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ABSTRACT 
 

The evaporation of a fuel spray is one of the very important processes controlling 

the efficiency of liquid fuel droplet combustion in engines and furnaces. A number of 

evaporation models of droplets in spray have been developed. However, few measurement 

data to quantify the evaporation of droplets in spray exists. In this thesis, experimental 

studies on the evaporation of an individual droplet and of line monodisperse droplets of 

liquid fuels have been advanced. The liquids used in this study are ethanol and distilled 

water.   

The evaporation constant and the temperature of the droplets during evaporation 

are the pertinent parameters to be experimentally determined. For a single-suspended  

droplet of millimeter size, the imaging and the Airy –based rainbow techniques have been 

used to measure the time evolution of the size and the refractive index, from which the 

evaporation constant and the temperature of the droplets can be inferred.  For the line 

droplets measurement, a new technique called one-dimensional rainbow technique (ORT), 

which is a modification of the classical global rainbow technique (GRT), is used. The ORT 

enables us to measure the changes of size of droplets along the line due to the evaporation 

at nanometric scale. The measurement data is then used to determine the evaporation 

constant of the droplets.   

For the case of suspended water droplets, the evaporation constant and temperature 

obtained from the measurements are found to be dependent on the relative humidity and 

the temperature of the surrounding air, but independent of the size of the droplets. In this 

case, numerical simulation shows that the evaporation constant obtained from the 

measurement agrees very well with the D2-model. The measured temperature of the droplet 

does not change during evaporation and being equal to the adiabatic saturation temperature 

of the surrounding moist air. For the ethanol, experiments under constant environmental 
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temperature show that the regression of the D2 with time is linear allowing one to 

determine the evaporation constant, being the slope of the regression line. The refractive 

index obtained from the rainbow measurement has the same behavior (but not the same 

value) as that of water, confirming that state properties of the evaporating process depend 

on the temperature and pressure of the ambient air.  

The line droplets of ethanol are generated from an ultrasonic nozzle having initial 

diameter of 100-120 µm and being left to evaporate at the room temperature of 20oC. The 

rainbow angles measured from the drops at different levels do not change, implying that all 

droplets along the line evaporate at a constant temperature. Over the 8 mm-line 

measurement length, the ethanol droplet diameter changes by 0.008 µm. With an 

approximated absolute drop diameter and the calculated droplet velocity, the plot of 

diameter squared versus time is performed, which shows the good linear regression and 

correlates well with the D2-law of evaporation. The slope of the regression lines represents 

the evaporation constants and is found to be 0.008483±0.000513 mm2/s.  

 

Keywords: evaporation, d2 law, rainbow, spray, droplet array, ethanol 
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CHAPTER 1 

INTRODUCTION 

	
  

1.1 Rationale/ Problem Statement 

The continued use of fossil fuel results in the depletion of fossil fuel resources, and 

at the same time, increases substantially the amount of greenhouse gas emissions. A 

number of renewable energy resources have been introduced to reduce fossil fuel 

consumption. Technologies to convert such sources, such as solar energy, wind and 

hydropower, into energy have been successfully developed and deployed in many 

countries. In recent years, technologies for the production and utilization of biofuel – a 

renewable fuel that is gaining increasing significance, have also been developed or 

improved, particularly the use of ethanol in the spark ignition engines and biodiesel in the 

compression ignition engines. However these biofuels possess properties that different to 

conventional liquid petroleum fuel and their evaporation and combustion behaviors are not 

yet well understood. 

Biofuels are fuels that are made from living organisms (usually plants). The 

biofuels mostly used in transportation are ethanol and biodiesel. Ethanol is usually blended 

with gasoline while biodiesel is blended with regular diesel to substitute a portion of 

petroleum fuel and to reduce greenhouse gas emissions. The properties of biofuels are 

different from those of petroleum fuels and depend also on the type of biofuel resource. 

Using biofuels with existing technologies, which are originally designed for petroleum 

fuels, may thus lead to inefficient energy conversion. Therefore characterization of the 

physical-chemical properties affecting combustion processes is important for determining 

the optimum operating conditions for such energy conversion technologies.  

Among the fuel properties, the evaporation rate of liquid fuel spray is one of the 

most important parameters determining the effectiveness of energy conversion processes of 

heat producing devices using spray technology. The study of Warnatz J. et,al. [1] shows 

that 50% of the cycle time of the combustion in diesel engines is consumed by the 

evaporation process.  Then, the evaporation rate becomes the parameter controlling the 

combustion time of the engine. However, despite continued study on the subject, both 

measurement and prediction techniques to determine the evaporation rate remain current 

research challenges. These are due to the hostile environment of the spray that limits the 

application of classical intrusive probe measurement techniques.   
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This thesis proposes alternative means to evaluate the evaporation rate of the spray 

droplets under room temperature environments. The evaporation constant will be directly 

measured on a single droplet via the direct image analyses technique. The temperature of 

droplet is investigated instantaneously by using the rainbow technique. A modified global 

rainbow technique named one dimension rainbow technique (ORT) is used to measure the 

evaporation rate of droplets in spray.  

 

1.2 Objectives 

The main objectives of this thesis are to develop an advanced experimental 

technique for accurately determining the size and temperature of evaporating liquid – fuel 

drops in a spray, and to develop a mathematical model for evaluating their evaporation rate 

from the measured data. Specifically the measurement technique and model developed are 

aimed at investigating the evaporation of biofuels that are widely used in Thailand. 

Ultimately, this research will provide useful data for the combustion studies in engines and 

furnaces using biofuels and background information for the specification of biofuel 

standards in Thailand.  

 

1.3 Literature Review 

 Studies on the evaporation of a single liquid drop can be found in many research 

works [2-5]. Theoretically, the evaporation model for a single drop is based on heat and 

mass conservation of the drop in gas phase [6]. This in turn constitutes a boundary value 

problem of partial differential equations governing the transfer processes of gaseous 

mixture surrounding the drop, with the gas phase properties at the drop’s surface and at the 

infinite distance from the drop’s surface being the boundary conditions to the problem. 

When diffusion heat transfer is considered, as the only mode of heat feeding thermal 

energy to the evaporating drop at an elevated ambient temperature, the evaporation follows 

the D2 –law, which states that the square of the drop diameter decreases linearly with time. 

In classical studies, the evaporation time of a single drop is measured through a series of 

images taken during evaporation against the evolution time.  

Marshall [7, 8] and Lefbvre [9] investigated the evaporation of individual drops of 

diameter around 0.7-1 mm, suspending from a wire. Experimental studies showed that the 

diameter of the drop obtained from its time dependent 2-D images decreases in accordance 

with the D2 –law. The evaporation constant, which is the slope of the D2 versus time, 
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increases when temperature increases. The influence of pressure on the evaporation 

constant is however dependent on the ambient temperature. If the ambient temperature is 

set to be lower than the boiling point of the liquid then the evaporation constant decreases 

with increasing pressure and vice versa [9]. In a more complex situation, when the 

convective heat transfer mode at a finite Reynolds number is taken into account, the 

evaporation no longer follows the D2 –law. In this case the diameter of order 3/2 for 

laminar flow and of order one for turbulent flow [10] varies with time.  

Morin et,al. [2] used the suspended drop technique to determine the evaporation 

constant of biofuels. The liquid fuels were methyl ester of rape seed oil and of sun flower 

oil methyl. The ambient temperatures were set at higher range between 473 and 1020 K. A 

distinct phenomenon for heating of these biofuels, as compared to conventional fuels or 

water drops, is that dilatation presents at the beginning of the evaporation of biofuels. In 

their work, the evaporation process of biofuels are divided into 2 stages: the first stage is 

unsteady phenomena beginning at the initial heating, dilation, evaporation of the drop and 

ending when the drop diameter decreases to its initial diameter. The second stage is steady 

state evaporation; during which the linear fit for the evaporation constant can be done from 

the experimental data.  

Using the suspended drop technique in an experimental study to observe the 

evaporation process of spherical drops has a drawback in that the shape of the droplet and 

that the wire modified the heat exchange, including fluid circulation inside the droplet. To 

relax these constraints, non-suspended drop experiments have been performed. Moyle et al 

[11] generated microscale water drops ranging from 15 to 50 microns injected into a 

particle trap using AC field of a cubic electrodynamics levitation cell [12]. The ambient to 

the water drops is horizontal laminar flow of N2 containing a known concentration of water 

vapor. A snapshot of the images of Mie interference patterns of the drops is indirectly used 

to view the sizes of the particles at the evolution time. Mass accommodation coefficient of 

the particular flow has been obtained from the best fit of the evaporative cooling mass 

transfer model to the experimental data. The model fitted the experimental data very well.  

There is also the situation of the flow over the drop at low Reynolds number with 

combustion flames either surrounding the drops or at the wake behind the drops. It has 

been shown numerically that the flame configuration depends on the value of Damkolher 

number (the ratio of chemical to advection effects). At lower Damkolher number, the 
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combustion flame appears at the wake region behind the drop whereas at higher Damkoler 

number the flame envelop confines the drop, speeding up the burn-out time [13].  

The measurement on evaporation of spray needs more delicate procedures than 

those for a single drop because the drops are quite small (10-100 µm), and there is 

randomness in the drop position and size. Optical techniques have been widely used in 

spray characterization because they are non-intrusive and sensitive to small length scale 

objects. For biodiesel spray generated from a small industrial burner, drop size 

distributions of the droplets spatially distributed along the line of sight measurement have 

been measured using Malvern instrument [14]. Tantivoranukul et al applied D2 –law to 

each class of drop-size distribution of the spray to predict the time evolution of the 

distributions and evaporation time of the biodiesel spray. In their work, the drop 

interactions effects on the evaporation were omitted.   

Rainbow refractometry is one alternative technique to measure liquid drop diameter 

and temperature. More recently, inversion of global-rainbow signals obtained from sprays 

have been used to determine a drop’s mean temperature and the drop-size distribution. It 

has been found that the refractive index errors by 0.001 when ellipticity is between 0.999 

and 1.001 [15]. This makes the technique a very attractive mean to determine liquid drops 

temperature at the earlier atomization stages (primary/secondary). The measurements of 

size distribution and refractive index of a pure biodiesel spray by using global rainbow 

technique based on Nussenzvieg theory are successfully achieved for the first time [16].  

 



 

CHAPTER 2 

THEORIES 

 

2.1 Evaporation Models  

Many evaporation models of fuel droplets have been studied. From the 

classification of Sirignano [17], evaporation models can be divided into 6 groups in 

ascending order of complexity as follows: 

(1) models of the uniform droplet temperature and constant with time; 

(2) models of the infinite thermal conductivity of liquid (no temperature gradient 

inside the droplet); 

(3) models of the finite thermal conductivity of liquid but no re-circulation inside 

the droplet (conduction limit); 

(4) models that take into account both finite thermal conductivity of liquid and 

the re-circulation in terms of the correction factor (effective conductivity 

models) 

(5) models describing the re-circulation inside the droplet in terms of vortex 

dynamics (vortex model) 

(6) models based on the full solution of the Navier-Stokes Equation. 

The first group is the most attractive for the analytical studies of evaporation. It is 

adequate to approximate the evaporation of the stagnant droplet without combustion. 

Thus, this work will focus on this model. In particular, the states at the droplet surface, 

such as temperature and species concentration, are assumed to be saturation vapor. The 

state at the drop surface can be explained and approximated by the concept of the 

adiabatic saturation process, which is detailed in Section 2.1.1. Section 2.1.2 presents the 

evaporation model of the exact solution of the heat and mass transfer equation. From this 

model, the mass flux or the evaporation constant of droplet can be calculated. However, 

the finite different method, as presented in Section 2.1.3, is still attractive. It gives the 

temperature and concentration profiles that enable us to have a better understanding of 

the evaporation behavior. 
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 2.1.1 Adiabatic Saturation Process 

  The concept of the adiabatic saturation process can be found in many engineering 

textbooks [18, 19]. This concept can be used to explain the temperature partial pressure 

and mass fraction at the surface of the evaporating liquid in any shape.  

 

	
   	
  

Figure 2.1: A system of liquid evaporation in the adiabatic saturation process 

 

Consider a control volume containing a liquid bath, with a moist air inlet and an 

outlet across the system boundary, as shown in Fig. 2.1. The moist air enters the control 

surface at the temperature equal to the dry bulb temperature,𝑇!, and having humidity 

ratio, ω1. The liquid in the liquid bath is assumed to be the saturated liquid at the 

saturated temperature, T2. The moist air in the control volume feeds energy to the liquid 

just enough to vaporize the liquid on its surface; and the evaporation rate of liquid is 

equal to the supplied mass flow rate, 𝑚!. The liquid evaporates to the air until the air 

becomes the saturated air at the exit of the control volume. The energy balance can be 

written as 

 
221 @2@2@11 TgTfTgpa hhhTc ωωω =++ . (2.1) 

Then, 

 ( )
21 @12@121 )( TfgTgpa hhTTc ωωω −=+− , (2.2) 
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The value of 1ω  is the humidity ratio of the surrounding air in the case of the water 

droplet. For a liquid fuel, 1ω  is assumed to be zero. The partial pressure of fuel is the 

saturated pressure corresponding to the surface temperature which can be calculated by 

Clausius-Claperon equation as 

 
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
=

refs

refsF
refF TRT

TTL
PP

)(
exp , (2.4) 

where Pref and Tref are the reference pressure and temperature of fuel. R = 8.3145 J/mol⋅K 

is the universal gas constant. Another equation that approximates the vapor pressure of 

the liquid is the Antoine Equation. It is written as 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠

⎞
⎜
⎝

⎛
+

−=
CT
BAPF exp ; (2.5) 

where A, B and C are the constant values for the substance. The mass fraction of fuel 

vapor at the drop surface is 

 
F

F
FsY ω

ω
+

=
1

. (2.6) 

Since most properties of the fuel vapor are temperature-dependent, the iteration process 

is used to determine the surface temperature. 

 

 2.1.2 Exact Solution 

The solutions to the heat and mass transfer equations have been determined to 

provide the simple model for evaporation prediction. However, the model does not cover 

all situations of evaporation depending on the assumptions that it was based on. This 

study focuses on the evaporation of the spherical droplet without combustion based on 

the assumption that there is no temperature gradient inside the droplet (infinite thermal 

conductivity of liquid). The evaporation of the stagnant droplet (non-convective flow) 

and of the moving droplet is reviewed in this section.  

The diffusion heat and mass transfer model governing the diffusion processes of a 

quasi-steady ideal gas phase evaporated from a perfectly spherical drop was advanced in 

1953 by Spalding [6]. The heat and mass fuel vapor diffuse through the drop surface 

when the necessary amount of heat has been supplied from the ambient to the vaporizing 

liquid drop. The equations governing the one-dimensional diffusions of energy and of the 

fuel vapor are   
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⎟
⎟
⎠
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⎜
⎝
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=

dr
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dr
d
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2
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 ⎟
⎠

⎞
⎜
⎝

⎛
=
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d
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dYr F

AB
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where  T and YF is, respectively, the temperature and mass fraction of fuel at any radius 

r,  ρ, cp, ABD  and k are respectively, density, specific heat, mass diffusion coefficient and 

conductivity coefficient of the fuel vapor. With this equation, the fuel vapor from the 

droplet surface to the outer region is considered. Boundary conditions are imposed at the 

surface and at the infinite distance from the center of the drop. At the surface, heat 

conducting through the drop is balanced with the heat carrying out from the surface by 

evaporation, hence  

 
Lv

dr
dTk ss

s

ρ=⎟
⎠

⎞
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⎝

⎛−   (2.9) 

where v and L are the bulk velocity and latent heat, respectively. The subscript s 

represents the fuel vapor-gas mixture condition at the drop surface. Also the mass flux 

leaving the surface is equal to the sum of the fuel mass flow rate due to convection and 

diffusion. 

 s

F
ABsFssss dr
dYDYvv ⎟

⎠

⎞
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⎝

⎛
−= ρρρ  (2.10) 

At the infinite distance from the drop, the gaseous temperature and the mass fraction of 

the fuel are those at the ambient conditions: T∞ and YF∞ respectively. The analytical 

solutions to the transport equations give  

 
)1ln()1ln( MABTsss BDBvr +=+=α , (2.11) 

where 
p

s c
k
ρ

α =   is the thermal diffusivity. Subscript l indicates the properties of the 

liquid inside droplet. BM and BT are mass and heat transfer numbers, which are, 

respectively: 

 

 
( )
L
TTc

B spg
T

−
= ∞ , (2.12a) 
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and 

 
Fs

FFs
M Y

YY
B

−

−
= ∞

1
. (2.12b) 

where pgc  the heat capacity and the latent heat of the fuel vapor-gas mixture at the drop 

surface. The rate of mass flux transfer through the drop surface can be written as: 

 )1ln()1ln( T
s

ss
M

s

ABs
ss B

r
B

r
D

vm +=+==ʹ′ʹ′
αρρ

ρ! . (2.13)  

The analytical solution is obtained from the assumption of the constant diameter. To 

connect the solution to the time variation drop diameter, the mass continuity equation is 

considered to be: 

 sss Avm ρ=!  (2.14) 

 2
3 )6/( Dv
dt
Dd

ssl πρ
π

ρ =  (2.15) 

The integration of Eq. 2.13 yields 

 tDD o β−= 22 , (2.16) 

where D and Do are drop diameter at any time t and at time t=0 respectively, and: 

 )1ln(
8

)1ln(
8

T
l

ss
M

l

ABs BB
D

+=+=
ρ
αρ

ρ
ρ

β . (2.17) 

This is the classical theory of evaporation that is normally used to describe the 

evaporation behavior of a spherical droplet in the quasi-steady state, namely the D2-law. 

In many evaporation studies, the evaporation constant, β, is referred as the evaporation 

characteristic of the fuel. The experimental study on the evaporation of liquid drop based 

on the D2-law has been done in many works [10, 20, 21]. However, this solution does not 

take into account the effect of the convective flow. Therefore, the evaporation model 

described so far will lead to underestimation if the moving droplet is considered. To take 

into account convection, heat transfer coefficient, h, and mass transfer coefficient, hm, are 

normally represented in the terms of Nusselt number, Nu, and Sherwood number, Sh, 

which are: 
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k
hDNu =  (2.18a) 

and  
AB

m

D
Dh

Sh = . (2.18b) 

The fractions of Nu and Sh referred to those values of the non-evaporating droplet, Nu0 

and Sh0, introduced as: 

  0
)1ln( Nu

B
BNu
T

T+
= , (2.19a) 

  0
)1ln( Sh

B
BSh
M

M+
= . (2.19b) 

Nu0 and Sh0 for the moving droplets can be determined by: 

  3/13/1
0 PrRe2 cNu β+= , (2.20a) 

  3/13/1
0 Re2 ScSh cβ+= . (2.20b) 

where the value of coefficient cβ 	
  can be determined either from experiment or complex 

numerical analysis. The widely used values of this coefficient are 0.6 [22], 0.57 [23] and 

0.552 [24]. Note that in the case of the stagnant and non-evaporating droplet, Re→0, 

200 == ShNu . Substituting Eq. 2.19 into Eq. 2.13 obtains: 

  T
s

ss
M

s

ABs NuB
r

ShB
r
D

m
22
αρρ

==ʹ′ʹ′! . (2.21) 

The film theory was developed by Abramzon and Sirignano [17] to improve the accuracy 

for the evaporation rate approximation. They defined the modified Nusselt number and 

Sherwood number in the form: 

  
TF

Nu
Nu

2
2 0* −
+= , (2.22a) 

  
MF

Sh
Sh

2
2 0* −
+= , (2.22b) 
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where 

  
)(

)(7.0
)()(

)1ln(
)1(

TM

TM
TMTM B

B
BF

+
+= . (2.23) 

Then, the values of Nu and Sh are calculated from Eq. 2.7 by replacing Nu0 and Sh0 by 

Nu* and Sh*, which: 

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+

+
=

TT

T

F
Nu

B
BNu

2
2)1ln( 0 , (2.24a) 

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+

+
=

MM

M

F
Sh

B
BSh

2
2)1ln( 0 . (2.24b) 

The evaporation model described previously is based on the assumption of the pure 

substance liquid. The multi-component droplet models have been summarized by 

Marshall [17], and will be reviewed. In the multi-component case, the fractional 

vaporization rate, mε , is used to define the mass flux fraction and the species evaporation 

rate for species m as: 

  
n
Y

DvYv m
mm ∂

∂
−= ρρερ , (2.25) 

and  mm mm !! ε=  (2.26) 

The latent heat of the fuel becomes 

  ∑=
m

mmLL ε  (2.27) 

Nu, Sh and BT can be calculated using the equation of the pure substance droplet, Eq. 

2.19 or Eq. 2.22 and Eq. 2.12a. Assuming that the diffusion coefficients are equal for all 

components the mass transfer numbers for all species are then identical, which can be 

written as: 

  
smm

msm
mM Y

YY
BB

,

,,

−

−
== ∞

ε
 (2.28) 
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Mass fraction of the species m at the droplet surface can be determined from the 

Clausius-Clapeyron equation of the ratio of the mole fraction on the gas side of drop 

surface, mgsX , to that on the liquid side, mlsX , that is: 

  
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

smbm

m

mls

mgs

TTR
L

pX
X 11exp1

,

. (2.29) 

Then, the mass fraction, Ym, is calculated by: 

  
∑

=

i
ii

mm
m WX

WX
Y , (2.30) 

where mW  is the molecular weight of species m.  

 

2.1.3 Numerical Solution 

 For a better understanding of the heat and mass transfer behavior in the 

evaporation process, the profiles of temperature and mass fraction from the drop surface 

to its surrounding are determined. To obtain the solutions, Eq. 2.7 is solved alongside 

with Eq. 2.8 by using a numerical method. Considering the heat transfer problem, a 

liquid drop is evaporated within a controlled environmental temperature, T∞. The heat 

flux to the surface, 
dr
dTk , is equal to the rate of evaporative cooling heat flux carried out 

of the particle surface, vss hv Δρ . The solution to the equation is the temperature 

distribution within the gas phase when the temperature, Ts, of the drop is given. The 

continuum between drop surface (rs) to the specified distance far away from droplet (r∞) 

was discretized into N grids as demonstrated in Fig. 2.2. 
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Figure 2.2: The schematic diagram of the discrete point within the continuum 

Energy Equation: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

dr
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c
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d
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dTvr

p
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22ρ  

 

BCs: 

Lv
dr
dTkrr sss ρ== :  and 

∞∞ == TTrr :  

That is discrete to  

( ) LvTTT
r
k

sss ρ=−+−
Δ 2143
2

 

Then, value of vs can be determined from the temperature profile: 

( )
L
rk

TTTv
s

s
ss ρ

Δ
−+−=

2/
43 21  

For a unitary of the Lewis number:  

p
ABs c

kDD == ρρ  

Discrete the energy equation and determine sT that satisfies the gas phase equation, then 

for 𝑖 = 1  
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Consider the mass transfer problem, a liquid drop is evaporating within a 

controlled environmental temperature, 𝑇∞. The mass fraction, YA(r) , and mass flux, 𝜌𝑣!, 

along radius, r, from the surface of the drop are to be determined when the temperature, 

Ts, of the drop is given. The continuum between drop surface (rs) to the specified 

distance far away from droplet (r∞) was discretized into N grids as demonstrated in Fig. 

2.2. 

From the continuity equation,  

 ( )rvr
dr
d

ρ2  

we obtain  

 sssr vrvr ρρ 22 = =constant. 

The first discrete point i = 1, using 1st order backward difference: 

 
2
1

2

11 r
vr

v sss ρρ =  

The interior points i = 2 to N use 2nd order backward difference: 

𝜌!𝑣! =
4𝑟!!!! 𝜌!!!𝑣!!! − 𝑟!!!! 𝜌!!!𝑣!!!

6∆𝑟𝑟!!
 

Species equation: 

 ⎟
⎠

⎞
⎜
⎝

⎛
=

dr
dYDr

dr
d

dr
dYr F

AB
F ρρν 22  

Phase equilibrium gives the surface condition as 

 
s

F
ABsFssss dr
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⎠

⎞
⎜
⎝

⎛
−= ρρρ  

The first discrete point i = 1, using 2nd order central difference: 

( )
r
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=

Δ

+−

2
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At r = rs using 2nd order forward difference and at i = 2 use 2nd order backward 

difference for the derivative terms. 
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Determine vs from the mass fraction profile: 
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The simulation method can be done following the flow chart on the next page. 
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With this method, the evaporation rate of a liquid is estimated under the assumption of a 

constant diameter. We use this method to provide the solution, i.e. Ts, YFs and mass flux 

ssvρ , at the different diameter as the database. Then, the mass continuity equation is 

discretized with time to determine the drop diameter at each time step as; 

2
3 )6/( Dv
dt
Dd

ssl πρ
π

ρ −=  

2
2

2
Dv

dt
dDD

ssl πρ
π

ρ −=  

l

ssii ii
v

t
DD

ρ

ρ2
1

−
=

Δ

−+  

t
v

DD
l

ss
ii

ii Δ−=+ ρ

ρ2
1  

 

2.2 Rainbow Technique 

The Rainbow Technique is a non –intrusive technique that utilizes the interaction of 

the light experimenting one internal reflection inside the droplet. As schematized in Fig. 2.3, 

when the light impinges on the drop surface, some parts of it reflect and some parts refract 

due to the change of the refractive index. The value of p indicates the number of chord along 

the light path inside the droplet. The first rainbow (p=2) appeared at the backward scattering 

angle is contributed from the interaction of the once internal reflected and twice refracted 

rays. The rainbow pattern is sensitive to the drop-size and the refractive index, where the 

latter is a function of temperature. As schematized in Fig. 2.4, the main rainbow and 

supernumerary bows, the lower frequency, are created by the interference between the rays 

with one internal reflection. The ripple structure, the higher frequency, is formed by the 

interference between the light externally reflected (p=0) and the internal reflected light 

(p=2). Alexander dark band separates the first rainbow from the second rainbow. 

Many theories have been introduced for the rainbow approximation. The 

transmission of the light impinging on a spherical drop can be explained by the geometrical 

optic, which applies Descartes-Snell’s Law. From the geometrical optic, the predicted 

rainbow position is directly dependent on refractive index but independent on drop size. Airy 
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theory developed wave optics to predict rainbow position by taking drop size into account. 

The influence of drop size on the rainbow position is more significant in the smaller drop. 

The change in drop size causes a significant change in the angular distance between 

neighboring rainbow maxima. Therefore, the refractive index and drop size can be measured, 

according to Airy theory, by observing the rainbow position and the angular distance 

between supernumerary bows, respectively. However, the Airy prediction does not describe 

all the rainbow structure because the ripple structures are missing. For better accuracy, the 

Lorenz-Mie theory, which is the analytical solution to Maxwell Equation, is offered. The 

real rainbow structure can be computed from Lorenz-Mie theory but very time consuming. 

Nussenzveig theory [25] becomes the effective approximation. It has been proved that it is as 

accurate as Lorenz-Mie theory but computing as fast as Airy theory [15].   

The previously described technique used for the single drop is called Standard 

Rainbow Technique (SRT). For spray characterization, the Global Rainbow Technique 

(GRT) is used. This technique is based on the same physical principle as the Standard 

Rainbow Technique. Nevertheless, the global rainbow pattern is created by the light 

scattered from a large number of particles. The ripple structure disappears because of the 

integration of the number of rainbow patterns. The global rainbow pattern is characterized 

by the main peak and followed by a tail. The main peak position and its shape depend, 

respectively, on the refractive index and size distribution. The examples of the rainbow 

image and the intensity distribution of the global rainbow from the work of Saengkaew [16] 

are shown in Fig. 2.5. In her work, the inversion algorithm to extract drop size distribution 

and refractive index of the liquid spray from the global rainbow signal has been developed 

based on Nussenzveig Theory because this theory is linear and the computation are very fast. 
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Figure 2.3: The illustration of the rays reflected and refracted from spherical drop, p present 

at the time that the ray transverses inside the droplet 

 

 
Figure 2.4: The backward scattering diagram 
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Figure 2.5: The global rainbow pattern scattered from water spray and the intensity 

distribution [16] 

 

2.2.1 Rainbow Characteristics 

As mentioned above, the rainbow characteristics mainly depend on two properties of 

the droplet, i.e. diameter and refractive index, where the droplet was assumed to be a perfect 

sphere. Fig. 2.6 shows the rainbow patterns simulated from calculation program based on 

Lorenz-Mie theory at three different refractive indices. The effect of the refractive index on 

the rainbow pattern is illustrated. An increase in the refractive index causes the rainbow 

pattern to shift to the larger scattering angle. The plot of the refractive index against the 

rainbow angle, which is predicted from the prediction program of rainbows by Nussenzveig 

approach, is shown in Fig. 2.7. The rainbow angle changes 1o when the refractive index 

changes only 0.0074. 

The drop diameter strongly affects the distance between the supernumerary bows.  

As shown in Fig. 2.8, the distances between the supernumerary bows are smaller when the 

droplet is larger. For the tiny change of diameter, the change of main peak and the 

supernumerary bow cannot be detected but the movement of the ripple structure can be 

observed instead. 
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Figure 2.6: The rainbow simulation of 100 -µm droplet at different refractive 

indexes 

 

 
Figure 2.7: The rainbow angle plotted against the refractive index obtained from the 

rainbow prediction program based on Nussenzveig theory. 
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Figure 2.8: The simulated rainbow of the droplet whose refractive index equals 

1.3600 at different diameters 

 

2.2.2 Global Rainbow Setup 

An effective GRT setup was designed by Saengkaew S. [16]. The experimental set-

up mainly consists of the laser as the emitter and the optical system as the receiver. The 

receiving part for GRT consists of a system of lens and pinhole as schematized in Fig. 2.9. 

The scattered light is collected and focused by the first lens while the second lens conjugates 

the rainbow pattern at the focal plane of the first lens, in which the scattered light impinging 

on the first lens at the same angle are located  at the same position, onto the screen at the 

image plane. Between the two lenses, at the image plane of the first lens, the pinhole is 

installed to block the unwanted light from outside the measurement volume. The angle 

between laser and optic line should be about the rainbow angle of the liquid. With this set 

up, only the light scattered from the droplets in the measurement volume around the desired 

angle can be collected.  
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Figure 2.9: The alignment of the optical system for the receiving part 

 

The position of the lenses and the pinhole can be adjusted to a specified 

measurement volume and scattering angle. The position of each component can be 

calculated by using the geometry of lens. This section shows the calculation of the position 

of each component and the corresponding measurement volume and the collected scattering 

angle. Recalling Fig. 2.9, f1, D1 and f2, D2 refer to the focal length and diameter of the first 

lens and second lens, respectively. Assuming that the lenses used in the experiment are thin 

lens, the image plane, which is the distance from 1st lens to pinhole, i1, and from 2nd lens to 

screen, i2, can be calculated by using the equation below; 
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i
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The solid collection angle,θ , that can be collected by the 1st lens is; 
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The relationship between the width of the measurement volume, dm, and the diameter of the 

pinhole, dp, is: 
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CHAPTER 3 

EVAPORATION OF AN INDIVIDUAL DROPLET 

 

In order to understand the evaporation behavior of the liquid drop, the evaporation of 

a single droplet is observed. Since a spray can be considered as the integration of a number 

of single droplets, the evaporation of an individual droplet is still interesting. This chapter 

presents the experimental study of the evaporation of a suspended individual droplet.  

Section 3.1 describes the measurement of the size and refractive index of the ethanol droplet 

in the still air by using rainbow and imaging techniques. Water and ethanol are the liquid 

used in this study. The results and discussions are presented in section 3.2.  

 

3.1 The Measurement of Size and Refractive Index 

To understand the evaporation behavior of a liquid droplet, the diameter and 

temperature are very useful parameters. The diameter change allows us to calculate the mass 

flux transfer through the drop surface while the drop temperature leads us to an estimation of 

the physical properties of fuel vapor. In this research, we use the imaging technique to 

monitor the size and shape of the droplet. The refractive index, which depends on the 

temperature, is extracted from the rainbow signal. The experimental set-up and calibration 

are detailed in the Sections 3.1.1 and 3.1.2, respectively. Airy theory was used in an 

inversion process to extract the diameter and refractive index of the droplet from the rainbow 

signal, which is denoted in Section 3.1.3. 

 

3.1.1 Experimental Setup 

 The experimental setup of two measurement techniques, namely shadow imaging 

and rainbow technique, were developed. The first technique measures the size and the latter 

measures both the size and the refractive index of the evaporating droplet. The experimental 

setup consists of three main parts, i.e. laser emitter, liquid droplet and image receivers. 

Measurements with the two techniques are carried out simultaneously.  The complete setup 

is shown in Fig. 3.1.  
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For the shadow imaging technique, the light source used was a red backlight. The 

liquid drop is initially created by a syringe-needle then suspended on the well-fixed optical 

fiber. A CCD-camera connected with a macro lens, called camera-1, is used to capture the 

shadow image of the droplet. Camera-1 is marked by a magenta filter to allow mostly the red 

light to pass and being set perpendicular to the laser beam, to minimize the irradiation of the 

scattered green laser light from the other measurement.  

A green light source of 532-nm wavelength and 100 mW power is used for the 

Rainbow Technique. The laser diameter at the aperture is 2 mm. The optical train of the 

receiving part consisted of a plano-convex lens with 30 cm focal length and a screen placed 

at the focal plane behind the lens. At the end of train, a 480×512 pixel2 –CCD camera from 

Keyence (Model: CV-H035M), named camera-2, together with a green filter are setup to 

receive the rainbow signal projected on the screen. Since the screen is located at the focal 

plane of lens, all light that scatter at the same angle will be focused on the same point on the 

screen even though it comes from the different position. Both camera-1 and -2 are connected 

to the same controller for simultaneous recording. 

 The experiments are conducted with two liquids, water and ethanol, at room 

temperature and atmospheric pressure. The temperature and relative humidity of the 

surrounding are measured by a digital temperature-relative humidity meter (DIGICON HT-

770). The accuracies of the temperature and the relative humidity measurement are within 

0.1oC and 5% respectively. For the water droplet, a 125 -µm optical fiber is used as the 

suspender. In case of ethanol, three sizes of optical fiber (125, 250 and 400 µm) are used to 

compare the effect of the size of drop suspender. An experiment without laser is also 

conducted to investigate the effect of the laser on the evaporation rate; in this case only the 

imaging technique being available. The experiments are repeated three times for each size of 

suspender, with and without laser. The initial drop diameter is around 1.2-1.8 mm and is not 

the same for each experiment. 

 

3.1.2 Calibration 

Calibration is the most important process for this experiment as it directly affects the 

accuracy of the measurement results. For the shadow imaging technique, the calibration is 
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carried out to determine the magnification of the camera. In parallel, the pixel position of 

another camera is correlated with the scattering angle. 

q Camera for imaging technique 

A concentric circle reticle is used for the calibration. It consists of a centered 

crosshair and ten concentric circles, each spaced 1 mm apart, formed from the lines of 25 µm 

wide, as shown in Figure 3.2. The space between each circle is measured from the image in 

the pixel. Hence, the correlation between pixel and real distance (in mm) can be determined. 

In this case, the calibration result gives a pixel equal to 14 µm. Thus, the accuracy of this 

technique is 7 µm. 

 

	
  

Figure 3.1: The experimental setup 
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Figure 3.2: Image of the concentric circle reticle used in the calibration. 

This image gives a pixel = 14 µm. 

 

q Camera for rainbow technique  

The calibration is employed before the experiment to find the angle position of each 

pixel of the camera. The reflection mirror is used in the calibration. It is located at the 

position where the droplet is placed. The scattering angle is the angle of the reflected light 

referred to as the forward laser beam, which can be determined from the angle of the mirror 

as demonstrated in Fig. 3.3. To enable the mirror to be rotated in a very small and accurate 

angle, the mirror is installed on a fine adjustable rotator. When rotating the mirror in a small 

angle, the position of the reflected light appeared on the pixel of the camera changes.  

Fig. 3.4 shows the images of the reflected light when the mirror by is rotated in 0.2o 

steps. Then, the relation between scattering angle and pixel position can be determined from 

the linear regression of the plot of the scattering angle versus pixel position as shown in Fig. 

3.5. The relations of the pixel position and scattering angle for the water droplet and ethanol 

droplet are: 

 

water:  angle = -0.004847*pixel + 140.05, 

ethanol:  angle = -0.01198*pixel + 145.50. 
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Figure 3.3: The illustration of mirror calibration 

 

 

 
(475,20.1) (445,19.9) (413,19.7) (381,19.5) (348,19.3) (315,19.1) (282,18.9) 

 
(247,18.7) (214,18.5) (181,18.3) (146,18.1) (111,17.9) (78,17.7) (43,17.5) 

 

Figure 3.4: The recorded reflected light during the calibration. The number under the image 

is the coordinate pair of the pixel’s position and angle of the mirror, (pixel, θm). 
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Figure 3.5: The plot of the pixel position versus the scattering angle, θ = 180 - 2θm, for the 

ethanol measurement 

 

3.1.3 Image Processing 

The drop diameter can be measured from the recorded drop image. Edge detection is 

performed on the shadow image, and the maximum length between the two edges in the 

horizontal direction is taken as the diameter of the droplet, as shown in Fig. 3.6. The 

accuracy of the measured diameter is delimited by the width of the pixel, which is equal to 

14 µm for the current setup. 

 

 
 

Figure 3.6: The shadow image of the droplet (left) and the filtered image (right) for the 

diameter measurement 
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Image processing is carried out to extract the refractive index of the droplet. A 

Matlab code for image processing is written and works by the following steps: 

- Read an image as a matrix where the value of each element is the intensity of each 

pixel in the ith column and the jth line. In this case, size of matrix is 480×512, 

corresponding to the number of pixel of the camera. 

- Select the integration zone which is the 5 lines where the curvature of the rainbow 

signal is tangent to the vertical line, as demonstrated in Figure 3.7. 

- Average the intensity along the column and transform the pixel to the angle by using 

the relation from the calibration. Now, the vector of light intensity on the scattering 

angle, I(θ), is obtained. 

- Normalize the intensity by the maximum intensity and filter the signal to manage the 

noise and the high frequency signal. For the droplet in the millimeter scale, the 

amplitude of the main peaks and the supernumerary is much larger than that of the 

noise and the ripple structure (the high frequency signal). So that the effect of the 

filtering process on the accuracy of the extracted results is ignored. 

- Fit the filtered signal with the Airy Equation, which is reviewed in Appendix A, 

extract the refractive index by using the least-squared method. The plot of the 

original and the filtered signals with their best fit to the Airy Equation can be seen in 

Fig. 3.8.  
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Figure 3.7: The selection of integration zone for the inversion process 

 

 
Figure 3.8: The original and filtered rainbow signals with their best fit to the Airy Equation 
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3.2 Results and Discussion 

3.2.1 Water 

 Five sets of experiments were carried out. In the experiment, the water droplet is left 

to evaporate under room temperature. The sampling rate is 2 images per second at the first 1 

minute from the beginning. After that, the sampling rate is reduced to 1/120 images per 

second. The laser light illuminates on the droplet only 5-10 seconds during which the image 

is taken. The effect of laser power is ignored. The plot of D2 versus time of the evaporating 

droplet at an ambient temperature of 28.6 oC is shown to be a linear function following the 

D2-law, the classical evaporation theory (see Fig. 3.9). With the linear regression model 

being fit to the experimental data, the slope of the regression is called evaporation constant, 

β, of the evaporated liquid droplet. For this particular experimental test case, it is found that 

the evaporation constant is equal to 5.47 ×10-4 mm2/s. The D2-t relation is used as the 

template for evaluating the surface temperature of the droplet and the humidity ratio of the 

ambient moist air.   

 
Figure 3.9: D2-t plot of the drop evaporating in the surrounding air temperature,T∞ = 28.6oC; 

the slope or the evaporation constant being 5.47x10-4 mm2/s. At the same surrounding air 

temperature, the optimized value of humidity is 55.8%. 
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The curve of D2-t is resolved by using the evaporative model presented in Section 

2.1.3. To solve the numerical problem, the humidity ratio at the outer boundary is changed 

iteratively until the regression of D2-t plot obtained from the model coincide with that 

obtained from the image analyses, which is demonstrated in Fig. 3.9. The relative humidity 

obtained from the model, RHmodel, is found to be 55.8% and the surface temperature of the 

droplet, Ts,model, 22oC. The two properties are in accordance with the relative humidity and 

the adiabatic saturation temperature of the surrounding moist air respectively.  

To obtain the temperature and relative humidity experimentally and independently, 

the surface temperature, Ts,rb, is measured by the Rainbow Technique and the relative 

humidity, RHpsy, by a psychrometer. Their measured values are 23oC and 59.5% 

respectively. The results obtained from the two measurement methods are in very good 

agreement with those obtained from the imaging technique together with the evaporation 

model.  

Water, with its temperature being lower than the wet bulb temperature of the ambient 

air, is used to make a suspended droplet. The rainbow signal appears on the screen as 

interference fringes. The fringes are read into a matrix form, on the pixels of camera-2 as 

depicted in Fig. 3.10 (left). The pixel position on a selected row is calibrated into angular 

position. As can be seen from the horizontal axis of the horizontal axis of graph in Fig.3.10 

(right), the angular position spans about 3°. It can be remarked that since the screen is 

located at the focal plane of lens, all scattered light from the droplet of the same angle have 

been focused onto the same point on the screen even though they come from different 

position.  

Before the experiment, the water temperature was set at 0oC. During the sensible 

heating of the droplet, the measured refractive index, N, varied from 1.33542 to 1.33491. 

Thereafter the droplet evaporated and the value of 𝑁oscillated about the value at the upper 

limit (𝑁=1.33491), as plotted in Fig 3.11. The refractive index of the liquid relates directly to 

its temperature, the relations between them being given by P. Schiebener and J. Strab [26], 

see details in Appendix B. The droplet temperature, transformed from the measured 

refractive index of droplet, is shown in Fig. 3.12. It can be seen that during sensible heating 

the temperature of the droplet rises; that is in agreement with the experiment results of A. 

Fujita, et. al. [27]. When the temperature of the droplet reaches adiabatic saturation 
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temperature, the heat transfer to the droplet transforms into latent heating. At this state the 

droplet is saturated water with evaporation occurring at its surface. The measurement results 

confirm the assumption of the constant temperature of the droplet. It can be also implied that 

the temperature inside droplet is uniform. The measured temperature oscillates about the 

mean temperature at 19.3oC with a root mean square error of 0.586oC. One of the main 

causes of this sway in temperature is the oscillatory nature of the suspended droplet, which is 

in turn due to the fact that the droplet suspender is connected directly to the optical bench 

without any vibration absorber. The precision of the refractive index measurement is, 

however, up to the fourth decimal place. 

 

 

	
  

	
  
 

Figure 3.10: The images of the rainbow signals (left) and the radial distribution of the 

rainbow signal before and after filtering, and its best fit with the Airy Theory (right) 
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Figure 3.11: The history of the measured refractive indexes of water drop evaporated 

in the air at 27.3oC 

 

Table 3.1 summarizes the droplet evaporation constant, and the simulated and 

measured droplet surface temperatures and relative humidities under five different ambient 

temperature conditions, using the techniques mentioned earlier. For all cases, the surface 
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Figure 3.12: The temperature of water drop corresponding to the measured refractive index 

in Fig. 3.11. 
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temperature and the relative humidity obtained from different measurement techniques are in 

good agreement. The error of the temperature is lower than 6%. 

 

Table 3.1: The experimental condition and the measurement results 

 

Drop T∞ β×104 Ts,model RHmodel Ts,rb RHpsy 
No. oC mm2/s oC % oC % 
1 26.7 4.33 21.6 63.1 21.3 67.2 
2 27.4 6.42 19.7 47.5 18.6 49.6 
3 28.2 4.42 22.9 63.2 22.7 66.1 
4 28.6 5.47 22.0 55.8 23.0 59.5 
5 29.2 4.83 22.4 62.3 21.7 62.3 

  

 

 3.3.2 Ethanol 

The recorded images of a droplet suspended on three sizes of fiber optic, with and 

without using a laser are shown in Fig. 3.13. Three repetitions are carried out for each 

measurement condition. In case of the experiment with laser, the laser is turned on 

continuously during the imaging. The work of Haitao Yu et. al. [28] reveals that the rainbow 

pattern from the spheroidal droplet with the Airy theory can be used in the droplet 

characterization. Then, the deflection of droplet from the sphere due to the effect of the 

suspender is ignored. The initial size of droplet increases with the increase of the size of the 

suspender. Because of the surface tension, the droplet cannot be held at the tip of suspender 

but it stand on the length of the suspender. Therefore, the effect of the suspender must be 

considered. 
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 Dsuspender=125 µm Dsuspender=250 µm Dsuspender=400 µm 

with laser 

   

without laser 

   
 

Figure 3.13: The shadow images of the initial droplet suspended on three sizes of 

fiber optic with and without laser 

 

The measured drop diameters as a function of time are represented in Fig 3.14 for the 

fiber size 400 µm for with and without laser repeated three times. High degree repeatability 

of the experiments is found for every case of measurement. The plot shows the linear 

relation between diameter squared and time. The incidence of the laser light accelerates the 

evaporation rate of droplet. The linear regression is conducted to determine the evaporation 

constant, i.e. the average slope of the D2-t plot. The evaporation constants as a function of 

fiber diameter squared are plotted in Fig 3.15. It can be seen that the evaporation constant 

linearly depends on the suspender diameter squared, which is in agreement with the work of 

Patrice [21].  Following his work, the evaporation rate of droplet without the suspender is 

determined by extrapolating the evaporation constant to where the fiber diameter is zero. 

From this method, the evaporation constants of ethanol droplet without suspender, with and 

without laser, are 0.0142 and 0.0109 mm2/s, respectively. The calculated evaporation 

constant using the exact solution in Section 2.1.2 at the measurement condition being 0.0075 

mm2/s is underestimated.  

 



39 
 

 
Figure 3.14: Drop size history for the drop suspended on the 400 µm diameter fiber 

optic in the case of presence (solid mark) and absence (light mark) of laser. The air 

temperature is 32.5±0.5oC. 

 

 
Figure 3.15: The evaporation constant of the droplet suspended on different sizes of 

fiber optic 

  

0.5 

0.6 

0.7 

0.8 

0.9 

1 

1.1 

0 5 10 15 20 25 

D
2 /D

02 

t/D0
2 (s/mm2) 

y = 4E-08x + 0.0142 

y = 2E-08x + 0.0109 

0 

0.005 

0.01 

0.015 

0.02 

0.025 

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 

E
va

po
ra

tio
n 

co
ns

ta
nt

 (m
m

2 /s
) 

Fiber diameter squared (µm2)  

with laser 

without laser 



40 
 

The refractive index measured by the rainbow technique indicates the temperature of 

the droplet. The refractive index decreases when the liquid temperature increases. The 

diameter measurement results show that the laser light affects the evaporation rate of the 

liquid. However, it does not affect the surface temperature of droplet because that parameter 

is controlled by the ambient temperature and pressure. The histories of refractive index of 

the droplet are shown in Fig. 3.16. As can be seen, the refractive index increases 

continuously at the beginning, that is the temperature decreases. It is in agreement with the 

calculation result of the adiabatic saturation temperature, which is 2.8oC, while the initial 

liquid temperature is about 30oC. The same conclusion as the case of water droplet can be 

drawn. 
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Figure 3.16: The measured refractive indexes of the ethanol droplet evaporated in 

32.5±0.5oC ambient air with three times repetitions for each fiber optic size 
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CHAPTER 4 

EVAPORATION OF DROPLETS 

 

 A study on the evaporation of a single drop enables us to have a better understanding 

of the phenomena of heat and mass transfer through the drop surface. To be closer to the 

realistic situation of fuel spray combustion, the evaporation of droplets in spray is 

considered. For this purpose a mono-disperse droplet generator, which generates fairly 

constant and predictable drop size, has been developed and used in many spray studies [20, 

29-32]. To measure tiny size change, approaches based on the characteristics of the light 

scattered around the rainbow angle have the potential to measure both the temperature and 

size of droplets. Although very accurate size measurement can be carried out with standard 

rainbow technique when using appropriate signal processing [33] the accuracy is not 

sufficient to quantify evaporation rate as very tiny diameter change must be measured. 

Section 4.1 proposes a new strategy to measure the droplet temperature, size and size change 

with nanometric accuracy, which are in turn used to estimate the evaporation constant of the 

evaporating droplets. The experimental setup and methodology are presented in Section 4.2. 

The measurement results of ethanol are presented and discussed in Section 4.3. 

 

4.1 One-Dimension Rainbow Technique (ORT) 

 

The One-dimensional Rainbow Technique (ORT) has recently been introduced to 

measure the mean temperature and size distribution behavior along the line [34]. The 

technique is the modification of the classical Global Rainbow Technique (GRT), enabling it 

to make line measurements. In this research, ORT is used to measure the droplet diameter at 

different levels to calculate the evaporation rate. The experimental setup is similar to the 

work of Wu et. al. [34] but mono-disperse droplet is used instead of liquid spray. The 

concept and experimental setup is demonstrated in Fig. 4.1. The laser beam is transformed to 

the laser sheet by using the cylindrical lens. The laser sheet is vertical and coincide with a 

line of mono-disperse droplets. The setup of the optical train is the same as in the GRT, as 

explained in Section 2.2.2. The horizontal slit is added at the front of the 1st lens to collect 

the light scattered from droplets at the specified range of the vertical level. The second lens 
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conjugates the rainbow pattern on the screen. Used with the mono-disperse drop generator, a 

number of droplets along the drop array is illuminated by the laser sheet. The ribbon of 

rainbow pattern appearing on the screen is a sequence of rainbow signal emanating from the 

droplet at different positions along the line. Therefore, in only one time measurement, size 

and refractive index of the droplets at different levels can be obtained. 

 

 

 
 

Figure 4.1: One-dimension Rainbow Technique setup 

 

4.1.1 Rainbow Characteristics vs. Droplet Diameter 

First of all, the effect of drop diameter to the rainbow signal is studied. The rainbow 

signal is simulated in the framework of the Lorenz-Mie Theory. The rainbow characteristic 

depends on two parameters, the drop diameter and the refractive index. The position of the 

rainbow (rainbow angle) depends on the refractive index while the distance between the low 

frequency peaks (supernumerary peaks) depends on the diameter of droplet; see the details in 

section 2.2. The high frequency or the ripple structure changes phase when the droplet 

diameter changes as small as 0.01 µm. Fig 4.2 shows the rainbow pattern simulated from the 

calculation program developed at CORIA based on the Lorenz-Mie theory for the refractive 
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index N=1.3600 and the droplets of 99.90, 99.96, 100.02 and 100.08 µm diameter. It is 

found that if we keep increasing the drop diameter, the ripple phase will coincide with the 

initial diameter, for example, as in case of drop diameter 99.90 µm and 100.08 µm. This 

means that the correlation between the phase difference and diameter difference is a periodic 

function.  

The rainbow signal is simulated based on the Lorenz-Mie Theory by varying 

diameter and refractive index. Since the droplet diameter used in the experiment is 

approximately 100 µm then drop diameter is varied from 99 µm to 101 µm with the 

increment by 0.01 µm. The 100- µm diameter is assigned as a reference diameter. The phase 

shift of the ripple structure of any diameter compared with the reference diameter is 

determined using the cross spectral density function [35] as detailed in Appendix C. 

Reference diameters at 80 and 120 µm are also simulated in order to see the effect of the 

absolute diameter. The phase shift versus diameter difference is shown in Fig. 4.3. It can be 

seen that, at diameter ranges from 80-120 µm the relations of phase difference and diameter 

difference are similar.  

 

 

Figure 4.2: The simulated rainbow pattern based on the Lorenz-Mie Theory for the 
refractive index N=1.3600 and with droplet diameter varied from 99.90 µm to 100.08 µm 
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Figure 4.3: Phase shift of ripple structure versus diameter difference for droplet size 80-120 

µm and refractive index 1.3600  

 

The linear regression of Fig. 4.3 gives the correlation of phase shift and diameter 

change. In the range of one period (0 ≤ δθ ≤ 2π), the relation can be written as: 

 Dδδθ 30−= ;       098.0≤Dδ  µm. (4.1) 

When evaporation is the main purpose, the reduction of the diameter is considered. The 

change of diameter as a function of phase shift for the drop diameter 100±20 µm can be 

written as: 
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The relation can be used only for the case where the diameter decreases are smaller than 0.2 

µm. The effects of refractive index have also been studied. It is found that this equation can 

be used for the refractive index range from 1.3500 to 1.3700 at the same range of diameter. 
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4.2 Experimental Setup 

4.2.1 Mono-Disperse Drop Generator System 

The MTG-01-G2 droplet generator made by FMP TECHNOLOGY GmbH type is 

used in this research. It uses the high frequency sound wave to break the liquid jet into a line 

of droplets. It has been developed for the generation of droplets with a constant and 

predictable size. The generated droplets can be from 40 µm up to 1000 µm in diameter, 

depending on the size of the pinhole and the operating parameters. The fluid is contained in a 

liquid feeder, the volume flow rate of which can be precisely adjusted. A filter is installed to 

trap contaminated particles to prevent clogging at the pinhole. The signal generator is 

connected to the piezo-ceramic vibrating element to break up the liquid jet into the line of 

droplets. In order to obtain stable and spherical droplets, operating parameters, such as the 

flow rate and the excitation frequency, have to be adjusted to appropriate conditions. The 

calculation of the operating parameters has been provided by the manufacturer and is 

reviewed in Appendix D. For this experiment, a 50 µm pinhole is used. The volume flow 

rate and the excitation frequency are 0.6 ml/min and 12-15 kHz, respectively. Corresponding 

to those parameters, the diameter of droplet is about 100-120 µm. 

 4.2.2 ORT Setup 

The laser beam is transformed into a laser sheet by using a cylindrical lens. The 

horizontal slit is placed at the front of the 1st lens that allows us to collect the light scattered 

from droplet at the specified range of the vertical level. The experiments were carried out at 

the laboratory of CORIA-CNRS, France. The setup is shown in Fig 4.4. The diameter and 

focal length of the lenses used in this experiment are 75 mm and 150 mm, respectively. The 

distance between the measurement plane and the 1st lens and between 1st lens and 2nd lens 

are about 290 mm and 380 mm, respectively. The center of the measurement volume is at 50 

mm away from the nozzle. The width of the front slit is 2 mm. The camera used in this 

experiment is 2048×2048 pixel2 CCD camera. The exposure time is 60 ms and sampling rate 

is 15 frame/s. 
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Figure 4.4: Experimental setup of ORT 

 

  4.2.3 Calibration 

 The vertical position of the rainbow signal appeared on the CCD camera 

corresponding to the vertical position of the droplet in the line measurement volume that was 

determined prior to the experiment. The schematic diagram of the calibration setup is shown 

in Fig 4.5. In the calibration, a piece of paper is put close to the line of droplet to obstruct the 

scattered light. The nozzle of the drop generator is installed on a micro-translator for vertical 

adjustment. When the nozzle is moved vertically at distance y, the edge of the paper appears 

on the screen with position y’. The corresponding pixel position in the recorded image is 

localized. The integrated rows corresponding to the distance y are presented in Table 4.1. 
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Figure 4.5: The calibration for the vertical distance of droplet 

 

Table 4.1: The integrated rows corresponding to the vertical distance y of droplet 

 

y (mm) range of pixel 

0 680-700 

1 720-740 

2 760-780 

3 800-820 

4 840-860 

5 880-900 

6 920-940 

7 960-980 

8 1000-1020 
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4.2.4 Data Extraction 

 A Matlab code is written to read the recorded rainbow image and calculate the phase 

shift and the diameter change. In the program, the image is read as a matrix size 2048×2048. 

From the calibration data in Table 4.1, the matrix is divided into 9 matrixes of size 21×2048. 

In each matrix, the intensity is averaged along the column; then 9 vectors of intensity 

distribution are obtained. The first vector at the top is assigned as the reference signal. Then, 

phase differences of the obtained 9 signals compared with the reference signal are 

calculated. Using the relation in Eq. 4.2, the diameter differences are determined. To test the 

calculation code, simulated rainbow image is used as the input data. The rainbow simulation 

program based on Lorenz-Mie theory is used in which the rainbow orders p=1 to p=10 are 

taken into account. We locate the simulated rainbow at row 680th to row 1020th of the 

camera size 2048×2048 pixel2. The drop diameter is reduced by 0.2 nm within one row. The 

refractive index is 1.3600 and the initial drop diameter is 100 µm. The simulated rainbow 

image is shown in Fig. 4.6. The diameter differences calculated from the simulated rainbow 

image compared with the simulated diameters are shown in Fig. 4.7 with the rainbow signal 

at row 690th being the reference signal. 

 

 
Figure 4.6: The simulated rainbow image of the droplet with refractive index 1.3600 and 

diameter decreases 0.2 nm in one row of pixels 
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Figure 4.7: Drop diameter difference computed from the image in Fig. 4.6 compared to the 

simulated conditions 

 

4.3 Results and Discussion 

 The line of ethanol droplets is left to evaporate under the room temperature at 20oC. 

The 5 series of experiments is repeated under the same conditions. In each series, 100 

images are recorded continuously in 6.7 seconds. The typical rainbow image is shown in 

Fig. 4.8. The angle of ripple structure due to evaporation can be observed. From the top to 

bottom, the ripple structure moves from left (lower scattering angle) to the right (higher 

scattering angle) due to the decreasing of droplet diameter. The intensity distribution at the 

difference level is plotted in Fig. 4.9.  
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Figure 4.8: The recorded rainbow image and the selection of the integrated row 

 

 
Figure 4.9: The intensity distribution of the rainbow signal at each level 

 

4.3.1 Diameter Difference 

 The averaged diameter difference obtained from the 500 images is plotted with the 

standard deviation in Fig. 4.10. The deviation of the diameter mainly comes from the 

oscillation of the mono-disperse droplets. As can be seen, the drop diameter decreases only 
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65 nm in 8 mm length. The results show the ability of ORT to measure a very small change 

of diameter with the maximum standard deviation at 7.7%. 

  

 
Figure 4.10: The averaged diameter difference obtained from 500 images with the standard 

deviation 

 

4.3.2 Evaporation Constant 

We apply the D2-law of evaporation to estimate the evaporation constant from the 

known drop diameter difference as 

 tDDD βδ −=− 2
0

2
0 )( ), (4.3) 

The absolute diameter, D0, is estimated from the following equation: 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

f
udD
2
3 2

0 , (4.4) 

where d and f  is the pinhole diameter and the excitation frequency, respectively. The jet 

velocity, u, can be calculated by: 

 
2

4
d
Vu

π

!
= , (4.5) 
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when V! is the volume flow rate. The time of evaporation is estimated from the velocity of 

the droplet. It was assumed to be equal to the jet velocity, u. Then, the vertical level of 

droplet, y, can be converted to the time, t, as: 

 
u
yt =  (4.6) 

Then, the D2-t plot can be performed. As shown in Fig. 4.11, the linear regression can be 

fitted very well with the D2-t plot. For the 500 images of the rainbow signal, the evaporation 

constant of ethanol evaporated into the air at 20oC is 0.008483±0.000513 mm2/s. 

 

 
Figure 4.11: An example of D2-t plot from the obtained diameter difference and the 

approximated D0=100 µm and u=5.1 m/s 

 



 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

The development of an evaporation model based on the assumption of uniform and 

constant temperature (infinite conductivity of liquid) is the focus of this study. The states of 

fuel vapor at the interface such as surface temperature and partial pressure, can be estimated 

using the concept of the adiabatic saturation process. The exact solutions to the one-

dimensional heat and mass transfer equations coupling with the mass continuity equation 

give the classical law of evaporation, namely D2 law. These solutions can be used to 

calculate the evaporation constant of a droplet of pure substance. A numerical method has 

also been applied in the mass and heat transfer equation to determine the temperature and 

concentration gradient of fuel vapor from drop surface to the vicinity. It was found that the 

states of fuel vapor at the drop surface are controlled only by the ambient pressure and 

temperature. 

The history of drop diameter and refractive index of the suspended drop water and 

ethanol under room temperature was measured by using the imaging technique and the 

Rainbow Technique. In the case of water, the value of the evaporation constant and the 

temperature obtained from the measurement and numerical model are in the good agreement. 

The relative humidity of the surrounding air has a significant effect on the evaporation of 

water drop. In case of ethanol, the effect of the suspender and laser power cannot be ignored. 

The presence of the fiber suspender and laser light increases the evaporation rate of ethanol 

droplet. The evaporation model is shown to underestimate the evaporation constant. The 

temperature of droplet is always the adiabatic saturation temperature of liquid that depends 

only on the ambient conditions. The transition in temperature occurs when the initial drop 

diameter is not the adiabatic saturation temperature. 

The One-dimension Rainbow Technique (ORT) has the potential to measure the 

change in size of droplets in the line by observing the ripple structure. The rainbow angles 

do not significantly change during evaporation implying that the temperature of droplet is 

constant. With the approximated absolute drop diameter and the calculated droplet velocity, 

the plot of diameter squared versus time has been performed. The plot shows good linear 

regression and conforms to the D2-law of evaporation. The slopes of regression lines 



55 
 

represent the evaporation constants. The future work and the limitations of the techniques 

are described in Sections 5.1 and 5.2. 

 

5.1 Future work 

The One-dimensional Rainbow Technique has been successfully used to measure the 

evaporation rate of fuel spray in the form of monodisperse droplets. To realize the fuel 

combustion, the evaporation of liquid fuel under high temperature or in an combustion flame 

should be investigated.  

 

5.2 Limitations 

ORT is a technique that can be used to measure the change of size and refractive 

index of a line of droplets. For pure substance liquid, the obtained refractive index can be 

used to calculate the temperature of droplet if the relation between refractive index and 

temperature is available. In case of multicomponent liquid, the refractive index is a function 

of two parameters, temperature and composition, leading to the complexity in data 

extraction. Knowing the initial composition and temperature and evaporated mass calculated 

from the diameter change of droplet may allow us to estimate the temperature and 

composition of droplet during evaporation using the numerical method. However, the 

lacking of the relation between the refractive index and temperature and composition limits 

this technique to some liquid. In this work, the imaginary part of the refractive index is 

omitted because the liquid is highly transparent. Since the intensity of the detected signal is 

low when the imaginary part of liquid is high, the rainbow technique is limited with the 

liquid that consists of high imaginary part of refractive index. 
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APPENDIXES 

 

Appendix A: Airy Approximation 

 

The Airy Theory is a scalar theory that describes the scattering of rays experimenting 

k internal reflections before leaving the spherical particle, but in a angular region close to the 

geometrical rainbow of order p. The Airy Theory is known to have a very limited range of 

application (α > 5000, θ-θR < 0.5o). The scattered intensity is given by: 

 𝐼 𝜃,𝛼 = (𝜀!)!    
!"

!"!!!!

!/!
  cos 𝜏!    𝛼! !    𝐴!! 𝑧   /     sin𝜃! , (A1) 

where Ai is the Airy function and z is: 

 𝑧 = −𝑞 !"
!!!

! !
𝛼! !   𝜃 − 𝜃! , (A2) 

q is an integer equal to +1 or -1 in such a way that the rainbow angle is defined between 0 

and π, and verify 2πl + qθR = (τp - pτ’p) with l an integer. τp  and τ’p are the complements of 

incident and refraction angles of the incident rainbow ray for p-1 internal reflection. N is the 

refractive index. 

 

 tan 𝜏! =
!!!!
!!!!!

! !
, (A3) 

  tan 𝜏′! =
!! !!!!
!!!!!

! !
, (A4)  

 

h is given by: 

  ℎ = !!!!
!

!! !!!!
!!!!!

!!!!

! !
, (A5) 

ε1 is given by: 

  𝜀! = 1− 𝑟!! 𝑟! !!! , (A6) 

with: 
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  𝑟! =
!"# !!!!!!
!"# !!!!!!

, (A7) 

 and the rainbow angle, θR, is calculated according to the theory of Descartes as: 

  𝜃! = 2 𝑝 cos!! !
!

1− !!!!
!!!!

− sin!! !!!!
!!!!

. (A8) 

For the first and second rainbow, the order number, p, is 2 and 3, respectively. 

 

Appendix B: Refractive Index of Water as a Function of Temperature [26] 

 

The formulation of the wavelength, temperature and density dependence of the 

Lorenz-Lorenz function of light water and steam is: 
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where 
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Note that the ranges of the three independent variables that have been used in the fit for such 

coefficients are: 

Temperature: CT o2250 <<  

Density: 10600 << ρ kg/m3 

Wavelength: µλ 5.22.0 << m 
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The refractive index of water at the wavelength 532 nm and temperature 0-30oC is plotted in 

Fig. A1. 

	
  

Figure A1: The refractive index of water at the wavelength 532 nm calculated from the 

relation formulated by Schiebener 

 

 

Appendix C: Cross-Spectral Density Function for Phase Shift Determination [35] 

 

The phase difference can be computed directly from the two signals by using a Fast-

Fourier transformation such as: 

  𝐺!" 𝑓! = !∆!
!

𝑋!∗𝑌!   ; 𝑘 = 0, 1, 2,… ,𝑁 − 1 (A10) 

 𝑓! =
!
!∆!

 (A11) 

where Xk and Yk are the discrete Fourier transformation (DFT) of the signals x(nΔt) and 

y(nΔt) respectively. The cross-spectral density function (CSD) is the series of the complex 
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number consisting of the coincidence spectrum (real part) and quadrature spectrum 

(imaginary part), which can be written as: 

  𝐺!" 𝑓 = 𝐶!" 𝑓 + 𝑗𝑄!" 𝑓  (A12) 

The magnitude and phase angle of that function can be determined by: 

  𝐺!"(𝑓) = 𝐶!"! 𝑓 + 𝑄!"! 𝑓  (A13) 

  𝜃!" 𝑓 = 𝑡𝑎𝑛!! !!"(!)
!!"(!)

 (A14) 

The Doppler frequency is identified by the peak of the magnitude of Gxy. Accordingly, the 

phase difference can be calculated via Equation (5). The resolution of the frequency 

measurement is limited by the sampling time, Δt, and the length or number of signal, N, as: 

  𝑅 = !
!∆!

 (A15) 

Therefore, to improve the accuracy of the obtained frequency, the points around the 

peak of 𝐺!"(𝑓)  are fitted to the parabolic function. Then, the vertex of the parabola is 

analytically determined as the Doppler frequency. 

 

Appendix D: The Operating Parameter for Monodisperse Droplet Generator 

 

(1) Theoretical Basics for Calculation of Process Parameter 

The parameters that control the droplet formation are the size of pinhole, the 

excitation frequency and the liquid velocity or the flow rate. The stability criteria can be 

reached when the wavelength of deformation on jet surface is bigger than the circumference 

of the jet; 

 !!
!!
≥ 𝜋𝐷 (A16) 

where uD is the jet velocity, fG is the excitation frequency and D is the pinhole diameter. The 

used scattering wave, which influences the fluid jet, produces droplets of the same size and 

predictable diameter D, if the dimensionless wavelength k is located at 0.3≤k≤0.9, where 
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 𝑘 = !"!!
!!

 (A17) 

From the equation above, the range of the excitation frequency, which can be used to create 

the monodisperse droplet, can be solved as: 

 !.!!!
!"

≤ 𝑓! ≤
!.!!!
!"

 (A18) 

Then, the diameter of droplet, d, can be calculated from the following equation; 

 𝑑 = !!!!!

!!!

!/!
 (A19) 

 (2) Parameter selection 

 In case that the droplet diameter is desired, the selection can be done by the 

following step;  

- The pinhole diameter  

The pinhole diameter becomes the first parameter that should be selected properly, 

because it limits the droplet diameter. According to Equation A19, the droplet diameter, d, 

can be written in term of dimensionless wavelength, k, and pinhole diameter, D, as: 

 d = D !"
!"

!/!
 (A20) 

Since k should be located at 0.3≤k≤0.9, the range of the pinhole diameter becomes 

 0.40d ≤ D ≤ 0.57d (A21) 

- The liquid flow rate 

The flow rate for each size of pinhole provided by TSI Incorporated is used as a 

guide to approximate the liquid flow rate. As shown in Fig. A2, the 2nd order polynomial 

function is fitted with this data in order to determine the relation between the pinhole 

diameter and the flow rate. From the curve fitting, the obtained relation is: 

 V = 2.1974×10!! ∙ D! − 5.8363×10!! ∙ D+ 0.0617 (A22) 

where V  is the volume flow rate in cm3/min and D is diameter in µm.  

 

 

- The excitation frequency 

The range of the excitation frequency can be calculated from Equation A18, where 

the jet velocity is determined from the volume flow rate as: 
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 u! =
!
!

 (A23) 

where A is the cross section area, in this case is the area of the pinhole, that is 

  A = !!!

!
 (A24) 

  

 
Figure A2: The volume flow rate for each orifice diameter provided by TSI Incorporated 

and its best curve fit 

 


