configuration for the later investigation.

Furthermore, during this investigation, the glass layer of the sidewall was found to be very 
limiting due to its fragility and due to the optical distortions of its glue. In addition, it made 
the splitting plate mount complicated. Since first of ail numerous single-phase experiments are
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to be done, the sidewalls of the test section were remanufactured using only plexiglass, where 
the - plexiglass - splitting plate can be fixed directly to the sidewalls with screws. This new test 
section has again a dimension of 200 x 200 mm^.

B.4 About the importance of the splitting plate

With the square design the model could hâve respected both the ” distance” and section ratio 
similarities with the real motor. However, as this concept was found to be inapplicable, at least 
the flow dynamics were to be kept similar in the model, if possible.

The flow dynamics dépends on the one hand on the blockage ratio {BR) of the inhibitor 
itself. On the other hand, the position of the inhibitor tip deflnes the location of the shear 
layer and therefore the location of the shed vortices compared to the sidewall. Furthermore, 
the distance of the vortices from the wall may influence the dynamics of the vertical structures 
(Anthoine (2000)).

The parameter of the inhibitor height (h) is straightforward. This deflnes the location of the 
inhibitor tip from the sidewall. However, keeping the test section of the wind tunnel unchanged, 
the BR of the inhibitor (see also Figure B.28 and équation B.5) can be modifled by using 
different splitting plate thicknesses {tgp).

(B.5)

Therefore, a study is initiated in order to investigate that in function of different splitting 
plate thicknesses and inhibitor heights, how the main flow characteristics change.

For the study, seven different configurations are defined (please, see the first four columns of 
Table B.3). The flrst configuration does not contain any splitting plate guiding the flow.

r ]
3

O
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Figure B.28 - Mean flow field (square configuration; in-plane).

In the followings, configurations are chosen, which represent large BR {h = 41 mm with 
tsp = 57 mm; BR = 0.58), small BR {h - 13.5 mm with tsp — 5 mm; BR = 0.14) and 
intermediate blockages. The intermediate configurations are defined in order to realize similar 
blockage ratios (0.33 ~ 0.35 and 0.42 = 0.42) at different inhibitor heights (by compensating 
with tsp).

The whole investigation is carried out at Uq = 10 m/s using the Particle Image Velocimetry 
(PIV) measurement technique. The fields-of-view (FoVs) of the caméra include entirely one side 
of the test section. However, they always includes a part of the test section from the opposite side 
of the splitting plate in order to be able to verify qualitatively the flow symmetry. Furthermore, 
in each FoV 1000 image pairs are recorded from which statistical quantifies can be obtained. 
Finally, the spatial resolution of the experiments is around 1.1 x 1.1 mm^
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Table B.3 - The ftow accélération over the inhibitors
Config. h [mm] tsp [mm] BR[-\ Umax [^/®]

Ay r 1

H _U^ H Cpc H
(0) 33.5 0 0.34 21.94 2.91 4.08 0.687
(1) 13.5 5 0.14 14.25 3.82 2.91 0.815

(2) 23.5 57 0.33 19.94 3.35 2.30 0.750
(3) 33.5 5 0.35 21.43 3.52 2.33 0.713

(4) 33.5 40 0.42 24.57 2.48 1.99 0.703
(5) 41 5 0.42 25.54 3.06 2.11 0.678

(6) 41 57 0.58 34.27 1.94 1.59 0.691

B.4.1 The mean flow fields

From the PIV experiments, most importantly the whole-field mean velocity distributions can 
be obtained (some examples are shown in Figure B.29).

First of ail, in the configurations that imply a splitting plate, a good fiow symmetry is found. 
However, in the configuration without the splitting plate, the flow symmetry is very poor (the 
resuit is shown in Figure B.29(a)). This observation reassures the necessity of the splitting plate 
in the test section in the two-dimensional inhibitor arrangement.

Figure B.29 - Resulting mean flow fields.

In general, the flow downstream an emerging fence (e.g. the inhibitor) séparâtes from the 
tip of the obstacle and further accelerates, creating a contraction, also called vena contracta. 
Therefore, as it confirmed by the présent results, the highest velocity magnitudes can be found



208 Appendix B - The design and characterization of the experimental facility

well downstream the inhibitor. The magnitude of the flow accélération can be described by 
équation B.6. This dépends on the undisturbed free stream velocity, Uo, the passage ratio 
{PR = Sp/S) and the so-called vena contracta coefficient (c„c)- The value of c^c varies depending 
on the geometry of the blockage.

The investigation of the obtained flow fields is started by the magnitude of the flow accéléra­
tion. In each mean flow field the location of the maximum velocity is identified (see the marks in 
Figure B.29) and its magnitude and co-ordinates are recorded (see columns 5 to 7 of Table B.3).

The évolution of the maximum mean velocity co-ordinates is shown in Figure B.30. It is 
clear that by increasing the blockage {BR), the flow accelerates faster downstream from the tip 
of the inhibitor and reaches its maximum magnitude at smaller X/h locations. Furthermore, 
the régions with the highest velocity magnitude appear at smaller Y/h locations as well. This 
shows the increasing influence of the splitting plate.

Configuration (1) {h = 13.5 mm; t = 5 mm) représenta a case, where the flow is almost 
not effected by the presence of the splitting plate (as if if —> oo). Here, the flow is capable of 
forming a more curved vena contracta.

In contrary, configuration (6) {h = 41 mm; t = 57 mm) représenta a case, where the flow 
is highly restricted by the inhibitor {H —> h). Here, the inhibitor acts more similarly to the 
nozzle of a simple subsonic jet, where the flow reaches its highest velocity at the nozzle throat. 
Therefore, as the BR increases, the longitudinal location of the highest velocity approaches the 
inhibitor tip. Similarly, as the flow is more restricted, it is not capable of forming an idéal vena 
contracta shape and therefore the transversal location of the maximum velocity becomes doser 
to the inhibitor tip and even more pronouncedly to the splitting plate as well (see Figure B.29).

= r f^vc
(B.6)

Figure B.30 - The location of the maximum velocity.

During the axial-flow investigation of the axisymmetric 1/30 scale SRM model, Anthoine 
(2000) found the highest flow velocity magnitudes at around x/h = 3 to 4.5. From this point of 
view, most of the présent configurations perform similarly.

Considering the amplitude of the velocity, the maxima vary between about 1.4 and 3.4Uo, 
while Anthoine (2000) found about 2.6f7o in the axisymmetric model. From this point of view, 
configuration (5) gives the closest performance.



B.4 About the importance of the splitting plate 209

0.85

0.8

„0.75

♦
11
i

♦
... . ♦

♦ '♦
♦

1
0 15 20 25 30 35 40 45

h [mm]

(a) The vena contracta coefficient.

401— 

35 : 

30 - 

25 : 

20 : 

15 -

0.2 0.3 0.4
BR[-1

(T5

(b) The velocity magnitude peak.

o;6

Figure B.31 - Flow aœeleration in the vena contracta.

Taking the velocity maxima as Ujet, from équation B.6 c^c can be obtained in each case. Here, 
Anthoine (2000) found Cyc = 0.68 with the axisymmetric geometry with acoustic résonance. As 
it can be seen in the last column of table B.3 and in figure B.31, this value can also be modelled 
the best with configuration (5) {tgp = 41 nun; h = 5 nun) in the présent 2D geometry.

B.4.2 The vertical structures

Besides the mean flow field downstream the inhibitor, one should keep in mind the vortices 
and if possible, respect their behaviour as well. Therefore, in each case (except configuration (0)) 
the vertical structures are identified in ail of the instantaneous flow fields using the wavelet-based 
vortex détection algorithm.

Later, a statistical analysis (similar to the one applied by Repellin (1999) and Anthoine 
(2000)) is performed. The field-of-view is divided into equal longitudinal zones, where each zone 
covers x = Ih distance downstream the inhibitor. Within every zone the different properties of 
the vortices are averaged.

At this stage, first of ail the location of the vortices are investigated in order to see their 
mean path. From the PIV measurements performed by Anthoine (2000) the mean path of the 
vortices is known in the axisymmetric configuration (with axial flow injection).

The comparison can be seen in Figure B.32. The path of the vortices of Anthoine (2000) 
matches the best with configuration (3) (representing tgp = 5 mm and h = 33.5 mm).

Configuration (5) (with h = 41 mm), which was favoured previously (in B.4.1) from the flow 
accélération point of view, performs very similarly. However, determining the physical location 
of the vortices, it turns out that Tmean = 1-20 to 1.40h = 0.510 to 0.589H, which means that 
the vortices are doser to the splitting plate than to the sidewall. Therefore, the wall effect of 
the artificial splitting plate may act on them stronger and inversely than the sidewall. In the 
same time, using h = 33.5 mm, in mean the vortices appear to be located around the centre of 
the test section, but mostly doser to the sidewall {Ymean = 1-18 to 1.47h = 0.405 to 0.505H).

Since the main objective of these experiments was to analyse the accélération of the mean 
flow and therefore a considerably large field-of-view was applied, the measurement quality does 
not allow a reliable comparison of further vortex properties.

Therefore, in the end, tgp = 5 mm and h = 33.5 mm are chosen to represent the nominal
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(a) Axisymmetric case of Anthoine (2000). (b) In the current test section.

Figure B.32 - The évolution of mean vortex location.

condition.

B.5 L-11 flow uniformity confirmation tests

As soon as the L-11 wind-tunnel was installed vertically, a preliminary characterization took 
place using several laser-sheet positions with PIV. These experiments are not shown here; they 
are described by Toth and Anthoine (2004). However, when the main parameters of the test 
section are fixed, a shorter characterization took place still with the PIV technique, but this 
time only in two planes. Since these tests are performed in the final nominal condition, only 
these tests are described here.

Furthermore, this section shows an investigation of the flow symmetry of the two-dimensional 
test section as well.

B.5.1 Inlet uniformity

As the inlet uniformity vérification PIV measurements are performed at the top of the test 
section, just downstream the end of the convergent part of the tunnel. These tests are performed 
with the empty test section in the two-dimensional configuration. It means that according to the 
plans for the future measurements, a 5 mm splitting plate (see also Figure B.33) is installed at 
the mid-width of the test section. The plate originates from the end of the convergent part of the 
wind-timnel. The inhibitors and the model of the nozzle with the cavities are not installed. On 
the one hand, this allows optical access in flow direction (from the bottom of the test section). 
On the other hand, with this characterization, the worst condition is analysed. By installing the 
inhibitors and the nozzle model, the downstream pressure drop is increasing, due to which the 
uniformity of the inlet flow is expected to be improved (according to Pope (1947)).

Altogether two PIV measurement planes are defined (for easier understanding see Fig­
ure B.33). The first (in-plane) is located at the mid-span of the test section aligned with 
the mean flow direction. In practice, this is the plane of the future measurements. The second 
plane (perpendicular plane) is normal to the mean flow direction and covers almost the whole 
test section. Both of them are located in the inlet part of the test section: the in-plane flow field 
extends from about 40 to 120 mm from the end of the convergent part of the wind-tunnel; the 
perpendicular plane is located at 109 mm from the end of the same convergent.

From the in-plane test the variation of the flow velocity or its non-uniformity can be discov-
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Figure B.33 - PIV measurement planes.

ered. Using the perpendicular plane, non-uniformities and flow anomalies can be discovered in 
the whole cross section of the test section. However, in the second plane, the magnitude of the 
mean flow velocity cannot be measured.

During the uniformity confirmation tests, the free stream velocity of the airflow is Uq = 
10 m/s. Tins is the velocity that is used during most of the previous tests and this would be 
used in most of the later experiments as well. With both laser-sheet configurations 1000 image 
pairs are recorded. This database serves for the détermination of the mean flow field.

In Figure B.34 the mean (the mean over 1000 image pairs) flow field corresponding to the 
in-plane measurement can be seen. Figure B.35 shows the mean flow field in the perpendicular 
plane. The contour plot of the figures stands for the mean signal-to-noise ratio (SN) distribu­
tion. In the régions of the contours where SNmean < 2.2, the measurement has low quality and 
the obtained velocity vector should not be considered to be physical.
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Figure B.34 - The mean in-plane signal-to-noise ratio distribution.

In the reliable measurement région of the in-plane case (Figure B.34) the velocity vectors 
show a uniform distribution. Furthermore, plotting the non-dimensional velocity amplitude 
(see Figure B.36), the non-uniformity is limited to about ±0.8% of the free stream velocity 
{Uo = 10 m/s).

Regarding the perpendicular plane (Figure B.35), the velocity vectors are pointing radially 
outwards from the centre of the plot. Looking at the non-dimensional velocity magnitudes (see 
Figure B.37) one could conclude that the flow is accelerating towards the sidewalls of the wind- 
tunnel. However, this conclusion would not be correct, because it is only the conséquence of the 
parallax effect during the image recording.

Generally, it is assumed that the measured displacement is lying in the plane of the laser- 
sheet. More precisely, in the plane that is perpendicular to the optical axis of the caméra.
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Figure B.36 - The mean in-plane flow field.

However, this is not exactly true either. In practice, each velocity vector that one can see in the 
PIV plots is lying in a plane that is locally normal to the line drawn between the centre of the 
optics of the caméra and the local measurement position (see Figure B.38). This is due to the 
fact that the caméra has a non-zero viewing angle (except by using telecentric lenses). Thus, 
each point of the measurement plane is seen under a different viewing angle.

Therefore, if the flow has a strong out-of-plane motion (in the présent case the mean flow 
has 10 m/s velocity perpendicular to the laser-sheet), this out-of plane component causes a 
considérable impact on the measurement. In the présent case, zéro velocity components should 
be seen in the mean flow field if a lens with zéro viewing angles (a telecentric lens) was used. 
However, the applied optical System had a conical field of view. Therefore, in the optical axis 
(in the centre of the image) the measured velocity should be zéro and the rest of the vectors 
should point outwards in radial direction and hâve increasing amplitude according to the sine 
of the local viewing angle.
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Figure B.37 - The mean perpendicular plane flow field.

Figure B.38 - The projection of the measured velocity vector.

In order to calculate the synthetic parallax effect, first of ail, the flow is assumed to hâve 
a uniform Uq = 10 m/s velocity distribution; the velocity vectors pointing towards the caméra 
parallel to its optical axis. The schematic in Figure B.38 shows the geometrical arrangement 
and the acquisition of the artificial displacement Umeas in case of an out-of-plane displacement 
of Uq in a given location.
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Accordingly, the local viewing angle can be obtained easily using relationship (B.7).

tana = -p------  => a = arctan-------  (B.7)
^Cam ^Cam

During the actual experiments, the distance between the laser-sheet and the caméra is 
Lcam = 1227 mm. At Uq = 10 m/s, during the At = 120 /xs séparation time that is used 
for the image recording, the flow is displacing by about 1.2 mm towards the caméra. This
1.2 mm is negligible with respect to Lcam and therefore one can assume that /? « a. Thus, the 
artificial displacement can be described by relationship (B.8).

sin/3 -
U„

Uo
sina ^rneas — ^0 sin CX (B.8)

Finally, combining relationship (B.7) and (B.8), the displacement to be measured can be 
estiraated with the simple équation (B.9).

fAneas — ^arctan —) Lcam J
(B.9)

Using this équation, one can compute the expected velocity vector-field in each location, 
where a vector is obtained during the PIV experiments (still assuming an ideally uniform out- 
of-plane velocity distribution with an amplitude of Uo = 10 m/s). The resulting artificial 
vector-field is indicated in Figure B.39.

Figure B.39 - The parallax effect on a uniform flow.

Since the co-ordinate System, the grid of the synthetic field and the actual measurements 
(see Figure B.37) are identical, the artificial field can be simply subtracted from the mean 
experimental field in order to eliminate the parallax effect of the out-of-plane component and 
expose the pure in-plane component of the displacements. The final resuit is presented in 
Figure B.40.
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Figure B.40 - The measured mean flow fleld by correcting the parallax effect.

The non-zero flow fleld shows that the mean inlet flow of the test section is not ideally 
uniform. One can observe several rotating structures, drains and sources with the help of 
the streamlines (in Figure B.40(a)). The most important rotating structures are located at 
Z > 15 mm in both sides of the test section.

However, considering the future experiments, which would be performed in the plane of 
Z = 0 mm (indicated by the dashed line in Figure B.40(b)), the future mean out-of-plane 
velocity component (VF) is shown in Figure B.40(b). As it is visible, in the mid-span of the test 
section the mean out-of-plane motion remains well below 1% of î7o (mostly, it remains below 
0.5%), which is indeed acceptable.

B.5.2 Flow symmetry

By deflning the présent symmetric 2D-like test section (divided by a splitting plate), one 
should be sure that the flow fleld is symmetric as well. If it is the case, one could perform 
measurements at any of the sides depending on which one has easier access.

Having one more look at Figure B.36 it is visible that the flow inside the empty test section 
is symmetric. The non-symmetry appears to be within about 0.8% of the free stream velocity. 
However, installing ail the blockage éléments (inhibitor and nozzle), the situation may change.

To find out, how the flow behaves in the final configuration, PIV measurements are carried 
out with a nominal geometry (see Figure B.41). During this test the h = 33.5 mm inhibitor is 
fixed 310 mm (roughly ”9h”) far from the nozzle tip. At the bottom of the w = 107 mm wide 
cavity a 30 mm thick plexiglas sheet is placed to model the accumulated liquid. The nozzle 
throat has an opening of o = 15.5 mm. The free stream velocity of the airflow is Uq = 10 m/s.

Using the three indicated (rectangles with ”Inlet”, ” Cavity 1" and ” Cavity2” in Figure B.41) 
Fields of View (FoVs), PIV measurements are performed. Note that due to illumination con- 
straints ” CavityË” FoV is smaller than " Cavity 1". At each location 1000 image pairs are 
recorded and the mean flow properties are determined. With the large FoV (Inlet) upstream 
the inhibitors, the incoming flow symmetry can be validated; with the two remaining FoVs in 
the cavities {Cavity 1 and Cavity2), the symmetry in a complex flow région can be verified.

Regarding the incoming flow measurements, the results are shown in Figure B.42. In each
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Figure B.41 - Symmetry vérification geometry.
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Figure B.42 - The incoming flow.

plot the two sides of the wind-tunnel (separated by the splitting plate) are shown in the ar­
rangement defined by Figure B.41. The white areas of the contours show régions, where the 
measurement quality is not acceptable based on the SNmean-

The longitudinal velocity values are extracted at x = —93.2mm from the tip of the inhibitor. 
Based on the plot (shown in Figure B.43), in the side of lower Y values of the tunnel 2% higher 
local velocity components are foimd, which means ±1% déviation. This discrepancy is slightly 
larger than the one observed during the inlet uniformity vérification (±0.8%). However, this 
différence could also be due to a slight non-symmetry of the internai geometry (blockage of the 
inhibitor and/or the nozzle) and it is considered to be still acceptable.

Considering the fluctuation of the transversal velocity component of the airflow (shown in 
Figure B.42(b) and Figure B.44), a good symmetry is found. The unusually high RMS values are 
due to the presence of the spray support System in the stagnation chamber of the wind-tunnel 
(which is described in 2.3.2.2). By removing the support, the velocity fluctuation values would 
show the usual distribution, where the larger values can be found close to the walls (this was 
seen during earlier prelirninary measurements).
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Figure B.43 - Longitudinal velocity component évolution at x = —93.2mm.

Figure B.44 - The fluctuation of the longitudinal velocity component at x = —93.2mm.

Regarding the symmetry confirmation in the région of the cavity, the velocity amplitude 
distribution is shown in Figure B.45. The plots corresponding to CavityË are transformed into 
the common co-ordinate System that is applied to the Cavity 1 measurements as well. Similarly 
to the previous measurements, the white areas stand for unacceptable measurement qualifies.

Focusing on the velocity magnitudes, the différence between the two measurements are 
negligible. In the profile (Figure B.46) of the longitudinal velocity component (extracted at 
X = 300mm) the agreement is more pronounced.

Finally, Figure B.47 shows the fluctuation of the transversal velocity component in the région 
of the cavity. Investigating the plots, the maximum différence between the velocity fluctuations 
is found to be around 0.22 m/s (see also the extracted profile in Figure B.48 as well), which could 
be accepted. Furthermore, this local déviation could originate mainly from the uncertainty of 
the PIV measurements as well.

Summarizing the flow inlet and symmetry vérifications, one can see that the facility complies 
with ail the current requirements. Therefore, the présent wind-tunnel configuration is considered 
to be the final setting and represent the nominal configuration.

B.5.3 Measuring the reference flow velocity

As mentioned in section 2.4, the reference flow velocity is measured with a Validyne pressure 
transducer by measuring the pressure différence between the stagnation chamber and the test
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Figure B.45 - Velocity magnitude comparison inside the cavity.

Figure B.46 - Longitudinal velocity component évolution in the cavity atx = 300mm.

section. The pressure transducer arrangement is shown in Figure B.49.

In order to obtain the pressure information from the voltage signal, the transducer is cal- 
ibrated with a water column manometer. Then, to compute the flow velocity, the Bernoulli 
équation and the continuity équation are used:

2 Pair 2
(B.IO)

Uo-S = Us-Ss (B.ll)

where Uq and Ug are the velocity magnitudes in the test section and in the stagnation 
chamber respectively, Ap is the pressure différence measured by the transducer, S and Sg are 
the cross sections of the test section and the stagnation chamber respectively. Therefore, from
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Figure B.47 - Comparing the transversal velocity component fluctuation inside the cavity.
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Figure B.48 — The fluctuation of the longitudinal velocity component in the cavity at x = 
300mm.

équation B. 10 and équation B. 11 the flow velocity is

Uo =
Pair ■

2-Ap
(B.12)

In équation B.12 always the actual air density is used depending on the ambient conditions:

= (^0.0004646 • (p - 4990221.6 • RH ■ /y ^3^

where P is the barometric pressure in [mmHg], T is the air température in [K] and RH is 
the relative humidity in [%].

Therefore, a direct relationship can be drawn between the voltage signal of the pressure 
transducer and the actual reference flow velocity. An example is shown in Figure B.50.

However, during two-phase experiments the generated water droplets often block the pressure 
tap of the test section. Therefore, the stability of the flow velocity cannot be monitored through
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Figure B.49 - The pressure transducers of the wind-tunnel.

Figure B.50 - 7]jpical Validyne calibration curve.

the dynamic pressure. Therefore, a second pressure transducer is installed (shown in Figure B.49 
as well), from which the static pressure évolution of the stagnation chamber can be followed using 
an acquisition computer.




