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Abstract

In recent decades, the space industry and spaceiegere confronted with the issues of increasing
space debris and the highly toxic and carcinogpropellants (e.g. MMH/NTO) that are utilized in the
liquid propellant rocket engine. The European Uriias put enormous efforts in more environmentally-
friendly propellants. The cryogenic propellant pafil. Ox/LCH, turns out to be a promising alterative.
As a consequence, Munich Aerospace proposed tlecpt®ropulsion Technologies for Green in-Orbit
Spacecraft” to investigate the green propulsiorhripue. Under the support of this program, my
research topic is focused on the green propeli@maviors under low pressure conditions, with antaim
provide a solid knowledge for the green propulderhnique development.

The test facility has been designed and built eltistitute of Turbomachinery and Flight Propulsidn
Technische Universitat Minchen to perform a morpbialal study of the L LOx and LCH sprays
with high-speed Schlieren and Shadowgraph techsigUeader low pressure conditions, the spray
undergoes a violent atomization and vaporizaticermed as the flashing phenomenon. The
characteristics of the flashing spray and the irhpécthe injection boundary conditions (i.e. supsrh
degree, nozzle geometry) on this spray was explioretttail. Based on the nucleation theory, a non-
dimensional energy parameter was proposed andnitsoacessfully characterize the flashing spray
atomization regimes. Furthermore, the Global RainRefractometry technique (GRR) was for the first
time applied to investigate the cryogenic propellapray droplets. The refractive index and the
probability distribution of the droplet size weretrieved from the rainbow patterns with the inverse
method using the complex angular momentum scagi¢hieory.

Meanwhile, a numerical simulation was conductedrteeil the flashing phenomenon with the coupled
Euler-Lagrange approach. The continuous phase wlaslated under the Euler frame by solving the
3D-URANS equations, and the dispersed phase waketlaunder the Lagrangian frame. A Flashing
Spray Model (FSM) was developed and implemented tine CFD solver by considerng the flashing
evaporation and the interphase heat, mass and namexchange. The simulation results show a fairly
good agreement with the experimental data.

In sum, a comprehensive investigation of the crypogspray under low pressure conditions has been
performed in this work and the further developnmafthe green propulsion technique will benefit from
the revealed knowledge.






Kurzfassung

In den letzten Jahrzehnten wurde im Europa vetsgirkProblemlésungen gegen Weltraumschrott und
Alternativen und umweltfreundlichen Treibstoffenr flie Raumfahrtindustrie geforscht, die giftige und
krebserregende Treibstoffe wie zum Beispiel MMH/N&Eetzen sollen. Die Europaische Union hat
grol3se Anstrengungen hinsichtlich  umweltvertraglich Treibstoffen unternommen. Als
vielversprechende Alternative bietet sich die Komalion flissiger Sauerstoff/flissiges Methan
(LOX/LCH,) an. Daher hat der Verein Munich Aerospace e.\feirschungsprojekt mit dem englischen
Namen "Populsion Technologies for Green in-Orljiia8ecraft” eingeleitet. Das Ziel des Projekts ist
die Forschung im Bereich umweltfreundlichen Trebffst wie zum Beispiel LOx/LCH Diese
Forschungsarbeit fand im Rahmen dieses Projekts Bter Schwerpunkt dieser Arbeit lag darin, das
Verhalten solcher umweltfreundlichen Treibstoffel b&drigen Druckbedingungen zu untersuchen,
sodass auf Basis dieser Forschung weitere techisolmy Entwicklungen im Bereich
umweltfreundlichen Treibstoffe mdglich ist.

Der Versuchsstand wurde am Lehrstuhl flur Turbonmiasch und Flugantriebe der Technische
Universitat Minchen aufgebaut. An diesem Versuemsstvurden die Erststudien zur Untersuchung des
Verhaltens von flissigem Stickstoff (L) Sauerstoff (LOx) und Methan (LGHbei Einspritzung in
Vakuum durchgefiihrt. Fir die Untersuchung wurdenHtichgeschwindigkeits-Schlierenfotografie und
die Schattenfotografie Verfahren eingesetzt. Baispiitzung unter niedrigen Druckbedingungen
(Vakuum) tritt eine extreme Zerstaubung und Verdiamg des Fluids auf. Dieses Verhalten der
extremen Zerstaubung und Verdampfung wird in dehBprache "Flashing" genannt. Eine Einspritzung
mit einem solchen Verhalten wird als "Flashingagpibezeichnet. Im Rahmen dieser Forschungsarbeit
wurde der Einfluss der Einspritzungsparameter wim Beispiel Uberhitzungsgrad des Fluids und der
Einfluss der Diusengeometrie auf das Verhalten viashing Spray untersucht. Basierend auf der
Blasenbildungstheorie kénnen die verschiedenentaldrangsgebiete des Flashing Sprays durch einen
dimensionslosen Energieparameter charakterisierteme Des weiteren wurde zum ersten Mal das
Global Rainbow Refractometry Verfahren (GRR) zutddsuchung der Spray Tropfchen von kyrogenen
Treibstoffen eingesetzt. Der Berechnungsindex saliége wahrscheinliche Verteilung der Tropfchen
wurden anhand des Regenbogenmusters mit einesgrvéethode ermittelt. Dazu wurde die Methodik
des komplexen Drehimpuls Streutheorie im Englischeamplex angular momemtum" genannt,
verwendet.

Das Flashing Spray wurde auch numerisch untersuohtler CFD Simulation wurde das Euler-
Lagrange Verfahren angewandt, welches sich fliGthmilation von Mehrphasenstrémung insbesondere
fur die tropfenbeladener Stromung eignet. In dies&rfahren wird die kontinuierliche Phase mit Hilfe
des Eulerschen Ansatzes betrachtet. Dazu werdetJBANS Gleichungen gel6st. Die Bewegung der
dispersen Phase wird mit Hilfe der gewdhnlichenfddintialgleichungen mit dem Lagrangeschen
Ansatz erfasst. Fur die Flashing Spray Simulatiemde ein Model entwickelt, welches die Flashing-



Verdampfung und den Massen-, Impuls- und Warmaassh zwischen den beiden Phasen erfasst.
Dieses Model genannt Flashing Spray Model (FSM)deuin den CFD Solver implementiert. Die
Simulationsergebnisse wurden mit den experimemelaten validiert. Die Simulationsergebnisse
zeigten eine gute Ubereinstimmung mit den experiaikem Daten.

Zusammenfassend lasst sich sagen, dass in diesserfation eine grundlegende Untersuchung von
kyrogenen Spray bei niedrigen Druckbedingungen tdyefilhrt wurde, welche fiir die weitere
Forschung und technologische Entwicklung im Bergidine Treibstoffe genutzt werden kann.
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1. Introduction

Chapter 1.Introduction

1.1 The Research Objective

The present work focuses mainly on a non-equilibrilnermodynamic phenomenon named flashing
atomization and vaporization, which may happenhia tipper stage liquid propellant rocket engines
(LRE) or in in-orbit thrusters. The aim is to intigate the thermal- and fluid dynamic behavior tud t
cryogenic fluids under vacuum conditions with be#perimental and numerical methods. The revealed
knowledge will contribute to the green propulsieshnique development for the orbital debris removal
purpose in the project “Propulsion TechnologiesGoeen in-orbit Spacecraft” of Munich Aerospace.

1.2 Motivation and Background

In recent years, the space industry and space i@geace confronted with two major issues: the
increasing space debris which pose a potentiahthoethe orbit safety, and the toxic propellantsolr

is a serious cost problem. The European CommurggukRtion on Chemicals and their safe use has put
hydrazine, a classical propellant for the satepitepulsion, on the list of substances of highlnamn
due to their hyper toxicity [1]. Therefore, to findlternative propellants and to develop the
corresponding propulsion technique is needed. Agthen propellant pair, LGHHOX, becomes one of
the best choices because of the lower thermal neameugt requirement than that of ¥HOx. It is well
known that the transient start-up is one of thetroballenging operation processes of the rockeineng
Unlike the hypergolic propellant, an additional itgm system is required when the new propulsion
systems utilize LCHLOX. In order to predict this transient start-upogess and to develop the
corresponding ignition systems, a solid knowledgethe propellant behavior during this transient
process (i.e. flashing phenomenon) should be aeduin addition, as the performance of a rocket
thruster heavily rely on the propellant injectiorogesses (e. g. atomization, evaporation and neixtur
formation preceding combustion), it is also necgssto understand the involved injection
thermodynamic process.

As to the flashing phenomenon, it occurs when aidigleviates from the thermodynamic equilibrium
and becomes superheated; that is to say, the ligmgerature is above the saturation temperatuteat
surrounding pressure. The flashing can be triggbsed fast isothermal depressurization. Due to the
sudden depressurization, the fluid finds itselfestpated in the new environment, which leads tid flu

1
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metastable state (corresponding to the local mimimitee energy of the system). With some
perturbation, the fluid will return to an equilibm state (i.e. global minimum free energy of thetam)
through bubble nucleation, growth, and jet atonmzatnd vaporization. At the transient start-uphie
upper stage rocket engine, due to a sudden depdin, flashing may happen, which consequently
affects the liquid propellants’ disintegration, mieation, vaporization, and mixing process. Thisgess
causes many potential issues, such as ignitiory diglaition failure, combustion pressure peak ogrev
chamber structure damage. However, knowledge sabpect in order to address such issues is still
limited. Therefore, a detailed investigation of ttrgogenic fluids flashing phenomena has practical
values.

1.3 The Methodology for the Research

Considering the complexity of the flashing phenoorerboth experimental and numerical research has
been performed in this project. The cryogenic pltape flashing test facility has been built in LTF-
TUM. The high-speed Schlieren and Shadowgraph tqubas were employed for the morphological
study and the thermal behavior was obtained byntbeouples. The Global Rainbow Refractometry
(GRR) for the first time was employed to study tmgogenic sprays, and both temperature and spray
droplet size were measured. A Flashing Spray Mol developed and successfully implemented into
the ANSYS solver under the Euler-Lagrange framginmulate the flashing spray.

1.4 Outline of the Work

The present work is outlined as follows:

Chapter 1 gives the general information of the gmeavork, including the study objective, a brief
background of the research program and the invaiveithodology.

Chapter 2 presents a comprehensive state of threlareéd to the flashing spray, including knowledge
about the flashing spray and a literature review.

Chapter 3 illustrates in detail the flashing teshdh, which includes the measurement techniques and
experimental campaign. The test results are arclgmd discussed at length.

Chapter 4 describes the employment of the glokdaboav technique in the cryogenic spray droplet
study, and the spray droplet size and temperatersuecessfully measured.

Chapter 5 demonstrates a CFD simulation of thehiftgs spray and the developed and validated
Flashing Simulation Model. The simulation resuls im good agreement with the experimental data.
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Chapter 6 summarizes the present work and proadegef outlook for the future work.

Finally, the appendix is attached as the suppleangigtocuments.

The schematic of the dissertation is shown as helow

Chapter
Brief Introduction (Objective & Methodology
Research Tdc &
[ Background ]

Chapter .
Theory Background & Literature Review

o

N
[ Experiment ] < =[ Simulation
/
A
v v v
N
Chapter . Chapter Chapter
Flashing Spray Test Cryogenic Droplet Stud Flashing Spray Modeling

\ J
Chapter _
[ Conclusions & Outlooks ] [ Appendix ]

Fig. 1.1 Schematic of the present work
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2. Background Theory and Literature Review

Chapter 2.Background Theory and
Literature Review

The objective of this study is to investigate thehdwvior of cryogenic fluids under low pressure
conditions, which is heavily related to the degofesuperheat of the fluids. This chapter is hence
focused on the background theories of the supertidato-phase flow, including the thermodynamic
process of the flashing spray and the kinetics wfleation. Following the preparation of the basic
knowledge, a comprehensive literature review orfldshing phenomena is also presented.

2.1 Liquid Oxygen/Liquid Methane Engine

Liquid rocket bipropellants can be classified bynmavays: i.e. the hypergolic combinations such as
MMH (UDMH)/NTO, and non-hypergolic combinationskdi LOx/H,, LOXx/RP1, LOx/ethanol and
LOX/LCH,. The new millennium shows a renewed interest itharee as a liquid rocket propellant. It
can be used in a wide range of liquid rocket en¢ifitkE) applications [2], with examples includingeth
large booster engines, in-space Reaction Contrginés (RCE), Orbital Maneuvering Engines (OME),
descent and ascent engines for planetary landsiisnesitu resource utilization compatibility on ka
The early sporadic work on the methane engine eandged back to the 1960s in the United States. Ye
such propellants found little practical applicatiexcept some research activities conducted by Aeroj
In the new decades, many institutes and space i@geshift their research emphasis on the new
generation engines of methane/oxygen, such asbiefathrust LCH/LOXx engine by Aerojet [2], the
RS-18 engine with LOX/LClHby NASA and Pratt & Whitney Rocketdyne [3], the RRAL program in
French space agency and Russian space agencyh@HYPROB program in Italian Aerospace
Research Centre [5], the TEHORA program in Germaesospace Center (DLR) in cooperation with
Astrium-ST and Russia [6], the Blue Engine (BE-&velopment activities in the Blue Origin, the
development of “Raptor” engine in the SpaceX, alsh dome activities in China Institute of Space
Propulsion.

In sum, the potential in new rocket developmentt Bupport space exploration and the commercial
market has revived an interest in methane/oxygepytsion systems. This propellant combination offer
multiple advantages, as listed below:

1). High specific impulse about 3600Ns/kg (~36@s)shown in Fig. 2.1
2). Non-toxicity
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3) Low production cost

4). Capability of the fuel and oxidizer being sthia similar temperatures and relative ease oflrand
during launch vehicle

5). Less prone to develop combustion stability th@x/RP1

6). Capability of offering potentially significatife cycle mission advantages compared to tracktion
rocket propellants

4500

\

LOX-LH, ——
e / \
4100 // ,

3900

LOX—Methanol

/ LOX—Kerosene LOX-Propane
3700 I \//
3500 LOX—Ethanol \K LOX-Methane
|
|

3300

728

3100 ‘, V /
\
2900 i i
[ / N>O,~MMH|  |deal specific impulse in

2700 / vacuum -
/ Ppo=100 bar, Ag/A,=45, CET93

| 90%—H202.—Kerosene
90%-H,0,—Ethanol ——= ——

Ideal specific impulse in vacuum [N-s/kg]

W LA

2500
0 1 2 3 4 5 6 7 8 9

Mixture ratio O/F [-]

Fig. 2.1 Vacuum specific impulse of propellants

2.2 Thermodynamics of Superheated Fluid

2.2.1 Two-phase Flow State Criteria

According to the Entropy Maximum Principle or thaedfgy Minimum Principle, the equilibrium value
of any unconstrained internal parameter is sucto asaximize the entropy for the given total intérna
energy or to minimize the energy for the givenltetgropy. Inferentially, the two phases can cdeiis
they are in thermal, mechanical and chemical piatesguilibrium, which requires the temperature,
pressure and thehemical potentials of the coexisting phases equal, respectively. It is shown as
below:

=T, p=p Hi(RT)=4,(PpT) (2.1)

The equilibrium states can be categorized intolstaquilibrium, metastable equilibrium, and unstabl
equilibrium (seeFig. 2.2, asa schematic illustration)Physically, thestable equilibrium isachieved

6
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when the free energy of a system at constant volymas to the global minimum values. In such a state
any arbitrary perturbation will lead to the systegstoring its initial state, termed as the absobtiéble
state. The metastable equilibrium state, howevan provide ahigher internal energyand it
corresponds to a local minimurinee energy.Such state is stable with respect to infinitesimal
perturbations not changing qualitatively the inisitate of the system. Butith a larger perturbation, the
system will evolve to the stable equilibrium staieovercoming the energy barrier (a local maximum
free energy) after a certain time. This local maximfree energy is associated with an unstable
equilibrium state, under which, angfinitesimal perturbationsf the thermodynamic variables will lead
to the systennelaxing into astable state.

Unstable

Barrier
——————— Stable
Metastable

Free Energy

Fig. 2.2 Equilibrium state of two-phase flow

For a system at constant entropy and constant \&lthe equilibrium state can be described as

(du)_=0 (2.2)

eq
wheredU denotes infinitesimal small changes of the inteenzrgy.

As for the stable equilibrium state, the conditimnequilibrium (2.2) has to be supplemented by the
requirement of stability with respect to finite pebations,

(au)_>0 (2.3)

€q

The symbolAU refers to a finite change of the internal energyequality (2.3) implies that the
considered state corresponds to a minimum inteznatgy. When this condition is fulfilled for any
arbitrary perturbations, the equilibrium state baee absolutely stable. For infinitesimal perturdagi
inequality (2.3) takes the form

(0°u)_>0 (2.4)

q

In contrast, if inequality (2.4) is not fulfilledhe system will be in an unstable equilibrium state
Equation (2.2) and inequality (2.4) represent teeessary and sufficient conditions for a stable

7
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thermodynamic equilibrium state with respect totoarous changes of the state parameters. It makes
formulating specific explicit stability criteria psible.

2.2.2 Binodal and Spinodal Curve

In a thermodynamic diagram, as shown in Fig. h8&,durve of phase equilibrium divides the regiohs o
stable and metastable states and, as a resultnileds the boundary of the region in the thermodyina
phase space where a given phase is absolutele st curve is called the binodal line or saiorat
line (see ‘ACB’ curve in the figure). It can be ainted by considering the isothermal curves detegchin
by one of the equations of state (EOS), e.g. vanAmls equation, in combination with the Maxwell-
Gibbs rule, shown as:

RT a
p=———— (2.5)
v-b V
g
(] vae] =0 (2.6)
! T
A
p
/// Stable
,/ |Liquid Vapor
I/,
/ T=Tc
,/
)/ _T<Tc
Superheat Liquid Z’A\('é ‘.\. 2B
(metastable) T—p ! Unstable D
____________ i 1 -
1K e
Subcooled Vapor,’
(metastable) //
C g
/I
7 7
. \ 7
7 : 7
1 a
\ ! /
.I /I
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] ! Curve /;
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/A ! /v‘.D
| !, Spinodal T B
| | Al Curve
b ,
14 1
. .'
/K K

Fig. 2.3p-v-Tdiagram based on the van der Waals equation (Addmm Ref. [7])
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As aforementioned, the metastable system restiratate with respect to infinitesimal perturbasiof
value of the determinant equal to zero corresptmdise boundary of metastability and the transitbn
the system to states of essential instability @& ffhase under consideration. This boundary is the
spinodal line (see ‘KCD’ curve in the figure). Thginodal is determined by the condition

—(@j =0 and (G_Tj =0 2.7)
ov ); ds/,

The spinodal curve separates the metastable régionthe unstable region.

2.2.3 Thermal Process of Flashing Spray

The flashing phenomenon involves a series of comfiiermodynamic process, which occurs when a
liquid deviates from the thermodynamic equilibriamd becomes superheated (metastable); namely, the
liquid temperature is above the saturation tempesedbr the pressure surrounding it. It can beiobth
either by sudden isothermal depressurization orabgareful isobaric heating. The thermodynamic
process is illustrated in Fig. 2.3. In the presenik, the flashing phenomenon is triggered mainiyhe
sudden depressurization. Initially, the liquid stéy subcooled or near saturated liquid region (exet
“0"in p-v figure). Under a sudden isothermal depressurigatie liquid will cross the saturation curve
(point “1") and shift to the metastable region ainp “2”. As aforementioned, this state can not miein

a long time and with some disturbance, part offtilie then reaches a new stable equilibrium state a
point 2' by nucleation or/and flash boiling, as wmoin p-v diagram in Fig. 2.3. If the liquid enters
deeper into the metastable region, e.g. at poimth&re the spinodal line is, the massive homogeneou
nucleation starts and an “explosive flashing” phreaonon will happen. The fluid undergoes to either th
vapor stable state sides or to the liquid stallessiln Fig. 2.3, the region inside the spinoda [[dash
line in p-vfigure) is unphysical since the positive valuépbv is against the practical situation.

In the flashing study, the metastable liquid carcharacterized either by its superheat with termpeza
difference AT or with the pressure ratiB,. AT is defined as the temperature difference between the
injection liquid temperature and the saturation gerature at the surrounding ambient pressure, as
shown:

AT=T,-T(D (2.8

The pressure ratio describes the ratio of injecBaturation pressure at injection temperature & th
ambient pressure, as shown:

Rp = psat(-ﬁnj)/ leb (29)

Another parameter can also be used for the metassadte description, which is the Jakob number.
Defined as the ratio of the available superheatggnt® the required evaporation energy (latent loéat

9
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vaporization), this parameter gives the possibfgmvanass fraction after an isenthalpic phase chahge
a metastable liquid, as shown:

- c AT,
Ja=hNe G2l (2.10)
hg2 - hz Lz
Normally, the Jakob number is reduced by the liguid vapor density ratio, as shown:
Ja :ﬁ& (2.11)

L2 pgz

The Jakob numbela of a metastable liquid is usually with a valugamge of 0 to 1, which means that
an adiabatic flashing is unsufficient for the coetplliquid vaporization. However, for the retrograd
liquid, which possesses a large heat capacity, mplgie evaporation upon adiabatic expansion is
possible. At present work, the non-retrograde fuiglg. LN, LOx and LCH) are studied.

2.3 Kinetics of Nucleation

2.3.1 Bubble Formation in Superheated Liquid

Nucleation is the situation when a system (paréaisp) is put into a hon-equilibrium metastableestat
For a metastable liquid study, the Classical NuieaTheory (CNT) originally proposed in the early
1930s by Becker and Doéring [8], works as a useafol.tThe theory is based on the assumption of
capillary approximation, according to which, theister is viewed as a large homogenous spherical
droplet and the surface energy of the clusterésgmted as the product of the planar interfaciedide.

In the classical approach, Eq. (2.12) illustrates formation energy of a nucleus with a radiughe
first term represents the interfacial energy betwéee phases, which is always positive since the
formation of nucleus surface is energetically unfable. The second term is the difference in volume
free energy between the phases. The energy foclausuformation is schematically shown in Fig. 2.4.
It shows that with a small bubble radius, the stefaenergy dominates the nucleus formation.
Conversely, the negative bulk contribution prevailsen the nucleus is large. Thus, the formation
energy has a maximum poimt@’) corresponding to a critical cluster size. Mathtcadly, AG andr’

can be estimated bg(AG)/dr=0. The results are reported by Eq. (2.13) and @d4) [9]. AG’
represents the energy barrier that a system hagetgome in order to establish a renewed stablsepha
The nuclei with larger size than the critical natlen cluster will on average grow up, while those
smaller will on average collapse.

AG =4m20—4?7Tr3A,u (2.12)

10
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. _l6m(/ Yo®
aG ==Y )O (2.13)
3 oy
2
=T (2.14)

Considering the flashing conditions, in the meftaistastate (e.g. superheated liquid), the chemical
potential in the bulk liquid is higher than thattive vapor, which makes it thermodynamically falbea

to transform from the parent phase (superheatedl)idqo the daughter phase (vapor). The drivingdor

of this transformation is the chemical potentiafifedence between the liquid and vapor phases, as
illustrated:

Mu=Kk,T,In(R) (2.15)

The steady state nucleation rate is an exponduatiation of the energy barrier, as shown:

*

=  AG
J = J,exp( T ) (2.16)

J, ol /E (2.17)
A\ 7m

whereJ, is the pre-exponential factor. The nucleation ratfar less sensitive téthan to the value of
the energy barrier [10]. Lubetkin [11] pointed it only 4% decrease afG" will lead to an increase
by an order of magnitude in the nucleation tate

© o /
<< v _ —_— — - *
& AG
/v‘”./
4
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$. — — _AG*het
Y
~ r* r
S N \
60
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%é \
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Fig. 2.4 Homogeneous and heterogeneous nucleaivieib
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The aforementioned nucleation refers to the homeges nucleation, under which the liquid will reach
the superheat limit and present explosive atonumasprays. However, in most of the cases, the
heterogeneous rather than homogeneous nucleatigeihs. In the heterogeneous nucleation process, to
form a nucleation cluster less energy is neededesihe required energy to form a new surface ean b
compensated by the existing surface in the systémm.heterogeneous nucleation barrier is estimated b
multiplying a factorf(¢) to the homogeneous energy barrier, as shown:

AG™ = f(P)AG <AG, f(g)<1 (2.18)

whereg is the contact angle between the nucleus and thiesg object.

2.3.2 Bubble Growth in Superheated Liquid

From the previous study, we know that the nucleatking plays an important role in the flashingapr
The massive bubble growth is energetically favaratdhen the nucleus size exceeds the critical nacleu
size. Considering that a critical bubble staysdasif a superheated liquid bulk in the thermal dyica
equilibrium, its critical size can be estimatedthg Gibbs-Duhem equation and Laplace equation, as
shown in Eq. (2.19) and Eq. (2.20) [12].

20V,
00— (2.19)
RTIN( R/ R)
B, = P —=( . - P )J (2.20)
sat RT sat,

In equilibrium, the pressure inside the bubbleighér than that of the fluid outside due to thefaue
tension compensation. However, the temperaturbeobtibble remains saturated and is lower than that
of the bulk superheated liquid. The amount of shar required to keep a bubble with the sizs
equilibrium is shown as below:

2
AT :ZhR—T;af (2.21)

The bubble growth is dependent on both of the machhequilibrium and thermal equilibrium. Shortly
after the bubble formation, the growth is causedhaydifferential pressure force, the bubble expand
and the gas pushes the surrounding liquid aways $taige is so-called the inertia-controlled growth
stage. The growth rate is limited by the restrgjn@ffect of the surface tension and this effect wil
become less important with the bubble growinghé initial superheat is sufficient, the limitingcfar in

the following state will be the liquid inertia, atite growth can be described by the Rayleigh egnati
as shown:

12
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dr
dt

_12p(T)- R,
3 (2.22)

A

inertial

Along with the growth of the bubble, the superhddiquid vaporizes and refills the bubble. The heat
flux to meet the latent heat requirement is prdpoal tor?dr/dt. Therefore, the initial growth stage is
followed by an intermediate stage, in which bothriial and thermal effect will control the bubble
growth [13]. Finally, as the bubble grows, the amfl of thermal energy will dominate the process,
namely heat transfer-controlled growth stage. QGlargig the balance between the heat flux from the
liquid to the bubble surface and the latent heqtiired to supply the vapor in the bubble, Plestel.e
[14, 15] proposed a correlation for the thermahglovelocity, as shown:

= }i#ﬂ (2.23)
thermal 724 va(Tb) 11/2 .

whereL is the latent heat andis the thermal diffusivity of the liquid.

dr
dt

Assuming a spherical bubble and an incompressiblestant-property inviscid flow, by integrating Eq.
(2.22) and Eq. (2.23), we can see that the inertiatrolled bubble growth is linear with timel{t) and
that the bubble size is in proportiontt§ in the thermal-controlled stagel{t*?).

In order to describe the bubble growth over the lehrange, Mikic et al. [16] combined the inertia-
controlled growth and heat transfer-controlled girolwy employing the linearized Clausius—Clapeyron
equation to estimate the vapor pressure, i.e. EQ4), and gave the expression for the bubble size
evolution, shown as Eq. (2.25).

T,-T,

p,— P, =p,L— (2.24)
Tb
2 32 32
M A e (e —1} 2.25
=2 (4] () (2:25)
LT .t
= N 2.26
B*/A B/ K (2.26)
2(T,-T,) Lo T° 12, 1
A:[— = bJ T b} , B:{—Jaza} (2.27)
3 T.0 T

It can be seen that, foi<< 1, Eq. (2.25) gives the results of Rayleigh Sotu(i.e. Eq. (2.22)), whereas
for t* >> 1, the asymptotic solution of Plesset model q. (2.23)) is obtained. Some other similar
models are also proposed to predict the bubblethravg. the model proposed by Theofanous and Patel
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[17], and the model given by Miyatake and Tanal®d].[Fig. 2.5 illustrates the prediction results by
these models for water bubble growth.

=
o
(N

=-=-=Rayleigh (1917)

T T A T
|
|

===-Plesset et al. (1954) I

|
|

o || — Mikic et al. (1970)
AU § ERRRRS Theofanous et al. (1976)[ ~~ ?’%T-‘" T
Miyataka et al. (1982) :

Dimessionless Bubble Radius, r*

Dimessionless Time, t*

Fig. 2.5 Predicted bubble growth (adapted from Réf, 18, 19])

2.4 Flashing Atomization Correlations

The early research exploring the flashing spraynaation models (correlations) is limited to theagp
under low superheat conditions, where the mechhjgtdreak-up is thought to predominate and the
nucleate boiling effect is almost negligible. Broamd York [20] and Kitamura et al. [21] have repdrt
that there is little or no discernible differenae the jet atomization between under low superheat
conditions and under mechanical break-up conditidmshis section, the atomization models under
moderate or high superheat conditions will be dised. Actually, the atomization models of the
flashing spray under these conditions are stilitthand some semi-empirical correlations have been
developed. Brown and York [20] investigated in dethe flashing phenomena and proposed a
correlation to predict the droplet size based enRfeon-11 and water tests, as shown:

1840- 5.18 {F )
We

Do(um) = (2.28)

whereT is the spray injection temperature aleis the Weber number.

Nagai et al. [22] proposed a promising atomizatiamrelation by taking into account the injector
geometric parameters and a dimensionless superheat.
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36.44T" )", ( L/D< 7&055AT < 1.)

D, (um) = 70.4|:— 1+ 0.14 U do):|_0'22 C€'72(A T*)
o1 014U e (oT)

-0.38

(/D> 78&&AT < 055 (2.29)
(/D> 7.8&0.58AT < 1)

— Tinj _Ts,at( pn)
Tsat( pinj) - Tsat( Qo)

(2.30)

Cleary et al. [23] came up with a transition moftal the flashing atomization, which gives general
information about the droplet size in the fullysiéng spray, as estimated below80 The authors also
proposed a correlation of the droplet size basetth@maynamic parameters. Johnson and Woodward [24]
gave a spray atomization model which assumes tbpladrsize to be the minimum of mechanical
breakup and flashing breakup, as shown:

D, =min{D,,D } (2.31)

Dm :W%rit 0]/( l}poo) (2 32)
D, =0.883x 10° - 0.0734 10 Wi, '

wherekE, is the partial expansion energy. It is a complexction of enthalpy and pressure, which can be
found in Ref. [24].

van den Bosch and Duijm [25] proposed another aifom based on the spray jet velocity, viscosity
and surface tension, as shown:

1.8, ,/1+ W&/ Re , (if We < 10 RE® &< 11T, P)
D, ={C,0, (2.33)
Uz o,

whereD;y is the jet diametery is the jet velocity after flashingVe andRe refer to the jet Weber number
and Reynolds number, respectively, is the spray temperature at the injector exitis the liquid
surface tensiory,, is the ambient gas (air) density a@gl is a constant with a recommended value of
between 10 and 20.

Gemci et al. [26] investigated flashing atomizatieith hydrocarbon solutions of n-hexadecane and n-
butane, with nitrogen as the propellant gas. Theas proposed a correlation to predict the droplet
size, as shown:
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D,,(um) =118.4- 28. 34T - K ) (2.34)
K :Z(L_va) (2.35)
pou

whereAT is the dimensionless degree of superheat, defmé&d). (2.30)K is the cavitation number,
which illustrates the resistance of the flow toitation, p,, andp, are the ambient pressure and the vapor
pressure at the injector orifice, respectively, anahdu respectively are density and velocity of the
liquid—gas mixture.

2.5 Flashing Spray Morphology

Flashing spray is typically different from the dasl atomization. The previous studies show that t
superheat nucleate boiling plays a major role endpray break-up when flashing occurs. Fig. 2.@giv
the LN, flow patterns under different pressure conditiomisere three different atomization regimes are
presented. The image in the middle features the kpray injected into a subcritical pressure
environment, showing plenty of clear droplets dmgmnated at the spray jet surface. This jet breagkup
ascribed to the interaction between the dynamiarstoece and surface tension. As the ambient pressu
approaches and exceeds the critical prespe3.4Mpa), the lack of the surface tension and sfiimiit
interfacial structure promotes diffusion-dominateiking before atomization, as shown in the right
image. Under low-pressure conditions (see theiedige), the spray shows a totally different scenari
as the spray presents a large open angle andaimézation occurs even inside the spray jets, terazed
the flashing atomization.

Pymp=0.01Mpa P,,=3Mpa P,n,=4Mpa

Fig. 2.6 LN, spray under different pressure conditions. Frdirtderight: vacuum condition (Ref. [27]),
subcritical injection and supercritical conditiadapted from Ref. [28])

Fig. 2.7 shows water spray atomization processffareiht temperatures with a splash-plate injector.
The spreading liquid sheet is formed by the impgffgct of the liquid on the injector solid platéchn
be seen that, at the low temperature the spraylynfarens an intact liquid sheet without disintegpat
due to the absence of flashing at this temperalfith the temperature increasing, so does thediqui
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superheat, the liquid sheet starts to break ugdaagér liquid ligaments also appear. Accompanyitiidp w
the continuous increase in the temperature, l=419°C, the flashing dominates the jet break-up and
almost no liquid sheet exists at this moment, aeddt disintegrates into small droplets.

R L R W Ry
IS IR ISR A W |
T=115°C T=119°C

Fig. 2.7 Water spray under different superheat itimmg with splash-plate injector (adapted from.Ref
[29])

The former spray morphology mainly appears undeilerete superheat conditions. When the superheat
is extremely high, e.g. close to the spinodal lthe, homogeneous nucleation will occur and trigher
explosive atomization and vaporization. In additiite evaporation wave may be observed under the
high superheat conditions. Viera and Moreira [30hducted an experiment on iso-octane spray jet
under different superheat conditions (characterizggressure rati&,) with single-hole jet injector.
Fig. 2.8 shows the Schlieren images of the tesh.dBlhe liquid jet undergoes a process of fierce
atomization with the superheat degree increasimgle very high superheat conditions, eRg=330,

on account of the violent vaporization, the shockvev structures were observed surrounding the jet
core. In the experiment, the authors argued thafléshing occured on the surface of the liquidvjat

an evaporation wave process. The two-phase iso®dtaw accelerated to acquire a local sonic speed
downstream the injector, and then expanded to sapirvelocity and finally terminated this expamsio
process with the shock wave structures.

R,=330

Shock Wave

v

Fig. 2.8 Iso-octane spray under different superbeatlitions with single-hole jet injector (adapfeamn
Ref. [30])

17



2. Background Theory and Literature Review

These high superheat evaporation-induced shocksaaneealso observed by Lamanna et al. [31] in the
study of acetone flashing sprays. Fig. 2.9 illussahe clear structures of the shock waves, wisieh
result of the explosive expanding during the flaghphenomenon under extremely large superheat
conditions R,=1124).

Shock Wave

Fig. 2.9 Acetone spray under different superheatitimns with single-hole jet injector (adaptedrfro
Ref. [31])

2.6 Literature Review of Flashing Spray

The former sections summarize the knowledge reladethe flashing spray, including the thermal
dynamics and nucleation theory. This section, sispplement, reviews the notable research work# (bot
of experimental and numerical investigation) cdmiting to the understanding of a flashing spray.

2.6.1 Experimental Study of Flashing Spray

The research work on flashing can be traced bathketd 960s, when Brown and York [20] explored the
flashing spray with water and Freon-11. The autfimusd that a critical superheat exists, and olir t
threshold, bubble growth inside the liquid jet valtcur. Since then many valuable studies have been
carried out to further expand the knowledge oftflag. A brief summary of the previous works frone th
experimental perspective is listed as below.

2.6.1.1 Investigation in Flashing Spray Mechanism

Reid [32] did an early work in the 1970s to expltite potential mechanism of the vapor explosion tha
is induced by the sudden depressurization of aspreed liquid tank. The author hypothesized that t
vapor explosion occurs until the liquid superhesiches its limit, and that before this point, amlgid
boiling process happens. And the explosion intgrisitrelated to the pressure difference between the
vapor saturation line and the superheat limit curve
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In the early 1980s, Shepherd and Sturtevant [33}dtigated the bubble evaporation process inside a
single butane droplet under superheat limit cood#iwith a short explosion photography technique.
The bubble interfacial instability driven by thepi@d evaporation was observed, which is similarhte t
Landau mechanism of laminar flame instability. Bhehors found that the evaporation mass flow rate
was much higher (about two orders of magnitude tiee one predicted by normal evaporation law.
Additionally, a series of toroidal waves on the blebliquid interface were also found, and the iretlic
surface oscillations yield a disintegration of theplets by Rayleigh-Taylor instability.

The different flashing spray regimes were studigdKliamura et al. [21] with water and ethanol. The
authors observed two different spray patterns:raptete flashing and a normal two-phase spray. The
former one happens at much higher temperature tivarsaturation temperature, and the latter one
occurs closer to the saturation temperature. Tlieoes proposed an empirical correlation of critical
superheat for the flashing spray on the basisebtlbble growth theory. Cleary et al. [23] and W#tet

al. [34] proposed and validated an empirical catieh using the Weber number and Jacob number to
predict the onset of water flashing atomization.fiiwher describe the flashing spray pattern, R&5%
conducted experiments by injecting water into adgkair environment. The tests show that the fraghi
pattern rather than directly disintegrates at thjector orifice as the previous study concluded, bu
comprises an intact liquid core surrounded by a@mjwng fine spray. Furthermore, Peter et al. [36]
characterized the flashing liquid jet by four plogdifeatures, namely, non-shattering liquid jettiply
shattering jet, completely shattering jet but iatestvide sequence, and flare flashing jet. The asitho
pointed out that the spray temperature along thexe@l direction showed an exponential decrease. B
consideration of the flow both inside and outside injector, Park and Lee [37] identified two flash
modes (internal flashing mode and external flashimade) through an experiment with water. The
authors found that a long injector and a high sugatrhelp to produce fine and uniform spray draplet

By measuring the vapor concentration of n-pentéamhing spray with an infrared extinction/scattgrin
(IRES) technique, Adachi et al. [38] proposed ampieical correlation of the flashing evaporation mas
flow rate and developed and validated a flash hgifipray model.

Simoes-Moreira et al. [39] studied the flashinguid jet released from a short injector into a low
pressure environment with the Schlieren technidibe. authors observed the phase transition appearing
on a liquid core surface outside the injector andnternal nucleation was observed. The phase eéhang
forms an interfacial region, where the expansionesamay be generated depending on the superheat
degree. By a theoretical analysis, the authorsestisg that as the metastable liquid experiences a
sudden evaporation on the interface, a two-phase #merges. This two-phase flow will freely
accelerate to a supersonic velocity. Due to theiemblpressure balance, the spray acceleration ggsoce
will terminate with shock waves.

Employing Laser-Induced-Exciplex-Fluorescence (DIBRd Mie-scattering techniques, Zeng et al. [40]
investigated the flashing spray released from difhale injector. The spray penetration length,npéu
width, and normalized plume distance were analypedharacterize the macroscopic spray structure.
The authors gave two critical superheat valuesésmted by a ratio of ambient pressure to saturati
pressure) to respectively characterize the flaslinlgaegime and the spray collapsing transitiogimes.
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Lamanna et al. [31] conducted a series of expelttisném investigate the flashing spray under low

pressure conditions with ethanol, acetone and isare. Dependent on the superheat degree, thersiutho
defined three atomization regimes, namely, the iueichl atomization regime, the nucleation onset

regime and the fully flashing regime. Based onnheleation theory, the authors also proposed a non-
dimensional parameter (Gibbs number) for thesaregiindication.

2.6.1.2 Investigation in Flashing Spray Velocity and Droplet Size

Brown and York [20] studied the spray droplet sizedocities and spray shape with different injegto
and hence proposed a correlation of the droplet digtribution. Park and Lee [37] measured the
droplets of a flashing spray with Malvern Partiglealyzer (MPA). The distribution of the droplet siz
near the injector presents a decreasing trenderspinay radial direction, but becomes more uniform
downstream the spray. Hervieu and Veneau [41] medgsihe droplet size and velocity of the propane
flashing jets by employing a Phase Doppler Parthatalyzer (PDPA). The results show that higher
injection pressures facilitate flashing spray, legdto strong fragmentation and small droplets. The
Arithmetic Mean Diameter[Y;o) of the typical droplets falls in the range frouin to about 50m
under the fully flashing conditions.

Allen [42, 43] investigated the spray velocity agrdplet size distribution of propane flashing jethw
non-intrusive optical measurement techniques. Tithos characterized the flashing spray velocity
profile with the Laser Doppler Velocimetry (LDA)denique. Though it is rather difficult to get the
valid data on account of the harsh spray conditiavih some carefully post-processing, the author
obtained the velocity profiles along the axial eglime as well as the lateral profiles at variow&la
locations. The profiles show the feature of a sgtfilarity along the spray axial centerline andhwit
Gaussian velocity in the spray radial direction.téshe droplet size measurement, the author etilem
improved Malvern Particle Analyzer (MPA) systemgdatime droplet Sauter Mean Diamet&sd) is
smaller than about @&n under flashing conditions.

Yildiz [44] carried out a comprehensive study t@aetterize R-134A flashing atomization with Paeticl
Image Velocimetry (PIV) and Phase Doppler Anemomn@DA) techniques. The author analyzed the
influence of injector geometry and injection bourydeonditions on the droplet size and the velocity
distributions. The test also gives a self-similatf the velocity distribution as Allen [42] did.his
velocity self-similarity was also confirmed by Vtia. [45] and Zhou et al. [46] in the R134a flaghi
study, and by Kamoun et al. [47] in the ethanol acdtone flashing study. Weber and Leick [48]
studied the near-injector flashing spray structuesspectively with a single-hole and two-hole GDI-
injectors. The droplet velocities were obtainedapplying a shadow particle image velocimetry (PIV)
technique, and the droplet sizes were qualitatiestymated by the image analysis. With an intensive
study, Lamanna et al. [49] pointed out that inyfdlashing sprays, the enhanced evaporation indaces
narrowing Rosin-Rammler distribution with the sttitially D3, less than about 2n.
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2.6.1.3 Investigation in Flashing Spray Temperature

Peter et al. [36] investigated the temperatureridigion along the flashing spray centerline by
thermocouples. The test showed an exponential deerim the spray mean temperature along the jet
axial direction. A similar temperature distributiovas obtained by Vetrano et al. [50, 51], who used
Planar Laser Induced Fluorescence technique (Ralfvestigate the thermal characteristics of flagh
jets of ethanol and acetone. The test shows thiiea¥akob number increases (superheat increéises),
temperature curve presents a steeper decline. dperteated liquid jets travel a rather short distan
(i.e.z/D < ~20) and then almost relax to an equilibriunbkestate.

By employing both intrusive and non-intrusive teicfues, Yildiz [44] investigated the temperature
evolution of the R134a flashing sprays. As to tba-mtrusive methods, the infrared thermography and
global rainbow thermometer (GRT) were used. Thkitacof information of the local distribution ofeh
spray emissivity makes it challenging to recompgheeaccurate spray temperature based on the idfrare
radiation. In this case only qualitative resultsreveorovided by the infrared thermography. The
thermocouple, however, disturbs the spray jetsadifedts the flashing onset and consequently, mey le
to temperature misinterpretation downstream. Wigsé measurements, the author gave an exponential
decay relationship of the spray temperature albegspray centerline. By employing a laser diffrarcti
technique, i.e. global rainbow thermometer, thénautlso conducted a feasible study on the flashing
spray [52]. The experiment recorded a weak sigfidhe global rainbow interference patterns, from
which the temperature and spray droplet size drieved. The results, however, deviate from thei@al
measured by thermocouples. Considering the disaaganof the infrared thermography, the Dual
Infrared Thermography (DIT) techniqgue was emplofedthe spray thermal study by Kamoun et al.
[53] and Lamanna et al. [54]. This technique carséen as an improved Infrared Thermography since
the ambient radiation can be eliminated. By anatyzivo distinct images of the spray at two différen
temperature-controlled backgrounds with a high sivity, the local emissivity of the fluid and théme
spray temperature can be estimated. One disadwarihdhis technique is the sensitivity to the
repeatability of spray atomization process, andth® ambient radiation. The tests also show an
exponential decay of temperature along the spratede, and a self-similarity of the velocity files

in radial direction for the flashing spray.

The above discussed studies are concentrated oablstofluids. However, little research on the
cryogenic fluid spray under a low pressure envirentr(far away from the critical condition) has been
undertaken so far. Gautam et al. [55, 56] investidighe behavior of transient and steady./Hs
coaxial injection spray under atmospheric and guiwapheric pressure conditions, using the highepee
Mie-scattering and Schlieren techniques. The asthdemonstrated that the behavior of ,LIN
significantly affected by the low-pressure condioThe spray presents an extremely wide expairsion
such environment. Manfletti [57] employed the Setdh visualization method to study the impact of
pre-ignition conditions (such as pressure, cryogémjection, and the local chamber flow field) dwet
altitude ignition process. The LOx flashing phenomén a low chamber pressure environment (25
mbar) were observed and further analysis of thenpmenon was conducted. Lamanna, et al. [58]
explored the flashing behavior of LOx and liquiiatol, and found similar spray characteristics iesp
the difference in fluid properties, and also paintaut that the kinetic phase transition dominakes t
flash atomization under the boundary conditionightsuperheat level. Rencently, Luo et al. [27,63,
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61] conducted a series of experiments of the, IDx and LCH flashing spray and the characteristics
of such spray were analyzed.

The flashing spray characteristics, such as theysgiomization mechanism, the spray temperatuee, th
spray velocity, and the droplet size distributior aeviewed in the above sections. The adopted
measurement techniques are summarized and lisfeabin?.1.

Tab. 2.1 Typical measurement methods used in figstpray

Chaiacteristic Spray patter Temperatur Droplet siz: Velocity
Photograph PDA/PDPA
(B_rown and York [20], (AIIe_n [42],
SR'[?JII‘Zt;\[IB;.?I]t, [?’ag]e,pl?i?art?ni?e? (VetrarF:oLIeFt al. [50] (Parlﬁ”;ﬁd Lee \;—Ieenrglaeuu[jg](;,
etfl. [21], Y”(Ijif [4]4)1], (51) : [37[], A]\;Ien Yildiz [44])
arami et al. [29 43 PIV
. DIT .
HEotelon | S Vieha and Smoes. | (Kamoun etal 153] vyt | weior and Leic
Moreirg [30], Simoes- Lamannea;rt al. [54] _ GRT [48])
Moreira et al. [39], (Yildiz et al. [52]) (Yildiz et al.
Lamanna et al. [31], [52])
Weber and Leick [48],
Luo and Haidn [27, 59])

2.6.2 Numerical Study of Flashing Spray

As aforementioned, the flashing phenomenon is aptexnnon-equilibrium phase change process;
hence, modeling of such two-phase flow remainseatgchallenge. Nevertheless, plenty of simulation
works has been performed to study such sprays.

Among the efforts, a number of numerical worksoisulsed on the geometrically confined flashing flows
(e.g. flows inside injectors). Two methods, i.ee thermal equilibrium method and the thermal non-
equilibrium method were developed in accordancee Thermal equilibrium method such as

Homogeneous Equilibrium Model (HEM), takes the twlmse mixture as a pseudo-fluid of single-
component flow with the same properties, velogisessure and temperature. Goldstein [62] did an
early work to simulate the flashing flow throughcapillary tube by assuming an adiabatic and
homogeneous flow condition. Inada and Ohkawa [68Juided flashing effects in the HEM model for

two-phase flow by assuming that the liquid satoratenthalpy is linearly dependent on the local
pressure, and that all other fluid properties asaimed to be independent of the pressure.

Leung [64] was the first to propose a generalizedetation for one-component equilibrium flashing
chocked flow. By introducing a-parameter based on the assumption of isothermi@ shange of the
two-phase flow, the deviations of the critical mélssv rate predicted by» -method and the HEM
method are up to 20%. Later, Leung [65] improveid thrparameter formulation by considering the
compressible nature of a two-phase flow, and Lenzh al. [66] performed a detailed study by
comparison of these two-parameter methods with the HEM method.
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The HEM model can predict rather accurate critinaks flow rate of the flashing flow in long injexto
since the two-phase fluid has sufficient time tacte an equilibrium state. This model, however,
underpredicts the critical mass flow rate in shojectors, where the flow is mainly characterized b
thermal and mechanical non-equilibrium. Conseqyettie thermal non-equilibrium models have been
developed, such as Homogeneous Relaxation ModeMjHR essence, this model presumes that the
vapor temperature equals to the saturation temyreraut is different from the surrounding liquidasie
temperature. This model also represents the phassitton with one equation by estimating the time-
scale of the phase change. The HRM model wasdpptied for adiabatic, one-dimensional flashing
spray by Bilckli and Kestin [67] and later is wiglalsed. Schmidt et al. [68] employed the HRM model
in a two-dimensional flashing flow, and the simidatshows a good agreement with the experiments.
Later, Gopalakrishnan and Schmid [69] successfpliyformed both a two- and three-dimensional
flashing simulation with this model. The authorsdrporated the HRM into the pressure equation to
satisfy the compressibility and density change bseaof the phase transition. The simulation results
show a geometrically-induced phase change neanjgetor entrance and at the injector orifice plane
and this phase transition is quite sensitive tog@y temperature. By extending Gopalakrishnan and
Schmidt's work, Neroorkar et al. [70] performedhaee-dimensional flashing simulation of a pressure
swirl injector with consideration of temperaturepdadent fluid properties. The simulation was
qualitatively validated by the experimental data ®ghmitz et al [71]. Saha et al. [72] studied the
internal and near-injector two-phase flow with alGfjector by coupling the HRM model with the
VOF method. The simulation predicts cavitation diesihe injector and flash boiling in the near-itgec
region,when the liquid jet is subjected to the superheatetiance.

Regarding the external flashing spray, however, f@deling work has been carried out so far. Simoes-
Moreira and Bullard [73] conducted a one-dimendi@maulation of a flashing jet with short injectors
Due to the rapid depressurization, the liquid jetlergoes a sudden phase change via an evaporation
wave process, producing complex flow structuresrasiream a liquid core near the injector orificeeTh
author pointed out that the radial evaporation wstvews the Chapman-Jouguet (C-J) solution and the
choked flow downstream of the wave is also weldpred. Later, Angelo et al [74] improved Simoes-
Moreira and Bullard’s work, and performed a two-dmsional simulation of a flashing jet. The
simulation can well predict the main shape and dsiwns of the complicated shock wave structures,
and the results are comparable with the experirhdata.

Based on Adachi-correlation [38], Zuo et al. [7®vdloped a flashing atomization and evaporation
model to perform a 3D simulation of the flashingagpreleased from a pressure-swirl injector. The
model gives consideration to the mass evaporatioth lhue to flash boiling and heat transfer
(conduction and convection) between the superhdigaid and its surrounding ambience. Specifically,
the spray sheet flash boiling is molded by a temtsheat conduction process with an effective tlabrm
conductivity. The jet atomization is modeled by tmglrodynamic instability, cavitation and bubble
growth inside the spray sheet. The droplet evajmoréd modeled with consideration of the heat tfans
under flash boiling and normal boiling conditiorithe simulation results match well with the Mie
scattering images. This model has later been adogel/or improved by Raju [76], Schmehl and
Steelant [77], Ramcke and Pfitzner [78, 79], and ktal. [80] for the flashing spray CFD study ainel
model shows good computational results in comparigith the experimental data.
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2.7 Summary

Since LCH/LOx has more advantages than its counterpartggrien Methane-Oxygen engine attracts
more attention in the new generation engines. Apdeederstanding of the flashing phenomenon
involved in the green propulsion development isréf@e required. This chapter comprehensively
reviews the previous research related to the fiashpray. The thermodynamic process, the kinefics o
nucleation, the atomization models and the macpisab characteristics of the flashing spray are
discussed, which is then followed by a comprehenseview. The literature studies show that the
gquantitative characterization of the two-phase flowder flashing conditions is rather complex, atiltl s
remains a great challenge even for the most appdiser-based measurement techniques (e.g. PDA,
LDA, LIF, GRT, and DIT). The related research oa tryogenic flashing spray is hence quantitatively
limited. As to the modeling of the two-phase supathspray, a majority of work is focused on the
internal flashing phenomena inside a confined tojeor pipe. The study on detailed characterigtigsh

as the morphology, thermal behavior, droplet sig&idution of the external cryogenic flashing spis
still lacking.
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Chapter 3.Experimental Investigation of
Cryogenic Flashing Spray

3.1 Introduction

This chapter presents an experimental investigatidlashing sprays of cryogenic fluids, e.g. 4 NOx

and LCH,. The flashing test bench will be described, fokoWby a detailed discussion of the test results.
With the help of a high-speed shadowgraph and &glrli techniques, as well as the temperature
measurement, the characteristics of the flashimgyspre investigated, including the spray evolution
process, the spray angle, the spray thermal befsa@iong the injection centerline, and, in someesas
the formation of solid paticles.

3.2 Experimental Facilities

3.2.1 Flashing Test Facility

3.2.1.1 Test Facility Overview

The flashing test facility has been built in LTF-WUThe setup is designed to perform the studies of
flash atomization and vaporization of cryogenidd®uin a low pressure environment (down to about
30mbar). Fig.3.1 shows the detailed schematic efléshing test facility, which corresponds to test
setup in Fig. 3.2. The setup mainly consists ohfig) the main test cell, the fluid liquefactiorstgm,

the gas pressurization and cryogenic feeding systeDAQ system and the optical diagnosis system.

In general, at the beginning the nitrogen gas €stan cylinder bundles with a high pressure of aip t
30Mpa) is depressurized by the spring-loaded presggulator (P_Regl) in order to purge the chamber
and the corresponding delivery lines. After tha ttacuum pump starts to evacuate the whole system.
This purge and evacuation process will be repesg¢edral times to prevent water moisture inside the
delivery line from freezing at the extremely lowrgerature during the test (e.g. ~78K). The oxyges g
(stored with a high pressure of up to 30Mpa) ardrtiiethane gas (stored with a pressure up to 20Mpa)
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3. Experimental Investigation of Cryogenic Flashing Spray

are depressurized by the pressure regulators P_Red2P Reg4, respectively, thus providing the
liquefaction gas sources. The gases are liquifigtié liquefaction system, which will be descrilbeter

in detail. The liquefied fluids are then deliveraad filled into the vacuum insulated tanks, nantbgy
LOx and LCH tank. Their tank pressures are closed-loop cdattddy the solenoid valves and relief
valves, i.e. MV-LO2, MV-LM2, P_RV2 and P_RV1. Thelenoid valves are controlled with a
prescribed pressure threshold and a marginal \adube test requirement. When the pressure insale t
LOx or LCH, tanks is larger than the test requirement, thenait valves will open and release pressure
until it returns back to the set pressure. As thghing phenomenon is highly dependent on thetinjec
boundary conditions, especially on the fluid supathtdegree, a LNoath is built on top of the chamber
as a heat exchanger. The injector and the solestmidoff valve are immersed inside the Lipath thus

to almost maintain a constant injection temperadiuming the test. The Li\bath pressure is also closed-
loop controlled (MV-LM4, P_RV3), and is automatigalilled by a large LN tank (using the methane
liquefaction tank). With a preset control sequetice,cryogenic fluid is injected into a vacuum clbam
(the low pressure conditions are generated by awacsystem), and the temperature and pressure
measurement probes (e.g. TO~T7 and P0~P2) andptiwaloinstruments are then triggered to start
recording the test data.

Fluids: LN2,LCH4, LOx
Flashing Setup Injection Pressure : 5~20 bar

Vaccum Pressure: 30~1000 mbar

N2 Pressurization

HV-GO2

CV-GO2

LN2 precooling

T-LO1
LN2 precooling
Vaccum (-
N |
Det
HV-GA1 Ii
Air
Compressor

LN2 Fill Line

1t
CV-LN2 Insulation Line

P_Reg6

TVO-AW

T4
Purge Window g
T6

- :::Q

Jet Pump

cco DAQ systerm

Vacuum Pump HV-GA3

Fig. 3.1 Schematic of the flashing test setup
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Fig. 3.2 Flashing test setup

3.21.2 Chamber with Optical Access

The rectangular test chamber is designed with 4levirs to allow visualization and optical analysis€o
side is covered to set the thermal and pressuteeprimstruments), as shown in Fig. 3.3. The chamber
size is 160 mmx144 mmx110 mm and the window isrhf275 mmx15.5 mm.

Hot Air

Thermal Resistance Heater

Fig. 3.3 Test chamber

A single element jet injector is used for the pmeésstudy. The injector head is changeable to
accommodate various diameters and lengths, as simokig. 3.4. The temperature and pressure sensors
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3. Experimental Investigation of Cryogenic Flashing Spray

are located close to the injection head to endilenieasurement data to approximate the “injection
temperature” and “injection pressure”.

Fig. 3.4 Test jet injectors

Due to the low-temperature spray inside the chanthermoisture molecules around the chamber are
prone to condensate on the windows during the tesich will cause the challenges to the optical
visualization. Flexible resistance heaters (polgienifilm insulated) are, therefore, set between the
chamber wall and the window covers to warm the ddemwall, and at the same time, the heated air (or
heated nitrogen gas) is continuously purging thedaiv, to prevent the moisture condensation on the
chamber window.

3.2.1.3 Liquefaction System

The investigated liquid propellants, i.e. LOx an@GH,, are produced by the simplified liquefaction
systems with LN as the coolant, schematically shown in Fig. 3.b. lifuify oxygen, the high
pressurized oxygen gas (~30Mpa) is filtered andiced to about 2Mpa. The depressurized oxygen gas
is then separated by two feeding lines, one of widca supplement to the liquefaction gas source an
the other is to pressurize the liquefied oxygemc&ithe triple point temperature of oxygen (56.4K
@1.0atm) is lower than the saturation temperat@ileNg (77.24K @ 1.0atm), the oxygen gas directly
goes through an enclosed L kank with the pipe coils, which works as a heathexger. The safety
valves, check valves and solenoid valves at tligestare used for pressure control and overpressure
safety purpose. All the oxygen feeding lines aex&d cleaned (degreased) since oxygen is comlpdstio
assisted.

The methane liquefaction is a bit more complex thigygen. Safety is concerned since its flammability
Besides, the saturation temperature of,ldibsely approximates to the triple point tempematof
methane (90.68K @1.0atm). It indicates that a ditiguefaction of methane with saturated AL Bt
ambient pressure is impossible. Therefore,, N pressurized to increase its saturation temperat
above the triple point temperature of methane, heefiois used as a coolant. During the test, N
pressurized by nitrogen gas to about 6bar withmgpegature of about 95K, thus the subcooled L. C&h

be produced.
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3.2.1.4 Gas Pressurization and Cryogenic Feeding System

In the test, the high pressure nitrogen gas is tsguessurize the LCHstorage tank, the LOx storage
tank and also to purge the system. For the cryedeptding system, the storage tanks of the liguidg
are vacuum insulated, whereas the liquid feedingsliare insulated by Armaflex-LTD due to their
flexibility. The detailed schematic is illustratadFig. 3.1.

3.2.1.5 Vacuum System

The vacuum tank and chamber in the test are evedtimt a jet pump and a vacuum pump, with the
layout shown in Fig. 3.1. The jet pump is designétth a vacuum capacity of about 100mbar, which is
driven by compressive air of 10bar. The vacuum pwaguum capacity of 5mbar) is used for system
drying to reduce the moisture both inside the tiquaink and inside the feeding line, which may fecez
during the test, resulting in blockage of the soldnvalve or other potential damages. The vacuum
pump also provides the low pressure for some tgiisan extremely high superheat level.

3.2.2 Optical Diagnosis Methodology

3.2.2.1 High-speed Schlieren Setup

For an non-intrusive study of cryogenic sprays, dpécal diagnostic techniques are employed in the
test, like the high-speed Schlieren technique amati®vgraph technique, and Rainbow Refractometry
technique. The Schlieren technique is a powerfol far spray visualization, and the detailed pritei

of this technique can be found in Ref. [81]. Aseeample, Fig. 3.5 shows the schematic layout of the
“C” type Schlieren setup that was built for thesfiing spray transition study in our test.

This system is mainly composed of 6 componentigha source with slit device, a parabolic mirror, a
plane mirror, a knife edge, an optical lens, arftigh-speed camera. The light source that workshier
back illumination is a Light-Emitting Diode with it device in front. The slit device, as an impmit
part for creating a homogeneously collimated beéftigbt [81], is positioned at the focus point diet
first parabolic mirror f;=3m). The first parabolic mirror collects the $liht illumination and collimates

it to produce parallel rays in the test region. Toavex lensff=1.0m) focuses the collimated light
(from the second parabolic mirror) towards the camabjective lens (Tokinal00mm f/2.8) before the
light is finally focused on the high-speed camdthatron FASTCAM Mini UX100). The camera can
provide 1280x1024 pixels resolution to 4000FPS rmatliced resolution operation to 800000FPS with
640x8 pixels resolution. A global shutter providsr free imagery with a minimum shutter exposure
time of lus with the CMOS of 10m per pixel.

29



3. Experimental Investigation of Cryogenic Flashing Spray
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Plane Mirror
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Plane Mirror
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Fig. 3.5 Schematic of Schlieren setup

3.2.2.2 Global Rainbow Setup

The literature surveys show that a quantitative saeament of the cryogenic spray is rare, evenhfer t
widely developed laser-based techniques, such #ARId LIF. In order to perform quantitative study
of the cryogenic spray droplets, a global rainbefvactometry setup was built and the corresponding
tests were conducted. The detailed informatiomeftest setup will be described in Chapter 4.

3.2.3 Measurement and Uncertainty

All that any experimental procedure can do is teeca value of the result that may be near the true
value. We can never say that we know the true tresaly that we have a result that may lie within a

range of uncertainty. This section talks aboutrtteasurements and the corresponding uncertainty. Fig
3.6 illustrates the potential sources of the meament error.

Systematic Eror (x)

Sourcts of Errot
(xx0)

30

Instrumen (e.g. zer-shift)

Measuremer Methoc

Postproces Methoc

Random Error (o)

>

Observation &Back Noist

Fig. 3.6 Error of the measurement
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3.2.3.1 Temperature Measurement and Uncertainty

As mentioned before, the quantitative investigatibrthermal characteristics of the cryogenic flaghi
sprays with non-intrusive techniques is challengiAgy present, therefore, the intrusive method is
employed in the flashing study, thus to obtain {gecesults. Plenty of methods are available fer th
cryogenic temperature measurement, such as thdywided thermocouples (type T, E and K), the
resistance thermometers (platinum resistance, narbsistance, germanium resistance), capacitance
thermometers (glass-ceramic), resonance thermasnabel also vapor pressure method, which is based
on the correlations between the saturation temperatnd pressure of fluids. Due to the economy and
small dimensions, the common thermocouple is usdde present study. It is known that thermocouple
types T, E and K are applicable to LOx. Among th&pe T thermocouple (copper-constantan) is the
only one of the standardized types, for which linaf error below 273.15K have been established [82]
It is well recommended by the ASTM for use in thigogenic temperature in vacuum or in oxidizing,
reducing, or inert atmospheres [82].

In this study, therefore, type T thermocouples vitik surface grounded junction and diameters of
0.5mm and 1.0mm are utilized. The uncertainty &f skandard Type T thermocouple (ICE 584-3) is
reported as +1.0K or +1.5% of the measurement raBg®re the test, the thermocouples are calibrated
with LOx and LN at the ambient pressure. Fig. 3.7 gives the aeetagperature measured by the
thermocouples which are located in the spray. Thasured data of each thermocouple is statistically
averaged for several times measurement (the uitgrfar every thermocouple is estimated by Eq.
(3.1), and it lies within a error margin of about.@K). This figure also indicates a small tempa®tu
fluctuation between the used thermocouples. Witstadistical analysis with Eq. (3.1), the standard
deviation is only of about +£0.25K. This confirmsgaod consistency of these thermocouples. The
accuracy of the temperature measurement can baetitay comparing the difference between the
measured averaged temperature value and the redetemperature (from NIST data), shown as Eq.
(3.2). The results show that this value is aboQK3Therefore, in the present study, the tempeeatur
measurement error is estimated at a value of 3@ K1

MOF
i o T-LN2 Test
i o T-LOx Test
ok - ——-= Ref_T-LN2 (NIST)
A A Ref_T-LOx (NIST)
[ 0 o 0 o o o o
Db cm -2
I 89.78K@0.97bar
~
oF o o o o o o o
[ 76.98K@0.97bar
70 =
1 1 1 1 1 1 1

T-inj TC1 TC2 TC3 TC4 TC5 TC6

Fig. 3.7 Temperature measurement calibration
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3.2.3.2 Pressure Measurement and Uncertainty

In this study, some pressure sensors with a culoept output (4~20mA) are utilized. This applicatio
benefits from the current loop’s inherent immuritythe electrical noise and its independent toagst
drops in the system wiring, which leads to a higaecuracy of this specialization. Some pressure
sensors with the voltage output (0~5V and 0~10¥)aso instrumented. Since thaltage devices are
sensitive to noise, the differential measuremendehof the data acquisition device NI9205 (see Sec.
3.2.4) is configured to reject the commonmode ndisaddition, the pressure signals are transmbed
shielded wires, thus to minimize the noise pickup.

The pressure measurement systems are calibratede bible test. This calibration is done not only
because of the sensor signal drifting itself babalue to the signal transport losses (voltagef)ds a
long length cables for the voltage output sendeven for the current output sensors, the currgmitin
signals are transferred to the voltage signalshunisresistors (precision metal film resistors, @GP0
before being finally processed, which will alsorattuce measurement errors. Fig. 3.8 gives the
designed analog signal input model.

Fig. 3.8 Analog signal input model (for pressunesses)

A comparison of the calibrated signals with thesses’ data shows a rather small deviation. Theegfor
the pressure uncertainty here is estimated the santlee data provided by the sensor supplier &ir te
data analysis, which is listed in Tab.3.1.
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Tab.3.1 Detailed information of pressure sensors

NO.| Name Type Output Accuracy Comments
(BFSL)
P LMO LCH, injection pressure (with pulse
- 0~16b tube for low temperature protection)
1 PMT-DS19 o-av | $0.5%
P LNO LN, injection pressure (with pulse tube
- for low temperature protection)
> P LOO | PMT-DS19 0~16bar, +0.5% LOx injection pressure (with pulse tube
- 0~5V - for low temperature protection)
3 | P_Cl | WIKA-A1L0 Oai'fg\e;" +0.5% | chamber pressure
4 | P_C2 | WIKAS20 2:;823\ +0.25% | chamber pressure
5 P LN1 | WIKA S20 O(-)_}Sgs/l +0.25% | LN pressure for methane liquefaction
0~1Cbau, L
6 P_LN2 | WIKA S20 0-10V +0.25% | pressure in liquid nitrogen bath
0~5C bay, L . .
7 P_GN1| WIKA-A10 0~10V +0.5% | pressure in nitrogen gas delivery line
8 P LO1| WIKA-S20 g:i%t;ﬁk +0.5% | pressure in oxygen liquefaction tank
9 P_LO2 | WIKA S20 2:2250?2;\ +0.5% | pressure in LOx pressurized tank
10 | P_GO1| WIKA-S20 2:2%?3';\ +0.5% | pressure in oxygen gas delivery line
11 | P GM1| WIKA-A10 06?_383" +0.5% | pressure in methane gas delivery ling
12 | P_LM1| WIKA A10 O(fi?)@ +0.5% | pressure in methane liquefaction tank
13 | P_LM2 | WIKA A10 ?1:2250??,10\ +0.5% | pressure in LCHoressurized tank

3.2.3.3 Mass Flow Measurement and Uncertainty

In the early test, the mass flow rate was meadbyetie cryogenic turbine flow meter NT/FT4-8 with a
capacity of 0.38~11L/min and repeatability of +@@5Due to the disturbance to the flow, the flow
meter was dismounted and the flow rate was measqiydde calibrated injectors. It is well-known that
the injector discharge coefficient is not only dagent on the injector geometry but also on the flow
condition (e.g. turbulent or laminar flow). Thetéatis affected by the fluid property, such as fithil
viscosity, density, etc. It is possible to makeapproximate conversion with different fluids toiestte
the discharge coefficient, but a large error mightintroduced. In this test, the discharge coeffitis
obtained with LN as the working fluid. In order to have a precisgéneation of the mass flow rate, the
uncertainty of the discharge coefficient is caltedawith the Taylor series method of the uncenaint
propagation, as shown in Eq. (3.3). The uncertairfitthe volume flow can be obtained by the flow
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meter, which is +0.05%. The uncertainty of the poes measurement is estimated at £0.5%. The
injector is designed with the roughness of Ra312tfie injector inner hole surface. Therefore, the
uncertainty of the injector area here is approxémgt.3%. The uncertainty of the fluid density can b
approximately estimated with the temperature, whighabout +0.25% (obtained by the density-
temperature correlation of the NIST data). In saegording to the above values, the uncertainty of
discharge coefficient estimated by Eqg. (3.5) isutbdl.4%. The measured discharge coefficients
corresponding to different injectors are shownim B.9.

AY (X, Kooy Xy ) = Z::[:TYA Xj (3.3)
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Fig. 3.9 Injector discharge coefficient with pregsdrop

Based on the value of injector discharge coefficilie mass flow rate is calculated, and the uamext
can be estimated with the same process as theniletdion of uncertainty of discharge coefficienhel
value is estimated at about 1.5%.
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3.2.4 Data Acquisition

The data acquisition system, developed on a CoRRp@ctmainly consists of three components: a real-
time operating system (cRIO-9024), a reconfigur&f&A (cRIO-9114) and some interchangeable 1/0
models. In the present study, three I/O modelsuaesl for data acquisition, i.e. NI-9214, NI-920% an
NI-9478 model.

The NI-9214 is used to acquire temperature sigridd the sample rate greater than 68S/s. It offérs 1
signal channels and is supported by several colctipn compensations and an isothermal terminal
block, which allows the measurement accuracy wgbtiut 0.45K. The pressure signal is sampled by the
NI-9205 model with a sample rate capacity of 256ki®/ total. This model can offer 32 single-end
channels or 16 differential channels dependenthencbnnection method. As mentioned before, the
differential channels connection is chosen in $higly since it rejects the commonmode noise. Ting th
model, NI-9478, which produces an output sign@\fto 48V, is used to control the solenoid valvées.
provides 16 channels with an update rate . An the test, the pressure data-recording madel i
configured to achieve a high sample rate, whichreach up to 2000Hz. The temperature measurement
model has a capacity of signal sample rate abddz,7@hich is set much lower than that of the pressu
model due to the larger response time of thermdesup

Fig. 3.10 DAQ hard ware and the graphical userfiate
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The DAQ hard ware and the corresponding user clopéeel (Graphical User Interface) is illustratad i
Fig. 3.10. The user control panel mainly includesrfparts: (1) the overview display module, (2) the
sequence control module, (3) the data calibratiodute and (4) the input/output module.

3.3 Results and Analyses

In this section, we analyze the morphology of thsHing spray under various superheat conditiohs. T
flashing transition criterion is explored basedtos nucleation theory. The thermal characteristfahe
sprays along the jet centerline as well as theyskataral propagation will also be discussed imaillet
Moreover, the solidification phase transition iscabbserved and will be analyzed.

3.3.1 Test Cases

Tab. 3.2 gives the geometric parameters of tesiedtors. The single jet injectors with differemifice
diameters D) and different length to diameter ratids[§) are used. Tab. 3.3 lists general operation
conditions of the test. During the test, due to ¢batinuous injection and the spray evaporatios, th
chamber pressure increases slightly though theujetp and/or vacuum pump is continuously working.
The injection pressung, and chamber pressypgare averaged during the test period.

Tab. 3.2 Parameters of injector geometry
Injector #1 #2 #3 #4 #5

D(mm) | 05| 05| 05| 09 1.5
L/D 2 | 10| 20| 10| 10

Tab. 3.3 General operation conditions of flashigg t

Paramete Range Uncertainty
Pinj 5bar~20bar +0.5%
Tinj 80K~120K +1.0K
Pc 0.03bar~1.0bar +0.25%

3.3.2 Flashing Spray Evolution

The flashing phenomenon is accompanied by supethatimakes the fluid metastable. Here, the LN
flashing spray is taken as an example. During ¢3¢ LN, experiences a transition from a subcooled
state or near saturation state to a strong supexhstate due to a rapid depressurization, befdirgally

returns to the equilibrium stable state by meanwioflent atomization and vaporization. Fig. 3.11
presents the nitrogep-T diagram. Initially, the subcooled LNstays at point A at high pressure;
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suddenly it is released into a low pressure enwir@mt. During this process, the liquid in the stable
equilibrium state is greatly superheated and besamatastable (point B), which corresponds to alloca
minimum free energy. In this state, the systemlmatemporarily stable with small fluctuations oé th
thermodynamic variables. However, this state willt fbe long-time maintained due to pressure
disturbance. It will overcome the energy barrier] aclease the latent heat through violent atornoizat
and vaporization (flashing), and finally return ttee global minimum free energy, reaching a new
equilibrium stable state (point C). If the backpres is sufficiently low (i.e. below the triple poi
pressure), then when the subcooled, lidNinjected into this environment (point B’), thgquid will be
highly superheated. The dramatic pressure drop thidrefore trigger much stronger flashing
phenomena, and the release of huge latent heat lagghthe metastable liquid solidification (po@i).
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Fig. 3.11p-T diagram of nitrogen

As aforementioned in Chapter 2, the superheatcaitieal parameter for flashing can be describédesi

by a temperature difference or pressure ratio.hia paper, the latter is adoped. Two reasons are
presented for this choice: 1) the liquid’'s supethivaour work is obtained by depressurization rathe
than by injection temperature increase; 2) the @hassition of flashing phenomenon is driven by th
chemical potential difference, and the pressure rat directly linked to the chemical potential

differenceAu, as shown in Eq. (2.15).

Fig. 3.12 shows the spray evolution with increagiiegrees of the superhe&) of injector #1. The
thermocuples are marked as TC1 to TC6 (TC5 and D@ not seen here) from the injector orifice to
the downstream. In Fig. 3.12a and Fig. 3.12b, wbitur under considerably low superheat conditions,
the sprays display a similar characteristic. Isprés as cylindrical jet, disintegrates into liglighments
and further shatters into smaller droplets dowastref the injector. These phenomena indicate tieat t
sprays are strongly dominated by the mechanicatiatdion under these conditions. It can be expthine
as follows. During the test, the various superleatls are mainly obtained by controlling the vanouu
chamber pressure. Therefore, the low superheaitmrsl(smallR,) indicates a high chamber pressure,
which means there are more gases inside the chaldbhder this condition, the liquid jet is not only
affected by the thermal effect (superheat), bud atsongly affected by the initial turbulence oé thuid
and its interaction with the surrounding gas (éntreent). Therefore, the cohesive and disruptivedor
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acting on the jets surface, combined with the émtmant effect of the surrounding gas, causes thedi
jet to shatter into small liquid ligments or toidiegrate further into smaller droplets.
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X=6.68 X=6.19 x=1.83 x=1.31 x=0.42
(=46.69 (=40.45 (=8.27 (=5.39 =130

Fig. 3.12 LN flashing spray under different superheat condgi@njector #1)

The mechanisms of mechanical atomization have b#ensively studied [83, 84, 85, 86]. Fig. 3.13
gives the jet breakup regimes’ boundaries desctilye@hnesorge [83] and Miesse [84]. The criteribn o
Messie's regime is based on the test of, lakd water discharged into the ambient air. In figisre,
region (a) represents the Rayleigh Breakup Regintere the drop diameter is larger than the jet
diameter, and the jet disintegrates downstreanhefinjector. Region (b) is the First Wind-Induced
Regime, where the drop size is about the ordehefdt diameter. Region (c) shows the Second Wind-
Induced Regime, in which the drops are smaller tharjet diameter and breakup occurs some distance
downstream of the injector. Region (d) illustraties Atomization Regime, where the drop size is much
smaller than the jet diameter.
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Fig. 3.13 Jet breakup regimes description by Omgesand Miesse [83, 84]
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In the cases presented in Fig. 3.12a and Fig. 3th2Reynolds number based on the injector diamete
is estimated at about 1.22X1@nd 1.26x1%) and the respective Ohnesorge number approximates
2.30x10° and 2.26x18. These values are located within the “AtomizatRegime” region, which
indicates that the spray is primarily dominatedhm®y mechanical atomization.

With the superheat level increasing, the sprayigintegrates into finer droplets with a fiercetelal
propagation and shorter intact liquid core, as shiwFig. 3.12c and Fig. 3.12d. In these cases) fiee
view of the nucleation theory, the internal eneodythe liquid cluster is comparable to the nuclaati
barrier and the jet spray is greatly unstable. itbssure disturbances, parts of the liquid clesiee
likely to overcome the nucleation barrier, enhagdime massive bubble nuclei to grow up and thadiqu
jets break up to and disintegrate into small drgpletil the jet reaches a new stable equilibritates
giving the spray a strong lateral propagation.

By further increasing the superheat level (stilobethe superheat limiff;,,~0.9T¢; [87, 88, 89]), most
of the nucleation clusters can overcome the nuoledtarrier, under which the probability of bubble
nuclei formation increases exponentially, trigggranlarge scale violent atomization and vaporiratio
as seen in Fig. 3.12e. This happens almost rigihieainjector orifice, showing a large bell-shapeday
angle and finer droplets downstream of the injecthrof which characterizes a fully flashing spray

Polanco et al. [90] pointed out that the lower timiperheat for the heterogeneous nucleation carocer

is aboutT;,/T.i<0.63, while the homogeneous nucleation takes mheboutT;,;/T.>0.9 (exceeds the
superheat limit). In the present work, the testditions fall in the scope of 0.63%;/T.i<0.9. Therefore,

the flashing sprays in these tests are mainly chbgethe heterogeneous nucleation rather than the
homogeneous nucleation.

(a)R,,=i.6 (b) R,=3.4 (c)Rp¥3.7 (d)Rp=;5.6 (e) R,=39.2

x=4.45 X=3.46 X=3.76 x=1.83 x=0.35
(=133.62 (=75.30 (=72.04 (=39.47 (=1.58

Fig. 3.14 LN flashing spray under different superheat condgi@njector #2)

Fig. 3.14 gives the spray evolution of injector &R different superheat levels. The mechanical
atomization regime is clearly shown. Under low shpat conditions, a liquid core in the spray center
can be seen clearly with the shattered spray ardumalliquid core decreases as the superheat sesea
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Under the high superheat conditions, no ligmenescigarly present, and the whole spray revealy full
flashing features (see Fig. 3.14e).

In summary, under low superheat conditions, the haeical atomization dominates the liquid jet
atomization. With increasing the degree of supdrliea heterogeneous nucleation starts to conéritmut
the jet atomization until it finally dominates theocess. Consequently, as the superheat levebisese
the spray experiences a complete process from #whamnical atomization to the flashing transition
regime before it finally reaches the fully flashirggime.

The transient evolution of the fully flashing spliaycaptured with a high-speed Schlieren technigbe.
Schlieren technigue is, in principle, sensitivehe first space derivative of the refractive indgadient
(fluid density gradient). The instantaneous Schlieimages are shown in Fig. 3.15. The normalized
light intensity Al/I) profiles along the spray centerline are alsotgtbt is the raw image intensity and
Al is the relative change with respect to the backgioimage intensity. These profiles are averaged
over 15 adjacent pixel rows below the spray ceinr{see the rectangular region in the image of
t=0ms) to limit the effect of back noise. This ragioelow the spray centerline is selected to aviodd t
thermocouple effect on the analysis of the ligiensity.

Fhetren 4000 fps  20.00 use Photren 4000 fps 20,00 usec FhOten 4000 fps 20,00 usec

c
1280 x 1024 +284.00 ms 1280 x 1024 1280 x 1024 +288.00 ms

Photron 4000 fps 20.00 usec s fps Fhotren 4000 fps
1280 1024 00 1280 x 1024

Fig. 3.15 Flashing spray transient process

At the injection beginning (i.e=0ms), the image presents a rather weak intenségufe. Near the
injector orifice, the relative intensities are bel®, and after a short distance, these values appro
around 0. The negative intensity implies a distodeaof the fluid. The zero intensity means the low
pressure gas in the chamber are still not affebiethe injected spray. After a short time periotd, a
t=2.00ms, the image shows three distinct regioms,d.dark region near the injector orifice, a high
turbulence region and a rather weak intensity reglownstream. These three regions can also be
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indicated by the intensity profiles, which are medjvely marked as 1, 2 and 3. In specific, redlon
gives much smaller negative intensity, which cqroesls to the liquid spray with high density. Then,
the relative intensity has a drastic increase fratmabout -0.5 to near 0 at approximate 30mm
downstream of the injector (see region 2). Thisarglisplays highly turbulent structures, which is
supposed to be the results of interaction betwkeretaporated vapor and the surrounding ambient gas
At region 3, the relative intensities are near ficsithe main evaporated gas does not reach to this
region. The more distinct turbulence region cafooed in the image at4.00ms. After about 10.00ms,
the relative intensities along the spray centerfine much small negative values, and the spraglansi
the chamber shows strong flash atomization andnizgimn with a bell-shaped profile.

3.3.3 Effect of Injector Geometry on Flashing Spray

The objective of this section is to assess the anphinjector geometry on the cryogenic supertgate
spray jet. Two main parameters, i.e. injector aspaiio (L/D) and injector orifice diameteiDj, are
chosen to perform the study. The injectors of wagispecifications can be found in Tab. 3.2.

3.3.3.1 Effect of Injector Aspect Ratio on Flashing Spray

The injector aspect ratid{D) exerts a direct influence on the spray, sinadfécts the fluid instability
and the pressure drop, which offers the flow ibletindary conditions to the downstream situatiog. (e.
the flow inside the combustion chamber). This dffeanore serious for the superheated flow, sihee t
nucleation process is highly sensitive to the %@ time and the condition of the wall contactthis
section, the injectors of 0.5mm inner diameter wdiffierent injector aspect ratiok/D= 2 and 20) are
taken as an example to explore the effect of injeaspect ratimn the flashing phenomenon. Fig. 3.16
exhibits the spray patterns in different test ca¥be specific test operation conditions are listedab.
3.4.

Tab. 3.4 Boundary conditions of Fig. 3.16

Injector #1 D=0.5mm &L/D=2) Injector #3 D=0.5mm &L/D=20)

Tinj (K) | Pinj (bar) | pc(bar) | R | Tin (K) | pinj (bar) | pc(bar) | R
92 9.8 0.10 42.6 93 9.9 0.10 46|2
88 9.8 0.30 10.0 88 10.2 0.29 10.0
85 9.8 0.51 4.8 89 9.9 0.68 4.9
86 9.8 0.64 3.9 90 9.8 0.97 3.¥
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(1)R,=3.9  (2)R,=4.89 (3)R,=10.0
(). Injector: D=0.5mm,L/D=2

':._

(4) R,=42.6

(1) R,=3.7 (2)R,;=4.9 (3)R,=10.0  (4) R,=46.2
(b). Injecto: D=0.5mm,L/D=2C

Fig. 3.16 Cryogenic sprays with different injecé@pect ratios

In Fig. 3.16, the graphs strongly demonstrate thestaintial influence of the injector length-to-digter
ratio (L/D) on the flashing spray, and with a latg®, the flashing spray is more violent. See Fig. 8.16
(2) and Fig. 3.16b (2), in which the spray jetsatra similar superheat level. Fig. 3.16a (2) shawsng
intact liquid jet and then the spray breaks intgediquid ligaments downstream of the injector] aio
distinct droplets are present. However, in Fig6B.{2), after the spray emerges from the longerctoy
(L/D=20), the jet starts to disintegrate right nearittjector orifice and becomes atomized downstream
from the ligaments into smaller droplets. The itgecaspect ratio contributes much on the spray
behavior under such conditions. The differencepirag behaviors due to the injector geometry is even
more noticeable in Fig. 3.16a (3) and Fig. 3.16} \Where the thermal effect starts to overweigh the
spray atomization. In the fully flashing regimesdebed in Fig. 3.16a (4) and Fig. 3.16b (4), theit

jets display similar spray features, with both gprgroducing a huge bell-shaped spray angle and
becoming exquisitely atomized. In sum, the spré&y ije Fig. 3.16b show a stronger lateral propagatio
in comparison with the images in Fig. 3.16a, whildmonstrates that a much more violent flashing
occurs when a longer injector is employed.

The Classical Nucleation Theory (CNT) might provisieme insight into the effects of the injector
geometry on the flashing phenomenon. Accordinch&o@NT, the bubble nucleus will be formed and
grow up until the internal energy of the moleculester overcomes the nucleation barrier and théleub
nucleus size becomes larger than the critical aticle size. Practically, with the same diametangkr
injectors possess more manufacturing flaws thashioeter one, e, g. machine-formed pits and soeatch
These manufacturing flaws provide more heterogesh@ogleation sites. This makes the long injectors
inclined to generate more bubble nucleation arghén more violent nucleate boiling, resulting in an
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more exquisite atomization. This is true even uholgrsuperheat conditions (e.g. see the jet atdiniza

in Fig. 3.16b(2)). The heterogeneous energy barsidow, indicating that the required superheat to
generate the heterogeneous nucleation is less cethpéth the homogeneous nucleation. Therefore, the
bubble nucleation can be formed as heterogeneatlsation under low superheat conditions, leading to
a strong atomization. Moreover, the inception ofleate boiling is not only determined by the liquid
superheat level, but also by the bubble evolutiom {91]. Longer injectors allow the liquid jet lgar
residence time inside the injector, which providesre time for the initial nucleus to grow up toclea
the critical bubble nucleus. This facilitates hetgmeous nucleation and enhances the spray
atomization.

The spray angles are also analyzed in this secfibe.original shadowgraph images are binarized to
detect the edge profiles of the sprays, from whieh spray angles at different axial positions are
estimated. The definition of the spray angle iswahdn Fig. 3.17. At the specific axial positioneth
upper and lower branches of the spray profilesuaesl to calculate the corresponding half sprayesng|
a andg. The total local spray angteis defined as

A2 =a(3+[ 3=arctan(y- y) (z @) arctanfy- ) (2 42) (3.6)

wherez, andy, are the positions of the injector orificg, andy, are y-coordinates of corresponding
upper and lower spray profiles.
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Fig. 3.17 Definition of the spray angle

Fig. 3.18 shows the estimated spray angles atussaperheat degrees with different injector lesmgth
The figure shows that as the superheat increasesspray angle increases. For example, under low
superheat degrees of injector #10=2), at InR,)~1.5 the spray has a small open angle of justta®@u
(measured a/D=5), while this angle is almost tripled and ince=at about 90° at high superheat level
with In(R;)~3.8. The figure demonstrates that the longerctojeproduces a larger spray angle than that
of the shorter ones under the same superheat worsdiFor example, at IRf)~3.8 andz/D=5, the spray
angle is about 140° with the longer injectbfi}=20), while the angle is only about 90° with therér

one (/D=2) at the same superheat level.
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Fig. 3.18 Spray angles at various superheat dewigeslifferent injector aspect ratios

In summary, under the same superheat conditigg)s the injector with a larger aspect ratio factis
the flashing atomization and evaporation.

3.3.3.2 Effect of Injector Diameter on Flashing Spray

In this section, the effect of the injector diameate the flashing will be discussed. The test baupd
conditions are listed in Tab. 3.5, and the corradpw spray images are shown in Fig. 3.19.

Tab. 3.5 Boundary conditions in Fig. 3.19

Injector #4 {/D=10 & D=0.9mm) Injector #5L(/D=10 & D=1.5mm)
Tui(K) | pij (bar) | pe(bar) | R | Tiy(K) | pw (bar) | pe(ban) | R

96 7.9 0.12 48.6 98 7.8 0.13 52,0

96 8.0 0.48 12.1 97 6.5 0.38 13,2

97 8.0 0.70 9.0 98 7.6 0.71 9.5

97 7.4 0.97 6.5 97 7.0 0.97 b

The graphs show that under similar test boundangitions, such as the same superheat level and same
L/D, the liquid jet released from larger orifice inj@s triggers flashing with more ease and presents
more violent atomization than the smaller onesrégasing the superheated water into a low pressure
chamber, Peter [36] also pointed out that the dyigal injector with a larger diameter is more Bagi
trigger strong flash atomization than the ones wsittaller diameter. Here, take the images of FitPa.

(2) and Fig. 3.19b (2) as an example, which arheisimilar superheat level 8~9. The injector #4
(D=0.9mm) under this condition displays a cylindritké spray shape with a small spray angle, while
with injector #5 D=1.5mm) a much larger spray angle are shown, itidiga stronger atomization in
this situation. This positive relationship betweba injector diameter and the flash atomization aan

find its explanation in the nucleation theory. Undinilar boundary conditions (i.e. sai# and same

Ry), a larger injector diameter means a larger corsiadace of the liquid jet with the injector wallhe
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larger wall surface offers more irregular sites d@ndreases the population of the heterogeneous
nucleation sites, leading to more bubble nucleiegation. When the jet is released into the vacuum
chamber, these bubbles grow up and break up thiel jgts, resulting in a violent flashing spray.

(1)R,=6.5 (2)R,=9.0  (3)R,=12.1 (4)R,=48.6
(a). Injector. L/D=10,D=0.9mn

(1) R,=6.5 (2)R=9.5 (3)R,=13.2  (4)R,=52.0
(b). Injecto: L/D=10, D=1.5mn

Fig. 3.19 Cryogenic sprays with different injectiiameters

Fig. 3.20 illustrates the spray angles at variaysegheat levels with different injector diametelts.
shows that under the same boundary condition, erease in the orifice diameter gives rise to the
elevated spray angle. For the large injector With=10 andD=1.5mm, with the superheat degrees
In(R,) increase from about 1.9 to approximate 4.0, firaysangles at/D=5 almost increase by twice,
from about 55° to about 123°. For the smaller oith W=0.9mm, the corresponding spray angles are
increasing from about 50° to about 120°, whichratker close to the spray angles of the largecioje
This demonstrates that the injector diameter shawssitive effect on the flash atomization, bus thi
effect is not as significant as the injector aspatib does (see Fig. 3.18). These different effedgt be
explained as follows.

The nucleation rate has been well defined by thesdtal nucleation theory, as shown Eq. (2.26) in
Chapter 2. Here, we focus on the potential factelated to the injector geometry that may affeet th
nucleation rate. Since the flashing sprays are Ijnaiaused by the heterogeneous nucleation in the
present test cases, the contact surface betwedigtick and the injector will be an important facto

the bubble nucleation. Therefore, injector innefaze areas should be mainly taken into account for
the nucleation rate estimation. In addition, thenbar density of the molecules which can contact the
injector wall directly affects the nucleation raéad it should also be considered. As mentionedrbef
the residence time inside the injector is significant to the bubblackeation, therefores is also
considered as a main factor to the nucleation Taterefore, considering the above factors, theected
nucleation ratd.,, can be defined by
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Jow = P A ViT,.] J (3.7)

where P, is the probability of the heterogeneous nucleatiansed by the injector geometry. It is
obviously that a larger area of the nozzle surfadenger residence time will cause a larger priibhab

of the nucleation. A large injector diameter wilalease the number ratio between the moleculewhic
can contact the injector wakk(D) to the total molecules inside the injecterZD?. This will decrease
the probability of the nucleation. Therefd?g, can be expressed by

TAG(LDL) (L)L
F%UCID V D[UDZLJ (Dju (38)

whereu is the injection velocity an¥ is the volume of the injector inner hole.

The test cases of Fig. 3.20 are in the similar qunes drop conditions, thus in the similar injection
velocity conditions, therefore, the corrected natiten rate is proportional to the injector aspextior
and is independent on the injector diameter itgdifs might be the reason that the impact of tlector
aspect ratio on the flashing spray in these tesstces much stronger than the injector diametes.doe
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Fig. 3.20 Spray angles at various superheat degridieslifferent injector diameters

In summary, the test results show that under tineessuperheat condition&jj, the large diameter
injector shows a positive but small effect on tlasting atomization and evaporation process.

3.3.4 Thermal Characteristics of Flashing Spray

This section concentrates on the thermal charatitexiof the flashing jet. The temperature evolutio
along the spray centerline will be discussed. Imdfie chamber, the first thermal probe (TC1) is set
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outside of the jet spray to detect the near-injestmrounding temperature. The thermocouple (T€7) i
instrumented far away from the spray to detectatimdient temperature inside the chamber. The spray
thermal behavior is recorded by the thermocouplég #© TC6, of which TC2 is located 23mm below
the injector orifice, and the others (TC3, TC4, Tai TC6) are positioned following TC2 with a
distance of 20mm in between. The installation liocet can be found in Fig. 3.3 and Fig. 3.12.

\' | | | : -
! ! ! ! — Tinj — Tinj
77777777777777777777777 230 .
230 ‘ | i - |—Tc2 A —T1C2
" Slopel : —TC3 —TC3||
\TC5. ope increasing - TCA Teq
1% | ! | TCs| | & TC5
g SN - kink F-1——TC6|1 ©170 — 1
5 Teg ~ Mink T =T e
o - . | | | © I
o - TC2---—+--—-- oo - === S140Fr YTty -
| | | | Qo |
£ i | | | I IS |
= LT L R I APTo| S P 1 N 1 S S G -
- | L | |
| | | | p N
| | | / | /
e 65~66KL\\£ B0 N N ~&
0 H 1 | l
| | | | 50 L
2 3 4 5 5
Time [s] Time [s]
(a) pc=0.13bar (b) p=0.54bar
| | | ' — | | | ‘
230F------ B s R — T o 230k-----------qj------F----1 — Tinj |4
| | | —TC2 | | —TC2 :
| | N | |
777777 \777777\77777—TC37 N\ v —TC3||
. ‘ i B TC4 200 i . TC4 1
é | | TCS g | | [
v - TCA re-- - togll @170tk T - R iggﬁ‘
a TC3 | | 3 | | ‘ [
E | | | : | | | |
2 ez i : 2140 T2 i .
g | | | g “ . | | [
F110b W1 o < Ting Lo L] F110k el Tim_ R I |
S ! | | A L L |
: N\ ‘ : : : |
777777 e s~ — — — — 80 o he
75~76K | l l . 78~79K l l
l l l 50 l l l l ‘
2 3 4 5 0 1 2 3 4 5
Time [s] Time [s]
(c) p=0.71bar (d) pe=0.97bar

Fig. 3.21 Temperature evolution along 4 $pray centerline ( Injector #5)

Fig. 3.21(a-d) describe the temperature evolutitma the spray centerline at different chamber
pressures with injector #5. The figures illustrtat the temperature evolution profil€&) show self-
similarity at different detection positions. Somelkkpoints of the temperature curves can be found i
the figure (see the dashed region in Fig. 3.21hg profiles show a temperature decrease before the
kink points, followed by a drastic drop before lkwg off at stable values until the main injecticalve
shuts off. To elaborate, at start, the temperatoiotis inside the chamber and inside the injecter@wv
(220K~230K) as a result of the chill-down procesi®mto the spray injection. As the main injection
valve opens, the injected spray gets subcooledtf@@orresponding injection temperatufg,) falls

47



3. Experimental Investigation of Cryogenic Flashing Spray

below the fluid’s initial temperature due to a heathange between the fluid and the,ltidth (see Fig.
3.11). The subcooled injection, to some extent,mammize the occurrence possibility of the two-pha
flow inside the injector, and therefore reducesiritpact on the external flashing inside the chamber
When the liquid jet passes the injector, the hgemeous and even homogeneous nuclei grow up, and
then break up the liquid jet, and burst into theuwean chamber, triggering a violent flashing atortiara

and vaporization, leading to a temperature drop.

The temperautre distributiof(z) along the spray ceterline can also be impliedrigy 3.21. The figure
shows that before the kink points, the slopes eftémperature curves (from TC2 to TC6) decreask, an
the slope of TC2 curve is much larger than thabtber curves. After the kink points, the curvesvgho
similar slope vaules. This implies that the temperadistributions along the spray centerline pnese
steep temperature drop followed by a gradual trienthe beginning of injection, and just shortly
afterwards (<2s in this case) the spray temperasin@vs a uniform distribution with saturation
temperautres. Such temperature distributions caxplkained as follows:

Initially, when LN, is injected into the low pressure chamber, thayspecomes superheated owing to
the sudden depressurization. The resulting flasmiaation and vaporization is at the expense of the
liquid jet's latent heat of vaporization, resultiiig a large temperature drop at a short time. T€2 i
located closer to the injector orifice, and it resgs ealier to this large temperature drop (sedaitye
slope of the TC2 curve). Due to the temperatur@,diwe rest of the spray at the place where TC36-TC
are instrumented has lower superheat, thus triggeriweaker atomization and vaporization, leading t
a slight local temperature fall (see the small stopf TC2 to TC6). In addition, the heat transfer
between the spray jets and the surrounding alstribotes to this temperature change. Because of the
low concentration of the liquid phase downstreamitijector, the warmer ambience dominates the heat
transfer (i.e. heat convection and radiation), esresequence, hinder the temperature drop.

As the injection continues, the massive atomizatiod evaporation of LNconsumes more latent heat
of vaporization. Also the large concentration of tiquid spray downstream the injector will domimat
the heat transfer between the spray and the wasaresunding. Both effects cool down the the spray,
triggering a more drastic temperature drop. Funtioee, the jet pump used to maintain the vacuum
conditions during the test continuously extracts ltligh temperature ambient vapor out of the system,
and the low temperature LNs injected into the chamber. This will decredse énergy of the whole
spray and the surrounding and weaken the heafférainam the surrounding to the spray, additionally
leading to the rapid temperature decrease dowmstiiea injection. This faster temperature decrease ¢
be clearly seen in the temperature curves aftekititepoints.
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Fig. 3.22 Temperature evolution along LOx spraytedime ( Injector #1)

The thermal distributions of LiNand LOx flashing sprays with injector #1 are gisesented in Fig. 3.22
and Fig. 3.23. The figures show similar charactiesexcept the time scale of the spray approacthiag
guasi-stable state (~5ms), which is due to theesudfft bounday conditions. In Fig. 3.21, the test is
conducted with the injector of diameter of 1.5mng.RB.22 and Fig. 3.23 show the test results of
injector with diameter of 0.5mm. Larger injectoifice generates larger mass flow rate of the spra/
therefore will generate a larger amount of evagoratapor. Since the temperature measurement, in
principle, is a heat transfer balance between tleasured fluids and the thermocouple, the larger
amount of evaporated vapor will cool down the thezouple faster, which as a results, shows a shorter
time before relaxing to the quasi-stable state.
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Fig. 3.23 Temperature evolution along 4 $pray centerline ( Injector #1)

3.3.5 Flashing Spray Solidification

In this section, we will closely examine the sdlihtion phase change under the flashing conditions

Kim et al. [92] studied the water spray freezingepbmena under vacuum conditions. The authors
pointed out that the large heat transfer from exatied vapor to water droplets induces the ice ftiona

In the present experiments, both solid nitrogen soltd methane have been observed in the sudden
depressurization process.

50



3. Experimental Investigation of Cryogenic Flashing Spray

Tab. 3.6 Properties of cryogenic fluids (@1.0 bar)

Fluids | Teat(K) | Tei (K) | Pui (kPa) | TarTui (K) | Ly (kJ/kg) | Lt (kJ/kg)
LN, | 77.2 63.2 12.6 ~14 200 25.7
LOx | 90.2 54.4 0.15 ~36 213 13.9

LCH, | 1115 | 90.7 11.7 ~20 510 58.9

Fig. 3.24 shows the deposition of solid nitroged anlid methane upon the thermocouples during the
test. It can be justified as follows. In generalthe sudden pressure drop causes a violent spray
atomization and vaporization of LGHind LN, and large amount of the evaporated vapor from the
droplet surface is generated by consuming the tlateat of vaporization and sensible heat of the
remaining droplet, thus to resulting in a drastimperature decrease of the remaining droplet,lgadi

the droplet solidification. Tab. 3.6 lists somepedies of the studied cryogenic fluids. It shotattthe
temperature margins between the boiling point aipdet point of LN, LCH,; and LOX is relatively
narrow (<36 K). The small temperature differencekesathe phase transition of solidification easy to
happen. In addition, the latent heat of vaporizai® almost one order of magnitude larger than the
latent heat of fusion of these fluids, which indésathat a small amount of vaporization can indaice
large amount of liquid to freeze. Therefore, sdiidition in this situation is favored. According tioe
table, it shows that the triple point pressure xfgen is sufficiently low, which is about 1.5mb#ris

out of the vacuum ability of our test setup. Theighie reason of the absence of the solid oxygeimglur
the present experiments.

In the test it is found that the existence of splidse is pressure dependent. When the chambsupges
is below the triple point pressure, the phase charigolidification is likely going on. Once theegsure
exceeds the triple point pressure due to the comtis injection and the spray evaporation, the ngglti
or sublimation phase transition occurs, instead.

From the view of thermodynamics, these phenomenabeaschematically explained with the phase
change diagram (nitrogen taken as an example,axensim Fig. 3.11). Initially, the liquid jet is lated

at Point A. After a sudden depressurization, théiant pressure drops below the liquid’s triple poin
pressure (Point B"), which makes the liquid largslyperheated (metastable liquid). The metastable
liquid jet will then experience a phase transitida violent atomization and vaporization. It grgatl
decreases the spray temperature to generate tlepbalse, making the jet reach the local minimum
energy (Point C’). Although the jet pump extrac&per out of the chamber continuously, the chamber
pressure still increases slightly due to the sprggction and evaporation. Combined with the heat
gained from the warmer surrounding, the fluid’'s ggh&ransition goes along the solid-gas saturaitian |
Once the pressure exceeds the fluid's triple pmiessure, the solid phase disappears.

In the upper-stage rocket engine, the formatiosalifi propellant particles may exert several negati
influences. Firstly, it may change the local migtuatio and the mixing process of propellants i th
engine transient start-up process, which leadsh& d@ngine start up under off-design operation
conditions. Secondly, it may cause difficultiesat@eliable ignition. The solid phase at or closéh®
ignitor position will require more external enerfyy the ignition system to vaporize the propellants
These may potentially cause a delayed or everdfgjidtion. Moreover, if much solid phase propettan
are deposited on the chamber wall, much vapor Hespievill be generated inside the chamber once the
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engine starts. This may trigger the combustiongunespeak, cause the combustion instability, aed ev
damage the chamber structure. Therefore, spetgatian and action should be taken to the propellan
solidification in the space application (e.g. sfiegequence design with short time chill-down gex
or long time gas-purge process).

Solid Methane P

Ny

Fig. 3.24 Formation of solid nitrogen and solid hagte in the flashing spray

3.3.6 Flashing Atomization Criterion

As the literature study showed in Chapter 2, thehing atomization is largely different from themal
mechanical atomization due to the superheat boiéiffgct. This section explains the atomization
mechanism of the cryogenic flashing spray frompbespective of nucleation theory. Literature review
shows that much valuable research has been coadta@texplore the mechanism of flashing spray
atomization. Kitamura et al. [21], Cleary et al3J2and Witlox et al. [34] studied the flashing of
superheated jets, and proposed an empirical cbomldor prediction of the onset of flashing
atomization using the dynamic parameters such esMbber number and Jacob number. However,
under flashing conditions, the nucleate boilingl wiy an important role in the spray atomizatitiris
therefore more reasonable to consider the theraralngeter rather than the dynamic parameter in such
spray study. With this consideration, Lamanna ef3l] focused their attention on the thermodynamic
aspect of the flashing spray atomization. Basethemucleation theory, the authors employed thd&ib
number for prediction of the flashing atomizatiagimes, as described in Eqg. (3.9). The proposed
parameter is in an order of magnitude of 0 wherfuhg flashing happens.

AGT Nucleation Barrier
kT, Average Thermal Motion Energy

inj

(3.9)

X:

Lienhard and Karimi [93] studied the limit of honsgeous nucleation in a liquid and argued that the
homogeneous nucleation (featured by explosive iftigsspray) could be predicted through a comparison
between the nucleation barrier and “potential veslergy” (energy required to breakup the molecule
bound) rather than the molecular thermal motiorrggneThe proposed parameter is described in Eq.
(3.10). The value is in an order of magnitude affien the explosive flashing occurs.
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*

_ Nucleation Barrier
Molecular Bound Break Energy

_AG
KT,

cri

£ (3.10)

In the present study, the cryogenic flashing expenital data show that both the above-mentioned
parameters find their limitation in the indicatiohthe studied flashing sprays, though the paramete
shows better results than Specifically, the parametgrfunctions well at low injection temperatures,
but it could not predict good results at high iti@e temperatures [27, 59]. In order to elimindie t
effect of the injection temperature, a new paramistemployed in replacement of the initial injecti
temperature and the critical temperature in EQ)(@nd Eq. (3.10), as shown:

7 AG AG _ Nucleation Barrier (3.11)

- keAT - Kq (ij - Tsat(Q)) Excessive Average Thermal Motion Energy

This parameter describes the relationship betwéenbubble nucleation barrier and the excessive
thermal energy. It means that the flash-boilingeshe}s not only on the nucleation barrier itself, &isb

on the thermal motion energy available to the elustolecules, instead of the initial thermal flattan
energy or the “potential well energy”. Since thasfiing phenomenon is in essence a thermodynamic
transition process, not only the initial thermaltstbut also the final thermal state exerts itsiérfce on

this process. Therefore, the excessive averagea#henotion energy is reasonable to be used.

Considering the definition of nucleation barrieeesEq. (2.13) in Chapter 2, the new parameter is
expressed by

(3.12)

(@) R,=3.7  (b)R,=4.9 (©)R,=5.5  (d)R,=10.0  (e)R,=46.2
x=4.45 ¥=3.46 ¥=3.76 x=1.83 ¥=0.35
7=31.26 7=20.68 7=20.72 =7.87 7=1.06

Fig. 3.25 LN flashing evolution process at different superlieafrees,~10bar, Injector #3)
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Fig. 3.25 displays LMspray images under different superheat conditiatis injector #3. The injection
temperate is within a range of 87K to 93K. The sheat degrees as well as the correspondiagd y

are listed below the respective images. Under Iasuperheat conditions, el§, =3.7, the disintegrated
smaller liquid ligaments or droplets can be seew the spray shows the typical characteristics of
mechanical atomization. The corresponding paramétisr higher than 30. As the superheat level
increases, the parametéis decreasing instead. When the superheat is ardbinthe{ has a value as
small as about 1 or even smaller than 1, undertwtiie spray shows fully flashing features with a
violent atomization and wide spray lateral propage(bell-shaped spray profile).

/ 4

(@) R,=6.5  (b)R,=9.0  (c)R,=12.1  (d)R,=18.8  (e)R,=48.6
x=0.86 x=0.63 x=0.56 x=0.40 x=0.23
7=4.23 7=2.53 7=2.19 7=1.41 7=0.67

Fig. 3.26 LN flashing evolution process at different superlieafreesg,~8bar, Injector #4)

(a)R,=6.5  (b) R,=9.5 ()R,=10.8  (d)R,=13.2  (e) R,=52.0
x=0.86 x=0.51 x=0.61 x=0.69 x=0.17
7=4.23 7=2.12 7=2.40 7=2.55 7=0.49

Fig. 3.27 LN flashing evolution process at different superlieafreesg,~8bar, Injector #5)

Fig. 3.26 and Fig. 3.27 show LNpray evolution at different superheat levelsngddtor #4 and injector
#5. The spray injection temperature is about 97K=9%he superheat degrees with the correspongling
andy are also listed under each image. Due to the higiection temperatur&;,, the liquid surface
tensiong is lower than that in Fig. 3.25. This leads tonzaller parametef, since{ is proportional to
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(ol Tij)® (see Eq. (3.12)). To be more specifitthe low superheat conditions, e.g. in Fig. 3.26a Fig.
3.26b, the sprays typically show the mechanicaniaation features, and the correspondirig much
larger. With the superheat degree increasing, pin@ysundergoes the flashing transition and shows a
fierce atomization, exemplified in Fig. 3.26d. lases alike, a parameter larger than 1 is expedthdn

the superheat level increases further, such agirBR26e and Fig. 3.27e, the superheat level esaap

to a value about 50, whereas the answering paramiet®ps below 1. These images show the fully
flashing phenomenon.

From the above analyses, we can see that underdiiff superheat conditions, in response to differen
atomization regimes (i.e. mechanical atomizatidasHing transition atomization and fully flashing
atomization), the non-dimensional paramefdras a distinguished value in different regimes. iYet
seems to follow a rough rule. Under this rule, pheameter can classify these atomization regimés wi
a threshold value around 1. The mechanical atoiizabrresponds to the value much larger than 1 and
the fully flashing regime corresponds to the vaoeller than 1.

Follow-up tests of LM the LOx spray tests are conducted to validatenthe parameter. Fig. 3.28 to
Fig. 3.31 display the recorded Schlieren imagesoofie test cases with injector #1 as an example. The
analysis results confirm our presumption and demnatesthat in the mechanical atomization regiénis,
larger than 1, the flashing transition regime cgpoids to a value around 1, and the value is hess X

in the fully flashing regime. The feasibility of r@eneter{ can be checked against its definition in Eq.
(3.11). The parameter compares the energy reqforenucleation formation with the energy available
to the molecule. Under the low superheat conditiarii®ere the mechanical atomization has a dominant
role, the excessive molecule thermal energy iserasmall even though the molecule thermal energy
might be high, (this is why we use th&), and the molecule cluster could not overcomentideation
barrier for bubble formation and further growth. &sonsequence, the spray shows a weak atomization.
The parametef in this regime has a value much larger than haident with the theoretical analysis.

R,=10.5 R,=22.3 R,=41.9  R,=114.35  R,=241.1

x=0.64 ¥=0.32 ¥=0.22 ¥=0.16 ¥=0.05
7=2.72 7=1.07 7=0.62 7=0.41 7=0.11

Fig. 3.28 LN flashing evolution process at different superlieafrees,~10bar, Injector #1)
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R=10.7  R,=23.6 R,=39.0 R=1123  R,=217.3

X=2.80 x=0.40 x=0.30 x=0.11 x=0.14
7=12.68 =132 7=0.89 2=0.29 7=0.33

Fig. 3.29 LOx flashing evolution process at differsuperheat degregs,(~10bar, Injector #1)

5

R,=28.9 R,=76.9 R,=110.0  R,=219.1

R,=9.2
X=0.47 x=0.31 x=0.08 X=0.10 X=0.01
{=1.95 7=1.00 7=0.20 7=0.27 7=0.03

Fig. 3.30LN;, flashing evolution process at different superliegfrees,~15bar, Injector #1)

"R=13.6  R,=29.6 R,=50.6 R,=94.4 R,=286.5

x=1.09 x=0.71 x=0.39 x=0.21 x=0.06
7=4.31 7=2.36 7=1.16 7=0.57 7=0.14

Fig. 3.31LOx flashing evolution process at different supeattaegreesp,;~16bar, Injector #1)
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The test data are analyzed statistically and theesponding parametefsare estimated. A large amount
of tests are conducted under different operationditimns, with the injection temperature of £N
ranging from about 85K to 110K and of LOx withimamge of around 100K to 120K. Fig. 3.32 plots the
parameter values under different superheat comditid the LN and LOx spray.

10°F
5 LN2 test data
u B Mechnical atomization
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..l n ® Fully Flashing
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F | O Mechnical atomization
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Fig. 3.32 Parameté&runder different superheat conditions

Quantitatively, the fully flashing transition ocewvhen the parametéiis around 1, and a value smaller
than 1 corresponds to the fully flashing regimeg #ime parameter with a value much larger than 1
indicates the mechanical atomization regime. kkgious, however, that there are some exceptions in
the diagram. For example, in some test cases lyfffakhing regime, the parametéis larger than 1.
The main reason is supposed to be the evaluatidheohucleation barrier. Thglarger than 1 in the
fully flashing regime is found to be associatedwétlow injection temperature (eB/T<0.7), under
which, the mechanical atomization or heterogenemcdeation exerts a considerable influence on the
spray. However, for the calculation of the paramétésee Eq. (3.12)), the homogeneous rather the
heterogeneous nucleation barrier is used. Sinchalmmgeneous nucleation barrier is higher thanahat
the heterogeneous nucleation, it will inevitabljadeto a largel under such conditions, and the
exceptional larget as well as the inconsistency makes sense.

3.4 Summary

This chapter mainly describes in detail the experital work of the cryogenic flashing sprays (i.Bl,L
LCH, and LOx). The characteristics of these flashingayp i.e. the flashing evolution process,
transition criteria, temperature distribution, gpriateral propagation and spray solidification are
analyzed and discussed at great length. Some cimatuare summarized as follows:
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1). The morphological study shows that with therdegof the superheat increasing, the spray jet
undergoes a complex evolution, from the mechardtainization regime to the fully flashing regime.
The fully flashing spray is featured by a bell-sbdyspray profile with a large spray angle and §ipey
droplets. Analyses of the lateral spray propagaitioiicate that the superheat enlarges the spralg.ang
The temperature along the spray centerline shadexeease followed by a sharp temperature drop prior
to the saturation temperature that correspondedahamber pressure. In addition, in the stabke,sta
the temperature distribution remains uniform. Dgrithe test, solid nitrogen and solid methane have
been observed as a result of the massive atomizatid vaporization. However, solid oxygen failed to
be observed, which is attributed to the higher atpen chamber pressure (~40mbar) than the tripilet po
pressure of oxygen (~1.5mbar).

2). Based on the nucleation theory, a non-dimemsienergy barrief is proposed for the classification
of atomization regimes of the flashing spray. Ftbm spray mechanical atomization regime to they full
flashing regime, the value of the paraméteorrespondingly decreases from much larger themldss
than 1, and in the onset of the fully flashing regj{ is around 1.

3). This chapter provides a comprehensive insigtat the flashing phenomena with cryogenic fluids.
The results are beneficial to the design of theetyspage rocket engine. For example, the paranjeter
could specifically provide some information abcdu tritical boundary conditions that trigger théyfu
flashing phenomena. The investigation of the spiraplet solidification is beneficial to understasad
thus to avoid the potential risks, i.e. ignitionaje engine hard start-up and combustion pressea&.p
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Chapter 4.Investigation of Cryogenic Spray
with Rainbow Refractometry

The previous chapter describes the morphologiaadlystof cryogenic sprays. In this chapter, for
guantitative measurements, the Global Rainbow R&fmaetry (GRR) is for the first time applied to
investigate the cryogenic spray droplets (i.e,,UINDx and LCH), thus to characterize the spray droplet
temperature and size. This chapter mainly inclutiese parts: design and establishment of the GRR
setup; development of inversion algorithms for da¢a processing based on the light scattering yheor
analyses of the obtained rainbow patterns, frontkvto retreive the droplet temperature and size.

4.1 Introduction

Over the last few decades, much research was dedita the investigation of cryogenic sprays. The
Schlieren technique and Shadowgraph technique wiglely employed to conduct the morphological
study of cryogenic propellant spray under suba@itiand supercritical pressure conditions [28, 94].
However, test data of quantitative characteristicrgogenic sprays are still lacking due to therexte
harsh boundary conditions. NASA reports show tlahes test results of the LLNspray have been
obtained with the scattered light scanner techniue Malvern particle analyzer technique [95, 96].
Various test campaigns with LOxHvere performed at DLR and ONERA to study the LQxayg
atomization using Phase Doppler Anemometry (PDA) Rarticle Tracking Velocimetry (PTV) [97].
As for the thermal characteristics of cryogenicagpr few test data are available. Even the Laser
Induced Fluorescence (LIF) technique, relying om pphotoluminescence processes, finds its limitation
in the cryogenic spray application due to the cosdéon or solidification of fluorescence tracersha

low temperature. In the late 1980s, Roth et al] @8posed a Standard Rainbow Refractometry (SRR)
technique, which obtained the single spherical l@topefractive index and size information
simultaneously. This technique is based on lighttedng principles (e.g., Lorenz-Mie scattering
theory). With analysis of the angular scatterintiggas, one can obtain both droplet refractive xnaled

the size information simultaneously for perfectlsomlets. After its emergence, this technique was
developed into the Global Rainbow Refractometry RpRy van Beeck and Riethmuller [99] in the late
1990s, to investigate the ensemble of dropletdudneg non-spherical droplets). To date, the rambo
refractometry has proved its capacity to measwespiecies concentration [100, 101, 102], tempezatur
of burning droplets [103] and droplets with a infaganeous temperature [104, 105]. However, to the
best of our knowledge, no reports have so far shtienapplication of this technique to the typical
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cryogenic liquid sprays. In this chapter, the GRBhhique is employed to quantitatively investigaee
cryogenic spray droplets (i.e. LN_Ox and LCH) to extend our previous morphological studies.

4.2 Rainbow Phenomenon

The rainbow is a common phenomenon, which is cabgdight reflection, refraction, and dispersion in
transparent droplets. Many theories contributeht® understanding of this phenomenon, such as the
geometrical optics theory, Airy approximation, LoreMie theory, Debye-series method, complex
angular momentum theory (CAM), and catastropherthEl®6]. Among them, the Lorenz-Mie theory is
the most complete and rigorous but is also the masiputationally time-consuming. Fig. 4.1a shows a
typical scattering signal for a spherical water plieg calculated by Lorenz-Mie theory in the
neighborhood of the rainbow angl®%100um, m=1.335+1e-8i), and the method can be found in
Appendix Il. The rainbow angléy here refers to the primary rainbow angle thatwaucalculated by

8, =-2r,, +4arccos cos 7f, Yh|

sinr,, =\/(Mm?>-1)/3

wheremy, is the ratio between the real part of the refvgcindex of the droplet and the one of the
medium. 4 is the incident angle (see Fig. 4.1a) for which torresponding scattering angle is the
geometric rainbow anglé,. The angledy corresponds to the minimum deviation of light réyst have
undergone one internal reflection. This characteretconcentration of light rays neéy gives rise to
the (primary) rainbow with a high scattering intéyns

(4.1)

Single Droplet Rainbow: m=1.335+1e-08i, D=100um Droplet Rainbow: m=[1.198, 1.221,1.271]+1e-08i, D=100um

[— Lorenz-Mie Scattering Signal | [Lorenz-Mie Scattering Signal |

Primary Rainbow | | LN2-P=2 LOx-P=2

/ LCH4-P=2 :
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Fig. 4.1 Single droplet scattering intensity néwr tainbow angle
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It is clear in the figure that the scattering ligitensity is characterized by the supernumeracy ékiry
fringes) superimposed with the high frequency tattdin structures (ripple structures). The Airynfres
are caused by the interference of the internaflgeted light. The ripple structures are the resoftthe
interference between the light rays from the irdkmeflection and external reflection of the dragple
[107]. In Fig. 4.1a, the primary rainbow correspsnd rays that have undergone one internal refiecti
(P=2, as illustrated in the subfigure in Fig. 4.Td&e secondary rainbow results from the secondriater
reflection (P=3, see the subfigure in Fig. 4.1ay. B.1b presents the normalized scattering signals
around the primary rainbow angle for ,NLOx and LCH, respectively. The three curves present
similar features, namely the higher frequency epglructures along with the Airy fringes of lower
frequency. However, the location of the three isiignpeaks differs, as the three angles correspgndi
to their maximum intensity value shift towards krgvalues. This angle shift is attributed to the
increased refractive index of these fluiags ¢quals to 1.198+1e-8i, 1.221+1e-8i and 1.271+1f8i
LN,, LOx and LCH respectively).

Also note the similar spacing between the Airyden of the involved fluids, which is attributedthe
droplet size ( defined to be the same with allttiree fluids in the calculation). The rainbow foater
and the studied cryogenic fluids exhibit some défeces. For the water droplet, the secondary rainbo
(P=3) is located at about=128°, and the primary rainbow angle at ab8u139° (P=2). For the
cryogenic sprays of L) LOx and LCH, the respective locations are at around 171°, 468°147°, all
of which are larger than the corresponding primaigbow angle. In the present study, we mainly $ocu
on the primary rainbow since it has enough infofamatto derive the results of droplet size and
refractive index (temperautre).

4.3 Experimental Setup

4.3.1.1 Test Setup and Operation Conditions

The study fluids are LN LOx and LCH. LOx and LCH are obtained from the gas liquefaction
systems, as described in Chapter 3. The cryogdnidsfare injected into the ambient pressure
environment with injector #5D=1.5mm, L/D=10). The spray mass flow rate is measured by the
calibrated injector. The injection pressure was suezd by the pressure sensor with a range of 0+10ba
and an uncertainty of 0.25% (BFSL). A calibratepetyl thermocouple (grounded junctias1.0mm)
was used for temperature measurement. Tab. 4.% tiiegest conditions.

Tab. 4.1 General test conditions

Test Fluids| piy (bar) | Tin (K) | Tspy (K) | m (9/s) Re We
LN, 2.34 85 80 18.7| 1.79x1(725.3
LOx 1.32 92 89 11.6| 7.25x10 32.3
LCH, 1.29 113 107 6.7 6.98x10 39.7
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Fig. 4.2 and Fig. 4.3 show the schematic of the getup for the measurement of the cryogenic spray
droplets. The measurement volume (the measuredetisbpocation) is chosen around the spray
periphery about 35 mm downstream the injector agifA continuous diode-pumped solid-state laser
(LY532) operating at a wavelength of 532nm is useiluminate the spray. The liquid droplets scatte
the polarized laser beam toward the first planovegnens {=100mm,d=75mm), which performs an
optical Fourier transform. This means that the timsiof the scattered light at the focal planehsf first
lens depends only on the scattering angle anddependent of the droplet position in the measurémen
volume. An aperture (spatial filter) is locatedhtigat the image plane of this lens to select the
measurement volume for droplets in the spray. dight scattered from droplets through the aperture
contributes to the detected rainbow signal. A sddems {=75mm, d=50.8mm) is used to focus the
aperture-filtered light onto a CCD camera. The Ci@&3 a spatial resolution of 2048x1088 pixels and
the pixel pitch is 5.pm. The angular position of the rainbow on the CGanalyzed to determine the
droplet refractive index, from which the dropletgerature is finally obtained.

Spray Plano-Convex Focus Plane Plano-Convex F’y g

e |

.

| Aperture

[

Polarizers ~ /

Fig. 4.2 Schemetic of Global Rainbow Refractrometrkig. 4.3 Global Rainbow Refractrometry setup

4.3.1.2 Rainbow Refractometry Calibration

The correlation between the absolute scatteringeaamyd the rainbow position associated with the CCD
pixel is critical for the rainbow signal post-prase Therefore, a calibration of the optical sysiem
needed to obtain such correlation. The calibrasoronducted by locating a mirror on a high-prexisi
rotational platform (with a resolution of 2.4") thte probe volume (i.e., the position of the measure
droplets). By rotating the mirror, the reflecteddarays are recorded on the CCD, thus determthiag
relationship between the absolute scatter anglate@CD pixel. Fig. 4.4 schematically illustrathe
calibration process. In the figure,is the sampled calibration poirifn) is the pixel corresponding to
location ", and #(n) and¢(n) are the absolute scatter angle and the mirrolearidne initial mirror
angle ¢(0) is determined when the incident laser ray drel reflected ray coincide with each other.
Rotate the mirror until the first reflected rayréxorded on the CCD, and mark the mirror angle and
the corresponding pixef§l). Continue to rotate the mirror cautiously bspecific angle step and record
the angles and pixels. Repeat this process torttepeint ‘h”. As a consequence, to every calibration
point, the correlation between the CCD pixels dmdabsolute scatter angle is then determined by
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Fig. 4.4 Calibration of the scatter angle and CO2Ip

A cubic polynomial regression is fit to the calitioa data, presented in Fig. 4.5.

=
N
1

: { { 130 [ [
0 cardataliz) 1 O Calidata-LOx| |
FL——Fitting curve | - - — - -+ - - - - —F

125 itting Curve |- — — — —

[
= | = |
ey Rt 5 | =
k=) =AY e B~ A H )
= c j=2)
B e == < =
£ S115F - - - - HE - - - &
T - 8 g
2] 2 1]

105LpE - i 10 A - g - oo f

-
y = 3.444e-09%C - 9.988e-06C + 0.01745% + 107.7
|

y = 3.373e-09%C - 9.65e-06 + 0.01697*x + 103.3 | |
| v '

y = 3.929-09 - 1.124e-05*x? + 0.01836* + 122.6
| | |

1 1 1 Il Il Il 120 1 | |
0 500 1000 1500 2000 %% 500 1000 1500 2000 0 500 1000 1500 2000
Pixel [-] Pixel [-] pixel [-]

Fig. 4.5 Correlation of the scatter angle with Caikels

4.3.1.3 Temperature-Refractive Index Correlation

As mentioned before, the rainbow signal provides ififormation of the refractive index. For a
guantitative retrieval of temperature, a descrititmgjdependence of the refractive index on temperat
of the desired fluid is required. By means of theldston cell test, Johns and Wilhelm [108] obtdine
the refractive index of LNand LOx at temperatures ranging from their respedteezing to boiling
points at different wavelength. In our test, thenperature-refractive index relationship at a laser
wavelength of 532nm is obtained by interpolatioth&f Johns and Wilhelm's test data. Fig. 4.6 aigd Fi
4.7 illustrate the temperature-refractive indemtiehship for LN and LOX, respectively. Both diagrams
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show a linear relationship, in which a small vaoiatof the refractive index with a value of 10
corresponds to a large temperature change of @&biit This can provide a high temperature resatutio
for the final result derivation.

For LCH,, an experimental correlation proposed by Yoshilea [109] is employed, as shown:
Mey, =1.384-aT (@1 = 514.5m (4.3)

wherea = 9.61x10' K™,
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Fig. 4.6 Temperature-refractive index diagram ofFig. 4.7 Temperature-refractive index diagram of
LN, LOx

4.4 Data Inversion Algorithms

The data processing algorithms of the rainbow sigreadiscussed in this section. As mentioned erarli
the rainbow refractometry directly records the teratg interference patterns (Airy fringes with/out
ripple structures). Various data inversion methwdse developed to extract the droplet refractivdein
and size from the rainbow signals. Based on thg thieory, van Beeck et al. [110] and Vetrano et al.
[50] proposed an inversion algorithm with the asgtiom of the droplet size distribution. The authors
pointed out that the droplet size can be computerh fthe Airy fringe spacing (some characteristic
points can be chosen) without prior knowledge efrifractive index. Saengkaew et al. [111] deveadope
a method taking all the signal points into accawititout an assumption of the droplet distributi@séd

on the CAM theory that was proposed by Nussenzeeigl. [112, 113]. This method can yield the
results as accurate as Lorenz-Mie theory and assabe Airy theory.
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According to van de Hulst et al [114], the Airy ting is limited toy> 5000 ande|< 0.5° for obtaining
quite accurate results, wherés the size parameter wiglr zD/A ande=06-0,,. The CAM theory, however,
as Nussenzveig pointed out, can be even applief|4q2/)*® andy as small as 30 [112]. Taking this
into account, the improved van Beeck method, basethe CAM theory instead of the Airy theory, is
used to calculate the average droplet size andeenpe.

In sum, the data process strategy is performedlisve: the mean droplet size and temperature are
calculated with the improved method, as called &ttaristic Points Method here (CPM). The size
probability distribution and temperature are refi@dwith Saengkaew’'s method, as named Global Points
Method here (GPM).

4.4.1 Characteristic Points Method

According to the CAM theory, the scattering intéysif the scattered electric field in the vicinif the
rainbow can be expressed as a linear combinatitrotbf the Airy integral and its derivative, as show
in Eq. (4.4) [115] [116]:

16, x,m) 0 \ Al (- 1 h*2)u(e) |- iMe)y Al (-x &1 h"y L(E)]‘Z (4.4)

u(e) =1+ Be +0(£?)

V(€)= Vv, + Ve +0(£7)

B=(875¢° - 125%* + 65% + 45)/ (8646 $
s=sin(zr, ):\/m

c=cos{,, )=+ (4-m*)/3

h=3c/ (45'?)

(4.5)

where ¢=0-9,,, and y is the size parameter witp=zD/1. The expression fow(e) functions as a
background to enhance the amplitude of the rainbdensity thus to avoid a zero intensity of the
supernumerary, which has no significant effecttanretrieved results. Hergg)=0 [116]. The function
u(¢) affects the angular position of the supernumepaitiern.

The droplet mean size is determined by considaximgcharacteristic points around the main rainbow
with the angular position af; andé,, using Eq. (4.6), wherg andz are the Airy function arguments
corresponding t@; andd;.

3/2

olk(e,)l,m):%ﬁi2 474
£

A[5Be w0t (1B 067 o
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From Eq. (4.6), it shows that the droplet size dkited to the parametéx so it couples with the
refractive index. Therefore, the refractive indexd dhe mean droplet diameter are then calculatétd wi
an iteration of Eq. (4.1) and Eq. (4.4) - Eq. (416)il one satisfies the given convergence conattio

The global rainbow can be calculated by summingsttatering light of all single droplets, as shawn
Eq. (4.7). The power factor “7/3” is the effectdvbplet diameter on the scatter intensity.

(@XM = 10,0 M) @7

In data processing, the test signals are filteeegl ©y FFT) to remove the high-frequency signakea

by the ripple structures and the background ndise.searching for the characteristic points (e.qg.
extreme points Gax@nd Omaxo) Or inflection points §.x and 6;,r,), as shown in Fig. 4.8) among the
processed signal, the mean droplet size and thectiee index are derived using the CAM theory. In
this study, the inflection points are used. Thewaltion flow chart is shown in Fig. 4.9.

Before the test data processing, the global rainbigmwals of sprays simulated by Lorenz-Mie theory
were used o assess the method validity and accufdney sprays were assumed with Gaussian size
distributions with different mean siZ2 and disperse fact@r The results are depicted in Fig. 4.10 and
Fig. 4.11. Fig. 4.10 demonstrates that the derivehn droplet sizes from the rainbow signals by
extreme point and inflection point method matchlwdgth the prescribed ones. With the prescribed
droplet sizes increasing from 4 to 20Qum, the results accuracy correspondingly increasa fibout
2x10" to about 5x18. As to the refractive index, both of the extrensinpand inflection point method
give out precise results, as shown in Fig. 4.1k 3inaller droplet size indicates larger deviatimom

the calculated refractive index (e.g. 2%10r D=40um anddé=10um), and such deviations drop to about
1x10* when the droplet size increases to200

In practice, the second peak of the primary rainlfe@ed.x. in Fig. 4.8) is difficult to be recorded,
especially for the small droplets and large siztrithution. Therefore, the extreme point methodhnig
find challenges in practical situations. As welk tinflection points need more care to estimate the
location, since they are more sensitive to theerfilig process. However, as discussed above, the
inflection point method shows high accuracy asestimation of the droplet size and refractive index
Therefore, In this study, the the inflection poinesre used.
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Fig. 4.8 Global rainbow signal of droplet size w&lhussian distributiorb=100,6=10)
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Fig. 4.9 Calculation flow chart of the charactécigtoint method
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4.4.2 Global Points Method

on derived refractive index

Considering the non-uniform droplet distribution tine probe volume, the Saengkaew's inversion
method taking into account global points is emptbjer the further study to get the size probability
distribution and droplet temperature. The scattelight intensity equation, shown in Eq. (4.8)sadved

using the non-negative least squares algorithm. rElvéeved results are optimized using the golden
section search and parabolic interpolation. Thacess iteratively searches for the minimum absolute
difference between the sampled rainbow signal &edrécomputed rainbow signal until the absolute
difference is less than the termination toleranidsually it converges after several iterations. The
detailed information of this method can be foun&eaf. [111, 117].

i
| =AD=| ? |=

i, | |am§.d) Amé, d) .. dnd,, d)||d
a(m,g,,d,) Amo,, d) ... &np,, d)|| d

in a(men' q) dmen' Q) d I’T;en’ g) dk

(4.8)

wherel is the intensity vector of the rainbow signalsttsarecorded by CCDA is the scattering matrix
coefficient which is computed using CAM theory, dhds the size distribution vector.
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4.5 Results and Discussions

The test results of L) LOx and LCH sprays are analyzed in this section. During teg teshows that
under high Reynolds number conditions (eRg>10°), the signal-to-noise ratio of the rainbow is gth
poor due to the fine droplet size and the high eredjon rate of such sprays, whose scattering light
signal is superposed by the dense vapor reflesigmal. A pulsed laser, instead of the continuoasewn
laser, may be more suitable for capturing the @inksignal under this condition. For moderate
Reynolds number conditions (still turbulent), timerference patterns are rather distinguishable. Th
primary rainbow, including some supernumerary aessbe clearly recorded.

Due to its chemically inert safety, LNpray is used as the primary object to test th& Gigstem. The
test is conducted under moderate Reynolds numHér)(eonditions to avoid a fierce atomization and
vaporization, but still has enough dynamic forcethe liquid jet to breakup into small dropletsnland
Reitz [86] classifies the liquid jet breakup basedOhnesorge’s categorization, as shown below:

a. Weg <0.4, We> 8; (Rayleigh breaku|
b. 0.4< W% <13; (Firstwindinduced
€. 13< qu < 40; (Secondwindinduce!
d. We >40; (Atomization)

(4.9)

The Reynolds number is defined Re=puDy/u, Whereu, p, u andDg are the jet exit velocity, liquid
density, kinematic viscosity and nozzle diametespectively. The Weber number is expressed as
Wegnguzla, wherep, is the vapor density and is the surface tension of liquid droplets. Theagpr
Reynolds numbers and the Weber numbers estimatia anjector orifice are about 1.8¥18nd 725
(Weg>>40), respectively, as shown in Tab. 4.1. Theesfohe LN test falls within the “atomization
regime”, which confirms that the fluid has enougimamic force to disintegrate the spray jet.

Fig. 4.12a presents the monochromatic global rainpattern of LN spray droplets. The primary
rainbow, including some supernumerary structuresy(finges), is clearly recorded. The Airy fringes
as aforementioned, are caused by the interfereat@ebn the adjacent light rays that undergo one
internal reflection. The high frequency ripple stures resulting from the interference of intemalhd
externally reflected light are damped by the preseof a large number of small droplets, which
produces rather smooth Airy fringes. This can disoseen in Fig. 4.12b, which presents a smooth
scattering intensity curve with the absolute scattegle. The curve is obtained by averaging the
intensity value of 40 pixel rows of the rainbow meaaround the horizontal centerline (see the
rectangular region with dash line in the figureddahen by normalizing its maximum intensity. The
rainbow signal shows that the global scatteringrisity peaks at approximately 114°. To extract the
droplet size distribution, the inversion methodscdssed in Sec. 4.4 are employed. More than 500
sample points around the rainbow angle are seldotethe droplet size derivation, as shown in Fig.
4.12b. The derived results are optimized by conmgattie sampled rainbow curve with the recomputed
rainbow signal under the given convergence conditid-ig. 4.12b also plots both the sampled and

69



4. Investigation of Cryogenic Spray with Rainbow Refractometry

recomputed rainbow signals, which match perfectithveach other. Fig. 4.12c shows the extracted
probability distribution of the droplet size. Itrcée seen that the droplet distribution in the mess
volume behaves a bimodal or even multimodal featteaging from about %0n to 32Qum. The
majority of droplets has the diameter of aroundph30with another group of large droplets with a
diameter of about 320n.
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Fig. 4.12c LN droplet size probability distribution Fig. 4.12d Derived Lhldroplet mean diameter

The derived mean droplet size and temperature gof d4p¥ay are shown in Fig. 4.12d. The detected
inflection points of the filtered rainbow signakgrlotted, from which the mean droplet size isneatéed
by iterations until the given convergence critesige met. The test results of the L MNpray are
summarized in Tab. 4.2. It reveals that the deriesdperatures by both methods are rather simitar, a
about 78.5K and 78.6K, respectively. Compared ¢atd¢imperature measured with the thermocouple (80
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K), the derived temperature has a small discrepaheyound 2% in this case. With regard to the mean
droplet size, both methods give comparable resfiégsound 130m.
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Following the pilot test with the LNspray, the investigation of the cryogenic propglaof LOx and
LCH, is performed. The injection boundary conditions @escribed in Tab. 4.1.

For LOx and LCH sprays, the corresponding Reynolds numbers aratah@5x10 and 6.98x1)
(turbulent flow), and the respective gas Weber remmbare about 32.3 and 39.7 (¥8g<40).
Therefore, both sprays are located within the sgoeimd induced atomization regime. Under such
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conditions the spray dynamic inertial force is sgr@nough to overcome the spray cohesive forcs, thu
disintegrating the spray into small droplets.
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Fig. 4.13a and Fig. 4.14a show the rainbow imageshie LOx and LClispray droplets, respectively.
Both images present the typical features of théaloainbow. Fig. 4.13b and Fig. 4.14b describe the
relationship between the normalized scatteringniitg and the scatter angle. It can be seen theat th
maximum scattering intensity point (near 122° f@x.and 132° for LChE) of the main rainbow shifts
toward a larger scatter angle, compared with thatLM, (about 114°). The increased angle
corresponding to the maximum scattering intenstatiributed to the large refractive index of these
fluids (the refractive indexes of LGHind LOx are larger than that of bNThe retrieved droplet size
features a bimodal (see Fig. 4.14c) or even mullahdlistribution (see Fig. 4.12c) with the Global
Points Method (GPM). In Fig. 4.13c the major potiataof the LOx droplets has a diameter of around
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12Qum, which is comparable to the derived results faoptet sizes (~10dm) by the Characteristic
Points Method (CPM). The LCHspray droplets mainly have the diameter valueabafut 6@m and
19Qum, which is also comparable with the resutls fapliet sizes (~148m) of this method. From Tab.
4.2, it can be seen that the derived temperatdré®©r and LCH, with both methods are close to the
directly measured value by the thermocouple, witklative error of less than 5%. It demonstrates th
the GRR technique is quite precise for temperangasurement.

Tab. 4.2 Derived results from Fig. 4.12, Fig. 4at8l Fig. 4.14

Test Fluids | Dmean(um) m Ty (K) | Tees (K) | Error (%) | Method
132.7 1.1979 78.6 1.70 CPM
LN, 80
1.1981 78.5 1.91 GPM
98.5 1.2289 86.0 3.36 CPM
LOx 89
1.2299 85.0 4.49 GPM
144.3 1.2848 103.2 1.70 CPM
LCH, 107
1.2864 101.6 3.28 GPM

Note that the thermocouple reading value is notetkect temperature of the spray droplets due to the
heat transfer between the thermocouple and it®wuding. An analysis is necessary to estimate this
discrepancy for temperature correction.

Considering the thermocouple tip, in the equilibriwith the surroundings, the heat loss by radiaison
balanced with the heat gain by convection, as shiown

hA(G-T=60 AT - T (4.10)

whereh,, is the heat transfer coefficiery refers to the droplet temperatuig,is the thermocouple
measured temperatur®, is the droplet surface aregjs the emissivity of the thermocouple surface with
a value of 0.71 for the inconel sheathed thermoleoumnds=5.67037x10° W-m %K™ is the Stefan—
Boltzmann constant.

The thermocouple tip can be approximated as a ephEnerefore, the convection heat transfer
coefficient can be estimated with the Whitaker'srelation [10], which is usually used to the floweo
a sphere, as shown in:

Nup, = h, B/, =2+ (0.4Rg,**+ 0.06Rg™* )P /1, ) (4.11)

All properties excepius are evaluated at the liquid temperatdig Since constant properties are
assumed, viscosity of liquid farway from the theomaple surface:y equals to the one near the
thermocouple surface. D, is the thermocouple tip diametdd,E1mm), 14 is the thermal conductivity
of the fluid andPr is the Prandtl number, which is definedPascyud/Aq.
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Substituting all parameters into Eq. (4.10) and &qgll), the corrected temperatures of the spray
droplets are calculated with the values of 79.998&992 K and 106.990 K for LINLOx and LCH,
respectively. This demonstrates that the bias efrtve thermocouple measurement, due to heatférans
in the present test cases, is rather small antheaafely ignored.

During data processing, it turns out that the drbpize information extracted from the rainbow aiga
sensitive to the inversion algorithms. For the imsi@n method CPM, which uses the inflection points
here, the signal filtering process directly affettte derived droplet diameter. In addition, thistimoe

has its limitation in the accuracy of the dropleiesmeasurement, especially when the droplets fare o
small size and have a wide size distribution. Tiais been discussed by van Beeck et al. [110]. Eren
Saengkaew’s method (i.e. GPM), many parametersegugred for the inversion input, e.g. number of
classes, number of computing points, minima andimmaangles, all of which affect the droplet size
results [118]. A further test with PDA is therefaecommended for validation of GRR droplet size.
Nevertheless, the implementation of PDA setup tsofuhe scope of the present work. The refractive
index, however, is insensitive to the droplet semg for both methods, the derived temperatureeagre
well with the thermocouple measurement value. phizes that the GRR technique can obtain a precise
refractive index with a relatively limited sensitivto droplet size. This feature of the GRR tecjusi
facilitates the PDA technique which can provideamcurate measurement of the droplet size if the
refractive index is known [119].

4.6 Uncertainty Analysis

In this section, uncertainty of the rainbow tessteyn is mainly analyzed from two aspects, i.e. the
optical measurement system and the data post-ginges

The precision of the rainbow refractometry is direnfluenced by the calibration process that sedi

to obtain the correlation between the absolutetexcaingle and CCD pixel#\s aforementioned, a
rotational platform with an angle resolution of '2igl used for the calibration work. This resolution
corresponds to an uncertainty of the absolute aofy0.08°. It results in a refractive index eriafr
about +4x10. In post-processing of the test data, the ermors the inversion algorithm itself and from
the temperature-refractive index relationship ef prarticularly studied fluids are mainy considerEige
inversion algorithm based on the CAM theory hasnbeaidated by Saengkaew et al. [111], which is
estimated with an uncertainty of the order of magté of -4 (~+2x10) in terms of the refractive index.
The derivation of the temperature-refractive indebationship is about +5xT0for LN, and LOx [108],
and +2x10' (1=514.5nm) for LCH [109]. Another factor that needs to be taken axtoount is the laser
wavelength. For the LOx and LNests, the temperature-refractive index relatignstith the specific
test wavelength (i.e. 532nm) is obtained by cotirgjathe test data in Ref. [108], as shown in Big
and Fig. 4.7. For LClE however, Eq. (4.3) only provides the temperatefeactive index relationship at
the wavelength of 514.5 nm. Therefore, the errased by the difference between this value (514.5 nm
and the wavelength of the test laser (532nm) shioelldddressed. Martonchik and Orton [120] measured
the refractive index of LCHat the boiling and melting temperatures with défe laser wavelengths.
These data are fitted by linear regression to olite slope of the refractive index versus wavelgng
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which is about -3.62xIUnm. Thus the error caused by the laser waveledifférence (i.e. ~18nm) is
estimated at about 7x10

The uncertainty of the L) LOx and LCH refractive index is estimated with the Taylor ssrimethod
of the uncertainty propagation considering all abparameter deviations, as shown in Eq. (4.12)][121
The corresponding results are +7%187x10* and +1x1G. Consequently, the uncertainty of the GRR
test is calculated at about +0.7K, +0.8K and *liGKerms of the temperature measurement fog, LN
LOx and LCH, sprays, respectively.

AT = ZN:(Z_;AXJ (4.12)

i=1

The tests for each fluid under similar boundarydittons are undertaken for a statistical study. st
results are shown in Fig. 4.15. The error bar fsneded with the abovementioned uncertainty analysi
The figure clearly indicates that the test data fathin a narrow band with a range of about 6K,
corresponding to a maximum relative error of ab@b8o. This means that GRR is very precise in the
present cryogenic spray investigation, even atexty low temperatures (e. g. about 80 K).
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4.7 Summary

The quantitative study of the cryogenic spray great challenge due to the extremely harsh boundary
conditions of such fluids (e.g. low temperature)d dittle related research has been reported. il th
chapter, the Global Rainbow Refractometry (GRR)hmégue, which can providesimultaneous
measurement of droplet size and refractive indefor the first timeapplied to the LN LOx and LCH
spray droplets investigatiomhe GRR setup is built and the test results are sunzedms below:
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1). The global rainbow interference patterns of ¢hggenic spray droplets are successfully recqrded
which shows the low frequency Airy fringes superiorsed with high frequency ripple structures.

2). Based on the CAM theory, an improved inversidgorithm is developed. This method obtained
comparable results with Saengkaew’'s method asdaeimperautre (refractive index) and and mean
droplet size. The droplet size probability disttibn has been obtained with Saengkaew’'s method,
which features a bimodal or multimodal distribution

3). The temperatures measured with the thermocaanglecorrected by considering the radiative heat
transfer between the thermocouple and its surrogndihe error caused by the heat transfer is in the
magnitude of 18K, which can be safely ignored. Temperature ungegtaneasured with the GRR
technique is discussed and estimated to be withi@k; considering the uncertainty both from the
optical measurement system and the data post-fmiagesThe derived temperature from the rainbow
signal matches well with the temperature measurigil tive thermocouple. Statistical analysis shows
that the GRR derived temperatures present disceamamithin 6 K (relative value of 7.5%) compared
with those measured by the thermocouple for the L®x and LCH spray droplets at the temperatures
of 80K, 89K and 107K, respectively.

Furthermore, this work also demonstrates the pawedpability of the GRR technique in the cryogenic
sprays, which will benefit the study of the cryoigepropellant injection in the space propulsion
systems.
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Chapter 5. Modeling of Cryogenic Flashing
Spray

In the previous chapters, both the morphological &aser-based quantitative investigation in the
cryogenic spray have been performed experimentdlhe typical behaviors of the cryogenic spray
under low pressure conditions have been obtainedieMer, some information of the flashing spray is
still limited, such as the droplet distributionetlelocity distribution, etc. In addition, the eagive
evaporation and even the solidification phase itianshave been observed, which implies that déifer
heat transfer with different intensities domindte flashing process. However, the transient natfitee
injection process makes it extremely difficult taedjfy the place, time and intensity of these daatiimy
factors. Therefore, a Computational Fluid Dynan(iC&D) work for a further understanding of this
spray is necessary. In this chapter, the developred verification of a proper numerical model to
unveil some features of the flashing spray wilelglored.

This chapter mainy includes three parts: developroéra flashing spray model; implementation and
validation of the developed model; characterizatadnthe simulated flashing spray (i.e. the spray
morphology, the spray temperaure, the dominated thaasfers of the spray; the spray velocity, the
spray droplet size distribution, etc.).

5.1 Introduction

As aforementioned, the flashing phenomenon canroshen a liquid is out of the thermal equilibrium
due to a sudden depressurization, which consequeatises bubble formation and growth, spray
atomization and vaporization. This is a rather cemmon-equilibrium phase change phenomenon and
CFD modeling of such flows still remains to be a&ajrchallenge. For the typical two-phase flow
simulation, the Euler-Lagrange approach is onehefrhost popular methods, with which the liquid is
treated as a Lagrangian discrete phase and thmusding gas as an Eulerian continuous phase. Tte tw
phases can be coupled by taking into account teepimase exchanges of heat, mass and momentum.

The literature study shows that the flashing evafian models are still lacking, though much eftoats
been put into the simulation work for the flashsgray. Among them, the thermal equilibrium method
and the thermal non-equilibrium method are mosguently used. The thermal equilibrium method
presumes an infinite heat transfer flux at the Bopurface, on which the two phases are in thermal
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equilibrium. The Homogeneous Equilibrium Model (TEMmploying the thermal equilibrium method,
has been widely used [63, 64, 122, 123, 124]. Tiernmal non-equilibrium method such as
Homogeneous Relaxation Model (HRM) assumes thatvéipmr temperature stays the same as the
saturation temperature but is different from theraunding liquid phase temperature. This model was
proposed by Bilckli and Kestin [67] and subsequeb#en frequently used [68, 70, 125]. Applied the
Adachi-correlation [126], Zuo et al. [75] developead validated a flashing model, by considerindgibot
of the flashing evaporation, and vaporization datéd by conduction and convection. This model was
later adopted and/or improved by Raju [76], Schnaatd Steelant [77] and Ramcke et al. [78, 79] for
the flashing spray study. All the derived modelevglgyood computational results, when compared with
the experimental data. The difference between thesdels is the droplet energy equation. Zuo et al.
decoupled the external heat transfer from the dtdpimperature change, while Ramcke et al. toak tha
effect into account. Nevertherless, none of themsier the radiation effect on the droplet mass
evaporation nor the momentum exchange between ifoeete and continuous phases. In a flashing
spray the discrete phase (fine droplets) will lghlyi interactive (mass, heat and momentum exchange)
with the continuous phase. Therefore, developméatproper numerical model by taking into account
the above-mentioned factors is necessary.

5.2 Flashing Spray Model Development

Due to its inherent suitability for modeling muligse sprays, the Euler-Lagrange approach is entgploye
for the computational study of the flashing spraythis method, the continuous phase (Euler phiase)
simulated by solving the unsteady Navier-Stokesatigns, while the dispersed phase (Lagrangian
phase) is solved by tracking the droplet trajectongler Newton’s second law. The two phases are
coupled by the exchanges of momentum, mass and heat

5.2.1 Flashing Evaporation Model

Flashing evaporation is different from common evagon. Under flashing conditions, dependent on
the superheat degree, both the internal and extieead transfer will contribute to the fluid evaption
process. Specifically, at low superheat, the ewatfmr is controlled by heat conduction from thepiieo
interior, and the heat convection and radiationrmfrthe surrounding gas. Under high superheat
conditions, i.e. in the fully flashing regime, tlmternal nucleate boiling will dominate the droplet
evaporation. The differences between the normapaeaion and the superheat evaporation can be
mainly summarized as follows [75, 76]. Firstly, endlashing conditions (flash boiling), the liquid
superheat acts as the internal heat source to tkeeplroplet surface at the saturation temperature.
Therefore, the vapor mass fraction near the dropleface approaches unity, leading to an infinitely
large mass transfer number. In the typical appro#cis then assumed that the whole droplet is
evaporated immediately, which seems to contratietviaporization process at superheated conditions.
In addition, when flashing occurs, the externaltheansferred from the surroundings is assumed to
contribute totally to the droplet evaporation amdexternal heat is transferred into the dropletrdi,

the vaporized mass by flashing will partly countdalnce the vapor flow generated by the externa hea
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transfer process and thus may reduce the extemet tnansfer to the droplet. Because of these
differences, development of a flashing evaporatimuel instead of using the common evaporation law
iS necessary.

5.2.1.1 Evaporation by Superheat

Under flashing conditions, as aforementioned, iffié mechanisms dominate the droplet evaporation.
This process is fairly complex and it would notfbasible to consider all the physical aspects. Henc
the internal heat transfer process inside the dtgj$ simplified by taking into account an effeetheat
transfer coefficient. Here, the internal heat tfanis modeled with Adachi’'s empirical correlatifi26],

in which an effective internal heat transfer cardfint is proposed to describe the evaporation rilass
rate by superheat, as shown:

_a AT -T)

lash — L (Tb) (51)

0.760, - T, ¥*°, (OK<AT< 5K)

a, =40.0277, - T, ¥* ( 5K<AT< 25K (5.2)
13.8[, - T, %, (25K<AT)

where o is the effective internal heat transfer coefficiéwith units in kW/ni/K), A, is the droplet
surface ared], is the droplet temperature, ahdT,) is the latent heat of vaporization at the boiling
temperaturd,.

5.2.1.2 Evaporation by Conduction and Convection

Since the droplets will be highly interacting witte surrounding gas, the conductive and convective
heat transfer of the surrounding gas is thereforsidered. Fig. 5.1 presents the schematic of pletro
model. The analytical framework is based on thiw¥ahg assumptions:

Steady heat transfer process

Spherical and symmetric droplet geometry

Saturation temperature at droplet surface

Spatially uniform temperature distribution insithe droplet (Bi <~ 18)

PwnNhpR

The mass conservation equation of the droplet ea#ipa is shown as below:

477]‘02,00 o =4 zpr P = Myagn + Miea (5.3)
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where M, is the flash evaporation rate, which can be cated with Eq. (5.1)m,is the evaporation

rate by conductive and convective heat transferglwban be estimated by Eq. (5.7)and, andv, are
the droplet’s initial radius, density and evapamatvelocity, respectively.

Fig. 5.1 Schematic of droplet model

Considering the net heat flux to a small elemdm, ¢nergy conservation equation, which is derived
from the heat diffusion equation in steady statthwbnsidering the inner energy generation, can be
described as

daT _1d dT
cC—=—_"|r*=— 54
Pdr rzdr( drj 4

The boundary conditions of the energy equatiodisted as follows:

d_T T=T, — rnweat L(Tb)
dr | r=, 477]’02/1
(5.5)
d_T T=T, = O
dr r=r,

By solving Eqg. (5.4), Eqg. (5.3) with the boundapnditions of Eq. (5.5), and assumingrgf>r,, the
evaporation mass flow rate due to heat conductietwden the droplet and surrounding can be
evaluated, as shown [75]:

) A r Myen |h, — h,
oat = MIT —0 ———In| 1+| 1+— 5.6
nﬁh Cp 1+ I”nﬂash/ rn1eat |: ( n%eaj I( Ti) :I ( )

When taking into account of the heat convectionseduby the relative velocity of the droplets and
surrounding gas, based on the film theory, Zud.474] give a modified equation, as shown:
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. A Nu’ flash hoo h)
o = 2T ——————In| 1+ 1+ 5.7
w Cp ’ 1+ rnflash/ rr}]eat |: ( rrheatj l'( Ti) :I ( )

where/ is the thermal conductivityy, andh,, are the gas mixture enthalpies respectively atitbplet
surface and far away from the droplet.

Due to the surface boiling, the droplet evaporatigh introduce a blowing effect that results in a
thickening of the laminar boundary layers aroural dhoplet surface, which consequently decreases the
heat transfer between the droplets and the suriogn@ihe Stefan flow is thus considered in thisecas
The modified Nusselt number [127] is given by

. 0.552Ré&% P

Nu =2+ (5.8)

T

wherePr is the Prandtl number, adis a universal function of the heat transfer numdefined by

In(L+B,)

F =@1+B,)"” 5 (5.9)
whereBs is the Spalding heat transfer number, defined by
C V(Too - -IIJ)
B = ———— (5.10)
L(T,)

The thermodynamic and transport properties areuated at a specific temperature decided by the one-
third rule suggested by Sparrow and Gregg [128]j¢clvis shown as follows:

(5.11)

5.2.1.3 Evaporation by Radiation

Considering the high ambient temperature and thepiessure conditions, the ambient radiation is
taken into account for the spray evaporation, wisajiven by

rad| - go—p}) (Ta4mb - T4 (512)
5 cDra i
Mag =1 (rd) (5.13)
b

81



5. Modeling of Cryogenic Flashing Spray

wheree is the emissivity of the droplet surfacejs the Stefan—Boltzmann constaAf,is the droplet
surface area anf, is the ambient temperature.

5.2.2 Droplet Energy Balance

Under superheat conditions, all the heat transfan fthe surroundings to the droplets is assumed to
fully vaporize the liquid surface and none is ladt be transferred into the interior of the droplet.
Therefore, the droplet temperature is highly depenhdon the superheat evaporation and can be
decoupled from the external heat transfer. The ldtd@mperature is updated according to the heat
balance between the droplet and the energy lostodiashing evaporation, as shown:

d T
(C;rtnj ) = _rhﬂash L(Tb) (5 14)

5.2.3 Droplet Trajectory

The droplet trajectory is calculated under the bhagian reference frame by solving Newton’s equation
of motion via integrating all the forces acting thie droplet, e.g. the drag force, gravity force ante
additional forces due to the submicron dropletegpure gradient, Saffman lift, etc.). The trajector
equation is described in Eqg. (5.15). In this redeathe drag force plays the most important roléhin
two-phase momentum exchange. Therefore, the grioritg and some additional forces are ignored.

dv, _18uC, Re(vp _;/)Jr@(pp -p)

- +F (5.15)
dt 24p,d; P,

whereu is the dynamic viscosity;p is the drag coefficient arRReis the relative Reynold number that is
defined by

RezM (5.16)
U

The most important contribution to the two-phasemmantum exchange is established by means of a
drag force. Therefore, a proper modeling of thegdi@ce is critical for the prediction of droplet
trajectory and the turbulent features of the sp&sweral empirical or semi-empirical approacheshav
been developed to model this drag force. Among théym common drag forceCh Re/24” in the
Discrete Phase Model (DPM) simulation is the sparidrag law based on the Morsi and Alexander
model, which is shown as below:
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C, = aﬁ%e +% (5.17)

where @, & and g are different constants in differeRe regions, which can be seen in Ref. [129].
However, for the flashing spray, due to the highesheat, the effect of the droplet evaporation tdl
increasingly important for the drag force estimatidctually, evaporation will thicken the boundary
layer surrounding the droplet surface and is exqaett reduce the droplet drag force [130]. Thegsfor
the Schiller-Naumann Model, which is commonly usedhe spray modeling, is adopted and further
modified by the effective evaporation correlatidratt is proposed by Eisenklam et al. [130]. It is
implemented into the force balance equation toiptéide droplet trajectory, as shown:

D:{24(1+ 0.15R&)/[ Re1B,)] . Re 10 (5.18)

0.44(1+B,), Re> 1000

whereBy, is the Spalding mass transfer number.

5.2.4 Source Terms Development

As discussed before, the DPM simulation is perfating solving the Reynolds averaged N-S equation
for the continuous phase and addressing the fatznbe equation for the discrete phase. The cayplin
(i.e. mass, heat and momentum exchange) of therignland Lagrangian phases is introduced by
adding the corresponding source terms to the govgrequations. This section mainly discusses the
coupled source terms. Fig. 5.2 is the schematibeofource exchange in a computational cell.

Continuous Phase Cell

M

Mass, Heat an
Momentum Ixchange

Fig. 5.2 Schematic of the mass, heat and momentcheage

5.2.4.1 Mass Exchange

The Euler-Lagrange approach considers the massegehwhich can be added as a mass source term
to the mass conservation equation of the Eulefiersg, as shown:
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%pm fov)= ¢, (5.19)

source

The mass transfer from the discrete phase to thiincmus phase is computed by examining the change
in mass of a particle, as it passes through eantratovolume. Here, the vaporized mass caused by
conductive, convective, radiative heat transfer #ash boiling is taken into account. The mass s®is
positive when the particles are a source of masise@ontinuous phase with the unit quantity of sras
flow, which is

q)m = Znnum(mout_ mir) = Z( I.’ﬂflash-'- .n’heat+ .mad) (520)

wheregp, is the volumetried, per cell (i.e pn= PnfVeer), Mo aNdmy, are the respective particle mass at
the entry and exit of the current cei),, is the particle number flow rate entered the cureell, in unit
of “particles/s” andN denotes the number of particles in the currert cel

5.2.4.2 Heat Exchange

The heat exchange can be added as a heat soumtdotehe energy conservation equation of the
Eulerian phase, as shown:

MME@(W p)=00 (A0T) - ¥ hJ + ZOv |+, (5.21)
o heat conduction species diffusion viscous dissipation) - go(rce

whereg, is the volumetrieb per cell,eis the specific internal energy|s the heat conductivityy and
J, are the sensible enthalpy and diffusion flux ofcsg®j, respectively, and” is the viscous stress
tensor, which is given by

7= u[(m\‘/m?f)—gm‘n} (5.22)

wherel is the unit tensor.

The heat exchange from the continuous phase tdisheste phase is computed by examining the energy
change of particle as it goes through each contimygzhase cell. The exchange is positive when the
particles are a source of heat in the continuo@s@land the unit quantity for energy source is powe
When the mass is added to the Eulerian phasespthesponding energy source added to the system is
shown as:

(De = Z nnumI:_(min - mout) L( Tb) + mn Il§ in_ rn)ut }l§ o;l (523)
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wherehgs i, is the particle standard state enthalpy at theaeoé of the current cell. The standard state
enthalpy is defined as the enthalpy difference betwthe current state and the reference state
(T\e=298.15K,p.~=1 atm), as shown:

hy=h—h= } c,dT (5.24)

Tref

The latent heat at the reference condition is eeffioy

): L(T,)- TI C, dT+ Tf G, dT (5.25)

T, T,

ref ref

L(T,

ref

Thus, the heat source added to the system is Hedais

q)e = znnum (mout_ m;, ) L( Tref) + m, T CpIdT_ m outT]E‘ CpI dﬂ (526)

Tref Tref

whereT, is the reference temperatuté,e) is the latent heat of vaporization at the refeeestate and
Cyi is the liquid specific capacity.

5.2.4.3 Momentum Exchange

The Euler-Lagrange approach considers the momeetahange, which can be added as momentum
source terms to the momentum conservation equafitite Eulerian phase, as shown:

a(§V)+DEQpW)=—Dp+DD?+p§+;;L%; (5.27)

The momentum transfer from the discrete phasedadmtinuous phase is computed by examining the
change in momentum (x-, y-, and z-direction momemtwf the particle as it passes through each
control volume. These values are positive when pheicles are a source of momentum in the
continuous phase, with the unit quantity of forme shown:

_ 184C, Rej- -\ —
D mom = L0 v, -v)+ Fother 5.28
Z( 24p 0 (Vo =) + Fo J (5.28)

whereg mom is the volumetri@mom per cell,ﬁother are some additional forces due to the submicron
droplets, such as the pressure gradient, Saffrftawliich can be added according to the conditions.
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5.2.5 Temperature Dependent Properties

Due to the complex thermal process of the flaspimgnomenon, some first-order phase transitions (e.g
vaporization, boiling, condensation and even shtigion) can occur. Therefore, the temperature
dependent physical and transport properties oftéke fluids should be taken into account. Fig. 5.3
illustrates some properties of the studied fluidtisation properties of the liquid phase and isiabar
properties of gas phase). The data are from thel Ni&abase [131]. Since the properties of the
continuous and disperse phases are highly temperatapendent, in the simulation, they are
implemented with polynomial fitting of the NIST dat

Cp [kI/kg-K]
w JT o
A [mMW/m-K]

N

L a——
.

| I I
70 80 90 100 110 120 . 70 80 90 100 110 120
T[K] TI[K]

Fig. 5.3 Several properties of the simulated fluids

With the above discussion, the simulation model tfue flashing spray is thus developed, namely
Flashing Spray Model (FSM). This model will be implented into the CFD solver to perform a
numerical investigation of the cryogenic flashimpgas/s.

5.3 Simulation Procedure

5.3.1 Simulation Setup

The numerical simulation of the present work isf@ened with the CFD software package ANSYS
FLUENT®17.2, and the computed mesh grid is generated BIfC17.2. The Euler-Lagrange approach
is employed for the flashing two-phase flow simiglat The continuous phase is calculated under the
Euler frame by solving the 3-D unsteady Reynoldgwged Navier-Stokes (U-RANS) equations with
the pressure-based solver. The dispersed phaseked in the Lagrangian frame with Newton's second
law. For the continuous phase, the two-equalkierturbulence model is chosen for its robustness, and
the standard wall function is applied to the nealtttveatment. The PISO pressure correlation metsiod
employed for pressure-velocity coupling. The diszegion of the governing equation is performedhwit
the 2 order upwind scheme in space and with tfleorter implicit scheme in time. The interaction
between the two phases is coupled by mass, momeatgrenergy exchange. Due to the coupling
calculation, the turbulent dispersion is importamtthe DPM simulation, which will enhance the
computation stability by smoothing the source teemd by eliminating the local spikes in coupling to
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the continuous phase. In this study, the effectunbulent fluctuation on the particle dispersion is
modeled using the stochastic tracking (discretdoamwalk).

.
Inert Heating o | |Vaporization Lav Boiling Law
Cooling Law | T,,, <T, <T, T, 2T,

Ty < Tyap )| > (1= fi0)mypo i my, > (1= fr0)Mpo

| - —_
] Switch Lav /
|

IfT, =T, Flashing Lav
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Law3 to User La
.
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Fig. 5.4 Flowchart of the simulation laws
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Fig. 5.5 Flowchart of unsteady simulation per tistep

As the ANSYS solver still lacks a proper flashingdel, a developed code with several User Defined
Functions (UDFs) is supplemented to the solveretdoom the present study. This code is to spedifica
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describe the Flashing Spray Model (FSM) developedthe previous sections. In summary, a
superheated droplet model has been implementedltolate the heat, momentum and mass source
terms. A developed flash boiling law and a modifsgday drag law are implemented to describe the
flashing evaporation and droplet trajectory. Du¢hilow pressure and low temperature conditidmes, t
physical and transport properties of the fluids lghly temperature dependent. They are handléed wit
polynomial interpolation data from the NIST datahaSuring computation, the simulation will switch
from the flashing evaporation to the default weiblwn ¥ law once the fluid’ superheat decreases
below zero. The flow chart of the simulation moideillustrated in Fig. 5.4, and the simulation mss

per time step is described in Fig. 5.5.

5.3.2 Computational Mesh and Boundary Conditions

The Euler-Lagrange approach is applicable to a flath both the continuous phase and the discrete
phase. Fig. 5.6 shows the computational domainhraed boundary conditions.

Particle Diameter [m]
1.8E-05
1.4E-05
1E-05
6E-06
2E-06

Fig. 5.6 Computational domain, mesh and boundangitions

Eulerian phase boundary conditions: a constantcitglis prescribed as the inlet boundary condition.
Non-slip adiabatic boundary conditions are appéiethe chamber wall. At the exit of the chambeg, th
outlet pressure condition is adopted with the testsured value. In order to save the computational
cost, a quarter of the chamber size (110mmx144mAmi is adopted for the computational domain,
and the corresponding symmetry boundary condigarsid.

Lagrangian phase boundary conditions: a solid-dojeetion is employed as the droplet release type
conditions. The injection mass flow rate, veloatyd the initial spray cone-angle are prescribedgusi
the test data. Because of the typical feature a$hihg spray, e.g., the flash boiling dominated
atomization and rather fine droplets size, in théper, the droplet aerodynamic breakup and droplet
collisions are ignored. Due to the complex phasangk of the flashing atomization, a quantitative
measurement of the initial droplet size distribatis rather difficult, and no such data of the tgbi
cryogenic fluids is available. Hervieu and Venedli][measured the liquid propane droplet size and
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pointed out that the typical droplet Arithmetic MeBiameter D,) falls in a range of 10m to about
50um under the flashing condition. Cleary et al. [28bposed a transitional model of the flashing
atomization and reported that at the beginninghef fully flashing regime, the droplet Sauter Mean
Diameter Dsy) is around 6pm or less. Lamanna et al. [49] claimed that, fer fihly flashing sprays,
the enhanced evaporation induces a narrow RosimfRamdistribution withDs, statistically less than
about 2m. In the present work, the initial droplet sizepi®scribed as the narrow Rosin-Rammler
cumulative distribution with thBs, of below 2um. The cumulative distribution function is

Q(d) :1—ex;{—(dij } (5.29)

wheredeanis the mean diameter ands the distribution shape parameter.

5.3.3 Spatial and Temporal Resolution Validation

For the unsteady simulation, it is essential toi@ehthe independency of both spatial and temporal
resolution. Traditionally in CFD simulation, thentporal resolution is determined by the stability
requirement of the continuous phase, such as the&km@avn CFL criterion, as shown in Eq. (5.30). For
DPM simulation, it is necessary that the partickvels a distance of mere fraction of the cell thrig

one time step [132]. This will guarantee sevegiitions of update on the mass, momentum and energy
sources within the current cell per time step. lenmore, the time step is relative to the companati
expense and a small time step results in excessivgutational cost. The spatial resolution affelees
computational accuracy, and fine mesh reduces padiab discretization error under the same
discretization scheme, whereas it inevitably lemdiarge computational time. Consequently, a proper
mesh size with the corresponding time step shoalddtimated with consideration of stability, accyra
and efficiency.

3
_uAt

CFL=)>» —<1 5.30
e (5.30)

A sensitive study has been performed to evaluaetcuracy and efficiency trade-offs. In the tds,
droplet velocity is in the magnitude of severalstaf meters per second with consideration of the
expansion. Therefore, the time step or mesh sigensrally estimated at<0.1minAx).

Abraham [133] conducted a mesh resolution investigain order to reproduce an accurate spray
structure and found that the mesh near the injesttould be at least in the same magnitude as the
injector diameter. This criterion, however, is nafly unrealistic for the industrial-scale applicej
where the accuracy has to be compromised on eftigieWwang et al. [134] showed that in a typical
optimization mesh study, by employing the KIVA codled detailed chemistry mechanism, the near-
injector mesh can be as large as 17 times of fleetor diameter. In our investigation, the minimum
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mesh size is chosen after a sensitivity studyhia drder of sub millimeters (the same order as the
injector diameter). Then the corresponding time gechosen with an order of magnitude of around -5

Fig. 5.7 and Fig. 5.8 show the grid and time steps#ivity studies. In Fig. 5.7, three different she
density numbers are studied with the fixed tim@.stédhe temperatures along the spray centerlinbeof t
gas and the droplets are obtained, and the avesageerature is compared with the experimental diata.
shows that the grid number about 180,000 (Mesh G&2) reproduce similar results as with mesh
elements of about 400,000 (Mesh #3). In Fig. 508y tifferent time steps are studied under the same
mesh condition. The simulation results demonstthe a time step of 1xT8 is sufficient for the
present simulation with Mesh#2.

In summary, with consideration of the computatiostalbility, accuracy and efficiency, the fluid time
step of 1x10s with the mesh number of about 180,000 (No.#2chasen for the CFD investigation of
the flashing spray.
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Fig. 5.7 Mesh sensitivity study Fig. 5.8 Time sensitivity study

Tab. 5.1 Mesh size and time step sensitivity study

90

No. Mesh Size Time Step
#1 7.5x10 1x10°s
a. 1x10'%
b. 5x10%s
#2 1.8x16 =
c.1x10’s
d. 5x10°s
#3 4.0x16 1x10°s
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5.4 Results and Discussions

The temperature profile and the spray shape olatdinen the 3D simulation are analyzed and validated
by the experimental data of the Llnd LOx flashing sprays. Tab. 5.2 lists the sitmgaboundary
conditions.

Tab. 5.2 Simulation cases

_ sprayhalf Yo . D (Rosin-Rammiler)
Cases| Fluids| Ty (K) | pc(bar) conzeo)angle (m/s) m (g/s) dldr Tdo] n
#1 LOx 111 0.210 85° 47 9.5 12 8 10 |5
#2 LN, 101 0.104 44° 44 6.0 18 D 14 |5
#3 LN, 97 0.150 42° 44 6.1 20 10 14 |5
#4 LOx 116 0.206 45° 38 7.5 18 0 14 |5

Typically, to track all the discrete particles etDPM method is heavily time-consuming, sincectbst

is proportional to the square of total number afpliets. In order to save computational cost, Dukawi
[135] proposed a particle-fluid approach, in whidtoplets of similar properties are grouped into
“parcels” and the spray is then solved statistycaii this work, the standard parcel method is u3ée
transient flashing spray is simulated in a timeiqueof about 6ms, and about 4%Ifarcels with the
total droplets number about 2X1@re tracked. Fig. 5.9 shows the tracked sprayletpA typical bell-
shaped fully flashing spray is well reproduced.

Particle

Diameter e 06 6E-06 1E-05 1.4E-051.8E-05

Fig. 5.9 Simulated spray shape under flashing ¢immdi

5.4.1 Spray Morphological Characteristics

Literature studies show that the macroscopic mdggyostudy is important to characterize a spray. In
this section, the simulated spray morphology is/aed and compared with the experimental results.
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Fig. 5.10 and Fig. 5.11 display both the numerézad experimental spray morphology of LOx and,LN
under flashing conditions. The right half part e texperimental high-speed Schlieren image, and the
left half part is the corresponding simulated sprétyh the same size scale as the test image. Fnem t
test picture the typical fully flashing morphologan be clearly seen, i.e. violent atomization and
vaporization, bell-shaped spray with a large sprggle (the half spray width is around 26mm, wHile t
injector radius is only 0.25mm). This violent vaigation and large spray angle have been explaimed i
detail in Chapter 3. Under flashing conditions, ligid cluster molecules with high internal energyl
overcome the nucleation barrier (heterogeneouseatich barrier in most cases), leading to energy
favorable for the nuclei formation. The growth b&tlarge number of nuclei favored and resulted in a
drastic breakup of the liquid jet, leading to a faseral expansion of the spray. In comparisoe,dpray
simulated are fairly comparable with the test insagind the bell-shape profiles are well reproduced.
However, the detailed features of the spray turiiuktructures shown in the test images were not
predicted by the simulation. This is attributedlte URANS method with a large time step used in the
simulation. The URANS method intrinsically averadfes turbulence feature within a characteristietim
7. Therefore, the method is only applicable to capthe “ensemble averaged” variables with a time
scale larger than and fails to describe the detailed turbulencerinftion with a time scale less than
[136]. However, all in all, the simulation succeeadsreportray the macroscopical morphology of the
flashing spray.

Fig. 5.10 LOx spray contour Fig. 5.11 LN spray contour

Fig. 5.12 presents the temporal evolution of thgraagian trajectory of the LINspray droplets, which is
colored and sized by the droplet size magnificatidre displayed droplet density number is reduced f
better visualization. The figures generally shoat tihe spray droplets experience a strong sizectiedu
due to the intensive evaporation once injectedrbefbey eventually approach a uniform small size
distribution downstream the injector. In specifit,the time t=0.75ms, a group of large droplets are
released, only after about 0.5ms, these droplatseltrabout 30mm and reduce much of their sizes.
Afterwards, the spray show a small change of théigha size (see the color). The figures show that
much of the small droplets are concentrated neasfinay axis and some large droplets move radially
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outwards. This distribution is mainly attributed tbe interaction between the droplet and their
surrounding gas phase, which will be discussecmn 5.45 in detalil.
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Fig. 5.12 Time evolution of LNflashing spray

5.4.2 Temperature Characteristics

Fig. 5.13 and Fig. 5.14 illustrate the temperaturafiles of the LOx and LM spray along the spray
centerline. In the experiment, five thermocouples lacated along the spray centerline to record the
local temperature. The first thermocouple is lodatbout 23mm downstream of the injector orificed an
the others follow with a same distance intervadimm. Due to the multiphase characteristic of the
spray, the measured temperature is assumed toebedqthilibrium temperature of the local droplets
ensemble and the surrounding vapor. This equilibrtemperature can be estimated with a weighted
average temperature by the one-third rule, shovigin(5.11). The star curves in both figures shioat t
the weighted average results of the simulated testyre matches well with the experimentally
measured temperature. In the vicinity of the imjedtrifice, both the droplets and the gas expegemc
drastic temperature drop, but the gas temperateceedses faster than the fluid droplets due to its
smaller heat capacity. Specifically, taking the L€ase as an example, the temperature of the spray
droplets decreases from 111K to about 84K, meralive the saturation temperatufg,€77.4K @
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0.21bar), and loses about 80% of its total supérbefore the spray just travels about 20mm~30mm
downstream of the injector orifice. This dramatenperature decrease in a short distance implies a
violent evaporation triggered by the flashing iisthegion. Lamanna et al. [49] reported a comparabl
case, in which within a short distance (about 20rtire)superheated acetone releases most of it laten
heat after injection.
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Fig. 5.13 LOx temperature distribution along the Fig. 5.14 LN temperature distribution along the
spray centerline spray centerline

It can also be seen that the droplet temperatureedses monotonically along the spray axis, whereas
the vapor decreases immediately to a low temperaturthe beginning and then slightly increases
downstream of the spray. From the perspective at lk&change, under the flashing conditions the
temperature decrease of both phases can be easibrstood. When a droplet travels in the local
computational cell, it will exchange mass withgtsrounding gas. The mass evaporation due to figshi
contributes to the droplet temperature change, thedmass evaporation by heat conduction and
convection and radiation contributes to the endr@gance of the surrounding gas. Since evaporasion i
an endothermic process, it makes the spray antbtla¢ gas cool down. Downstream of the spray, as
warmer ambient gas is entrained inside the jetetti@nced heat transfer results in an increaseigds
temperature.

To compare Fig. 5.13 and Fig. 5.14, we can find if@he very beginning, the temperature of oxygen
gas is decreasing much faster than that of nitrggen This is attributed to the difference of thecific
heat capacity and specific latent heat between tisgme the heat capacity of oxygen is smaller than
that of nitrogen &.n,=2.0 kJ/kg/K andc,..0,=1.7 kJ/kg/K), while its latent heat is a littlergar
(Lin2=199 kd/kg and 0x=213 kJ/Kg). This leads to the oxygen temperateaahsing faster when the
same amount of mass is evaporated from the droplets

Remarkably, near the injector orifice the gas tawapee decreases rapidly below the saturation
temperature. It can be expected that such a lagge tgmperature drop might lead to a local
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condensation. Such low temperatures of the sprayals obtained by Aguilar et al. [137], Yildiz [44
and Vu et al. [45] in the R134a spray studies. @hamatic temperature drop below the saturation
temperature or even the triple point temperaturghimicause local spray condensation or even
solidification. Actually, solid deposition of nitgen and methane has been observed in our previous
experiment (see Chapter 3) when the chamber peessag below the triple point pressure (126mbar for
nitrogen and 117mbar for methane).
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Fig. 5.15 Temperature contour of LOXx droplets Bid.6 Temperature contour of oxygen gas

Y ' .
b oo
0.06

TIK] L [ [ ]9
64 7% 86 97 108

Fig. 5.17 Temperature contour of L Nroplets Fig. 5.18 Temperature contour of nitrogas

Fig. 5.15 and Fig. 5.17 describe the temperaturdocw of tracked LOx droplets and LNiroplets,
respectively. It can be seen that the spray draphaperature distribution is quite uniform in treelial
direction of the spray. In the axial direction tigenperature decreases monotonically from the initia
temperature to the near saturation temperature 5Fi§ and Fig. 5.18 show the temperature contofurs
surrounding oxygen gas and nitrogen gas at the gfrgmlane of the simulation domain. It shows that
the spray temperature is lower in the spray cemter increases slightly in the axial direction. e t
radial direction, the temperature increases dukddeat transfer from the warmer ambient gas.

As discussed before, along the spray centerliresyinay temperature is decreasing and downstream of
the injector, the temperature has an increasingltré/e attribute this temperature distribution te t
gradual weakening of the flashing evaporation amel strengthening of the heat transfer from the
surrounding gas. Fig. 5.19 plots the distributibthe evaporation mass flow rates along the spxés; a
The symbol curves are obtained by tracking the ldtspn one iteration at a simulation time of 5.5ms
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and the symbols represents the tracked droplets (tmber density is reduced for a better
visualization). It shows that, initially, the spraxperiences a violent flashing evaporation wite th
evaporation mass flow rate in the order of’18nd just after a rather short distance (<10mhi} t
evaporation rate drops to about™i0Yet the evaporation mass flow rate due to condnctiad
convection is just in the order of ¥~ 10, almost 2 orders of magnitude smaller than thatdshing.
Because of the low ambient temperature, the evéiporanass flow rate caused by radiative heat
transfer is even smaller, with a value in the orofel0™. This demonstrates that the heat transfer by
flashing overwhelmingly dominates the spray vagdion in the near-injector field. The high flashing
evaporation mass flow rate is the reason of thalmrastic temperature drop, as shown in Fig3&aid

Fig. 5.14 (see the beginning of the temperatureejuAs the droplet travels downstream, the sumdrhe
degree decreases and weakens the flashing evapor@ti the contrary, the high speed spray enhances
the external heat transfer from the surrounding gdsa short distance (~<20mm), the evaporation
caused by the external heat transfer balancedatigirfg evaporation, which still has a larger vahsmnm

that of the radiation contribution (see Fig. 5.1R)e total evaporation mass flow rate at this pwnn

the order of 18° (one order of magnitude smaller than the initialue). The temperature decrease is
slowed down, as a consequence. The temperatureadecris, as a consequence, slowed down.
Downstream of the spray, as a result of the sudimgngas entrainment, the heat transferred from the
surroundings surpasses the flashing evaporatioabbyt 1 or 2 orders of magnitude. Considering the
stronger conductive and convective heat transfethis region, the external heat transfer shows a
dominant role in the spray evaporation. This le@adan increase in the gas temperature downstream of
the spray, as shown in Fig. 5.13 and Fig. 5.14.
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Fig. 5.19 Statistical results of evaporation méss fate of LOx spray

5.4.3 Velocity Characteristics

Fig. 5.20 and Fig. 5.22 respectively show the drtspand the gas velocity of the LOx and,Lsypray
along the spray centerline. The blue curve is #lecity profile of droplets and the red curve refew
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the velocity profile of the gas phase. The markeihtpl, point 2 and point 3 are the locations & th
detected pressure, which will be explained latdfigy 5.26 and Fig. 5.27.
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Fig. 5.20 LOx spray velocity in the spray axial Fig. 5.21 LOx droplet velocity in the spray radial
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Fig. 5.22 LN spray velocity in the spray axial  Fig. 5.23 LN droplet velocity in the spray radial
direction direction

At the injector orifice, the discrete phase anddbetinuous phase show a similar initial velochyter
injection the velocity of both phases increasesnamgnitude: the gas phase peaks at a velocity that
almost doubles the initial velocity, and the dréplaccelerate by almost 20% near the injectoroaxifi
The large acceleration of both phases is due tdlufteexpansion that is caused by the violentHiag
evaporation. Afterwards, the droplet velocity deses slightly, while the gas velocity experiences a
drastic decrease. As a consequence of the momemtcinange of two phases, the gas velocity starts to
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increase slightly, before it finally achieves aig@mvelocity to the droplets. This velocity prafiagrees
with the description of the typical velocity featuof the flashing spray, called “expansion-entrainth
region by Polanco et al. [90]. The droplet velogtyfile is also comparable to the experimentahdat
measured by Vu et al. [45] and Yildiz [44] in th&3RIA flashing study. Due to a rapid velocity in@ea
near the injector orifice, the static pressure eleses dramatically. Following the rapid evaporatiba
static pressure recovers and establishes a constlamt within a short distance, as shown by thdér das
curves in the figures.

The droplet velocity distribution in the spray raddirection is plotted in Fig. 5.21 and Fig. 5.2%e
velocity profiles show self-similarity, and two estnum points of the velocity appear. To be spedific
the radial direction, the gas velocity decreaseas then increases to its maximum point, before it is
followed by a decreasing trend. This behavior diffdrom the well-known Gaussian velocity
distribution. It might be ascribed to the dropletsaporation and interaction with the gas phasearit
also be seen that the velocity profiles show monidotmity downstream of the spray. Further
downstream of the spray (e.g. at “Z=150") the vityolas a deviation of around 10%.
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Fig. 5.24 Velocity fluctuation in the spray radial Fig. 5.25 Velocity fluctuation in the spray radial
direction of LOx spray direction of LN, spray

Fig. 5.24 and Fig. 5.25 present the distributiohthe normalized droplet velocity Root Mean Square
(RMS) of the LOx and LW sprays, respectively. The velocity RMS definedEq. (5.31) provides
information on the turbulence characteristics efflow field.

T '+d + A
urmsz\/uxux VBUY 4d, (5.31)

The profiles present off-axis peaks, indicativetted shear layer developed there between the setay |
and the surrounding vapor. A large difference mklocity RMS distribution can be seen between the
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near-field spray and downstream-field spray. Thimoy RMS profiles around the injector orifice
commonly have larger values (with the peak valde®st doubled by those downstream of the spray)
and have three peaks, with one closer to the sprsyand the others closer to the outer sprayistt a
shows that the profiles in the near-field sprayiaechave a large oscillation, with the velocity RMS
variation at around 32%. However, as the spray ldpsedownstream, the velocity RMS profiles turn
out to be uniform far away from the spray centerland have one distinct peak near the centerline.
These features imply a strong turbulence in the-field spray, and they are supposed to be mainly
caused by the violent flashing vaporization.

5.4.4 Pressure Oscillation

Fig. 5.26 and Fig. 5.27 illustrate the pressureldian at three different locations, i.e. point
1("Z=1mm"), point 2 (“Z=2mm”) and 3 (“Z=30mm”) foLOx and LN cases, respectively. Point 1 is
located within a region where the static presssigecreasing, point 2 near the minimum pressung poi
and point 3 at a stable pressure, as marked in5E2§. and Fig. 5.22. From the Fig. 5.26 and Fig75.
we can find that the pressure fluctuates with dn lifgquency (see the enlarged subfigures) at doint
and point 2, while the oscillating frequency is mmlower downstream of the spray at point 3. Thérhig
frequency pressure oscillation near the injectdficerimplies complex fluid structures in this regi
The fluid structures here can be considered frompwints. One is induced by the violent phase chang
by the flashing evaporation. The violent phase ghaenhances the mass and momentum exchange
between the discrete phase and the continuous ,plaask induces the high frequency pressure
fluctuation. The other reason might be the injettiwocess itself. In the Euler-Lagrange approdud, t
discrete phase is injected to the continuous phaseery specified time step. This injection itseill
introduce a specific frequency and affect the spfayually, the pressure oscillation due to theliiag
evaporation was observed by Frost [138] in thedtigation of a single droplet behavior under flaghi
conditions. The author attributed the pressuretdiation to the bubble surface instability caused by
bubble collapse and oscillation.

In this case, we are inclined to attribute the gues oscillation to the flashing atomization and
evaporation. Since the flash boiling occurs priattipin the near-injector region, the explosivelingj

of numerous droplets disturbs the environment ighterhood, leading to the high-frequency pressure
fluctuations. At downstream, e.g. point 3, as thpesheat of liquid droplets is mostly consumed, the
boiling-induced pressure oscillation becomes weadk accordingly causes a decaying fluctuation, as
shown by the red curves in the figures.

99



5. Modeling of Cryogenic Flashing Spray

280 ; ; ; : ——202 240
\ | I | LOx — pl
| | |
—np2
260} - - - - | | -1 oSl 220
248 ! P
ey " 200
2401 - - 247 S b
& | 5
o | — ©
= | 5 2180
= | o 1S
~ J 200
N £
= | @ =160
o | —
n (o8
| 140
|
|
| | 120 | |
| | | |
$ \35 | 4 | | é ]35 T 4 | |
160 ' ' ' L—l108 100 ' ! L1102
0 2 4 6 8 10 0 2 4 6 8 10
Time [ms] Time [ms]
Fig. 5.26 LOx pressure evolution at different Fig. 5.27 LN pressure evolution at different
locations locations

5.4.5 Droplet Size Probability Distribution

The droplet size is a critical parameter for a gpmhich is typically described by the Sauter Mean
Diameter (), defined as

Dy, =3 Nd*/3 N (5.32)
whered, is the droplet diameter amdl is the number of the sampled droplets.

Fig. 5.28 and Fig. 5.30 give the LOx and Ldfoplet size distribution along the spray cemerliin the
figures, the circular points are a snapshot ofdtoplet distribution at 5.5ms of the transient gpend
the red curve is the statistical average of theldtadiameters from Oms to 5.5ms. It can be seah th
after injection the droplet size of both spraysuess rapidly under the “flashing law” mentionedhe
previous section. Within a short distance of aro@8dchm, the initial reduction contributes to almost
70% and 80% of the size reduction in total for L&xd LN, sprays, respectively. This drastic size
reduction is ascribed to the strong evaporatioseduy the flashing vaporization in the beginniwgh

the value in the order of magnitude of -9 as afemtioned). The figure shows that the droplet size
reduces as a power function along the spray aealetline (see the fitted curve in the figure). sThi
relationship is reasonable since the mass evaporatites and the droplet mass in the developed
Flashing Spray Model follow power functions andoalke droplet size itself is a power function of th
droplet mass. As a result of the initial Rosin-Rdemsize distribution, the snapshot of the droplee
distribution in the local Eulerian cell is non-umifn, as shown by an oscillated feature (circulantsan

the figure).
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Fig. 5.29 and Fig. 5.31 show the LOx and,ld¥oplet size distribution in the spray radial difen. The
CFD results demonstrate that the droplet diametengjinally decrease along in radial direction (with
large number density of droplets) followed by aor@asing trend far away from the spray center. A
similar distribution was obtained by Lasheras e{EH89], Munnannur and Reitz [132] and Raju [76]
with the experiment and simulation investigation tefo-phase spray atomization. This kind of
distribution can be understood as follows. Dueht $mall momentum force, the small droplets will be
much affected by the surrounding gas. They areeamnated and following with the high velocity gas
near the spray center. On the contrary, the largplets move radially outwards with a little impact
from the surrounding gas because of their largentied force.
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Fig. 5.30 LN droplet size distribution along the Fig. 5.31 LN droplet size distribution in the spray
spray centerline radial direction
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5. Modeling of Cryogenic Flashing Spray

It has to be noted here that the radial distrilbutié the droplet size appears not to agree weh wie
experimental results by Yildiz [44] in the flashisgray study. The test results show a monotonically
decreasing trend of tHas; in the radial direction. Using the test dada bidi¢i Raju [76] simulated the
flashing spray with the DPM method, and the auftminted out that the simulated droplet size results
(similar to Fig. 5.29 and Fig. 5.31) is mainly afied by the assumption of the initial droplet size
distribution. In an actual spray atomization, taegé droplets (or liquid bulk) tend to stay at Hpeay
center and the smaller ones are located periphiekdiwever, in this simulation, the droplets arénpo
injected with the assumption of a Rosin-Rammlere siistribution but prescribing no specific
distribution in the spray radial direction. Thisupglary condition contains more small droplets ia th
spray center than the practical situation does. srhaller droplets are then swept downstream towards
the spray center and middle, where the gas veldsityigher, while the larger droplets with a high
momentum are inclined to move laterally outsidegpiay.
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Fig. 5.32 Statistical distribution of LOx droplet  Fig. 5.33 Statistical distribution of LiNIroplet
size at the outlet plane size at the outlet plane

Fig. 5.32 and Fig. 5.33 describe the statisticalphlit size distribution of LOx and LM\at the outlet
plane of the computational domain, respectivelytdtal about 2000 parcels at the outlet plane are
sampled for data analysis. From both picturesait be seen that at the outlet plane the droplets ar
relatively uniform. This feature is reasonable sitige residence time of the droplets in the charitber
short (with a time scale of millisecond) and theplets with large non-uniform initial size distriimns
could not have enough time to approach very unifeires at the exit of the chamber. As to the LOx
spray, the standard deviation of the droplet distion is around 1.3x10 The arithmetic mean droplet
size D,0) is estimated at 7.981 and the Sauter Mean DiametBg{) is determined to be 8.4Mh. As to

the LN, spray, the standard deviation of the droplet idlistion is around 2.7x19 and theD,, andD3,

are estimated at about 9uf and 11.0{m.
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5. Modeling of Cryogenic Flashing Spray

Part of the important simulation results of casea#id case #4 are also listed for the numerical inode
validation, as shown in Fig. 5.34 ~ Fig. 5.37. Tiesults display a good agreement between the

simulation and experiments. The analyses are sinléhe above cases, which, therefore, will not be
shown here.
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5. Modeling of Cryogenic Flashing Spray

5.5 New Correlation of Flashing Evaporation

From the above discussion, it can be seen thahtbheage temperature of the liquid droplets with the
neighboring vapor (assumed in a quasi-equilibrigate3 is in good agreement with the test data. The
simulated temperature of either droplets or vapowever, deviates lots from the measured temperatur
The deviation is attributed to the superheat eatjor model, i.e. the Adachi-correlation, as shomwn
Eqg. (5.1). This equation is an empirical correlatiterived for of pentane (8,,), which may not suit
well the studied cryogenic fluids, considering thig property differences between the two substances
Tab. 5.3 lists the properties of the studied fliadg pentane. In this section, we are trying targout a
flashing evaporation model by taking into accoum¢ ffluid properties. Two approaches can be
considered to perform this study. One way is to ifgothe existing Adachi-correlation with due
consideration for the specific fluid properties.eTtther way is to return to the mechanism of flaghi
and to develop a new model.

Tab. 5.3 Properties of the simulated fluids andqesn (@ 1bar)

To Cp L(Tb) o H p A

(K) (kJ/kg/K) | (kJ/kg) | (mMN/m) | (uPa-s) | (kg/m®) | (mw/m/K)
LN, 77.2 2.0410 199.32 8.9049 161.37  806.p9 144.99
LOx 90.1 1.6990 213.18 13.177 195.32 11418 150.96

Pentane| 308.8 2.3657 357.89 14.282 199124  610.10 7.410

Fluids

The common boiling process can help us to undeatstaa physical mechanism of heat transfer in the
flash boiling phenomenon. In the normal boiling gess, the convection coefficieatis affected by
many factors, such as the superh&ftthe evaporation latent helafT,), the buoyancy force from the
density differenceg(p -pg), the surface tensiom, a characteristic lengthc, and the some other
properties of the fluids. This relationship carelpressed as [140]

a=a[AT,L(T,).c,.0.9(0-0,) LA upP] (5.33)

This multivariable function poses a great challeigethe modification of the Adachi-correlation,
although some key factors can just be concernéeisimplification, such as the main driving poiaint
AT, the factor of indication for the strength of eweggioncy/L(T,) and the molecule surface tensian
Moreover, Adachi et al. [38] gave the flashing exapion correlation without any other informatiar f
the derivation, which also brings the difficulty ttee modification. On this occasion, we resort toesv
correlation for the flashing evaporation. Since flashing evaporation is dominated by the bubble
nucleation, the mass evaporation theory relatédemucleate boiling is employed here.

When the spray is at low superheat degree, thhiflgsevaporation is rather weak. In this regime, th
superheat is mere sufficient to support bubble &imm, and the heat transfer is principally
determinated by heat conduction and free convediioa to the fluid motion. Therefore, the free
convection boiling (e.gAT<5K) is employed in this regime, as shown [140]:
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5. Modeling of Cryogenic Flashing Spray

2
|

2 3
a=o.154|[g'5p' P,r} (aT)”? (5.34)
U
In this regime, the conductive heat transfer camdstimed to be in the same order of magnitudeeas th
convective heat transfer. By a sensitivity studg éffective heat transfer coefficient in this regiis
estimated about four times of Eq. (5.34).

As the superheat level increases (A§>5K), the nucleate boiling becomes important aretefore, in
this regime, the well-known Rohsenow-correlatioflfJLfor the nucleation boiling is adopted, as shown

y2 3
a=ﬂ.L(Tb)[g(p'a pg)] [ i j(AT)Z (5.35)

C, (L(T) PR’

To summarize, the correlation of the superheahiitesevaporation is described as below:

2
|

a, = (5.36)

IRECRY (N

C, L(T,)Pr

2 Vs
0.6/1,[95’" P;} (AT)"” , (OK=AT< 5K)

wheref is the thermal expansion coefficient of a liqutdsaturation AT refers to the liquid superheat
degree, and represents the gravitational acceleration. Allpheperties are estimated in the saturation
state of the liquid. The constani{Gs 0.01, and the exponembf the Prandtl number is 1.7 [141].

In this section, Eq. (5.36) is supplemented, asptacement of the Adachi-correlation, to the deyetb
FSM model. The results will be briefly discussedd®ws.

Fig. 5.38 ~ Fig. 5.41 illustrate temperature dittion of the LOx and LNspray, simulated respectively
with Adachi-correlation and the new correlatiorspectively. It is evident that by the new correlafi

the simulated temperature curves of the dropletsvare approximate to the measured data than with
the Adachi-correlation. As to the gas temperatbogh methods give comparable results. To be specifi
the droplet temperature decreases much fastereainpictor orifice. Along the spray centerline, the
droplets lose the latent heat and approximatelghréhe saturation temperature far downstream of the
spray. For the gas phase, the new correlation @eedi steep decrease followed by a slight increase
the temperature. Further downstream of the splay,gas temperature along the spray centerline is
about 4 K higher than the saturation temperatuhgs §radual increase in the temperature along the
centerline is ascribed to the enhancement of tla¢ ¢cenvection and conduction from the ambient gas
downstream of the spray.
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Fig. 5.40 LN temperature distribution with new  Fig. 5.41 LN temperature distribution with new
superheat evaporation correlation (Case#2) superheat evaporation correlation (Case#3)

To summarize, the new correlation of flashing evapon based on the nucleate boiling theory is
successfully implemented into the developed FSM ehodnd it shows better results than Adachi-
correlation does.
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5.6 Summary

In this chapter, a numerical simulation is conddcééming at the development and verification of a
proper numerical model, to further understand thghing spray. The typical Euler-Lagrange approach
is employed for this two-phase flow investigatidte continuous phase is simulated by solving tiie 3-
URANS equations, and the discrete phase is traokeér Newton's second law. A flashing model is
developed and supplemented into the ANSYS solveaking account of both the internal and external
heat transfer to the superheated droplets, asasd¢lie mass, heat and momentum exchange between the
two phases. The simulation results agree well wlith experimental data. Some conclusions are
summarized as below.

1). A typical macroscopic morphology of the flaghispray of a bell-shaped profile with a large spray
angle is reproduced, and it matches well with &s¢ $chlieren images.

2). The simulated spray temperature (average teatyer of the droplet ensemble and surrounding
vapor) along the spray centerline is in good agergmvith the experimental data. The liquid spray
experiences a drastic temperature decrease, agsl osst of its superheat in the near-injectionomgi
and afterwards the spray approximately approachessaturation temperature associated with the
surrounding pressure.

3). After injection, both phases are strongly aeebd and later decelerate to a similar veloetya
result of the interphase momentum exchange. Thecitgldistribution in the radial direction maintain
self-similarity at different axial positions.

4). The pressure in the near-injector region showsh high frequency than that downstream of the
injector. This is supposed to be caused by the nmitent flash vaporization near the injector i

5). The droplet size along the spray centerlinewshan approximately power-law decay. In the
beginning, the droplet experiences a dramaticraidaction due to the huge flashing evaporatiorhén
spray radial direction, the droplet size distribatishows a high nhumber density of small droplets ne
the spray center and middle, whereas some largaedsomove radially outwards because of the large
inertial force.

6). Since the simulated temperatures of the drepletviate much from the test data with Adachi-
correlation, a new flashing evaporation model igetlgped and added to the Flashing Spray Model. The
simulation results match the test data better thamdachi-correlation.

The numerical work demonstrates that the develdi®®d model works successful for the numerical
prediction of the flashing spray. For the furthéudy, it can be linked with other models (e.g.
combustion model) to investigate the concernecessii the engine.
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Chapter 6.Conclusions and Outlooks

6.1 Summary and Conclusions

This research work is performed under the projgetopulsion Technologies for Green in-Orbit
Spacecraft”, which is aimed at the developmentreég propulsion techniques for addressing the issue
of space safety that is threatened by increasiagesgebris. As a consequence, an understanditng of t
green propellants’ behavior under vacuum conditfonshe upper stage engine or in-orbit thrustehés
main motivation of the present work. This reseascmainly divided into two parts: the experimental
work and the modeling with CFD.

6.1.1 Experimental Work

In order to perform this research project, a flaghiest facility has been designed and built in the
Institute of Turbomachinery and Flight PropulsiohTechnische Universitat Minchen (LTF-TUM).
The study of LN, LOx and LCH sprays was conducted with the help of the higredfgchlieren and
Shadowgraph techniques, and the Global RainbowaRt&fe technique. Under low pressure conditions,
the cryogenic sprays experience violent atomizatand vaporization, termed as the flashing
phenomenon. The characteristics of this phenoméinanthe flashing evolution process, temperature
distribution, solidification, and atomization regisi transition criteria) and the effect of injector
geometry on this phenomenon have been discussbdait.

The morphological study shows that the superheata(ariving force) facilitates the flashing spray
atomization. With the liquid superheat increasidgafnber pressure decreasing), the spray undergoes a
complex evolution, from the mechanical atomizatiegime (with aerodynamics dominated) to the fully
flashing regime (with thermodynamics dominated).this work, following Lienhard and Lamanna’s
work, from the nucleate boiling perspective, a damensional energy barriérwas proposed, which
refers to the ratio of the bubble nucleation bart@ the excessive thermal energy that the cluster
molecules had. This parameter was validated wighetkperimental data and can successfully indicate
the flashing spray. As the spray undergoes theegmérom the mechanical atomization regime to the
fully flashing regime, the parametécorrespondingly varies from much larger than legs than 1, and

in the onset of the fully flashing regimgis around 1.

In order to study the effect of the injector geamemn the flashing spray, tests with different getm
parameters were conducted. The test results stetviptith a large injector diameter and a large fojec
aspect ratio enhance the flashing spray. This igeséffect is mainly attributed to the heterogerseou
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nucleation, since a injector with a large diameter large aspect ratio hosts more nucleation, sites
which are favorable to the heterogeneous nucleation

The thermal behavior of the spray was investigatéth an intrusive measurement by positing
thermocouples (Type T) in the spray centerline @tiaé distances. The thermal profiles show a
temperature decrease followed by a sharp drop poidhe saturation temperature associated to the
chamber pressure. The steep temperature drop letiening is due to the violent flashing evaparati

in this time period. In addition, in the stabletstahe temperature distribution remains approxtyat
uniform downstream of the injector. During the teise solidification phase transitions in the ldpray
and LCH, spray were observed. This is ascribed to the ifigsatomization and vaporization triggered
by the sudden depressurization. The massively eatgmbvapor formed from the liquid droplet surface
absorbs the latent heat of vaporization from theaiging droplet, resulting in a drastic temperature
decrease that leads to a solidification phase &adhgvas found that the existence of the solidspha
pressure dependent. The solidification was goingvben the chamber pressure was below the triple
point pressure. Once the pressure exceeded the pdint pressure, the melting or sublimation phase
transition occured.

Following the morphological study, a quantitativgtical diagnostic investigation was conducted. A
literature survey shows that it still has a grdwlienge to the quantitative study of the cryogespiay.

In this work, the Global Rainbow Refractometry teicjue (GRR)for the first time, was applietb the
cryogenic sprays. This technique can provide amrate measurement of droplet refractive index and
size distributiorsimultaneouslyThe GRR test setup was built and the inversiorhowetvas developed.
The test successfully obtained the typical rainipaterns of the cryogenic droplets. Both the reivac
index and the droplet size probability distributiware derived from the recorded rainbow patterrth wi
the methods (including Saengkaew’s inversion méthmased on the complex angular momentum
(CAM) scattering theory. Results show that thedmtitemperatures from the rainbow signal agree well
with the temperatures measured by thermocoupldk, the relative error within 7.5%. The retrieved
droplet size displays a bimodal or multimodal dlsttion feature. The GRR technique thus proves its
capability in the cryogenic spray investigation.

6.1.2 Modeling Work

In order to further understand thermodynamics efftAshing spray, a numerical simulation of thigtw
phase flow was performed with the coupled Eulerrhage method. The continuous phase is simulated
by solving the 3-D URANS equations, and the discpase is tracked under Newton's second law. A
Flashing Spray Model (FSM) has been developed andessfully supplemented to the ANSYS CFD
solver, by considering the flashing evaporatiord Aeat, mass and momentum exchange between the
discrete phase and the continuous phase.

From the simulation, the flashing spray’s macroscaporphologies with bell-shaped profiles were
reproduced, and the results match well with theegrpental Schlieren images. The simulated spray
temperature (averaged by the temperature of thpletrensemble and surrounding vapor) along the
spray centerline is in good agreement with the exptal data. The liquid spray experiences a itrast
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cooling process, and loses most of its superheatshort distance downstream of the injector aijfic
and afterwards the spray approximately approachebet saturation temperature associated with the
surrounding pressure. After injection, both phases strongly accelerated and then decelerated to a
similar velocity due to the interphase momentumhaxge. The velocity distribution in the radial
direction maintains self-similarity at differentiakpositions. Because of the violent flash vapatin

in the near-injection region, the pressure os@ilie in this region show much high frequency thHzat t
downstream of the injector. The droplet size altivegspray centerline shows an approximately a power
law decay. Initially, it experiences a dramaticesieduction due to a violent flashing evaporatlarthe
spray radial direction, the droplet size distribantishows a high number density of small droplets
concentrated near the spray center, with somerlamgplets swept radially outwards due to theigéar
inertial force.

Though the average temperature of the spray sigtulatth the Adachi-correlation matches well with

the experimental data, the simulated temperatufethe droplets deviate lots from the measured
temperatures. Therefore, a new flashing evaporatiodel was developed using the nucleate boiling
correlations. The new model shows an improved ageet between the measurements and simulations.

6.2 Outlooks

A comprehensive experimental and modeling investigaof the cryogenic flashing sprays has been
explored at great length in this work. The mainrahteristics of the cryogenic flashing sprays have
been obtained. However, still some details inforamabf these sprays is lacked. By the pre-knowledge
of such phenomenon of this work, the further experital work can be emphasized on:

(). Quantitative measurements of the flashingysfirathe spray droplet distribution, such as tidlPRR
technique. This can be used to validate the GRRnigue, and also can provide a reliable inlet
boundary condition of droplet size distributions fioe CFD study.

(2). Adapt the flashing spray test facility to LQ&H, fire test to investigate the transient injection
process as well as the combustion process undemuraconditions. The high-speed Schlieren and
Global Rainbow Refractometry (GRR) techniques can employed to characterize the transient
injection process of the propellants.

As a prediction method, the flashing spray modet t& linked with the combustion model to
investigate the thermal process of the propellajfgction and the combustion process inside the
chamber. Departing from this point, the followirgics can be introduced:

(2). Although the validated Flashing Spray Modethis research has successfully predicted theifigsh
spray, as analyzed in the thesis, the detailed/sdex structures have not been reproduced dtfeeto
inherent features of the RANS method we used. Ttwerethe LES method can be further employed to
predict more detail of the spray.
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(2). The integration of the flashing process anthlmastion process will be of great significance to
investigate the thermal load and combustion perémice in the transient start-up of the in-orbit shea
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I. Test Hard Ware

Fig. 1.2. DAQ system
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Analog Input Circuit for Pressure Sensor
s

o0
RPN DIV WS

Digital Output Curcuat for Solencid Valve
= -

SELEIROREARES

05290 00REQLLLBELE

D AL D

Fig. 1.3. Current board for the analog signal input Fig. I.4. Current board for the digital signal auitp
(for pressure sensors) (for solenoid valves)

Fig. I.7. Global Rainow Refractomety setup
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II. Lorenz-Mie Theory

The Lorenz-Mie scatter and CAM theory are usedunsiudy for the calculation of the global rainbow
signal. In this section, the calculation of droeattering intensity by the Lorenz-Mie theory wwn.
The detailed information of this theory can be fun the references: “C. Bohren and D. Huffman,
Absorption and Scattering of Light by Small Pagg;INew York: Wiley, 1983.” and “H. C. van de Hulst
Light scattering by small particles, New York: JONiley & Sons, 1957".

A. Mie Coefficients

The rainbow technique in this work concerns theemel scatter field. Therefore the key parameters f
Mie calculations are the Mie coefficiends and b,, which are used to compute the amplitudes of the
scattered field.

o =T[4 0] = G maCmy (L1)

m? (3] xh( 3] - b} myg mk
o, = DGO = 03 e ]
i 03] = h(H mxk mf

(I1.2)

N, =x+4x°%+2 (11.3)

wherex is the size parameter ardnD/A, 4 is the wavelength in the ambient mediumis the refractive
index relative to the ambient mediul,is the droplet size and the functiogn&) andh, are spherical
Bessel function of order of the arguments.

B. Scattered Far-field Intensity

In this work, the scattered far-field intensity the perpendicular scattering plane (source-patticle
observer) is described &5,(6), as shown:

2

1 |&= 2n+1
12 (6)= ars+b 1° (8
Sca( ) k?r? ;n(ml)( n ”Tn) lnC( ) (1.4)

Where the wave numbée=2n/A, r is the wave propogation distance, dad(8) is the perpendicularly
polarized incident intensity.

127



Appendix

The functionsr, andz, describe the angular scattering patterns of therggal harmonics used to describe
the intensity, and they are determinated from doeinrence relations

= znn__llcose 77, —ﬁ 7., (I1.5)
7, =ncosflr, —(n+ 77, (11.6)
The initial conditions are
1, =0; i, =1, 77, = 3cod
{rozo; 1,=co;r,= 3cof 8) (.7

Based on the Lorenz-Mie theory, the scatteringnsity of a water droplenf=1.335+1e-8ix=591), taken

as an example, is obtained, as shown in Fig. It.5hows that most of the incident light energy is
reflected in front of a droplet (reference of lighitection). In the periocular direction of theHigthe light
intensity is rather weak (see the intensity at al&01~110°). When the scattering angle is larganth
about 120°, two distinguished regions charactenzigd a local intensity peak and some supernumerary
arcs are present, as called the rainbow regions.ohle close to 125° is the secondary rainbow, hed t
other close to 140° is the primary rainbow. Betwéan two rainbows exists a region with a very weak
scattering intensity (130°~135°), which is the Aderler's dark band.

Mie Angular Scattering: m=1.335+1e-08i, x=591
T T T T T T T

— Lorenz-Mie signal

Primary Rainbow

Geometric _.I

08F Rainbow Angle | . _
| Airy Fringes

0.6 - J
Ripple |
Structures
0.4} \ -
0.2+ Secondary Rainbow

I125 130 135 140 145 150

Normalized Intensity [-]

1 [,
20 40 60 80 100 120 140 160 180
Scattering Angle [°]

Fig. 1.1. Mie-scattering intensity of a single glet
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