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ABSTRACT

The characterization of the optical properties of fuel drops around the critical pres-
sure is a challenge. The aim of the thesis is to measure the size and the refractive
index of fluids under high pressure conditions close to the critical point. For this
purpose, an experimental installation of injection of high-pressure drops has been
designed. Rainbow refractometry has been developed and adapted to work first on
water and ethanol droplets in the pressure range 1-45 bar. Evolutions of their index
of refraction with the pressure were obtained. For measurements approaching a fluid
near the critical point, ethane was selected because its critical point is 48.7 bar and
32.2°C. Index refractive measurements on liquid drops of ethane were then carried
out in the range 40-42 bar and 18-25°C. A measurement of the refractive index of
ethane drops then gives a value of 1.255 ± 0.002.

Keywords : Rainbow refractometry, refractive index, droplets, pressure, ethane,
water, ethyl alcohol
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Acronyms

a.u. Arbitrary unit

DA Direct-coupled amplifier

DWT Deadweight tester

GA Gauge

GRT Global rainbow refractometry technique

L1 Lens

L2 Lens

LA Laser

LIF Laser-induced fluorescence

M1 Mirror-1

M2 Half-mirror-2

M3 Mirror-3

M4 Mirror-4

MDRs Morphology-dependent resonances

OCT Optical coherence tomography

OP Oil pump

OT Oil tank
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PC Personal computer

PDA Phase doppler anemometry

PR Pen recorder

PT Phototransistor

PT phase diagram Pressure-Temperature phase diagram

RC Reference cell

S1 Slit-1

S2 Slit-2

S3 Slit-3

S4 Slit-4

S5 Slit-5

S6 Slit-6

SC High-pressure sample cell

SRT Standard rainbow refractometry technique

SV Stop valve

TH Thermostat

WT Water pump

Constants

A0 Polynomial dispersion constants = 2.104025406

A1 Polynomial dispersion constants = −1.456000330 × 10−4

A2 Polynomial dispersion constants = −9.049135390 × 10−3

A3 Polynomial dispersion constants = 8.801830992 × 10−3
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A4 Polynomial dispersion constants = 8.435237228 × 10−5

A5 Polynomial dispersion constants = 1.681656789 × 10−6

A6 Polynomial dispersion constants = −1.675425449 × 10−8

A7 Polynomial dispersion constants = 8.326602461 × 10−10

R Ideal gas constant = 8.3144598 J/(K·mol)

π Mathematical constant = 3.14159265359

Greek Alphabets

δ Minimum deviation angle - degree (°)

∆ Angle difference - degree (°)

ε Scattered angle of droplet around rainbow angle - degree (°)

εexp,mth Scattering angle of each maximum intensity position of rain-
bow’s bright pattern, where m is the order of bright pattern
(i.e. 1st, 2nd, 3rd, 4th, etc.) - degree (°)

εj Scattering angle from computation corresponding to each θ1,j
- degree (°)

εla,match Scattering angle from computation corresponding to each
ngas,la and xexp - degree (°)

θ Incident angle - degree (°)

θ′ Incident angle - degree (°)

θ′′ Emergent angle - degree (°)

θ1 Incident angle of scattered light to the internal surface normal
of the optical window - degree (°)

θ1,j Incident angle of scattered light to the internal surface normal
of the optical window for computation generated from 1.000°-
25.000° step by 0.001° where j = 1 to 25000 - degree (°)
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θ1′ Incident angle of scattered light to the internal surface normal
of the inclined optical window - degree (°)

θ1′,j Computed incident angle of scattered light to the internal
surface normal of the inclined optical window corresponding
to θ1,j - degree (°)

θ2 Refraction angle of the propagating light in optical window -
degree (°)

θ2,j Computed refraction angle of the propagating light in optical
window corresponding to each θ1,j - degree (°)

θ2′ Refraction angle of the propagating light in optical window,
assumed to be incline - degree (°)

θ2′,j Computed refraction angle of the propagating light in inclined
optical window corresponding to each θ1′,j - degree (°)

θ3 Refraction angle of the propagating light outside chamber -
degree (°)

θ3,j Computed refraction angle of the propagating light outside
chamber corresponding to each θ1,j - degree (°)

θ3′ Refraction angle of the propagating light outside chamber in
case window is assumed to be incline - degree (°)

θ3′,j Computed refraction angle of the propagating light outside
chamber corresponding to each θ1′,j - degree (°)

θa Incident angle of incident light to the external surface normal
of the optical window - degree (°)

θa′ Incident angle of incident light ,illuminated by 0.532 µm laser,
to the external surface normal of the optical window - degree
(°)

θa′,k Computed incident angle of incident light (0.532 µm) to the
external surface normal of the optical window corresponding
to each ik - degree (°)

θb Refraction angle of the propagating light in optical window -
degree (°)
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θb′ Refraction angle of the propagating light in optical window -
degree (°)

θc Refraction angle of the propagating light in high-pressure test
chamber - degree (°)

θc′ Critical angle - degree (°)

θcr Refraction angle of the propagating light in high-pressure test
chamber - degree (°)

λ Wavelength of incident laser - µm

λa Wavelength of incident laser at the atmospheric pressure - µm

λb Wavelength of incident laser in optical window - µm

λc Wavelength of incident laser in high-pressure test chamber -
µm

λc,la Wavelength of incident laser in high-pressure test chamber
corresponding to ngas,la - µm

λvac Wavelength of the radiation in vacuum - µm

σ Vacuum wavenumber - µm−1

ϕ Incident angle on the droplet-air interface - degree (°)

ϕcr Critical angle - degree (°)

Latin Alphabets

a Particle radius - µm

A Cross section area of pinhole - cm2

A′ Vertex angle - degree (°)

AN Polynomial dispersion constants, where N = 0 - 7

b1 Constant to be determined from fitting
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b2 Constant to be determined from fitting

b3 Constant to be determined from fitting

d Droplet diameter - µm

D Pinhole diameter - µm

d′ Sample thickness

dcal Droplet diameter calculated from volume flow rate and exci-
tation frequency - µm

dfitting Droplet diameter determined from data fitting - µm

dla,fit Droplet diameter producing the best fitting-position corre-
sponding to each ngas,la - µm

dla,lb Droplet diameter generated from 101 to 250 step by 1, where
lb = 1 to 150, and corresponding to each ngas,la - µm

dla−min,fit Droplet diameter corresponding to the smallest associated er-
ror (errla−min,fit) - µm

errla,fit Associated error from fitting corresponding to dla,fit

errla−min,fit The smallest associated error from fitting

fG Excitation frequency - kHz

h Distance in the x direction from droplets illuminated by laser
to a desktop - mm

i Window inclination angle - degree (°)

I1 Intensity of light traveling directly to power meter - mW

I2 Intensity of light passing through the test chamber - mW

ik Window inclination angle generated from 0.001° to 5° step by
0.001°, where k = 1 to 5000 - degree (°)

j Integer number
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k Integer number

k Dimensionless wavelength (Appendix A)

k1 Distance in the x direction from the point of incidence of
0.532 µm laser at the external surface of window to the first
reflection point measured at the atmospheric pressure - mm

k11 Distance in the x direction from the position of 0.532 µm laser
at a screen plane to the incident point at the external surface
of the optical window measured under high pressure - mm

k11,k Computed distance in the x direction from the position of
0.532 µm laser at a screen plane to the incident point at the
external surface of the optical window measured under high
pressure corresponding to each ik - mm

k12 Distance in the x direction from the incident point at the
external surface of the optical window to the new reflection
point measured under high pressure - mm

k12,k Computed distance in the x direction from the incident point
at the external surface of the optical window to the new re-
flection point measured under high pressure corresponding to
each ik - mm

∆k1 Distance between reflection point recorded at atmospheric
pressure and the new reflection point recorded when air in
test chamber is under high-pressure - mm

∆k1,exp Distance measured from experiment between reflection point
recorded at atmospheric pressure and the new reflection point
recorded when air in test chamber is under high-pressure - mm

∆k1,k Computed distance between reflection point recorded at at-
mospheric pressure and the new reflection point recorded
when air in test chamber is under high-pressure corresponding
to each ik - mm

∆k1,kmatch
Computed distance between reflection point recorded at at-
mospheric pressure and the new reflection point recorded
when air in test chamber is under high-pressure which matches
with ∆k1,exp - mm

 L Transversed pathlength - µm
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l1 Distance between point o2 and point o1 - mm

l2 Distance between droplets illuminated by laser and point o2 -
mm

l3 Perpendicular distance from droplets illuminated by laser to
the internal surface of the inclined optical window - mm

l4 Distance from droplets to the incident point of scattered light
at the internal surface of the inclined optical window - mm

l4,j Distance from droplets to the incident point of scattered light
at internal surface of the inclined optical window correspond-
ing to each θ1,j - mm

l5 Distance from the incident point of scattered light at window’s
internal surface to the point of scattered light entering to air
outside the test chamber - mm

l5,j Computed distance from the incident point of scattered light
at window’s internal surface to the point of scattered light
entering to air outside the test chamber corresponding to each
θ2′,j - mm

la Integer number from 1 to 800

lb Integer number from 1 to 150

 Lj Path of light where j is integer number - µm

m Order of bright pattern (i.e. 1st, 2nd, 3rd, 4th, etc.)

M Molar mass - grams per mole

mair Mass of the air - grams

methane Mass of the ethane - grams

mgas Total mass of the gas - grams

n Amount of substance - moles

n632.8 Absolute refractive index of ethane for the wavelength 632.8
nm

nabs Absolute refractive index of liquid droplet
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nair,1 Absolute refractive index of air at atmospheric pressure

nair,P Absolute refractive index of air in the test chamber related to
the pressure in the chamber

nethane Absolute refractive index of ethane droplet

nethane,P Absolute refractive index of ethane droplet under high-
pressure

n′ethane,la Computed relative refractive index of ethane for simulation
corresponding to each ngas,la

n′ethane,la−min
Computed relative refractive index of ethane corresponding
to the smallest associated error (errla−min,fit)

n′ethane,P Relative refractive index of ethane droplet under high-
pressure

nethane−vapor,P Absolute refractive index of ethane vapor under high-pressure

ngas,la Absolute refractive index of gas generated from 1.0001 to
1.0800 step by 0.0001, where la = 1 to 800

ngas,la−min
Absolute refractive index of gas providing the smallest asso-
ciated error (errla−min,fit)

ngas,P Absolute refractive index of gas in the test chamber related
to the pressure in the chamber

nliquid Absolute refractive index of liquid droplet

nliquid,P Absolute refractive index of liquid droplet under high-pressure

n′liquid,P Relative refractive index of liquid droplet under high-pressure

nrela Relative refractive index of liquid droplet

nwater Absolute refractive index of water

n′water,P Absolute refractive index of water under high-pressure

nwin Absolute refractive index of the optical window
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o1 Droplet projection point on external surface of the inclined
optical window

o2 Droplet projection point on internal surface of the inclined
optical window

p Van de Hulst’s notation

P Pressure of gas - Pa

Pair Air pressure - bar

PAIR Air pressure - Pa

Pcr Critical pressure - bar

Pinside Gas pressure inside the test chamber - bar

Pliquid Liquid pressure - bar

Pmax Maximum pressure reached from all experiments - bar

Ptp Triple-point pressure - bar

∆P Difference between air pressure and liquid pressure - bar

r Distance between the point of incidence of 0.532 µm laser
at the external surface of the optical window and the first
reflection point at the external surface of the optical window
- mm

T Temperature - °C

T1 First transmission

T2 Second transmission

T3 Third transmission

T4 Fourth transmission

Tair Temperature of air - °C

Tair,inside Temperature of air inside chamber - °C
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Tair1,inside Temperature of air inside chamber measured by using
thermocouple-1 - °C

Tair2,inside Temperature of air inside chamber measured by using
thermocouple-2 - °C

Tair3,inside Temperature of air inside chamber measured by using
thermocouple-3 - °C

Tair,outside Temperature of air outside chamber - °C

Tcr Critical temperature - °C

Tethanol Temperature of ethanol - °C

Tinside Temperature of gas inside the test chamber - °C

Ttp Triple-point temperature - °C

Twall Temperature of chamber wall - °C

Twater Temperature of water - °C

uD Jet velocity in - cm/min

V Volume of gas - m3

V̇ Volume flow rate in ml/min

v1 Speed of light in medium 1 - m/s2

v2 Speed of light in medium 2 - m/s2

vair,P Speed of light in high-pressure air - m/s2

vliquid,P Speed of light in liquid droplet - m/s2

x Concentration of ethane vapor in the test chamber - %

x1 Distance in the x direction from droplets illuminated by laser
to the position of scattered light at the internal surface of the
optical window - mm

x1,j Computed distance in the x direction from droplets illumi-
nated by laser to the position of scattered light at the internal
surface of the optical window corresponding to each θ1,j - mm

xxv
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x123 Distance in the x direction from droplets illuminated by laser
to the rainbow signal - mm

x123,exp Distance in the x direction from droplets illuminated by laser
to the each peak of rainbow signal measured from experiment
- mm

x123,j Computed distance in the x direction from droplets illumi-
nated by laser to the rainbow signal corresponding to each
θ1,j - mm

x2 Distance in the x direction from the position of scattered light
at the internal surface of the optical window to the position of
scattered light at the external surface of the optical window -
mm

x2,j Computed distance in the x direction from the position of
scattered light at the internal surface of the optical window
to the position of scattered light at the external surface of the
optical window corresponding to each θ1,j - mm

x3 Distance in the x direction from the position of scattered light
at the external surface of the optical window to the rainbow
signal position - mm

x3,j Computed distance in the x direction from the position of
scattered light at the external surface of at optical window to
the rainbow signal position corresponding to each θ1,j - mm

xb Distance in the x direction from the point of incidence of 0.532
µm laser at the external surface of the optical window to the
position of incident light at the internal surface of the optical
window - mm

xc Distance in the x direction from the position of incident light
at the internal surface of the optical window to droplets - mm

xexp Distance in the x direction from the point of incidence of
0.532 µm laser at the external surface of the optical window
to rainbow signal position - mm

xexp,mth Distance in the x direction from the point of incidence of 0.532
µm laser at the external surface of the optical window to the
middle of each bright pattern, where m is the order of bright
pattern (i.e. 1st, 2nd, 3rd, 4th, etc.) - mm
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xh Distance in the x direction from the rainbow signal position
to a desktop - mm

xj Computed distance in the x direction from the point of inci-
dence of 0.532 µm laser at the external surface of the optical
window to rainbow signal position corresponding to each θ1,j
- mm

xn1 Distance in the x direction from the point of incidence of 0.532
µm laser at the external surface of the optical window to the
point of incidence of 0.6328 µm He-Ne laser at the external
surface of the optical window - mm

xn2 Distance in the x direction from He-Ne laser beam to rainbow
signal position - mm

y Distance in the y direction from the droplets to the screen -
mm

y1 Distance in the y direction from droplets to the internal sur-
face of the optical window - mm

y1′ Distance in the y direction from droplets to the incident point
of scattered light at the internal surface of the inclined optical
window - mm

y1′,j Computed distance in the y direction from droplets to the
incident point of scattered light at the internal surface of the
inclined optical window corresponding to each θ1,j - mm

y2 Thickness of the optical window - mm

y2′ Distance in the y direction from the incident point of scattered
light at the internal surface of the inclined optical window to
the point of scattered light entering to air outside the test
chamber - mm

y2′,j Computed distance in the y direction from the incident point
of scattered light at the internal surface of the inclined optical
window to the point of scattered light entering to air outside
the test chamber corresponding to each θ1,j - mm

y3 Distance in the y direction from the external surface of the
optical window to the screen - mm
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y3′ Distance in the y direction from the point of scattered light
entering to air outside the test chamber to a screen plane -
mm

y3′,j Computed distance in the y direction from the point of scat-
tered light entering to air outside the test chamber to a screen
plane corresponding to each θ1,j - mm

∆y Distance of window displacement in the y direction from cen-
ter of window’s external surface when it was at atmospheric
pressure to point o1 - mm

∆z Distance in the y direction from the point of incident light of
0.532 µm laser at an window’s external surface to a point o1
- mm

∆zk Computed distance in the y direction from the point of inci-
dent light of 0.532 µm laser at an window’s external surface
to a point o1 corresponding to each ik - mm
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CHAPTER 1

Introduction

During the last decades, the internal combustion engines of cars were developed in
order to improve the efficiency of combustion as well as to reduce the emission of
pollutants. In particular, the efficiency of combustion depends mainly on the evap-
oration of fuel droplet and the mixing between fuel in gaseous phase and oxidizer.
One approach to improve the efficiency of combustion is to increase the fuel injection
pressure in order to have a better atomization of liquid fuel and so a better evapo-
ration and fuel/air mixing. When the pressure increases, the liquid fuel atomization
can occur more efficiently which will reduce droplet size and then will improve the
evaporation rate.

An alternative way to increase mixing between fuel vapor and oxidizer is to inject
the fuel at a pressure and temperature exceeding the critical state. In this state,
supercritical fluids has smaller intermolecular force than the kinetic forces, leading
to a high diffusion coefficient, fast heat, and mass transport [11]. Accordingly, it
can provide a better mixing process.

Nevertheless, the transition between sub-critical to supercritical conditions has
not been well understood yet, especially for multicomponent liquids such as the
classical gasoline and diesel fuels. Therefore, it will be necessary to get quantitative
measurements to study the physical properties of droplets. Thus measurements in
transcritical condition must be performed on the injected droplets at sub-critical con-
ditions with the transition to supercritical conditions. To characterize fuel droplet
under transcritical condition, the refractive index is one of the significant properties
possible to be measured. Therefore, the development of an optical technique to
measure the refractive index under the transcritical condition is required.

All previous refractive index measurements of liquids under high pressure have
been performed on liquids in a container in high pressure cell. Unfortunately, none
of previous refractive index measurements were performed on free-falling droplets in
high pressure condition. For that, the rainbow refractometry method is selected as
it is able to measure refractive index on moving small droplets.

In the current thesis, a focus on the possibility of refractive index measurements
on moving droplets under high pressure conditions, still being in sub-critical condi-
tion, was investigated. It has been decided to adapt global rainbow refractometry
for measurements under high pressure conditions to improve the evident potential
of this optical measurement technique. Until now, the rainbow refractometry has
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never been used for measurements under high-pressure before. This work is origi-
nal because it is the first time that measurements in very extreme pressure will be
performed with such method.

This thesis is structured as follow: Chapter 2 provides basic background on the
characteristics of fluid in sub-critical and critical states as well as a description of
the physics of the global rainbow refractometry diagnostic. Chapter 3 introduces
the validation of refractive index measurements on free-falling water and ethanol
droplets under high pressure. Chapter 4 presents optical measurements on free-
falling liquid ethane under high pressure up to 50 bar. The conclusions of this work
is given in Chapter 5. Finally, suggestions for the future work are stated in Chapter
6.



CHAPTER 2

Background

2.1 An introduction to sub-, critical and super-

critical states

The critical state is one of the thermodynamic state of substance. This state is
the end point of the liquid-gas equilibrium curve where liquid and gas cannot be
distinguished [12]. The temperature and pressure in this state were defined as critical
temperature (Tcr) and critical pressure (Pcr), respectively. To describe this state,
we begin with the physical states of substance. Pure substances can exist in three
phases which can be a gas, liquid or solid. These physical states can be presented in
a pressure-temperature phase diagram (PT phase diagram) as shown in Figure 2.1.
From the PT phase diagram, the red line is the sublimation line representing the
transition between vapor and solid states. This line divides solid and vapor phases.
The point representing the end of this line is the triple point in which all three
phases coexist. The green line is the fusion line representing the transition between
solid and liquid phases and also separates these two phases. The blue line is the
vaporization line. It represents the transition between vapor and liquid phases as
well as divides liquid and vapor phases. This line ends at the critical point where the
phase separation between liquid and gas vanishes. If the pressure and temperature
exceed this critical point, the substance will become a super-critical fluid. The
liquid phase and gaseous phase become similar to each other and eventually become
indistinguishable.

The aim of this work is to study liquid droplets in thermodynamic conditions
extending from sub-critical to supercritical conditions. Therefore, ethane is selected
in this study because this molecule offers promising conditions to reach easily the
critical state. Indeed, the critical state of ethane is at a pressure of 48.72 bar and
a temperature of 32.17°C. It is not elevated compared to those of water, a critical
pressure of 221 bar and critical temperature of 374°C. Since we selected ethane for
this study, the values of pressure and temperature for the thermodynamic states are
indicated in the PT phase diagram in Figure 2.1.

To illustrate the behavior of fluid approaching the supercritical conditions, Figure
2.2 shows the phase of the three states from sub- to super-critical conditions. Figure
2.2(a) shows ethane under sub-critical conditions. In this figure, the liquid and
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gaseous phases can be distinguished. Figure 2.2(b) shows the ethane at critical
state. At this point, the liquid becomes opalescence. After passing this state, ethane
will be in the supercritical state and it will be transparent as can be seen in Figure
2.2(c). In this state, the distinction between liquid and gaseous ethane disappears.

Figure 2.1: Pressure-temperature phase diagram of pure substance indicated the
values of pressure and temperature for ethane [1]

Figure 2.2: Image of ethane at three different thermodynamic states (a) Subcritical
state (b) Critical state (c) Supercritical state [2]
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2.2 Previous studies of refractive index measure-

ments on liquid under high pressure

The study of the refractive index dependence with pressure started at the early
20th century [7]. Many optical techniques have been used to carry out the refractive
index measurements under high pressure (a description of each technique follows
in the Note). In the early studies, the prism minimum deviation method has been
used [7, 13]. For this technique, the liquid is confined between optical windows in
quartz, constituting a prism, this one being installed in a pressure vessel. The optical
instruments for measurements such as collimator and telescope were placed outside
in an environment at atmospheric pressure. Poulter et al., 1932 [13] used the prism
minimum deviation method in which the windows constituted a 30° prism. They
studied the refractive index of paraffin oil and glycerine up to 13765 bar and up to
7308 bar, respectively. After that, Rosen, 1947 [7] studied the refractive indices of
ethyl alcohol, water and mixtures of water and alcohol at 25°C and pressure up to
1765 bar, by using a similar method with the windows forming a 51° prism.

Later, another studies on refractive index measurements at elevated pressure ap-
plying various types of interferometers were performed. Waxler and Weir, 1963 [14]
and Waxler et al., 1964 [15], applied the interferometric method based on the Fabry-
Perot principle to study the effect of pressure and temperature on the refractive
indices of benzene, carbon tetrachloride and water. In these measurements, the in-
terferometer was enclosed in the pressure vessel so that the distortion of the optical
window at elevated pressure can be neglected. They have been carried out measure-
ments at pressure up to 1100 bar and temperature up to 55°C with an accuracy on
the refractive index of ± 0.0001. Stanley, 1971 [16] also applied the Fabry-Perot in-
terferometer to study the refractive index of distilled water for temperature in range
of 1-60°C and pressure up to 1373 bar to supplement the water results of Rosen [7],
Waxler and Weir [14] and Waxler et al. [15]. The accuracy of his refractive index
measurement is ±0.00006, typically one decade better. Later, Takagi and Teran-
ishi, 1982 [3] used a Michelson-type interferometer to measure refractive indices of
benzene, toluene, chlorobenzene and nitrobenzene. They performed measurements
at temperature of 20, 30 and 40°C and pressure up to 500 bar. They determined
refractive indices at lower pressure than other authors, from 1 to 500 bar with a
step of 50 bar. The estimated accuracy of this work is ± 0.00008.

After that, various studies of refractive index dependence with pressure of liquid
under very high pressure from 3000-40000 bar were investigated. Recently, Wang et
al., 2016 [17] demonstrated that the refractive index of polydimethylsiloxane liquid
increased dramatically with pressure up to 40000 bar by using optical coherence
tomography.

For all these studies:
1. The liquid is confined in a container in a test chamber under high pressure.
2. The shape of liquid is perfectly defined by the container (prism, cylinder, etc.).

These techniques were performed not on individual droplets but on a configura-
tion of liquid contained in a cell with a very well definition of the shape.
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Note:

1. The prism minimum deviation method provides the potential to measure
refractive index. This technique was applied to measure liquid refractive index
under high pressure in the works of Poulter et al., Lyons and Poindexter, and Rosen.
The basic concept of this technique is to measure the minimum deviation angle (δ)
of the light entering through a prism containing liquid under high pressure. The
minimum deviation angle occurs when θ′ = θ′′. The schematic diagram of the prism
minimum deviation method is shown in Figure 2.3. Knowing minimum deviation,
the refractive index can be determined as the minimum deviation that depends on
the refractive index of liquid inside the prism.

2. Interferometric methods:
2.1 The Fabry-Perot interferometer, is made of two partially reflective sur-

faces separated by a small gap that creates the interference fringes. The concept of
this method is that the light is propagating with partially reflecting mirrors, firstly
refracted at the first mirror and then transmitted through the space between the
two mirrors. When the light travels to the second mirror, the majority of the light is
reflected and the residual fraction of the light is transmitted. These mirrors allows
subsequent reflections and transmissions as can be seen in Figure 2.4. After that,
many waves interfere together. In the work of Stanley [16], the interferometer was
installed in a high-pressure vessel. The gap between two surfaces was filled with liq-
uid sample. The light source and lens were placed outside the high-pressure vessel.
The change of the refractive index of liquid in this space induces the interference
fringes. Hence, the refractive index can be determined from the analysis of the in-
terference fringes.

2.2 The Michelson-type interferometer is also a method producing the inter-
ference fringes. In this technique, a monochromatic beam travels to a beam splitter
separating the beam into two beams at 90°C from each other. The beams travel to
mirrors. After that, they are reflected and brought back together creating interfer-
ences. Takagi and Teranishi [3] applied this technique to measure refractive index of
liquid under high pressure. The schematic of Michelson-type interferometer in their
study is shown in Figure 2.5. The laser beam was separated by half-mirror (M2);
one of the beams was passed through a reference cell (RC), and another one was
passed through a high-pressure sample cell (SC). The beam passing through the ref-
erence cell was reflected by a mirror M1. The beam passing through a high-pressure
sample cell was reflected by a mirror M3. After reflected by mirrors, these two
beams passed again through these cells and then they were brought back together.
Lastly, interference pattern results. The change of the refractive index of liquid in
the sample cell modifies the interference pattern. Therefore, the observation of this
interference pattern can be used to determine refractive index of liquid under high
pressure

3. Optical coherence tomography (OCT) is a non invasive, high-resolution, and
a cross-section imaging technique. This technique uses the interference signals gen-
erated by the backscattered light from a sample and a reference mirror to obtain the
structural information of the sample at various depths [17]. This technique provides
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the possibility to measure optical path length which is nliquid × d′ where nliquid is
refractive index and d′ is a sample thickness.

Figure 2.3: Schematic diagram of the prism minimum deviation method

Figure 2.4: Schematic diagram of the Fabry-Perot interferometer

Figure 2.5: (a) Diagram of the refractive index measurement apparatus: (LA) He-
Ne laser, 632 nm, 1.5 mW; (RC) reference cell; (SC) sample cell; (M1,M4) mirrors;
(L1,L2) lenses; (S1,S6) slits; (HC) Hg cylinder; (PT) phototransistor; (PR) pen
recorder; (DA) dc amplifier; (TH) thermostat; (WP) water pump; (GA) gauge;
(OT) oil tank; (SV) stop valve; (OP) oil pump; (DWT) deadweight tester. (b)
High-pressure sample cell [3]
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2.3 Optical characterization of moving droplets

A variety of optical diagnostics measurement can be used for characterizing moving
droplets such as laser-induced fluorescence (LIF), phase doppler anemometry (PDA),
morphology-dependent resonances (MDRs), etc. Each technique has advantages and
limitations depending on its own basic principle.

Laser-induced fluorescence (LIF): The use of LIF in liquid droplets is based
on the excitation of a fluorescent tracer that delivers a fluorescence signal depending
of various physical parameters such as temperature and species concentration. Flu-
orescence denotes the radiation emitted by an atom or a molecule when it relaxes
by spontaneous emission of a photon from higher to a lower energy level. In the
laser-induced fluorescence process, the upper energy level is populated using laser
excitation with a wavelength tuned to a resonance between the excited state and a
discrete lower state [18]. For the fluorescence spectra observation of liquid fuel, an
organic fluorescent dye such as rhodamine B that is usually used as a fluorescent
temperature sensor is dissolved in the liquid fuel. Accordingly, this technique can
be applied for temperature measurements on liquid droplets. However, adding a
molecular tracer can change the critical properties of the liquid fuel. In this case, it
is then required to study the significance of this effect. In addition, the fluorescence
depends on many parameters (temperature, pressure and chemical composition),
accordingly, calibrations will be very difficult near critical conditions.

Phase doppler anemometry (PDA): PDA is a non intrusive technique that
can be used to simultaneously measure droplet velocity and size assuming the par-
ticle is spherical. PDA measurement is performed at the intersection of two laser
beams, forming an interference fringe pattern. The injected droplet passes through
the fringe pattern. For measurements, the detectors are placed off-axis location
focusing scattered light onto multiple detectors (at least two detectors). Finally,
the Doppler burst is derived. The frequency of the signal is used to determine the
droplet’s velocity and the phase shift between the Doppler signals from two detec-
tors is related to the droplet’s diameter as well as refractive index. Nevertheless,
the refractive index accuracy measured by PDA is limited to the second digit of the
refractive index.

Morphology dependent resonances (MDRs): MDRs is based on a phe-
nomenon of total internal reflection of light inside a spherical droplet. The MDRs
occurs under three conditions which are: first, the incident angle on the droplet-air
interface (ϕ) is greater than the critical angle ϕcr = sin−1(1/nliquid) where nliquid
is the refractive index of droplet; second, path of light in droplet is closed; third,
transversed pathlength (L) is an integral multiple of the wavelength (L = ΣLj = kλ)
where j and k are integer numbers and λ is the wavelength. Figure 2.6 shows the
schematic diagram of the resonance in the sphere which is the basis of this tech-
nique. Based on the MDRs, it provides the resonance peaks which can be observed
in both the elastic and inelastic spectra such as fluorescence and stimulated Raman
scattering from microdroplets. The resonance peak in the scattering spectra gives
the possibility to determine droplet size and evaporation rate (size change). MDRs
can be used to measure the change of radius of droplet as small as 10−5a where a is
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the particle radius [19]. This technique has a limitation because the measurement
droplet must be perfectly spherical.

Figure 2.6: The path of light occurs a resonance in a sphere droplet

Rainbow refractometry: The rainbow refractometry is a non intrusive tech-
nique. The basic concept of this technique is to measure the scattering light by a
droplet around rainbow region, called rainbow signal. The rainbow signal depends
on the refractive index and the size of droplet. The rainbow location is sensitive to
the refractive index. This technique can be applied for the measurement of single
droplet, monodispersed droplets as well as spray droplets. In the last situation, the
measurement on a spray using the global rainbow refractometry (GRT) technique
can eliminate non-sphericity effects [20].

For the current study, the measurement of moving droplets under high pressure
from sub- to critical condition will be performed. The rainbow refractometry has
been selected because this is a promising non intrusive technique which is able to
measure refractive index with accuracy as well as the size of droplet. By this way,
the access to the refractive index will be a mean to deduce also the temperature
during the evaporation process. Moreover, it is also possible to adapt this technique
to follow the large change of refractive index due to the change of the physical
properties near critical condition. The description and background physics of this
technique is presented in the next sections.

2.4 The rainbow refractometry for the measure-

ment on liquid moving droplets

2.4.1 Background physics of rainbow

Rainbow refractometry is one of the rare optical measurement techniques that pro-
vides an ability to characterize droplets. The background physics of this technique
is the same as a rainbow phenomena in the sky as shown in Figure 2.7. In 1637, Ren
Descartes was the first to introduce a physical explanation of the rainbow phenomena
considering the light passing through a single droplet [21]. For a basic explanation,
the parallel rays of light impinge on a homogeneous spherical droplet, some of them
are reflected at droplet surface but some of them enter into the droplet. The light
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entering into the droplet is firstly refracted due to the change of refractive index
and then, reflection/reflections inside the droplet occur. After reflection/reflections,
the light is refracted once more when exiting from the droplet. The rainbow is an
extremum deviation of these light rays. The primary and secondary rainbows are
defined as the extremum deviation of rays having one time internal reflection and
two times internal reflections, respectively. Figure 2.7 shows the path of light hav-
ing one time internal reflection and the light reflected at the external water droplet
surface. They are defined as the internally reflected ray and the externally reflected
ray, respectively. To study the geometrical optics, it might be best to define the
rays leaving the particle with the Van de Hulst’s notation,1957 [22]:
p=0 for the externally reflected ray,
p=1 for the ray refracted twice,
p=2 for the ray experimenting one internal reflection and two refractions (the inter-
nally reflected ray),
p=3 for the ray experimenting two internal reflections and two refractions,
p=k for the ray experimenting k -1 internal reflections and two refractions.

Figure 2.7: The path of light rays passing through water droplet

A lot of studies have been realized on the rainbow, especially for water. In the
sky, the primary and the secondary rainbows due to chromatic dispersion in water
droplets can be observed. The area between the primary and the secondary rainbows
is called Alexander’s dark band where the intensity is very small in comparison
with primary and secondary rainbows and mainly dominated by external reflection
[23]. The rainbow angle is determined from the extremum of the angular deviation
between the incident and emergent rays after internal reflections as the rainbow angle
is the supplementary angle; 180° − extremum scattering angle [4]. For rainbow
in nature, it is the angle of the elevation relative to the sun-observer line. The
rainbow angle for the primary rainbow and secondary rainbows are about 42° and
51° , respectively. Figure 2.8 shows the internally reflected rays (p=2) on water
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droplet which have been deviated. The extremum scattering angle is the minimum
scattering angle for the one internal reflection (p=2). The ray of the minimum
deviation for p=2 is called the rainbow ray or Descartes ray and its angular position
is defined as the geometrical rainbow angle (θrg). The geometric rainbow angle for
water is about 138°. After the exit of the internally reflected rays (p=2) from a
droplet, interference between these rays occurs. Thus, destructive and constructive
interferences occur due to the phase difference forming supernumerary bows inside
the primary rainbow.

Figure 2.8: The envelope of a ray system (from Adam [4])

In 1838, George B. Airy developed the extension of the geometrical optics. On
the basic of wave theory, Airy takes into account the diffraction by using Huygens’
principle on the propagation of a wave front. After that, Airy’s theory is able to
predict the rainbow shape and for the first time, to provide the gradual fading of
rainbow within Alexander’s dark band, taking into account the finite droplet size.
However, Airy’s theory is a scalar theory, all the effects due to the vector aspect
were not taken into account. The predicted rainbow pattern from Airy’s theory is
accurate only for the position which is close to Descartes minimum scattering angle
or rainbow angle (the more distance from rainbow angle, the less accurate of rainbow
position). Later, Lorenz-Mie theory is able to provide the exact position for all the
rainbow orders. In 1890, Lorenz introduced the result of light scattering by a trans-
parent sphere in the frame work of Ether theory. Later, Mie (1908) rediscovered
the same result in the framework of Maxwell’s electromagnetic theory. Mie derived
a solution for the scattering of an incident electromagnetic plane wave by a homo-
geneous spherical particle by solving Maxwell equations. This solution consists of
infinite series of terms where all kinds of interaction are mixed together. As Lorenz
and Mie obtained the same result, it can be called Lorenz-Mie theory. After that,
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Debye (1909) also introduced a solution consisting of an infinite series of terms but
each kind of interaction can be independently quantified. The determination of the
scattering of light by a spherical particle around rainbow angle from Lorenz-Mie’s
and Debye’s theory is very accurate but time consuming [23]. Later, Nussenzvieg,
1969 developed the complex angular momentum method and applied it to the De-
bye expansion. Following this, he introduced the approximation depending on the
angular region under study and on the kind of ray of interest.

Considering Figure 2.7 again, there is not only the interference between inter-
nally reflected rays (p=2) but also the interference between externally reflected rays
and the other orders of internally reflected rays creating high frequency oscillations
superimposed on the Airy fringes. It is called the ripple structure. Lorenz-Mie and
Debye theory can provide a determination of the rainbow pattern including all the
aspects of ripple structure. Nevertheless, Nussenzvieg theory is limited to the p=0
contribution. An example of rainbow pattern according to the Lorenz-Mie theory is
shown in Figure 2.9.

Figure 2.9: The monochromatic rainbow according to the Lorenz-Mie theory (from
van Beeck [5]).

2.4.2 Rainbow refractometry

The rainbow refractometry enables the measurement of size and refractive index
(hence temperature and species composition) of a transparent spherical particle. For
the measurement on single particle or identical particles with the same trajectory,
the standard rainbow technique (SRT) is the optical technique able to measure si-
multaneously size and refractive index of a droplet. Figure 2.10(a) shows an example
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image of standard rainbow pattern with ripple structure scattered by monodisperse
water droplets at atmospheric pressure. The pioneer work employed standard rain-
bow technique for the measurement of refractive index and size of fuel droplets is
presented by Roth et al. [24, 25]. In 2009, Saengkaew et al. [26] introduced a new
standard rainbow signal processing strategy taking into account ripple structure.
The new processing strategy provides a very high accuracy for the diameter mea-
surement of 0.01 µm and the refractive index measurement of 0.0001. In addition,
this technique can be applied to study the evaporation of monodispersed droplets
presented by Promvongsa et al. in an international symposium by combustion in-
stitute in 2016 [27]. They followed droplets along the trajectory and obtained a
diameter change as small as 10 nm for 80 µm droplet at 20°C. For the extension
of SRT to the measurement of sprays, van Beeck et al., 1999 [20] introduced global
rainbow technique (GRT). The global rainbow is the result of the superimposition
of the rainbow patterns of an ensemble of droplets without assumption on droplets
trajectories. Accordingly, the ripple structure disappears as seen in Figure 2.10(b).
This technique provides the capability to measure the size distribution and the av-
erage refractive index. In the original work of van Beeck, the processing was carried
out on some particular points limiting the accuracy on the refractive index and the
size distribution measurements. Later, Saengkeaw, 2006 [23] introduced a new in-
version strategy fitting all the integrality of the rainbow signal enabling an increase
of the accuracy of the size distribution and refractive index to be 0.0001 in index.

Figure 2.10: Rainbow patterns observed in this study: (a) Standard rainbow pattern
scattered by a line of monodisperse water droplets generated from 50 µm pinhole,
(b) Global rainbow pattern scattered by nearly monodisperse droplets of water gen-
erated from 100 µm pinhole
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2.4.3 Adaptation of the global rainbow technique for mea-
surements under high-pressure

In the classical use of the rainbow technique, standard or global rainbow technique,
the variation of the value of the refractive index is limited. The lens and the CCD
camera are able to be used because the measurement is at a fix angle. In our case,
measurement for ethane must be performed close to the critical state, Pcr=48.72 bar
and Tcr=32.17°C. The refractive index of ethane at critical state is expected to be
1.069. To follow the rainbow location of ethane droplet from atmospheric pressure
to near critical state, the rainbow location of ethane droplet is expected to move
with a large angular variation greater than 70° . Therefore, in the first step, it has
been decided not to use a camera for the detection of the rainbow pattern. The
experiment will be more flexible to follow a large change of the rainbow location
and only a screen will be used.

For measurements, we attempted to work on the line of monodisperse droplets.
For that, there are two challenges to solve: first, to obtain as much as possible a
line of droplets; second, to be able to produce and observe rainbow pattern. As the
exploration of rainbow pattern is in the large range of refractive index according to
the variation of pressure from atmospheric to near critical pressures, we firstly need
to prove that the rainbow pattern is possible to be visualized.

In the experimental work, we firstly attempt to produce a line of monodisperse
droplets with sizes ranging from 100 to 250 µm in high-pressure environments. How-
ever, a difficulty to produce a line of monodisperse droplets under high-pressure is
encountered since the line of monodisperse droplets in these conditions becomes to
be perturbed and the distribution of droplets is like a spray expanding with a low
cone angle. Accordingly, it has been decided to apply the adapted global rainbow
refractometry for the measurement of cloud droplets under high-pressure. To vali-
date the technique, we firstly performed measurements on water droplets under high
pressure up to 45 bar. Water was selected because there is reference data from liter-
ature to verify our measurement. In this work, the global rainbow measurement was
simplified because it is the first time that rainbow technique for the measurement
of free-falling droplets under high-pressure will be applied. So that, we observed
only the positions of the bright patterns of the rainbow pattern from outside the
high-pressure chamber. An example of global rainbow pattern observed in this work
is presented in Figure 2.10(b). This global rainbow pattern occurs from the average
rainbow position of nearly monodisperse spray of water. According to this measure-
ment, the peak positions of supernumerary bows were estimated from the middle of
the bright pattern. The peak positions can be used to determine the mean droplet
size and refractive index. To do this, the peak positions of supernumerary bows
were compared to those obtained from the simulations based on Debye’s theory
(p=2). Consequently, the mean size and the refractive index of nearly monodisperse
droplets are extracted from the best-fit peak positions obtained from the rainbow
signal computed from the simulation. To show an example of the fitting of our mea-
surement, Figure 2.11 presents the peak positions of supernumerary bows obtained
from the measurement on water droplets under pressure of 15.26 bar and its best-fit
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peak positions obtained from rainbow pattern simulations based on Debye’s theory
(p=2).

Figure 2.11: The peak positions of supernumerary bows obtained from the mea-
surement under pressure of 15.26 bar and its best-fit peak positions obtained from
rainbow pattern simulations based on Debye’s theory (p=2)

2.4.4 Simulations of the rainbow pattern

2.4.4.1 Simulations of the global rainbow pattern

To have a good understanding of the global rainbow pattern, the dependences of the
global rainbow pattern on the refractive index and droplet size were studied [28]. In
this work, the rainbow simulation program developed by Mees and Meunier-Guttin-
Cluzel at CORIA laboratory was used to simulate rainbow pattern. This simulation
code is able to simulate rainbow pattern computed by Lorenz-Mie’s theory as well as
Debye’s theory. Since we emphasized on the supernumerary bows according to the
global rainbow measurement, the simulation from Debye’s theory has been selected.
To simulate the rainbow pattern without taken into account a ripple structure,
the computation based on Debye’s theory allowed us to select only the interference
of the internally reflected ray (p=2). Figure 2.12 shows the comparison of the
global rainbow pattern predicted by Debye (p=2) and the standard rainbow pattern
predicted by Lorenz-Mie for water droplet. These rainbow patterns were computed
in the same conditions with refractive index of 1.3353, droplet diameter of 160 µm
and wavelength of 0.532 µm.

To show the sensitivity of the rainbow location relative to the value of the refrac-
tive index, the simulated rainbow patterns of spherical particles with three refractive
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indices of 1.335, 1.336 and 1.337 were compared, respectively. These three rainbow
patterns were computed using the same diameter of 160 µm and a wavelength of
0.532 µm. Figure 2.13 reveals that the global rainbow patterns of water droplet
have similar scattering patterns. However, the rainbow positions shift toward po-
sitions with larger angles when the refractive index is higher. For the dependence
of particle size on the rainbow pattern, the global rainbow patterns were simulated
for three difference sizes of 120, 160 and 200 µm with the same refractive index of
1.3353 and wavelength of 0.532 µm as shown in Figure 2.14. This figure depicts that
the angular position of the first peak is closer to the geometrical rainbow location
when the particle size increases. The first peak position is inversely proportional
to the particle size, and the distance between supernumerary peak is larger as the
diameter is smaller. An understanding of the structure of the rainbow pattern due
to the refractive index and particle size provides us the capability to well interpret
the rainbow pattern observed from experiments.

Figure 2.12: Comparison of the rainbow pattern of water droplet predicted by Debye
(p=2) and the standard rainbow pattern predicted by Lorenz-Mie
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Figure 2.13: Effect of refractive index on the rainbow pattern predicted by Debye
(p=2)

Figure 2.14: Effect of droplet size on the rainbow pattern predicted by Debye (p=2)
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2.4.4.2 Rainbow signal’s first peak dependence on refractive index

In this section, the rainbow pattern’s first peak dependence on the refractive index
was studied. Firstly, the relationship between refractive index and maximum posi-
tion of rainbow pattern’s first peak computed from Debye theory (p=2) for droplet
of 100 µm and wavelength of 532 µm was plotted as shown in Figure 2.15. When
the refractive index is closer to 1.00, the decrease of the maximum intensity posi-
tion of rainbow pattern’s first peak is more pronounced. It can be concluded that
the change of maximum position of rainbow pattern’s first peak corresponding to
rainbow angle is more sensitive when the refractive index is smaller. Secondly, the
relationship between refractive index and maximum intensity of rainbow pattern’s
first peak computed from Debye theory (p=2) for droplet of 100 µm and wavelength
of 532 µm was plotted as well. An evident relationship is found as in Figure 2.16.
It shows that the increase of maximum intensity of rainbow pattern’s first peak
is higher when the refractive index is higher. The data of maximum position and
maximum intensity of rainbow pattern’s first peak corresponding to refractive index
is finally presented in table 2.1

Figure 2.15: Relationship between refractive index and maximum position of rain-
bow pattern’s first peak predicted by Debye (p=2) for droplet of 100 µm and wave-
length of 532 µm
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Figure 2.16: Relationship between refractive index and relation of maximum inten-
sity of rainbow pattern’s first peak predicted by Debye (p=2) for droplet of 100 µm
and wavelength of 532 µm

Table 2.1: Maximum positions and maximum intensities of rainbow pattern’s first
peak for different refractive indices predicted by Debye (p=2, d=100 µm, λ=532
µm)

Refractive index Maximum positions of 1st peak Maximum intensities of 1st peak
(°) (arbitrary unit)

1.01 32.88 7408
1.05 64.22 17973
1.10 86.78 33839
1.15 102.81 54407
1.20 115.44 81302
1.25 125.74 116477
1.30 134.33 162642
1.35 141.67 223308
1.40 148.02 303286
1.45 153.41 411207
1.50 158.11 559616
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2.4.5 Pressure dependence of refractive index of water and
ethanol from literature

Before performing experiments, the relationship between pressure, temperature and
refractive index of water from the literature, Schiebener et al [6], was studied. The
refractive index of water at different pressures and temperaturs was computed using
the correlation provided by Schiebener et al. [6]. The plot of refractive index of
water at different pressures and temperatures is shown in Figure 2.17 and data
are presented in Table 2.2. Figure 2.17 shows that the refractive index of water is
sensitive to the temperature. The decrease of refractive index is larger when the
temperature is higher. With pressure, the refractive index is proportional to the
pressure. The trend for larger refractive index with pressure is also observed for
various temperatures. The relationship obtained from Schiebener et al. [6] will be
used to verify our experiment results as a referent data.

For ethanol, the reference data of relationship between refractive index of liq-
uid ethanol and pressure and temperature are rare. Therefore, they will be pre-
sented separately. Figure 2.18 represents the relationship between refractive index
of ethanol and pressure in range of 1-14000 bar at temperature of 20 and 25 °C. This
plot shows an increasing trend of refractive index due to the pressure. We obtained
reference data of refractive index only for high pressure. The reference data for this
plot is represented in Table 2.3. Figure 2.19 represents the relationship between re-
fractive index of ethanol and temperature from 0 to 28 °C at atmospheric pressure.
It shows that refractive index has a linearly decreasing trend due to the increase of
temperature. The reference data for this plot are shown in Table 2.4

Figure 2.17: Refractive index of water at different pressures and temperatures com-
puted from the correlation provided by Schiebener et al. [6]
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Figure 2.18: Effect of pressure on refractive index of liquid ethanol provided by
Rosen [7] and Chen and Vedam [8]

Figure 2.19: Effect of temperature on refractive index of liquid ethanol provided by
Jiménez Ricobóo [9]
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Table 2.2: Percentage of the estimated concentration of gaseous mixture from ex-
periments

Pressure (bar) Refractive index at different temperatures
20°C 30°C 40°C 50°C 60°C 70°C

1.0133 1.3354 1.3343 1.3329 1.3314 1.3295 1.3275
5 1.3354 1.3344 1.3330 1.3314 1.3296 1.3276
10 1.3355 1.3345 1.3331 1.3315 1.3297 1.3277
15 1.3356 1.3345 1.3332 1.3316 1.3298 1.3278
20 1.3357 1.3346 1.3332 1.3317 1.3298 1.3278
25 1.3357 1.3347 1.3333 1.3317 1.3299 1.3279
30 1.3358 1.3348 1.3334 1.3318 1.3300 1.3280
35 1.3359 1.3348 1.3335 1.3319 1.3301 1.3281
40 1.3360 1.3349 1.3335 1.3320 1.3301 1.3281
45 1.3360 1.3350 1.3336 1.3320 1.3302 1.3282
50 1.3361 1.3351 1.3337 1.3321 1.3303 1.3283
55 1.3362 1.3351 1.3338 1.3322 1.3304 1.3284
60 1.3363 1.3352 1.3338 1.3323 1.3304 1.3284

Table 2.3: Effect of pressure on refractive index of liquid ethanol

Chen and Vedam, 1980 [8] Rosen, 1947 [7]
Pressure (bar) Refractive index Pressure (bar) Refractive index

1 1.3632 1.0133 1.3609
980 1.3919 506.6250 1.3784
1800 1.4074 1013.2500 1.3909
2940 1.4238 1519.8750 1.4005
3830 1.4342
4910 1.4451
5750 1.4527
6710 1.4605
7810 1.4685
9060 1.4768
10490 1.4853
12130 1.4942
13040 1.4987
14000 1.5033
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Table 2.4: Data of refractive index of liquid ethanol at different temperatures from
Jiménez Ricobóo, 2009 [9]

Temperature Refractive index Temperature Refractive index
(°C) (°C)

0 1.3697 15 1.3636
1 1.3693 16 1.3632
2 1.3689 17 1.3628
3 1.3685 18 1.3624
4 1.3681 19 1.3619
5 1.3677 20 1.3615
6 1.3673 21 1.3611
7 1.3669 22 1.3606
8 1.3665 23 1.3602
9 1.3660 24 1.3598
10 1.3656 25 1.3594
11 1.3652 26 1.3590
12 1.3648 27 1.3586
13 1.3644 28 1.3582
14 1.3640

2.4.6 Prediction of the global rainbow of ethane droplets
near critical point

To study the physical properties of ethane droplets close to the critical condition
(pressure of 48.72 bar and temperature of 32.17°C), we firstly predicted the behavior
of rainbow pattern in this condition. To do this, the refractive index of ethane
reaching the critical condition was estimated from the reference data from George
et al., 1973 [10]. The methodology used to estimate the refractive index is presented
in Appendix 2. Figure 2.20 shows the predicted rainbow rays for ethane droplet
near critical condition at pressure of 48.26 bar and temperatures of 28, 29, 30 and
31°C. The rainbow angle decreases due to the increase of temperature (reduction of
the refractive index). This change is significant when it is approaching to critical
condition compared to those of water droplet at the same thermodynamic conditions.
The rainbow rays for water droplet is shown in Figure 2.21. For pressure of 48 bar
and temperature in the range of 30-31°C, the variation of the rainbow angle of water
droplet due to the increasing temperature by 1°C is 0.01° while it is 0.80° for ethane.
The ratio of the rainbow angle change for ethane droplet is then 80 times greater
than those for water droplet.

Moreover, at the atmospheric pressure and temperature of 30°C, the refractive
index of water is equal to 1.3343 giving a rainbow angle of 138.11° which is very
close to the rainbow angle of water at pressure of 48 bar and temperature of 30-
31°C as can be seen in 2.21. The ray of light passing through water droplet at
atmospheric pressure is represented as the red dotted ray. The difference of rainbow
angle between the red dotted ray for water droplet at atmospheric pressure and
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the pink ray for water droplet at pressure of 48 bar and temperature of 30°C is
0.10°. For liquid ethane at atmospheric pressure, ethane is in liquid phase when
the temperature is less than its boiling point of -88.5°C. However, the refractive
index of liquid ethane in literature is very rare. Bodoz et al., 1992 [29], provided
the refractive index of liquid ethane of 1.3887 at pressure of 1.5 bar, temperature
of -182.15°C (94K) and wavelength of 0.670 µm. The refractive index of ethane
from Bodoz et al. was used to estimate the rainbow angle of liquid ethane near
the atmospheric pressure. In Figure 2.20, the red dotted ray represents the ray
of light passing through ethane droplet at pressure of 1.5 bar and temperature of -
182.15°C with the rainbow angle of 145.4°. Accordingly, it is possible to estimate the
moving of rainbow location of ethane droplet at atmospheric pressure to the critical
conditions. It is expected that the rainbow location will move around 70°. This
estimation shows that the difference between the experiment for water and ethane
under pressure of 1-48 bar will be significant. As the rainbow location almost does
not change for the case of water therefore it would be possible to use a camera for
measurements. However, in the first step we did not fix a camera. If the camera
was initially fixed, it would be necessary to calibrate the camera many times as we
aimed to study in the large range of angle.

Furthermore, the global rainbow patterns approaching to the critical condition
were also predicted by the simulations based on Debye (p=2) and they are presented
in Figure 2.22. The rainbow position moves to the direction that decreases angular
position when it is closer to critical condition. Finally, we are able to predict the
behavior of rainbow pattern observed near the critical condition. The optical setup
for the measurement in this condition was then designed.

Figure 2.20: Predicted rainbow rays of ethane droplet under thermodynamic condi-
tions approaching to the critical point at pressure of 48.26 bar and temperatures of
28, 29, 30 and 31°C, respectively.
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Figure 2.21: Predicted rainbow rays of water droplet at pressure of 48 bar and
temperatures of 30 and 31°C, respectively.

Figure 2.22: Predicted rainbow pattern of ethane droplet by Debye (p=2) when the
thermodynamic condition is approaching to the critical state
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CHAPTER 3

Validation of refractive index measurements
on free-falling water and ethanol droplets
under high pressure conditions

3.1 Introduction

The aim of this work is to characterize the physical properties of free-falling droplets
close to the critical point. For that, global rainbow refractometry technique was
selected to measure droplet-size and refractive index of moving droplets. This is the
first time that global rainbow refractometry technique is developed and adapted for
refractive index measurements of moving droplets in high pressure conditions up to
45 bar. Therefore, the validation of this technique will be carried out firstly. Water
and ethanol were selected for this experiment as the reference data from literature
for refractive index measurements in cells filled with liquid under high pressure
environments are available. This chapter provides a validation of the refractive
index measurements on free-falling water and ethanol droplets by using an adapted
global rainbow refractometry technique.

3.2 Experimental setup and methodology

This section describes the experimental equipment, experimental setup, the proce-
dure to control the setup during experiment and the optical measurement method.

3.2.1 High-pressure optical test chamber and measurement
connections

An optical high-pressure test chamber was designed to produce the conditions of
evaporation of fuel droplets in extreme thermodynamic conditions. For that, a
monodisperse droplet injector was inserted inside an optical high-pressure chamber
in which the pressure of air can be monitored up to 50 bar. The passage from sub-
to supercritical conditions can be controlled by changing the temperature of the gas
from room temperature up to 35°C. The main housing chamber is made of a single

27
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WATER AND ETHANOL DROPLETS UNDER HIGH PRESSURE CONDITIONS

block of highly resistant steel and has UV-transparent quartz windows (fused silica
glass) for optical accessibility. There are two 40-mm-wide and 150-mm-high glass
windows with a thickness of 20 mm installed opposite to each other. The others
sides are two 20-mm-wide and 150-mm-high glass windows with a thickness of 20
mm. At the bottom part of the test chamber, a pyramid space is used to store
fuel liquid during the experiment. This one is connected to the draining component
used to drain liquid after the experiment. A picture and the schematic diagram of
the high-pressure chamber are shown in Figure 3.1. For the control and the tuning
of temperature inside the chamber, eight vertical heat cartridges were mounted at
each corner of the main housing. One of K-type thermocouples was installed into
the test chamber wall to monitor the steel temperature (Twall) for the temperature
control of the chamber walls. To measure air temperature inside chamber (Tair,inside)
at different positions, three thermocouples were installed inside the test chamber as
shown in Figure 3.2. For the control of pressure, the air pressure (Pair) and liquid
pressure (Pliquid) were measured by pressure transducer. The difference between
air pressure and liquid pressure (∆P ) was then computed. The pressure transducer
was installed on the liquid supply system for the measurement of liquid pressure and
connected to the test chamber by an air pipeline for the measurement of pressure of
air inside the chamber as seen in Figure 3.3. Both temperature and pressure were
monitored continuously during experiments. All electronics connections between the
PC computer, pressure controller and temperature controller were designed for a
remote control. Therefore, the heating system, temperature measurement, pressure
measurement, syringe pump, flowmeters can be remote controlled by a PC computer.

Figure 3.1: High-pressure chamber: (a) front view image of the main housing and
(b) design of the high-pressure test chamber
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Figure 3.2: K-type thermocouples inserted into the chamber wall and inside the
chamber

Figure 3.3: Schematic diagram of the liquid injection supply
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3.2.2 Liquid supply system

The liquid supply system is an essential component for liquid droplet injection. The
schematic diagram of this system is shown in Figure 3.3. For the connection, liquid
supply pipelines (6-mm diameter) were used to connect together the syringe pump,
liquid supply and monodisperse droplet generator. The syringe pump was used to
pump liquid from the liquid supply and then feed the injector with liquid with a
good control. The 20 ml stainless steel syringe (19-mm diameter) was specifically
selected to perform experiments under high-pressure conditions (pressure up to 50
bar). For the control of the liquid system, four ball valves were mounted to the
system. The control of liquid in liquid supply system is described as follows:

Filling the liquid supply system: the first valve mounted between the liquid
supply and the syringe pump was used to provide liquid inside all the liq-
uid supply. In this process, only the first valve was opened and the liquid was
filled into the syringe pump.

Filling the liquid injection system: the second valve was used to inject liquid
contained in the syringe pump into the high-pressure test chamber. During
the feeding of liquid into the injection system, the first valve was closed. After
draining the tank of the syringe pump, the second valve was closed and then the
first valve was opened to refill the tank of the syringe again. These steps were
repeated several times to fully fill the liquid supply of the injector. However,
air bubbles still left inside the circuit.

Suppression of air bubble: To eliminate air bubbles inside the liquid supply, a
third valve was used. This valve was installed in vent pipe outside the test
chamber (6-mm diameter) and connected to vent pipe inside the test chamber
(4-mm diameter) and injector. To drain air bubbles from liquid supply system,
the second and third valves were opened and the first valve was closed while
the liquid was injected from the syringe pump. In this step, liquid and air
bubbles escape through vent pipeline to outside. Once the emerging liquid
was free of air bubbles, the third valve is closed. According to this process, it
is assumed that liquid will be injected from the micro-hole as a fine jet with a
constant direction.

Draining of the used liquid: the used liquid was stored with the pyramid shape
located at the bottom part of the chamber. The liquid storage was connected
to a fourth valve used to evacuate liquid from the test chamber. Therefore,
used liquid from the preparing steps (Step 1-3) was drained before starting
the experiments in high pressure conditions.

Control of liquid during experiment: to perform experiments in high-pressure
conditions, only the second valve was opened to inject liquid droplets into the
high-pressure test chamber. Once liquid in syringe pump was done during
experiments, it was able to refill the system with liquid under high-pressure
conditions.
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Refilling of liquid during experiment: to refill liquid under high pressure con-
dition, the second valve is firstly closed to prevent air under high-pressure flow
out from the chamber and then the first valve was opened for refilling the
liquid supply with liquid. After that, the first valve was closed and the second
valve was opened again to perform experiment. Due to the limitation of the
volume of the pump syringe (20 ml), the liquid reservoir was refilled several
times during the experiments. Although the process was complex, this one
works without any problem during experiments in high-pressure conditions.

Draining liquid from the test chamber: after the experiment was finished, the
liquid was drained by using the fourth valve located outside the test chamber.

3.2.3 Generation of monodisperse droplets

Liquid injection is an essential process to generate line of monodisperse droplets
that have spherical shapes and stable falling rates. For generating monodisperse
droplets, the generator frequency (fG) and the volume flow rate (V̇ ) are the main
parameters. These parameters were controlled by the voltage signal produced by
a pulse generator and a syringe pump, respectively. In order to excite the piezo-
ceramic oscillation module, the generator supplied a voltage amplitude of 15 volts.
Figure 3.4 shows image of the signal generator and control buttons. A voltage
generator was connected to the piezo-ceramic vibrating element of the injector as
seen in Figure 3.3. The syringe pump (Nexus 6000 high-pressure precision syringe
pump) was connected to the droplet generator by using the liquid pipeline supply.
The liquid supply system associated with the syringe pump is shown in Figure 3.5.
The syringe pump is able to control the liquid supply with a large dynamic range
of flow rates under high-pressure. The characteristic of syringe are a diameter of 55
and 19 mm at about 9.5 bar and 76 bar, respectively [30]. Therefore, we selected the
syringe with a diameter of 19 mm (20 ml syringe) to be able to perform experiments
at 46 bar with a good accuracy. In this work, the volume flow rate ranges between
0.5 and 5 ml/min. Inside the injector, the nozzle plate with 100 µm of pinhole
diameter (D) was inserted to produce monodisperse droplets.

In the monodisperse droplets generating part, the conditions to produce monodis-
perse droplets at atmospheric pressure were determined based on the Rayleigh
breakup of laminar fluid jets: a jet decays into droplet as stable criteria when
the wavelength of deformation on the jet surface is larger than the circumference
of the jet [31]. Based on theoretical basic calculations in Appendix A, the exci-
tation frequency (fG) corresponding to different volume flow rates (V̇ ) to produce
monodisperse droplets for pinhole diameter (D) of 100 µm are presented in Table
3.1. For experiments at atmospheric pressure, the volume flow rate was firstly set
by using syringe pump and then the vibration frequency was adjusted by the signal
generator. The adjustment can be done by observing the rainbow signal as a signal
of spherical monodisperse droplets producing stable ripple structures. These criteria
will not be happen when size of droplets are not monodisperse or the shape is not
spherical or both. Therefore, the frequency will be adjusted until the rainbow signal
respects the criteria. Figure 3.6 shows an example of an image of stable rainbow
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signal with a detailed ripple structure. From an experiment point of view, the exci-
tation frequency and the volume flow rate required to produce stable rainbow optical
signals and ripple structures corresponds with the values from theoretical calcula-
tions. Accordingly, the volume flow rate and the range of corresponding frequencies
from Table 3.1 will be used to generate reproducible monodispersed droplets during
experiments. For example, for a pinhole size of 100 µm and a volume flow rate of 2.2
ml/min, the excitation frequency within the range of 4.460-13.379 kHz is required
to generate monodispersed droplets. Accordingly, the expected droplet diameter (d)
produced from a 100 µm pinhole will be between 173.65 and 250.44 µm.

Figure 3.4: Image of signal generator and control buttons

Figure 3.5: Image of syringe pump and liquid supply system
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Table 3.1: Range of excited frequency relating to the volume flow rates for producing
monodisperse droplets with a 100 µm pinhole at the atmospheric pressure.

D A V̇ uD = V̇ /A Range of fG Range of d
(µm) (cm2) (ml/min) (cm/min) (kHz) (µm)
100 0.0000785 1.2 15279 2.432 ≤ fG ≤ 7.295 250.44 ≥ d ≥ 173.65
100 0.0000785 1.4 17825 2.837 ≤ fG ≤ 8.511 250.44 ≥ d ≥ 173.65
100 0.0000785 1.6 20372 3.242 ≤ fG ≤ 9.727 250.44 ≥ d ≥ 173.65
100 0.0000785 1.8 22918 3.648 ≤ fG ≤ 10.943 250.44 ≥ d ≥ 173.65
100 0.0000785 2.0 25465 4.053 ≤ fG ≤ 12.159 250.44 ≥ d ≥ 173.65
100 0.0000785 2.2 28011 4.458 ≤ fG ≤ 13.374 250.44 ≥ d ≥ 173.65

*Note: A = the cross section area of pinhole and uD = jet velocity

Figure 3.6: Rainbow signal generated from a 50 µm pinhole by setting a frequency
of 25.091 kHz frequency and 0.6 ml/min of volume flow rate at the atmospheric
pressure
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3.2.4 Pressure control

This section shows the procedure of the control of pressure inside the test chamber.
In this study, synthetic air was utilized to pressurize the test chamber. The connec-
tion of the pressurization system and liquid supply system is shown in Figure 3.7.
For the first step of the pressurization procedure, pressure regulator was used to
set the maximum input pressure. Then, the valve of the compressed air bottle was
opened. This step allowed the air with the set pressure flow into a pipe between the
pressure regulator and flowmeter. After that, the input air flow rate used to pres-
surize air inside the test chamber was controlled by a flowmeter regulated from a PC
computer. The minimum and maximum flow rates which are possible to pressurize
air in chamber are 0.005 and 0.500 g/s, respectively. For an experiment under high
pressure, the pressure increased with flow rate in the range of 0.025-0.100 g/s. After
ending experiments under high pressure, air inside the test chamber was vented to
decrease pressure by using a needle valve. Moreover, it was able to use the needle
valve for gradually decreasing pressure during the experiments for a fine adjustment
of pressure as well.

Figure 3.7: Schematic diagram of the air pressurization system with the associated
connection to the liquid injection system
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3.2.5 Temperature control

The test chamber is heated with eight vertical heat cartridges inserted into the walls.
A PID temperature control is applied. The temperature of chamber wall (Twall) is
controlled by means of a K thermocouple placed inside the wall. The chamber was
firstly heated with the maximum power and the wall temperature increased rapidly.
Later, heating gradually controlled around 1-5 percent of the power to reach the
selected temperature setpoint. However, the objective of the experiments is to con-
trol air temperature inside the chamber (Tair,inside). Therefore, the wall temperature
setpoint is the value able to heat air to the expected air temperature. For exam-
ple, the chamber wall temperature was heated at approximately 60-70°C in order to
obtain air temperature around 50°C. Figure 3.8 shows the thermocouple locations
to measure air temperatures inside chamber, air temperature outside chamber and
the chamber wall temperature. The temperature of air at the position close to the
exit of the injector (Tair2,inside) was used to obtain the initial air temperature in
which droplets are injected. Complementary measurement of temperature of air
was performed close to the rainbow measurement location via third K thermocou-
ple (Tair3,inside). The temperature of air outside chamber (Tair,outside) completes the
series of temperature used to well control the experiment. Temperature values are
read out via a INT data acquisition board to a Labview routine.

Figure 3.8: The schematic diagram of temperature measurement
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3.2.6 The optical measurement of rainbow signal

This section provides the procedure of the rainbow optical measurements. The first
step to obtain accurate optical measurements was to define the rainbow angle of
liquid droplets. From this information, the position of the laser source as well as
the screen for the rainbow observation could be defined. Accordingly, the refractive
indices of liquids from literature were used to estimate values of rainbow angles.
In this study, liquid water and ethanol were firstly selected in order to validate the
rainbow technique. After knowing the estimated rainbow angles of these liquids, the
experimental setup was designed. The rainbow angles of water and ethanol droplets
are around 138° and 142°, respectively. Figure 3.9 shows the top-view schematic
diagram of the light paths during experiments. The light is emitted from a 0.532
µm 200 mW green laser source. It passes through an optical window to enter into
the test chamber and then it is oriented through the liquid droplet. The scattered
light comes back outside the test chamber and is visualized on a screen. However,
interferences with another reflection of light can disturb the analysis of the rainbow
signal (see the green dotted lines as illustrated in Figure 3.9.)

The first reflection is formed when light travels to the external surface of window
and then it is reflected back to the screen. The second reflection is caused by the
internal surface of the optical window. The 0.6328 µm 5 mW helium-neon laser
generates perpendicular lines of light on a surface of an the optical window. This He-
Ne laser and its incident point were used to give reference points for the measurement
of the distance between the external surface of the optical window and the screen
(y3).

In addition, Figure 3.9 presents important variables used to calculate the scat-
tering angle and refractive index of liquid droplets. The description of the variables
are as follows:

y1, distance in the y direction from droplets to the internal surface of the
optical window

y2, thickness of the optical window
y3, distance in the y direction from the external surface of the optical win-

dow to the screen
y, distance in the y direction from the droplets to the screen
xb, distance in the x direction from the point of incidence of 0.532 µm laser

at the external surface of the optical window to the position of incident light at the
internal surface of the optical window

xc, distance in the x direction from the position of incident light at the
internal surface of the optical window to droplets

x1, distance in the x direction from droplets to the position of scattered
light at the internal surface of the optical window

x2, distance in the x direction from the position of scattered light a the in-
ternal surface of the optical window to the position of scattered light at the external
surface of the optical window

x3, distance in the x direction from the position of scattered light at the
external surface of at optical window to the rainbow signal position

xn1, distance in the x direction from the point of incidence of 0.532 µm laser
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Figure 3.9: Top-view of the schematic diagram of different paths of light when the
laser beam is introduced into the test chamber

at the external surface of the optical window to the point of incidence of 0.6328 µm
He-Ne laser at the external surface of the optical window

xn2, distance in the x direction from He-Ne laser beam to rainbow signal
position

xexp, distance in the x direction from the point of incidence of 0.532 µm
laser at the external surface of the optical window to rainbow signal position

r, distance between the point of incidence of 0.532 µm laser at the external
surface of the optical window and the first reflection point at the external surface of
the optical window

nair,P , refractive index of air in the test chamber related to the pressure in
the chamber

nwin, refractive index of the optical window
nair,1, refractive index of air at atmospheric pressure
θa, incident angle of incident light to the external surface normal of the

optical window
θb, refraction angle of the propagating light in optical window
θc, refraction angle of the propagating light in high-pressure test chamber
θ1, incident angle of scattered light to the internal surface normal of the

optical window
θ2, refraction angle of the propagating light in optical window
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θ3, refraction angle of the propagating light outside chamber
ε, scattered angle of droplet around rainbow angle.

After designing the experimental setup, experiments were carried out under var-
ious pressure from 1 to 45 bar according to the following step:
1. Start measurements at atmospheric pressure of 1.01325 bar.
2. Generate line of droplets by using a volume flow rate (V̇ ) which was calculated
based on the theory presented in Appendix A for a pinhole size of 100 µm. Figure
3.10 shows line of droplets produced in the experiment at atmospheric pressure.
3. Adjust the volume flow rate and the excitation frequency to produce stable
spherical monodisperse droplets; selected values are those that produce stable and
reproducible rainbow signal with ripple structure. For this adjustment, the volume
flow rate and the excitation frequency were based on values defined in Table A.2
4. Record the rainbow signal
5. Record the selected excitation frequency and volume flow rate that produce rain-
bow signal in step 4.
6. Record reflection points and positions of the incidence light from He-Ne laser
7. Record the temperatures of air inside the test chamber at three different posi-
tions; Tair1,inside, Tair2,inside and Tair3,inside

8. Record the temperature of air outside the test chamber (Tair,outside)
9. Record pressure of air inside the test chamber (Pair), pressure of liquid (Pliquid)
and pressure difference between liquid and air (∆P ).
10. For experiments in high pressure, the air inside chamber was pressurized to the
expected value. In this work, pressure of 10-45 bar were selected.
11. Generate line of droplets by using volume flow rate and corresponding frequency
based on values from Table A.2.
12. Both volume flow rate and excitation frequency were adjusted to produce the
better stable rainbow signal.
13. Repeat step 4 to 8.
14. Measure y1, y2, y3, xn1 and r.

To data process measurements, the determination of the bright pattern posi-
tions of the rainbow signal is firstly done. Figure 3.11(a) shows the rainbow signal
recorded from experiments and the fixed-number. The fixed-number represents the
order of peak and the edge position. The unit number represents the order of bright
pattern. The decimal value indicates the edge position of bright pattern; i.e., .1 =
right edge and .2 = left edge. For example, number 1.1 means the right edge of the
first bright pattern and 2.2 means the left edge of the second bright pattern. After
that, distances from the He-Ne laser beam to the fixed-numbers (xn2) were measured;
therefore, the distance between the point of incidence of 0.532 µm green laser at the
external surface of the optical window and the fixed-numbers were calculated from
xexp=xn1+xn2. After knowing the distance xexp for each fixed-numbers, the middle
position between the position m.1 and m.2, where m is the order of bright pattern
(i.e. 1st, 2nd, 3rd, 4th, etc.) was assumed to be the maximum intensity position of
bright pattern (xexp,mth). The maximum intensity positions of bright patterns are
represented in Figure 3.11(b). Knowing distance xexp,mth , y2, y3, r, refractive index
of air in the test chamber (nair,P ), refractive index of the optical window (nwin) and
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refractive index of air at atmospheric pressure (nair,1), the scattering angle of each
maximum intensity position of bright pattern (εexp,mth) can be then calculated. The
calculation of refractive index and the scattering angle of each maximum intensity
position of bright pattern are provided in Section 3.3. Note that the uncertainties
of the measurements of distance xexp,mth , y and r are ±0.5 mm, ±0.5 mm and ±0.2
mm, respectively. These values provide the uncertainties of refractive index mea-
surements of ±0.0002 and ±0.0001 and ±0.002 respectively.

Figure 3.10: Image of a line of monodisperse droplets generated at atmospheric
pressure

3.3 Calculation of scattering angle

This section describes the geometrical calculation of scattering angles of the max-
imum intensity positions obtained from Section 3.2.6 as well as the calculation of
other important parameters which are the refractive index of air and the refractive
index of the optical window. Knowing the scattering angle of rainbow signal leads
to the determination of the absolute refractive index of droplet and its size which
will be presented in Section 3.4.

3.3.1 Refractive index of air (nair,1, nair,P )

Refractive index of air is one of the key parameters used to calculate scattering angle.
Furthermore, it depends on wavelength, temperature and pressure. During the
experiment, scattered light was observed under different thermodynamic conditions.
Therefore, refractive index of air was computed from the experimental conditions.
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Figure 3.11: Measurement of bright pattern positions

In this study, refractive index of air is calculated by using Edlén correlation (Edlén,
1966 [32]):

(nair,P − 1)tp =
PAIR(nair,1 − 1)s

96095.4
× [1 + PAIR(61.3 − Tair,inside) × 10−10]

(1 + 0.003661Tair,inside)
. (3.1)

where nair,P is the refractive index of air in test chamber at Tair,inside (°C) and
pressure PAIR in Pa and (nair,1 − 1)s is given by:

(nair,1 − 1)s × 10−8 = 8342.13 +
2406030

(130 − σ2)
+

15997

(38.9 − σ2)
. (3.2)

σ = 1/λvac where λvac is the wavelength of the radiation in vacuum in µm. Equations
3.1 and 3.2 were used to calculate refractive index of air inside the test chamber
depending on pressure in experiment (nair,P ) and refractive index of air outside the
test chamber at atmospheric pressure (nair,1), respectively. Table 3.2 shows refractive
index of air at various pressures calculated from Equation 3.1. The relationship
between refractive index of air and pressure is presented in Figure 3.12. From Table
3.2, refractive index of air outside the test chamber (nair,1) at temperature of 20°C
is 1.00027. Refractive index of air inside the test chamber nair,P was calculated by
using the pressure recorded during the experiment.
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Table 3.2: Refractive index of air with pressure

Pressure (PAIR) Pressure (Pair) Tair refractive index
(Pa) (bar) (°C) of air (nair,P )

100000 1 20 1.00027
101325 1.01325 20 1.00027
500000 5 20 1.00135
1000000 10 20 1.00271
1500000 15 20 1.00407
2000000 20 20 1.00544
2500000 25 20 1.00681
3000000 30 20 1.00819
3500000 35 20 1.00958
4000000 40 20 1.01097
4500000 45 20 1.01236
5000000 50 20 1.01377

Figure 3.12: Relationship between refractive index of air and pressure
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3.3.2 Refractive index of the optical window (nwin)

The refractive index of the optical window is another important parameter used to
calculate the scattering angle. In this study, the optical windows made of fused
silica glass is used. Laser of 0.532 µm was used to illuminate light through the
optical window and then through liquid droplets. The refractive index of fused silica
glass (HPFS 7980 by Corning Inc.) was computed from the following polynomial
dispersion equation [33]:

nwin
2 = A0 + A1λ

4 + A2λ
2 + A3λ

−2 + A4λ
−4 + A5λ

−6 + A6λ
−8 + A7λ

−10 (3.3)

The polynomial dispersion constants AN (N = 0 - 7) are:
A0 = 2.104025406
A1 = −1.456000330 × 10−4

A2 = −9.049135390 × 10−3

A3 = 8.801830992 × 10−3

A4 = 8.435237228 × 10−5

A5 = 1.681656789 × 10−6

A6 = −1.675425449 × 10−8

A7 = 8.326602461 × 10−10.
Equation 3.3 is applied for the thermodynamic condition: 22°C, 1.01325 bar. λ is
the wavelength in µm. The resultant refractive index of the optical window (nwin)
for wavelength of 0.532 µm is then 1.4607111.

3.3.3 Geometrical calculations

The schematic diagram of the experiment displayed in Figure 3.9 shows light paths of
the 0.532 µm green laser through liquid droplets and after scattering at the rainbow
angle. All parameters for the calculation of the scattering angle are shown in Figure
3.9. The first step of the calculation is to measure parameters y1, y2, y3, xexp,mth and
r from experiments. Knowing r and y2, the refracted angle in the optical window
θb is calculated from a trigonometric function given by:

θb = arctan(r/2y2), (3.4)

then incident angle θa and refracted angle in the test chamber θc are computed from
Snell’s law written as, respectively,

θa = arcsin(
nwin
nair,1

sin θb) (3.5)

and
θc = arcsin(

nwin
nair,P

sin θb). (3.6)

After that, angles θ1,j where j = 1 to 25000 were generated from 1.000° to
25.000°. The generated values were increased by 0.001°. Thus, scattering angles εj
corresponding to each θ1,j were computed from Equation 3.7:

εj = π − θc − θ1,j. (3.7)
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Consequently, θ2,j and θ3,j are obtained from Snell’s law and written as

θ2,j = arcsin(
nair,P
nwin

sin(θ1,j)) (3.8)

and

θ3,j = arcsin(
nwin
nair,1

sin(θ2,j)). (3.9)

Knowing of y1, y2, y3, θ1,j, θ2,j and θ3,j, signal positions xj corresponding to each
different scattering angle εj are computed from:

xj = xb + xc + x1,j + x2,j + x3,j (3.10)

where

xb = y2 tan(θb), (3.11)

xc = y1 tan(θc), (3.12)

x1,j = y1 tan(θ1,j), (3.13)

x2,j = y2 tan(θ2,j) (3.14)

and

x3,j = y3 tan(θ3,j). (3.15)

Finally, signal positions xj corresponding to each signal angle εj calculated from θ1,j
of 1.000° to 25.000°are obtained. These computed values are then used to determine
the angular position of maximum intensity position of bright pattern (εexp,mth). In
the experiment, the maximum intensity positions of bright pattern (xexp,mth) were
measured. The measured peak positions (xexp,mth) were compared with those xj
obtained from the computation in order to find matched positions. The matched
position was a computational position which corresponded to the closest value to
xexp,mth . After the matched xj was found, the scattering angle εj corresponding to
matched xj was obtained and it was assumed to be the estimated angular position
of the peak of bright pattern (εexp,mth). Finally, the estimated angular position of
each peak (εexp,mth) of rainbow pattern was derived.
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3.4 Determination of absolute refractive index of

liquid droplets

In this work, the absolute refractive index of liquid droplets (nliquid,P ) was deter-
mined from the relative refractive index (n′liquid,P ). Since liquid inside the test cham-
ber is surrounded by high-pressure gas, we were not able to measure directly abso-
lute refractive index but relative refractive index. Therefore, the angular positions
of rainbow signal’s peaks (εexp,mth) from Section 3.3 were firstly used to determine
relative refractive index. For the analysis, the rainbow peak’s angular positions
were compared to those obtained from the simulations based on Debye (p=2). The
process for the determination is divided into 3 steps. The first step consists in the
definition of initial parameters for the simulation of rainbow signals. The second
step is devoted to fit peak angular positions of simulated rainbow signals to the
experimental results. In this step, the relative refractive index and size of liquid
droplets can be determined. The last step concerns the calculation of the absolute
refractive index. These three steps are presented in Section 3.4.1, 3.4.2 and 3.4.3,
respectively.

3.4.1 Initial parameters set up for the simulation

To do the simulation, there are three important parameters used in the computation:
the wavelength of incident light on liquid droplet (λc), droplet diameter (d) and
refractive index. These three parameters were classified into two types which are
fixed parameter and fitting parameter. The fixed parameter is the wavelength of
incident light on liquid droplet and the fitting parameters are droplet diameter and
refractive index of droplet. The beginning step of the simulation is to set initial input
parameters. Firstly, the fixed parameter, the wavelength of incident light on liquid
droplet, was considered. In the experiment, the wave traveled from atmosphere and
then passed the optical window. Finally, it got into chamber under high pressure and
came into droplets as seen in Figure 3.13. The travel of wave passing different media
causes the change in wavelength and wave speed thus the wavelength of incident light
on liquid droplets under different pressures can be calculated from this equation:

λc =
0.532µm

nair,P

where nair,P is the refractive index of air according to pressure in high-pressure
chamber. As the incident light on droplet depends on refractive index of air inside
the test chamber thus nair,P computed in Section 3.3.1 will be used to determine
wavelength of incident light on droplets. For the fitting parameters, the approximate
droplet size calculated from Equation A.7 in Appendix A was used as an initial value
of droplet diameter, and the initial value of refractive index of liquid droplet was set
as the absolute refractive index of liquid at atmospheric pressure. For the case of
water, the initial value of refractive index was set to 1.3354 for temperature of 20°C
and wavelength of 0.532 µm. After set up all these initial parameters, the simulation
and the fitting of simulated data to the experiment data will be carried out.
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Figure 3.13: Wave propagation during the experiment under pressure

3.4.2 The simulation of rainbow signals and the fitting of
simulated rainbow signals to the experimental results

This section describes the fitting method to determine relative refractive index of
liquid droplet and droplet size. In the first step of the fitting, an initial value for each
parameter from Section 3.4.1 was utilized in the computation of the rainbow signal.
The signals were generated by varying size and refractive index while the wavelength
of incident light was fixed. After that, the peak positions of simulated rainbow
signals were compared to the maximum intensity positions of bright patterns from
the experiment to find the best-fit positions. The diameter and refractive index
producing the best-fit peak positions to the experimental data were assumed to
be the average diameter and average relative refractive index of droplets. Finally,
the average diameter and average relative refractive index of droplets from optical
measurements were derived from the fitting method.

For example, Figure 3.14 shows the fitting of the peak positions of simulated
rainbow signals to the maximum intensities positions of bright patterns of water
droplets from the experiment under pressure of 15.26 bar. The green lines represent
the maximum intensities positions of bright patterns of global rainbow signal of water
droplets. The blue signal represents the simulated signal computed from the initial
values and the red signal represents the best-fit peak positions to the experimental
data. For information, the incident wavelength on liquid droplet under pressure of
15.26 bar used in this fitting is 0.52984 µm. For the generating of blue line, the
initial values of relative refractive index and droplet diameter are 1.3354 and 203.14
µm, respectively. The best-fit signal, red line, is computed by using refractive index
of 1.3305 and droplet diameter of 201 µm. These values were finally defined as
the relative refractive index and droplet size of water droplet produced under the
pressure of 15.26 bar. In this work, the fitting method is used to determine relative
refractive index of water and ethanol droplets under high-pressure as well as relative
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refractive index of water droplets under high-pressure and at different temperatures.

Figure 3.14: Fitting of peak positions of simulated rainbow signals to the maximum
intensity positions of bright patterns of water droplets from the experiment under
pressure of 15.26 bar

3.4.3 Absolute refractive index calculation

Absolute refractive index is a ratio of the velocity of light in a vacuum to the velocity
of light in a medium.

nliquid =
c

vliquid
(3.16)

Similarly, when the ray of light travels from medium 1 into medium 2, the relative
refractive index is determined as the ratio of the velocity of light in medium 1 to
the velocity of light in medium 2. In this work, the light travels from high-pressure
air to droplet. Therefore, relative refractive index of liquid can be determined as a
ratio of speed of light in high-pressure air to speed of light in liquid droplet.

n′liquid,P =
v1
v2

=
vair,P
vliquid,P

=
nliquid,P
nair,P

(3.17)

Knowing n′liquid,P obtained from Section 3.4.2 and nair,P , the absolute refractive
index was finally calculated from Equation 3.18:

nliquid,P = n′liquid,P × nair,P . (3.18)
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3.5 Study of window displacement effect

For an experiment under high-pressure, we had a hypothesis that the optical window
of the test chamber moved out due to the increase of pressure. Therefore, we would
like to study whether the window displacement modifies our optical measurement.
For this reason, five simple orientations of window displacement under high pressure
as shown in Figure 3.15 were considered. For the first case, the window gets pushed
outward by air inside the test chamber without inclination of the window as seen
in Figure 3.15(a). This case brings about the change of reflection position in +x
direction. For the second and third cases, the effects also include the change of the
reflection position in the x direction: +x and -x direction for the second and third
case, respectively. These two cases occur for two conditions. The first condition is
that the window is pushed from air inside the test chamber. The second condition is
that window has an inclination from the rotating in a counterclockwise and clockwise
considered in top view as seen in 3.15(b) and 3.15(c), respectively. For the fourth
and fifth cases, the displacement of the window causes a change of the reflection
position in the y direction: +y and -y direction, respectively. Figure 3.15(d) and
3.15(e) show the orientations of window from a pushing from pressure inside the
test chamber and rotation in a counterclockwise and clockwise considered in the
side view for the fourth and fifth cases, respectively. The direction of the change
of the reflection position was used to classify the possible cases occurred in the
experiment.

This section shows an example of a calculation of signal angular position that
takes into account the window displacement for the third case. In this case, the
optical window is pushed outward and it rotates in a clockwise which brings about
the new reflection point moves in the -x direction. From this reason, the change
of the reflection position (∆k1) and the distance of the window displacement from
the center of the window surface at atmospheric pressure in the y direction (∆y)
are measured. Figure 3.16 shows a geometrical diagram of the window displacement
for the third case and all variables for the calculation of rainbow peak’s angular
positions. Description of the variables are as follows:

y1, distance in the y direction from droplets to the internal surface of the
optical window measured at the atmospheric pressure

y2, thickness of the optical window
y3, distance in the y direction from the external surface of the optical win-

dow to a screen plane measured at the atmospheric pressure
y, distance in the y direction from droplets to a screen plane
y1′ , distance in the y direction from droplets to the incident point of scat-

tered light at the internal surface of the optical window
y2′ , distance in the y direction from the incident point of scattered light at

the internal surface of the optical window to the point of scattered light entering to
air outside the teset chamber

y3′ , distance in the y direction from the point of scattered light entering to
air outside the test chamber to a screen plane

x1, distance in the x direction from droplets to the position of scattered
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light at the internal surface of the optical window
x2, distance in the x direction from the position of scattered light at the in-

ternal surface of the optical window to the position of scattered light at the external
surface of the optical window

x3, distance in the x direction from the position of scattered light at the
external surface of the optical window to the rainbow signal position

x123, distance in the x direction from droplets to the rainbow signal
k1, distance in the x direction from the point of incidence of 0.532 µm laser

at the external surface of window to the first reflection point measured at the atmo-
spheric pressure

k11, distance in the x direction from the position of 0.532 µm laser at a
screen plane to the incident point at the external surface of the optical window mea-
sured under high pressure

k12, distance in the x direction from the incident point at the external sur-
face of the optical window to the new reflection point measured under high pressure

∆k1, distance between reflection point measured at atmospheric pressure to
the new reflection point measured under high pressure

∆y, distance of window displacement in the y direction from center of win-
dow’s external surface when it is at atmospheric pressure to point o1

∆z, distance in the y direction from the point of incident light of 0.532 µm
laser at an window’s external surface to a point o1

l1, distance between point o2 and point o1
l2, distance between droplets and point o2
l3, perpendicular distance from droplet to window’s internal surface after

moving
l4, distance from droplets to the incident point of scattered light at window’s

internal surface after moving
l5, distance from the incident point of scattered light at window’s internal

surface to the point of scattered light entering to air outside the test chamber
nair,P , refractive index of air in test chamber related to air pressure in cham-

ber
nwin, refractive index of the optical window
nair,1, refractive index of air in atmospheric pressure
θa′ , incident angle of incident light ,illuminated by 0.532 µm laser, to the

external surface normal of the optical window
θb′ , refraction angle of the propagating light in optical window
θc′ , refraction angle of the propagating light in high-pressure test chamber
θ1′ , incident angle of scattered light to the internal surface normal of the

optical window
θ2′ , refraction angle of the propagating light in optical window
θ3′ , refraction angle of the propagating light outside chamber
ε, scattered angle of liquid droplet around rainbow angle.
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Figure 3.15: Five simple orientations of window displacement due to pressure (a)
window is pushed outward (b) window is pushed outward and rotates in a coun-
terclockwise (top view) resulting in an inclination angle of i° and a changing of a
reflection position in +x direction (c) window is pushed outward and rotates in
a clockwise (top view) resulting in an inclination angle of i° and a changing of a
reflection position in -x direction (d) window is pushed outward and rotates in a
counterclockwise (side view) resulting in an inclination angle of i° and a changing
of a reflection position in +y direction (e) window is pushed outward and rotates
in a clockwise (side view) resulting in an inclination angle of i° and a changing of a
reflection position in -y direction
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Figure 3.16: Orientation of the move of the optical window and the light path from
the laser source through the screen for the third case (top view)

In an experiment under high pressure, the change of reflection position (∆k1)
and the window displacement in the y direction from the center of window surface
at atmospheric pressure (∆y) were measured. The distance y3 and angle θa were
derived from the measurement at the atmospheric pressure. These values were used
to determine the angular position of scattered light around rainbow angle. The
first important step for the determination is to obtain the inclination (i) of window
corresponding to the change of reflection position (∆k1) and distance ∆y measured
from experiment. For that, we generated ik from 0.001° to 5° where k = 1 to 5000.
The generated values were increased by 0.001°. The generated inclinations ik were
used to compute ∆k1,k from Equation 3.19-3.24:

θa′,k = θa − ik, (3.19)

∆zk = 15 arctan ik, (3.20)

k11,k = (y3 − ∆y − ∆zk) arctan(θa′,k + ik), (3.21)

k12,k = (y3 − ∆y − ∆zk) arctan(θa′,k − ik), (3.22)

k1 = y3 arctan θa, (3.23)

and
∆k1,k = 2k1 − k11,k − k12,k. (3.24)
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.
For Equation 3.20, we assumed that the distance in the x direction from o1 to

the point of incidence at the external surface of window is equal to 15 mm. After
computations, ∆k1,k were compared to ∆k1 measured from experiment in order to
determine i from the closest value. Finally, we obtained the inclination angle (i) and
the laser incident angle (θa′). These values were then used to calculate the refraction
angles θb′ and θc′ from Snell’s law as the following equations:

θb′ = arcsin(
nair,1
nwin

sin(θa′)) (3.25)

and
θc′ = arcsin(

nwin
nair,P

sin(θb′)). (3.26)

In the next step, the scattered light angular position of the rainbow signal (εexp)
will be determined. The angles θ1′,j were firstly computed following Equation 3.27 by
knowing i and θ1,j. θ1,j were generated from 1.000° to 25.000° step by 0.001°where j
= 1 to 25000. Thus, scattering angle εj corresponding to each θ1′,j can be computed
from Equation 3.28:

θ1′,j = θ1,j + i (3.27)

and
εj = π − θc′ − θ1′,j. (3.28)

Consequently, θ2′,j and θ3′,j were obtained from Snell’s law and written as

θ2′,j = arcsin(
nair,P
nwin

sin(θ1′,j)) (3.29)

and
θ3′,j = arcsin(

nwin
nair,1

sin(θ2′,j)). (3.30)

.
We aimed to derive x123,j corresponding to each θ1′,j in order to compare them

with x123,exp. The closest value to x123,exp will be used to determine angular position
of the rainbow signal (εexp). x123,j is derived from these equations:

y = y1 + y2 + y3, (3.31)

l1 =
y2

cos(i)
, (3.32)

l2 = y1 + y2 − l1 + ∆y, (3.33)

l3 = l2 cos(i), (3.34)

l4,j =
l3

cos(i+ θ1,j)
, (3.35)

l5,j =
y2

cos(θ2′,j)
, (3.36)

y1′,j = l4,j cos(θ1,j), (3.37)
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x1,j = l4,j sin(θ1,j), (3.38)

y2′,j = l5,j cos(θ2′,j − i), (3.39)

x2,j = l5,j sin(θ2′,j − i), (3.40)

y3′,j = y − y1′,j − y2′,j, (3.41)

x3,j = y3′,j tan(θ3′,j − i), (3.42)

and
x123,j = x1,j + x2,j + x3,j. (3.43)

The distance x123,exp of each peak obtained from experiment was compared to
x123,j corresponding to each εj. Finally, the closest value provided εexp,mth corre-
sponding to x123,exp of each peak position. After knowing angular position of maxi-
mum intensities positions of rainbow signal’s bright patterns, we used these values
to determine the refractive index of free-falling water droplets under high pressure
with taking into account the displacement of window. For the determination of the
refractive index, the method from Section 3.4 was used. The results of the refractive
index will be compared to those determined without taken into account the window
displacement.

3.6 Experimental results

3.6.1 Behavior of water droplets under pressure up to 40
bar

From an experimental point of view, the line of mono-disperse droplets at atmo-
spheric pressure can be produced by setting and adjusting the excited frequency
and volume flow rate following the procedure from Section 3.2.3. The image of
water droplets produced is presented in Figure 3.17(a). In case of water droplets
produced under high pressure (up to 45 bar), the behavior was not the same as
those produced at room pressure. A transformation of the line of droplets into
nearly monodisperse spray (spray at its bottom part) appears as shown in Figure
3.17(b). In addition, the spray pattern at the bottom part becomes longer and
wider when the pressure in the test chamber increases. Figure 3.18(a) shows the
diagram of behavior of droplets under pressure of 1, 7.5 and 30 bar, respectively. To
reduce spray effect under high-pressure, the volume flow rate was decreased when
the pressure was increased. Figure 3.17(b) presents the spray pattern of droplets
under pressure of 30 bar after decreasing the volume flowrate. It shows that the
spray at the bottom part of line of droplets was reduced when the volume flow rate
was decreased. Lastly, this adjustment procedure was applied for experiments under
high pressure.
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Figure 3.17: Image of behavior of droplets from experiments (a) line of water droplets
injected at an atmospheric pressure (b) water droplets injected at V̇ of 1.8 ml/min
under pressure of 40.4 bar

Figure 3.18: Diagram of behavior of droplets (a) droplets infused at V̇ of 2.2 ml/min
under pressure of 1, 7.5 and 30 bar (b) droplets infused at V̇ of 1.2 ml/min under
pressure of 30 bar
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3.6.2 Observation of rainbow signal of water droplets under
pressure up to 45 bar

This section shows the optical measurement of the results. At atmospheric pres-
sure, we are able to produce a line of monodisperse droplets as a stable rainbow
signal and its ripple structure can be observed. However, the rainbow signal from
experiments under high pressure was not stable and the ripple structure disap-
peared. As described in Section 3.6.1, line of droplets is transformed into a nearly
monodisperse spray when the pressure was higher than 1 bar. Examples of rainbow
signals observed under pressure of 20 bar are shown in Figure 3.19. Figure 3.19(a)
presents the rainbow signal observed from nearly monodisperse spray produced at
V̇ of 2.2 ml/min whereas Figure 3.19(b) shows the rainbow signal observed from
nearly monodisperse spray produced at V̇ of 1.6 ml/min. The rainbow signal in
Figure 3.19(a) is more blurry than in Figure 3.19(b) due to the existence of jet
instabilities during experiments. The better signal produced at V̇ of 1.6 ml/min
was obtained after adjusting V̇ . Accordingly, the measurements of refractive index
under high pressure (up to 45 bar) have been carried out by using an adapted global
rainbow optical technique to observe scattering light of nearly monodisperse spray
instead of monodisperse droplets.

Figure 3.19: Rainbow signal observed under pressure of 20 bar (a) rainbow signal
produced at V̇ of 2.2 ml/min (b) rainbow signal after adjusting V̇ to 1.6 ml/min
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3.7 Validation of refractive index measurements

on free-falling water and ethanol droplets

3.7.1 Pressure dependence of refractive index of water

We firstly validated the global rainbow technique by performing measurements on
water. From the results of measurements, we found that the scattering light around
the rainbow angle of water droplets changes its position with pressure. The ob-
served rainbow signal location moved to the direction which had smaller angle when
pressure is increased. Table 3.3 shows angular positions of rainbow signal’s peaks
observed at various pressures. Considering the fourth peak from Table 3.3, the
angular positions of this peak was smaller when the pressure was higher. Figure
3.20 shows the direction of the move of rainbow signal position when the pressure
increased.

After knowing the angular position corresponding to each peak, we fitted our
results with simulated data to determine the relative refractive index (n′water,P ) and
average size of droplets. Relations of relative refractive index of water and pressure
from three distinct experiments compared to the absolute refractive index of water
from Schiebener et al., 1990 [6] are shown in Figure 3.21. The relative refractive
index of water droplets is linearly decreasing due to the increase of pressure while
the absolute refractive index from literature displays a very small increase compared
to the decrease of relative index as presented in Figure 3.21. For experiments under
high pressure, the density of air inside the test chamber changes due to the pressure
as well as its refractive index (nair,P ). From this reason, the refractive index of air
(nair,P ) was taken into account for the calculation of absolute refractive index of
droplets. For water, thermodynamic conditions in which droplets are injected are
far from its critical point (critical pressure of 221 bar and critical temperature of
374°C). Therefore, water droplets have a low evaporation rate and only pure air
surrounding water droplets can be considered. Absolute refractive index were then
determined from relative refractive index and absolute refractive index of air inside
the test chamber. Results are shown in Table 3.4. This table shows the pressure of
air inside the test chamber (Pinside), the temperature of air inside the test chamber
(Tair,inside), the temperature of air outside the test chamber (Tair,outside), the wave-
length of incident light on liquid droplets inside the test chamber (λc), the droplet
size calculated from volume flow rate and excitation frequency (dcal), the droplet size
determined from data processing (dfitting), the refractive index of air due to pres-
sure (nair,P ), the relative refractive index (n′liquid,P ) and the absolute refractive index
determined from measurement (nliquid,P ) for a series of measurements performed in
the same day. We found that the average diameter of droplets obtained from the
fitting analysis has a small difference to those calculated from volume flow rate and
excitation frequency in the range of ±10 µm. Figure 3.22 shows the relative and
absolute refractive indices of water at different pressures determined from the fitting
with an uncertainty of 0.002, and absolute refractive indices from Schiebener et al,
1990 [6]. To validate our optical measurement technique, the absolute refractive
index from the experiments were compared to reference data from literature where
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measurements were performed in cells filled with liquid under high-pressure condi-
tions. The experimental results with the given uncertainty are in good agreement
with data issued from Schiebener et al., 1990 [6]. This confirms the validity of our
measurement method.

Table 3.3: Angular position of each peak

Pinside Peak position
(bar) 2nd 3rd 4th 5th 6th 7th 8th
1.01 141.3179 142.8319 144.1344 145.3039 146.3334 147.3089
15.26 141.6977 142.8342 143.8457 144.7752 145.6797
30.24 142.4828 143.6183 144.5763 145.5048 146.4423
39.90 141.7691 142.9006

Table 3.4: Measurement data, calculated data and results of rainbow signal fitting
process (experiment on August 31st, 2016).

Pinside Tair,inside Tair,outside λc dcal dfitting nair,P nrela nabs
(bar) (°C) (°C) (µm) (µm) (µm)
1.01 23.90 24.40 0.53186 167.40 165 1.0002698 1.3346 1.3350
15.26 24.10 24.80 0.52984 203.14 201 1.0040826 1.3305 1.3359
30.24 24.20 24.90 0.52771 183.24 179 1.0081322 1.3249 1.3357
39.90 24.40 25.10 0.52634 181.89 179 1.0107599 1.3200 1.3342

Figure 3.20: Diagram of light paths that travels to liquid droplets at atmospheric
pressure and under high pressure and their scattering positions around rainbow
angles
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Figure 3.21: Pressure dependence of relative refractive index of water droplets

Figure 3.22: Pressure dependence of the relative and absolute refractive index of
water droplets
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3.7.2 Result of the study of window displacement effect

In the experiments under pressure up to 45 bar, we found a slightly change in the
x direction of the reflection points (∆k1) (i.e. up to ± 1.0 mm). This is due to
the move of the optical window’s position. In this case, we would like to test our
hypothesis: “Does a window displacement due to a difference gas pressure between
inside and outside the test chamber change the optical measurement?”. For that,
we calculated refractive index of liquid water under high-pressure by taking into ac-
count the window displacement and then compared them to those obtained without
taking into account this displacement. We assumed that the window did not have
an inclination when performing experiments at atmospheric pressure. For the series
of measurements recorded on March 16th, 2016, when the pressure inside the test
chamber increased, the reflection position at the screen moved in -x direction. We
considered the possible cases of window displacements from Figure 3.15. There are
two possible cases for this experiment: the first and the third cases. The distance
between the new reflection position and the one measured at atmospheric pressure
(∆k1) is 0.8 mm and ∆y is 0.01 mm. Considering the first case, when ∆y is 0.01
mm, ∆k1 is only 0.006 mm, which is largely different to the experiment. Consid-
ering the third case which takes into account the inclination of window, the new
angular positions of the rainbow signal show that the maximum difference between
the rainbow signal angular position calculated with and without taking into account
the window displacement is only 0.0006°. After calculating the angular position of
each peak, the relative and absolute refractive index were then determined. Table
3.5 shows the inclinations of window and absolute refractive indices of free-falling
water droplets from the data processing. The results of the relative and absolute
refractive indices of liquid water derived by taking into account window effect were
compared to the results obtained without taking into account the window displace-
ment. As seen in Figure 3.23, the window displacement does not affect the optical
measurement. In conclusions, the window displacement has no influence for the data
process of optical measurements.

Table 3.5: Measurement data: inclination of window under high pressure and ab-
solute refractive index from the experiment on March 16th, 2016 with and without
taken into window displacement effect

Pinside i ∆y ∆k1,kmatch
∆k1,exp nabs nabs

(bar) (°) (mm) (mm) (mm) (with displacement) (without displacement)
1.01 1.3354 1.3354
20.52 0.020 0.01 0.84 0.8 1.3357 1.3357
30.46 0.024 0.02 1.00 1.0 1.3356 1.3356
39.12 0.024 0.03 1.00 1.0 1.3349 1.3349
44.71 0.020 0.03 0.84 0.8 1.3339 1.3339
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Figure 3.23: The relative and absolute refractive index of water droplets determined
with and without taking into account window displacement effect

3.7.3 Pressure dependence of refractive index of ethanol

In order to confirm the reliability of the experimental methodology, the optical mea-
surement of refractive index of free-falling ethanol droplets under high pressure up
to 30 bar has been carried out. The relations between relative refractive index and
pressure of ethanol droplets compared with the water results is shown in Figure
3.24. The relative refractive index of both liquid water and ethanol decreased when
the pressure is higher. As seen in Figure 3.24, the decrease of the relative refractive
indices of liquid ethanol and water are similar. After that, we took into account
the refractive index of air under high pressure to determine the absolute refractive
index, we found that the absolute refractive index of ethanol droplets has a small
decrease as shown in Figure 3.25. Table 3.6 shows the measurement data, calcu-
lated data and results of rainbow signal fitting process from the measurement on
ethanol droplets (measurements during September 12th, 2016). We found that the
average diameter from the fitting analysis was smaller than those calculated from
volume flow rate and excitation frequency in the range of 14 µm . For measure-
ments with ethanol, reference data of refractive index for pressure in the range of
our measurements (1-30 bar) are not available. However, we had reference data on
the relationship between absolute refractive index and pressure at very high pressure
for liquid ethanol and water (Figure 3.26). This graph shows that the absolute re-
fractive index of liquid ethanol and water increase with pressure. While the relative
refractive index measured under pressure of 1-40 bar on liquid water and ethanol
had a similar trend as seen in Figure 3.24, the trend of the variation of the absolute
refractive index of ethanol and water are not the same: water has increasing trend
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while ethanol has decreasing trend. It may well be that the only consideration of air
inside the test chamber as a gas surrounding droplets is not enough. In this case,
the gas surrounding droplets is not only pure air but a mixing of air with evaporated
ethanol.

Table 3.6: Measurement data, calculated data and results of rainbow signal fitting
process from a series of experiment recorded on September 12th, 2016

Pinside Tair,inside Tair,outside λc dcal dfitting nair,P nrela nabs
(bar) (°C) (°C) (µm) (µm) (µm)
1.01 23.5 23.6 0.53186 186.08 186 1.0002702 1.3627 1.3631
10.19 24.0 24.1 0.53056 187.40 177 1.0027220 1.3584 1.3621
21.27 24.3 24.4 0.52899 235.66 212 1.0056991 1.3535 1.3612
31.87 24.6 24.6 0.52748 216.56 203 1.0085630 1.3491 1.3607

Figure 3.24: Pressure dependence of relative refractive index of ethanol and water
droplets
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Figure 3.25: Pressure dependence of absolute refractive index of ethanol and water
droplets

Figure 3.26: Pressure dependence of absolute refractive index of liquid ethanol and
water from the literature
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3.7.4 Pressure and temperature dependence of refractive
index of water

Temperature is also one of the scalar parameter that affects the refractive index
of liquid. Therefore, we would like to control the temperature as well as pressure.
In this work, the measurement has been carried out at temperature of 50°C under
pressure of 1 and 10 bar, respectively. Temperature of air inside the test chamber
was controlled by the heat brought by the heat cartridges as described in Section
3.2.5. Air inside test chamber is then heated until the temperature reach to 50°C.
The experiment was performed when the system was in thermal equilibrium. After
that, the absolute refractive index was measured under pressure of 1 and 10 bar,
respectively. Figure 3.27 shows the absolute refractive index of free-falling water
droplets at temperature of 23°C and 50°C at different pressures in comparison with
the reference data of Schiebener et al., 1990 (measurement in cells filled with liq-
uid). We found that our results are in good agreement with the results obtained from
Schiebener et al., 1990 (Figure 3.27). The refractive index of water droplets mea-
sured in these conditions confirms the reliability of the experimental methodology
developed in the current study.

Figure 3.27: Pressure and temperature dependence of absolute refractive index of
water droplets
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3.8 Conclusions

In this study, the behavior of droplets under high pressure up to 45 bar has been
investigated. The line of spherical monodisperse droplets can be produced at atmo-
spheric pressure. When the pressure is increased, the line of monodisperse droplets is
transformed into line of nearly monodisperse spray. In this case, the volume flow rate
was adjusted to reduce spray behavior at the bottom part of the line and produce
more stable rainbow signal. After that, the injection method has been improved.
An adapted global rainbow optical technique was developed and used to measure
the average refractive index and the average sizes of free-falling water droplets.

The average size and relative refractive index were derived from the data process-
ing of rainbow measurements. The average size from experimental measurements
were slightly different to the size computed assuming monodisperse droplets [31].
The difference between them were in range of ±10µm. Relative refractive index of
water droplets displays a decrease with pressure. In this data processing, the window
displacement effect can be neglected because this one is not significant compared
to systematic error induced from measurements. The absolute refractive index of
water droplet measured in this study was determined by taking into account the
refractive index of air under high pressure in test chamber. The absolute refractive
index measured on free-falling water droplets under high-pressure conditions of 1 to
45 bar and at temperatures around 20°C to 25°C were determined. The experimen-
tal results are in good agreement with those obtained from measurements in cell
filled with liquid water under high pressure (Schiebener et al., 1990).

Moreover, we also performed measurements on free-falling ethanol droplets. The
measurements were carried out under pressure of 1 to 30 bar and temperature of
23-24°C. The relative refractive index measured on ethanol droplets shows similar
behavior to the one deduced from water droplets. However, the absolute refractive
index calculated by taking into account only air refractive index shows a decrease
with pressure.

In addition, measurements of absolute refractive index were also performed by
controlling both temperature and pressure. We measured absolute refractive index
at temperature of 50°C and pressure of 1 and 10 bar on water droplets. The absolute
refractive index from these measurements are in good agreement with reference data
from literature.

Results of measurements on water and ethanol droplets highlighted our devel-
oped refractive index measurement methodology on free-falling droplets under large
thermodynamic conditions. Therefore, we are now able to measure absolute refrac-
tive index of free-falling droplets as a function of temperature and pressure using an
adapted global rainbow optical technique.
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CHAPTER 4

Optical measurement on free-falling ethane
droplets under high pressure

4.1 Introduction

Due to the deficiency of measurements of fuel droplets when approaching the critical
point, the study is focused on optical measurements of free-falling ethane droplets in
elevated pressure near the critical point. In this study, an adapted rainbow refrac-
tometry is used for measurements of the average refractive index and the average
size of moving ethane droplets. The experimental setup, the methodology of optical
measurements and the analysis of results are presented in this chapter.

4.2 Experimental setup and methodology

In this section, the method to produce liquid ethane and the associated optical
measurement for rainbow measurements on liquid ethane are reported. For that,
the experimental system used initially for water and ethanol was modified to be
able to inject liquid ethane droplets inside the test chamber. The experimental
setup for this process and the procedure to generate ethane droplets are presented
in Section 4.2.1. Moreover, the setup for the adapted global rainbow refractometry
and the methodology of measurements are presented in Section 4.2.2.

4.2.1 Production and injection of liquid ethane

The production of ethane droplets is the first step to be focused in this study, since
originally ethane is stored in a vapor phase in a storage tank. The pressure of ethane
in the storage tank ranges between 36 and 41 bar depending of the temperature of
storage. The physical state of ethane in the storage tank on the pressure-temperature
phase diagram of ethane is presented in Figure 4.1. This diagram shows that ethane
in the tank at ambient temperature of 22°C is in vapor. As the optical measurement
in this work will be carried out on liquid ethane droplets, ethane vapor contained
in the tank needs to be pressurized to be converted into liquid. In this case, ethane
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vapor needs to be pressurized larger than 40 bar to become liquid as shown in Figure
4.1.

To start the liquid generating process, a fluid supply system was specifically
designed. This system was modified from the liquid supply system used for exper-
iments with water and ethanol. Figure 4.2 shows the schematic diagram of the air
pressurization system and the associated fluid supply system designed for measure-
ments on ethane droplets under high-pressure up to 50 bar. As the syringe pump
was used to push liquid to produce monodisperse droplets, this one was also used to
pressurize ethane vapor. To improve the conversion of ethane vapor in liquid, the
volume of a fluid supply system need to be minimized to reach the highest pressure
as possible. For that, liquid pipeline was cut off and the connection of the system
was modified. The filter was removed as well as a vent pipe connected to a droplet
generator. The modification of the fluid supply system is presented in a red circle
in Figure 4.2 and the image of fluid supply system after modification is shown in a
red circle in Figure 4.3. The experimental setup in this work is also shown in Figure
4.4.

Figure 4.1: Physical state ethane in the storage tank on the pressure-temperature
phase diagram of ethane

After the fluid supply system was modified, the method to generate liquid ethane
was then defined and optimized. Finally, ethane droplets are produced. The proce-
dure for preparing liquid ethane follows these steps:
1. At the beginning, the syringe’s plunger was pressed all the way.
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Figure 4.2: Schematic diagram of a connection of air pressurization system and a
fluid supply system

2. The air in the fluid supply system was initially purged by using high-pressure
ethane vapor from the bottle (about 37-41 bar). In this case, the second valve was
opened and the first valve was used for the flows control of ethane vapor. Positions
of all control valves are shown in Figure 4.2
3. After the air was purged from the fluid supply system, the first and the second
valves were then closed. The plunger of the syringe was then pulled back to get 24
ml.
4. After that, ethane vapor was filled to the fluid supply system controlled by the
first valve. The pressure of ethane vapor in this system was the same as the pressure
of ethane vapor in the storage tank.
5. The next step was to pressurize air in the high-pressure chamber to the pres-
sure ethane will be in liquid phase: typically 2 bar higher than the phase boundary
between liquid and gaseous phase. For example, the pressure at an equilibrium be-
tween gas and liquid phase at 23°C is about 40 bar. Air in the high-pressure chamber
in this case needs to be pressurized at least 42 bar. In this step, the pressure was
increased with a flow rate in the range of 0.025-0.100 g/s following the pressure
control method in Section 3.2.4.
6. After that air in the test chamber had been pressurized to the desired pressure
for measurements, ethane vapor in the fluid supply system was then pressurized to a
pressure greater than air pressure contained in the test chamber. In the pressuriza-
tion step, the plunger was pushed to reduce the volume and pressurize ethane until
a pressure higher than the air pressure around 0.3-0.7 bar. For example, when the
pressure of air is 42 bar, ethane was pressurized to the pressure of 42.5 bar. In this
process, all ethane vapor in the fluid supply system was assumed to be converted in
liquid before injecting to the injection system.
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7. For the liquid injection process, the second valve was opened to inject liquid
ethane to the droplet generator. It was injected at a volume flow rate of 5 ml/min.
8. After that, the liquid in the syringe was evacuated, then the second valve was
closed. A plunger of syringe was pulled back to get 24 ml of volume again and the
first valve was opened to refill the fluid supply system with ethane.
9. Steps 6-8 were repeated again in order to fill the droplet generator and pipeline
with liquid. This step was repeated until liquid ethane came out from droplet gen-
erator. After liquid ethane droplets came out, the optical rainbow measurements
were performed.

Figure 4.3: Schematic diagram of a fluid supply system

Figure 4.4: Experiment setup
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4.2.2 The optical measurement on free-falling ethane droplets

This section describes the optical measurement method on ethane droplets under
high-pressure up to 46 bar. The optical setup for measurements of light scatter-
ing around ethane rainbow angle was modified from the setup used for water and
ethanol. The new setup allows us to observe light scattering around ethane rain-
bow angle for the thermodynamic conditions selected in this study. The side-view
of a schematic diagram of light path and the setup for this optical measurement
are shown in Figure 4.5. The light was emitted from the 0.532 µm 200 mW green
laser and passed through the optical window to enter through the high-pressure test
chamber. Then it passed through ethane droplets. After that, the scattered light
came back outside the test chamber and traveled toward the screen. This situation
is a particular case of the optical measurement presented in Section 3.2.6. The op-
tical measurement method for liquid ethane is the same as the one used for water
and ethanol. Though, the ethane droplets measurements were performed in series
at the same thermodynamical conditions (typically 2-3 measurements).

Figure 4.5: Side-view of the schematic diagram of light path through ethane droplets
and scattered at the rainbow angle
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4.3 Analysis of the results from the optical mea-

surements on ethane droplets

4.3.1 Determination of the absolute refractive index of ethane
droplets during the first injection

As in Chapter 3, the absolute refractive index can be determined from the positions
of rainbow signal’s bright patterns observed from experiments. The positions of
bright patterns were firstly used to define their angular positions. After that, the
rainbow signals were simulated based on Debye theory (p=2). The peak positions of
these rainbow signals were then fitted to the angular positions of the bright patterns.
The signal providing the best-fit peak positions was used to determine the average
relative refractive index and the average droplet size of ethane droplets from exper-
iments. During the first injection of ethane inside the test chamber, the gas inside
the test chamber was assumed to be pure air. Therefore, the absolute refractive
index was finally determined from the relative refractive index and refractive index
of air under high pressure.

4.3.2 Determination of the absolute refractive index of gas
in chamber after the first injection

When we performed measurements on ethane droplets, the rainbow locations change
after each injection of liquid ethane inside the test chamber. When the absolute
refractive index of liquid ethane in the second and third injections are deduced with
the same procedure as the one used for water (gas in chamber is only air), the value
of absolute refractive indices of liquid ethane are different. One reason explaining
this result is that now, the thermodynamic conditions of injection of ethane are close
to conditions in which the evaporation of ethane into the test chamber cannot be
neglected. Performing successive experiments of injection of liquid ethane into the
test chamber without purging the test chamber modifies the species composition of
the gas surrounding droplets. During the first injection of ethane, the gas is assumed
to be pure air whereas for the second and the third injection a mixture of air with
vapor ethane will be present. Modification of the refractive index of the gaseous
phase may then change the data processing of the rainbow measurements. In the
next sections, the method of the determination of the relative refractive index of
ethane droplets (n′ethane,P ) and absolute refractive index of gas phase after the first
injection (ngas,P ) are now detailed.
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4.3.2.1 Calculation of an angular position of rainbow signal’s peak po-
sition

For the calculation of the peak angular position, the calculation is the same as the
one used for water (3.3.3) excepted that the change on the refractive index of gas
surrounding droplets must be taken into account according to the mixing of air with
evaporated ethane. As the refractive index of the gas phase is an unknown value,
we firstly generate possible values of refractive index of gas. The refractive indices
of gas in the test chamber (ngas,la) were from 1.0001 to 1.0800 where la = 1 to 800.
The generated values were increased by 0.0001. After that, the angular positions of
rainbow signal’s peaks for each of ngas,la were computed using the same calculation
presented in Section 3.3.3 (use ngas,la instead of nair,P for a calculation). Finally, the
angular position of the rainbow signal’s peak for each value of ngas,la was obtained
and this one was defined as εla,match. Examples of these results follow:
la=1, ngas,1=1.0001; ε1,match corresponding to xexp was derived
la=2, ngas,2=1.0002; ε2,match corresponding to xexp was derived
la=3, ngas,3=1.0003; ε3,match corresponding to xexp was derived
.
.
.
k=800, ngas,800=1.0800; ε800,match corresponding to xexp was derived .

Note that the first peak and second peak were used for measurements on ethane
droplets.

4.3.2.2 Determination of absolute refractive index of gas in the test
chamber

This section describes a method to determine the absolute refractive index of gas in
the test chamber after the first injection of liquid ethane. In this step, the angular
positions of rainbow’s peaks for each computed ngas,la determined in Section 4.3.2.1
will be compared with those deduced from simulated rainbow signals. The values
providing the best-fit peak’s positions will be used to determine the average relative
refractive index of ethane droplets and the absolute refractive index of gas. In this
simulation, there are two fixed parameters corresponding to ngas,la : the wavelength
of the incident light illuminating ethane droplets (λc,la) and the relative refractive
index of liquid droplet (n′ethane,la). The droplet size is a parameter to be varied to
find the best-fit peak positions for each ngas,la . The wavelength (λc,la) corresponding
to ngas,la is calculated from the following equation:

λc,la =
0.532µm

ngas,la
. (4.1)

The absolute refractive index of ethane was initially assumed to be the one measured
at the first injection when measurements were performed in the same thermodynamic
conditions. Accordingly, the relative refractive index (n′ethane,la) for the simulation
corresponding to each ngas,la are calculated from:
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n′ethane,la =
nethane,P
ngas,la

. (4.2)

For the last parameter, sizes of droplets (dla,lb) for simulation were generated
from 101 to 250 µm increasing by 1 µm. The value la is connected to the number of
generated absolute refractive indices of gas. The value l is connected to the number
of generated sizes where lb = 1 to 150. After the parameters (n′ethane,la ,λc,la and
dla,lb) were defined, the rainbow signals for the fitting procedure were simulated.
The fitting of the angular positions (εla,match) to the peak positions of the simulated
rainbow signals were performed for each ngas,la . After the fitting, the size producing
best fitting-positions (dla,fit) and the associated error (errla,fit) were obtained for
each ngas,la . Examples of these results are as follows:
la=1, ngas,1=1.0001; n′ethane,1, λc,1 and d1,fit produced the best-fit signal to ε1,match
with err1,fit was obtained,
la=2, ngas,2=1.0002; n′ethane,2, λc,2 and d2,fit produced the best-fit signal to ε2,match
with err2,fit was obtained,
la=3, ngas,3=1.0003; n′ethane,3, λc,3 and d3,fit produced the best-fit signal to ε3,match
with err3,fit was obtained,
.
.
.
la=800, ngas,800 = 1.0800; n′ethane,800, λc,800, d800,fit produced the best-fit signal to
ε800,match with err800,fit was obtained.

Errors from the best-fit signal for each ngas,la were then compared to find the
signal providing the smallest error (errla−min,fit). The dla−min,fit and n′ethane,la−min

providing the minimal value of error were assumed to be the average size and the
average relative refractive index of ethane droplets. The ngas,la−min

corresponding
to dla−min,fit and n′ethane,la−min

was assumed to be the absolute refractive index of
gas. Finally, the relative refractive index of liquid ethane (n′ethane,P ), the absolute
refractive index of gas during measurement (ngas,P ) and the average droplet size (d)
are estimated from the values providing the minimum error in the fitting procedure.
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4.3.2.3 Estimation of the concentration of ethane vapor from optical
measurement

This section details the method used to estimate the ethane vapor concentration in
the gas surrounding ethane droplets. According to the previous section, the absolute
refractive index of gas in the test chamber (ngas,P ) and relative refractive index of
ethane droplet (n′ethane,P ) after the first injection were determined by using absolute
refractive index of ethane droplet (nethane,P ) from the first injection. Knowing ab-
solute refractive index of gas (ngas,P ), the concentration of ethane vapor in the test
chamber (x) can be estimated from:

ngas,P = xnethane−vapor,P + (1 − x)nair,P . (4.3)

Note that the estimation of the absolute refractive index of ethane vapor (nethane−vapor,P )
is provided in Appendix B and nair,P is provided in Section 3.3.1. Finally, the per-
centage of ethane vapor concentration (x) after the first injection is estimated.

4.3.2.4 Estimation of the concentration of ethane vapor from the amount
of injected ethane

Alternatively, the concentration of vapor ethane can be estimated directly from the
volume of injected liquid ethane, the volume of the chamber, the pressure and the
temperature. For this estimation, the volume of the test chamber was calculated
only from the main housing dimensions. It is approximately 410 ml. In this work,
the mass of gas can be estimated from an ideal gas law written as

PV = nRT, (4.4)

where P is the pressure of the gas in Pascal, V is the volume of gas in cubic meters,
n is the amount of substance in moles, R is the ideal gas constant and T is the
temperature of gas in Kelvin. R has the value of 8.3144598 J/(K·mol). The amount
of substance (n) is equal to the total mass of the gas (mgas) in grams divided by the
molar mass (M) in grams per mole:

n =
mgas

M
. (4.5)

The mass of air (mair) and mass of ethane vapor (methane) before an injection of
liquid ethane under high-pressure, can be estimated from Equation 4.4 and 4.5. After
liquid ethane was injected into the test chamber, we estimated the concentration of
ethane vapor for the case of full evaporation. For example, the mixture measured in
the second injection was assumed to be air and evaporated ethane that was injected
during first injection. The mole of air in chamber was calculated from the volume
of 410 ml. The volume of syringe for one injection used in this calculation is 24
ml. In the same way, the concentration of ethane vapor for the third injection
was estimated from liquid ethane injected from the first and the second injections.
Finally, the ethane vapor concentration from this basic estimation was obtained and
it was compared with the concentration estimated from the optical measurements.
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4.4 Experimental results

4.4.1 The study of the production of liquid ethane

Generating liquid ethane is one of the most important step in this study. Since the
ethane in the tank is originally in a vapor phase, we need to pressurize it to convert it
into liquid. In this work, the procedure to produce liquid had been studied and it was
presented in Section 4.2.1. In comparison with water and ethanol experiments, the
experimental setup had been modified to optimize the production of liquid ethane.
For that, the volume of fluid supply system was minimized to reach higher pressure.
This process transforms ethane vapor to liquid faster. An example of the transition
of gaseous phase to liquid phase is shown in Figure 4.6. The blue triangle represents
the state of ethane in a bottle at pressure of 39 bar for a temperature equal to
23°C. The orange triangle represents an injected liquid ethane for measurements
at pressure of 42 bar and at temperature of 23°C. In this example, ethane vapor
was pressurized to cross the line of equilibrium between liquid and gas and then it
reached pressure of 42 bar, a state in the liquid phase. As seen in Figure 4.6, the
orange triangle is in the liquid phase above the phase change between liquid and gas.
After ethane was pressurized in the liquid phase, it has been injected. Moreover, the
red circle shows an area of the thermodynamic conditions for experiments. These
experiments were performed at temperature of 19-25°C and at pressure of 40-46 bar.
The gray triangle shows the state of liquid ethane in an experiment at the highest
pressure reached in this work.

The jet of liquid ethane was presented in Figure 4.7(a) and Figure 4.7(b). Liquid
ethane in these two images was produced at volume flow rate of 5 ml/min under
pressure of 40 bar and temperature of 20°C. Figure 4.7(a) shows injected liquid
ethane and Figure 4.7(b) shows injected liquid ethane and the position of laser
illuminated at 1 cm from the exit of injector at the same condition. The spray part
can be visualized in a red circle in Figure 4.7(b). The volume flow rate fixed to
inject liquid ethane in this study was 5 ml/min while it was set as 1.2-2.2 ml/min
for the case of liquid water and liquid ethanol injection. In this case, ethane droplet
size was not calculated based on the Rayleigh breakup of laminar fluid jets. It was
determined by the analysis of results from rainbow measurements. Apart from that,
the minimum pressure selected to pressurize ethane in our procedure is around 2
bar greater than the phase change between liquid and gas at a given temperature. If
the value is less than this one, we cannot create droplets in the range of 100-200 µm
as seen in Figure 4.7(c). In this case, the rainbow signal does not occur, however,
a scattered light is still visible as presented in a red circle in Figure 4.8. Figure 4.9
shows the rainbow signal of ethane droplets produced at pressure higher than the
equilibrium curve around 2 bar. Finally, the condition and procedure to produce
ethane droplets for the optical measurements has been studied.
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Figure 4.6: The status of ethane for the measurements in this work on pressure-
temperature diagram

Figure 4.7: Visualization of ethane droplets generated in elevated pressures
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Figure 4.8: Scattered light produced from the illumination of ethane with the green
laser beam

Figure 4.9: Rainbow signal from ethane droplets
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4.4.2 Result of the observation of rainbow signals from ethane
droplet

The optical set up used to measure the rainbows of ethane droplets is presented in
Figure 4.10. For each pressure, experiments were performed in series. For example,
the free-falling ethane droplets have been successively measured at pressure around
42 bar and temperature of 23°C 3 times. In the experiments, ethane vapor was
pressurized from pressure around 39 bar to 42 bar in order to transform ethane
vapor into liquid. The ethane droplets are created after liquid ethane was filled
into all parts of the liquid system and the droplet generator. We firstly observe a
rainbow signal during the first injection. For the second and third injections, liquid
ethane was injected without purging the test chamber chamber. The rainbow signal
measured in the second injection shifted down from the result from the first injection
as presented in Figure 4.11. Furthermore, the rainbow signal observed from the third
injection shifted down from result of measurements in the second injection as well.

Figure 4.12 shows the state of liquid water, ethanol and ethane produced in this
work and line of equilibrium of water and ethane in the pressure-temperature phase
diagram. The state of injected liquid ethane represented as the black triangle down
is close to its critical point (green star). Whereas, the state of water and ethanol
from our measurement is represented by a gray triangle up. They are far from the
critical point of water and ethanol (blue star and yellow star, respectively) compared
to those for ethane. Since the heat of vaporization of a substance will be very small
when the thermodynamic conditions are close to the critical point, the evaporation
rate of injected droplets was assumed to be high in case of ethane droplets mea-
surements. For this reason, we assumed that the shifting of the rainbow signal after
the first injection is related the mixture of air and evaporated ethane. Therefore,
the refractive index of the gas surrounding droplets depends on the concentration
of ethane in the gaseous mixture.

Figure 4.10: Image of the experiment setup used rainbow measurements of free-
falling ethane droplets
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Figure 4.11: Schematic diagram of the shift of the rainbow signal after the first
injection of liquid ethane

Figure 4.12: The line of equilibrium between liquid and gas of water and ethane
and the status of the measurements on water, ethanol and ethane droplets on the
pressure-temperature phase diagram
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4.4.3 Results of refractive index measurements

For the first injection’s measurement, the series of measurement of May 23rd, 2017,
the absolute refractive index of free-falling ethane droplets was determined to be
1.2545 ± 0.002. This value was assumed to be the absolute refractive index value
for the second and third injections as well. The relative refractive index of ethane
droplets and the absolute refractive index of gas for the second and third injections
were then determined. Results of the optical measurements on May 23rd, 2017 are
shown in Table 4.1. We found that the absolute refractive index of the gas mixture
increased with the number of injections. In addition, the average size of ethane
droplets were determined from the optical measurements and they are in the range
of 120-150 µm as seen in Table 4.1.

After that, the absolute refractive index of gas in the test chamber was obtained,
the concentration of ethane vapor in the test chamber for each measurement was
estimated. The concentration of ethane vapor for the different injections for mea-
surements of May 19 and 23, 2017 are shown in Table 4.2. For the second injection,
we assumed that ethane vapor in the test chamber comes only from the first injec-
tion. In the same way, for the third measurement, we assumed that ethane vapor in
the test chamber comes from the first and second injections. Figure 4.13 shows the
absolute refractive index of gas versus the number of injections of ethane. According
to this graph, the absolute refractive index of the gas mixture increases with the
number of injection of ethane. Moreover, the increase of absolute refractive index
of the gas mixture appears to be mainly linear. For each point, it was indicated the
estimated percentage of ethane vapor in a gas mixture. The percentage of ethane
vapor after the first injection of the measurement at pressure of 42 bar on May 23,
2017 is about 7.4%. After the second injection, it is about 15.2%: two times the
quantity after the first injection. The percentage of ethane vapor of the second and
third measurements at 41 bar on May 19, 2017 are 4.3 % and 9.5%, respectively.
The concentration of the third measurement is also a double value of the second
measurement.

Furthermore, the quantity of ethane vapor in the gas phase can be estimated
from the injected liquid ethane as well. For this study, the computed mass of liquid
ethane during each injection is 1.15 grams (equal to 0.038 mole). The concentration
of ethane vapor estimated from the injection are presented in Table 4.3. According
to the estimation, after the first injection, we must obtained about 5% of ethane
vapor in a gas mixture. After the second injection, it is about 10% of ethane vapor
in a gas mixture. The concentration of ethane vapor estimated from the rainbow
measurement and the injection have the same trend, i.e. an increase with the number
of injections of liquid ethane.

Lastly, we presented the relative and absolute refractive indices of ethane deter-
mined in Figure 4.14. This graph shows that the increase of concentration of ethane
vapor in a gas mixture is in agreement with a change of the relative refractive index
deduced from the rainbow measurement.
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Table 4.1: Measurement data and results from the rainbow signal fitting process
from an experiment performed on May 23rd, 2017

Injection Pinside Tinside λc dfitting nair,P nrela ngas,P nabs
(bar) (°C) (µm) (µm)

1st 42.50 22.00 0.52591 140 1.0115768 1.2404 1.0116 1.2548
2nd 42.44 22.20 0.52424 124 1.0115514 1.2365 1.0148 1.2548
3rd 42.43 22.50 0.52259 123 1.0115354 1.2324 1.0182 1.2548

Table 4.2: Percentage of the estimated concentration of gaseous mixture from ex-
periments

Date Injection Pinside Tinside Concentration of gas (% by mole)
(bar) (°C) ethane air

1st 41.29 21.7 0 100
19/05/2017 2nd 41.26 21.6 4.3 95.7

3rd 41.13 21.6 9.5 90.5
4th 41.29 21.6 10.3 89.7
1st 42.50 22.20 0 100

23/05/2017 2nd 42.44 22.50 7.4 92.6
3rd 42.43 22.50 15.2 84.8

Table 4.3: The percentage of estimated concentration of ethane vapor from an in-
jected ethane

Date Injection Pinside Tinside Concentration of ethane vapor (% by mole)
(bar) (°C) estimated for 100% evaporation

1st 41.29 21.7 0
19/05/2017 2nd 41.26 21.6 5.3

3rd 41.13 21.6 10.3
4th 41.29 21.6 15.1
1st 42.50 22.20 0

23/05/2017 2nd 42.44 22.50 5.1
3rd 42.43 22.50 10.6
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Figure 4.13: The refractive index of gas in chamber measured versus the number of
injected syringe and the percentage of the ethane vapor concentration indicated on
the plots

Figure 4.14: Absolute and relative refractive index of liquid ethane droplets results
number of times of injection of liquid ethane and the estimated percentage of ethane
vapor in a gas mixture from the experiment on May 23rd, 2017
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4.5 Conclusions

A study of free-falling ethane droplets at pressure of 40-46 bar and temperature
18-25°C close to critical point was performed. Liquid ethane was produced by the
pressurization of ethane vapor of 36-41 bar, depending on temperature, to reach
a pressure greater than the phase change between gas and liquid. An adapted
global rainbow refractometry was the technique used for measurements of physical
properties of free-falling ethane droplets under sub-critical conditions. For each
measurement, the absolute refractive index of liquid ethane are determined from
measurements during the first injection of liquid ethane. The absolute refractive
index of ethane droplets measured at pressure of 42.50 bar and temperature of
22°C is equal to 1.255 ± 0.002 (measurement on May 23rd, 2017). For the second
and third series of measurements at the same thermodynamic conditions to the
first injection, the absolute refractive indices of ethane droplets were assumed to
be the same as the one measured during the first injection. The relative refractive
index of ethane droplets and absolute refractive index of gas are determined from
the rainbow measurement as well. In the measurements after the first injection
of liquid ethane, the relative refractive index of ethane droplets decreases with the
number of injections of liquid ethane because the refractive index of gaseous mixture
surrounding droplets increases.

The estimated refractive index of gaseous mixture can be used to estimate the
concentration of ethane vapor in gas mixture. The percentage of the concentration of
ethane vapor increases with the number of injections of liquid ethane. This increase
is essentially linear. Furthermore, the concentration of ethane vapor was estimated
directly from the quantity of the injected liquid ethane by assuming that this one is
fully evaporated. The results estimated from optical measurements were compared
to those from the injected liquid ethane. A same trend with the number of injections
is found.

In conclusion, to measure absolute refractive index of liquid ethane in high pres-
sure, the change of the refractive index of the gaseous mixture surrounding the
droplets must be taken into account due to the strong evaporation of ethane va-
por. The absolute refractive index and size of free-falling ethane droplets under
sub-critical condition finally determined. Moreover, the absolute refractive index of
the gaseous mixture into the test chamber are also estimated. Further study must
be done in the future to enable an optical method able to measure simultaneously
the refractive index of gaseous mixture surrounding droplets as well as the refractive
index of liquid fuel in order to measure accurately the properties of droplets when
the fuel is in a situation in which high evaporation rate is noted.



CHAPTER 5

Conclusions

In this study, the relative and absolute refractive index of water and ethanol have
been measured on free-falling droplets under pressure up to 45 bar by using an
adapted global rainbow technique. As a function of pressure and temperature, the
refractive index of water at temperature of 50°C and pressure of 1 and 10 bar have
been measured as well. The experimental absolute refractive index on free-falling
water droplets are in agreement with data issued from literature for the measurement
of water in cell. These results confirmed the reliability of the experimental method-
ology developed in this work and proved that we are able to measure the absolute
refractive index of free-falling droplets as a function of pressure and temperature.

For measurements near the critical point, ethane was selected because its critical
point is 48.7 bar and 32.2°C. Refractive index measurement on ethane droplets has
been carried out at pressure in the range of 40-46 bar and temperature of 18-25°C.
A measurement of the absolute refractive index of ethane droplets gives a value of
1.255 ±0.002 at pressure of 42.50 bar and temperature of 22°C.
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CHAPTER 6

Future work

6.1 Future work

For the measurement of absolute refractive index of liquid ethane near the critical
point, the change of the refractive index of the gas surrounding droplets must be
taken into account due to the strong evaporation of ethane droplets. Therefore, in
the real combustion device, we need also to measure simultaneously the refractive
index of gaseous mixture and refractive index of liquid in the same time. We propose
an optical measurement methodology to measure ngas by measuring the transmission
of the light inside the chamber. A schematic diagram of the optical setup for this
measurement is shown in Figure 6.1. In this method, the intensity of light passing
through the test chamber (I2) and the intensity of light traveling directly to power
meter (I1) will be measured. Due to the change of ngas the transmitted light will
not be the same. Then the change of I2/I1 can be measured when the species
composition of gas inside the chamber changes. We will estimate the percentage of
intensity change due to ngas from our measurement to predict the result. It is shown
in Table 6.1.

Table 6.1: The percentage of intensity change estimated from ngas obtained from
the measurement in this work

Date Injection Pinside ngas Transmitted light Change of transmitted
(bar) (%) light (%)

1st 41.29 1.0003 86.72
19/05/2017 2nd 41.26 1.0113 87.07 0.35

3rd 41.13 1.0131 87.12 0.06
4th 41.29 1.0153 87.19 0.07
4th 41.29 1.0157 87.20 0.01
1st 42.50 1.0003 86.72
1st 42.50 1.0116 87.08 0.36

23/05/2017 2nd 42.44 1.0146 87.17 0.09
3rd 42.43 1.0180 87.27 0.10

85



86 CHAPTER 6. FUTURE WORK

Figure 6.1: The predicted global rainbow pattern of ethane droplet when the ther-
modynamics condition is approaching to critical point

6.2 Perspectives

According to this study, we are now able to inject droplets of ethane and to measure
absolute refractive index of liquid ethane not so far of the critical point. The next
step of measurements will be to change slowly the temperature to approach as close
as possible the critical point. The physical characteristics of ethane approaching the
critical state will be then possible to analyze.



APPENDIX A

Calculation of the diameter of monodis-
perse droplets

A.1 Introduction

Monodisperse droplets generating is an important process for the study of droplet
characteristic. According to monodisperse spray technology, it allows specific monodis-
perse sprays with adjustable droplet diameters to be generated. The formation of
this droplet is based on the Rayleigh decay of multi-layered liquid jets. For this
process, the monodisperse droplet of known size is produced by introducing vibra-
tory disturbances in liquid jets. The calculation of droplet size is shown in this
appendix [31].

A.1.1 Theoretical basics for calculation of diameter of monodis-
perse droplet

Base on the Rayleigh breakup of laminar fluid jets, a jet decays into droplet as stable
criteria when the wavelength of deformation on the jet surface is bigger than the
circumference of the jet;

λ =
uD
fG

≥ πD (A.1)

where λ is wavelength, uD is jet velocity, fG is excitation frequency and D is a pin-
hole diameter. In order to generate droplets which are the same size and predictable
diameter by using excitation wave to influence the fluid jet, the dimensionless wave-
length (k = πD

λ
) is located between 0.3 ≤ k ≤ 0.9.

k =
πDfG
uD

, (A.2)

where k is dimensionless wavelength. From Equation A.2, the frequency range which
can be used to create monodisperse droplets is determined and shown below;

0.3uD
πD

≤ fG ≤ 0.9uD
πD

(A.3)
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where D is a selected pinhole size in µm. The jet velocity (uD) can be calculated
from this equation;

uD =
V̇

A
, (A.4)

where V̇ is volume flow rate and A is a cross section area. The cross section area
can be calculated from following equation;

A =
πD2

4
. (A.5)

To calculate uD, V̇ is obtained from the fitting of 2nd order polynomial function
between the volume flow rate and pinhole droplet size provided by TSI Incorporated
[34]. This relation is shown as

V̇ = 2.1974 × 104D2 − 5.863 × 104D + 0.0617, (A.6)

where V̇ is in the unit of cm3/min. Finally, range of excitation frequency can be
determined. To calculate a diameter of monodisperse droplets (d), the following
equation is used;

d =
(

3uDD
2

2fG

)1/3

. (A.7)

A.1.2 Estimate droplet diameter size from pinhole diameter

To define the size of droplet, the pinhole diameter is selected first. According to
Equation A.2 and A.7, the relation between droplet and pinhole diameter can be
written in term of k as following equation;

d = D
(

3π

2k

)1/3

. (A.8)

As the limit of k is from 0.3 to 0.9, the range of pinhole diameter can be written in
an equation below;

0.4d ≤ D ≤ 0.57d. (A.9)

This range is used for selection pinhole diameter corresponding to chosen droplet
diameter for experiment.
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A.1.3 Determination of droplet size, and frequency value
for monodisperse droplet generating

From theoretical basic calculation, volume flow rate, jet velocity, range of frequency
and range of droplet diameter for different pinhole sizes are obtained. All of these
parameters are shown in Table A.1. Volume flow rate and frequency are the param-
eters to be adjusted in an experiment. Table A.2 shows the range of frequency to be
adjusted for different volume flow rates and pinhole diameter of 50, 75 and 100 µm.
The volume flow rate is the main parameter to be adjusted under high pressure as
the lower volume flow rate provides more stable rainbow signal.

Table A.1: Range of excited frequency and volume flow rate to produce monodis-
perse droplets corresponding to different pinhole sizes

D A V̇ uD = V̇ /A Range of fG Range of d
(µm) (cm2) (ml/min) (cm/min) (kHz) (µm)

35 0.0000096 0.31 32268 14.673 ≤ fG ≤ 44.020 87.50 ≥ d ≥ 61.40
50 0.0000196 0.58 29634 9.433 ≤ fG ≤ 28.299 125.00 ≥ d ≥ 87.72
75 0.0000442 1.25 28384 6.023 ≤ fG ≤ 18.070 187.50 ≥ d ≥ 131.58
100 0.0000785 2.20 28021 4.460 ≤ fG ≤ 13.379 250.00 ≥ d ≥ 175.44

Table A.2: Range of excited frequency corresponding to volume flow rate to produce
monodisperse droplets

D V̇ Range of fG Range of d
(µm) (ml/min) (kHz) (µm)

50 0.6 9.727 ≤ fG ≤ 29.181 125.22 ≥ d ≥ 86.82
75 1.25 6.004 ≤ fG ≤ 18.013 187.83 ≥ d ≥ 130.23
100 1.2 2.432 ≤ fG ≤ 7.295 250.44 ≥ d ≥ 173.65
100 1.4 2.837 ≤ fG ≤ 8.511 250.44 ≥ d ≥ 173.65
100 1.6 3.242 ≤ fG ≤ 9.727 250.44 ≥ d ≥ 173.65
100 1.8 3.648 ≤ fG ≤ 10.943 250.44 ≥ d ≥ 173.65
100 2.0 4.053 ≤ fG ≤ 12.159 250.44 ≥ d ≥ 173.65
100 2.2 4.458 ≤ fG ≤ 13.374 250.44 ≥ d ≥ 173.65
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APPENDIX B

Effect of temperature and pressure on the
refractive index of ethane gas from litera-
ture

B.1 Estimation of ethane gas refractive index from

literature

In this work, we obtained the refractive index of ethane gas data from George et
al., 1973 [10] in order to find the relation between refractive index of ethane and
temperature at constant pressure. They presented the refractive refractive index of
ethane measured at four temperature which are 37.94, 71.33 104.22 and 120.89°C
and pressure from 6 to 103 bar. We considered the relation of temperature and
refractive index of ethane at pressure of 41.37 and 48.26 bar. In this work, the
curve fitting with the data from George et al., 1973 by using the rational function
(T = 1+b1n632.8nm

b2+b3n632.8nm
) had been carried out for these two pressures in order to find the

correlation between refractive index of ethane and temperature. At pressure of 41.37
bar, the correlation from the curve fitting is as follow;

n632.8nm =
−0.0434034T − 1

−0.906614 − 0.042939T
. (B.1)

The correlation for the pressure of 48.26 bar is as follow:

n632.8nm =
−0.459242T − 1

−0.196664 − 0.452482T
. (B.2)

Finally, these correlations can be used to estimate refractive index of ethane gas for
these two pressure at different temperatures. Figure B.1 shows the best fitting curve
and data at pressure of 41.37 and 48.26 bar.
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APPENDIX B. EFFECT OF TEMPERATURE AND PRESSURE ON THE REFRACTIVE INDEX

OF ETHANE GAS FROM LITERATURE

Figure B.1: Refractive index for ethane gas versus temperatures at the pressure of
41.3685 and 48.2633 bar from George et al., 1973 [10] and their best fitting curve
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