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Preface 

In the fall of 2011 I began my studies towards the M.Sc. degree in the Faculty of 

Engineering in the Bar Ilan University under the supervision of Dr. Avi Zadok. Avi had 

suggested few research options, and I began scouting. I worked with non-linear phenomena in 

chalcogenide glasses and photonic crystal fibers for few months before Avi came with three 

samples of micro machined fiber micro cells (MC), a contribution from Denis Donlagic from the 

University of Maribor, Slovenia. The initial purpose was to repeat a known experiment: fill the 

MC with fluid, heat up the fluid and measure the spectral transmission changes. The long-term 

goal was to do a surface modification to the MC inner walls for the purpose of advance 

spectroscopy.  

From the three samples, two were partially damaged in the handling process, but the third 

one was treated with good care. As a part of the fluid experiments, I filled the MC with optical 

oil, and measured the spectral changes subject to temperature variations. At the end, I tried to 

remove the leftovers of the oil from the MC, so I dipped the MC in ethanol. By chance, the 

device was still connected to the setup. I was appalled: the detector showed no signal, suggesting 

that this sample was broken as well! Quickly, my fear turned to wonder, as suddenly the readout 

changed back to normal values. I suspected that dirt was trapped inside the MC, blocked the light 

path, and the ethanol washed it away. However, when I repeated the experiment one more time it 

happened again. 

Careful characterization followed: detectors, fluids and angles were tested, and half an 

hour later the conclusion was final: when the MC is filled with a volatile liquid, the transient 

between ‘full of liquid’ to ‘full of air’ is accompanied by a significant power loss. Avi was 

impressed with the reputability of the phenomenon and with the wide dynamic range of 50 dB(!), 



 

 

and our literature review suggested that the monitoring of evaporation using optical fibers was 

never addressed before. Hence, a green light was given towards further investigation.  

Along with modeling the losses during the evaporation from the MC, a similar study 

began on the evaporation from a fiber tip. Since the theory of the monitoring from a fiber tip 

technique is relatively simple, most of the efforts had been invested in performing a broad set of 

experiments and analysis. Surface modification of the fiber tip was implemented, setting the path 

for many more interesting results. Unfortunately, my background in analytical-chemistry and 

physical-chemistry is limited, so these aspects are addressed in a more phenomenological 

perspective. Nevertheless, I hope that both engineering-oriented and chemistry-inclined readers 

will enjoy the reading of this work.  

 

Eyal Preter 
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 Abstract 

Evaporation is the transition from the liquid phase to the gas phase that occurs at a 

temperature below the boiling point at a given pressure. Monitoring the dynamics of droplet 

evaporation has diverse potential applications, such as surface characterization and combustion 

efficiency of fuels. In most cases, evaporation is monitored through direct visual observation or 

by micro-gravimeters. These techniques provide high accuracy, however they are inadequate for 

sub nano-liter droplets and require auxiliary equipment in the immediate surroundings of the 

liquid under test. 

This work proposes the fiber-optic monitoring of the evaporation process, based on the 

dynamically-varying interaction between the fluid, the surface to which it is applied and its 

surroundings. Optical fibers constitute an exceptional sensing platform. They provide remote 

access to potentially harsh environments, and can be readily embedded within a structure under 

test. Due to their small cross-section, they may serve as minimally-intrusive, bio-compatible 

probes. However, the commonly observed quantities in the fiber optic monitoring of fluids are 

either their refractive index or their absorption spectrum. 

In one method, the transmission of light through an all-fiber micro-cavity (MCs) filled 

with fluid is monitored. All-fiber micro-machined microcells are narrow, elongated cavities 

embedded in a standard single mode fiber. As the fluid evaporates from within the MC, a 

discontinuity in the refractive index is formed at the boundary between the receding fluid and the 

ambient air. When the index discontinuity crosses the path of light through the MC, a substantial 

fraction of the incident optical power is refracted out of the MC. The refraction occurs on a sub-

second time scale, and it is associated with temporary propagation losses of as much as 50 dB. 
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We have modeled the propagation of light through the MC during fluid evaporation using 

both ray-tracing and wave-front propagation analysis. The results of the simulations corroborate 

well with the experimentally observed temporal losses. Based on measurements of the transient 

propagation losses, we were able to distinguish between ethanol, acetone and hexane as sample 

test liquids, and to recognize a mixture of ethanol and hexane. 10 Cascaded MCs along a single 

fiber were utilized for a quasi-distributed monitoring of evaporation. The association of 

pronounced transient transmission losses with refraction at the receding boundary between 

refractive indices was further verified in several control experiments, which included direct 

observation of the MC through an optical microscope, in synchronization with the output power 

measurements. 

A second method for evaporation monitoring was proposed and implemented as well. A 

small pendent droplet of fluid at the cleaved tip of a standard fiber makes for a low-quality 

resonator. The combined reflections from the fiber-fluid boundary and the fluid-air boundary 

introduce interference. As the droplet evaporates, the thickness of the intermediate fluid layer 

varies and fringes are introduced. Fringe counting can effectively reconstruct the instantaneous 

size of the droplet and its rate of evaporation, which in turn convey information on the fluid 

itself, its environment and the surface properties of the fiber. 

Initial experiments were carried out alongside video monitoring, for validation purposes. 

The droplet length change during evaporation was calculated using both methods, and close 

agreement was found. In a series of tests, we have corroborated a previously proposed 

assumption, which stated that the volume of sub nano-liter evaporating water droplets decreases 

linearly with time. The evaporation of water – ethanol binary mixtures was studied, and three 

different evaporation phases were identified in the process. The evaporation rate in the first 
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phase was found to be linearly dependent in the initial relative concentration of water. The 

mixing ratio could be estimated with 2% accuracy. The influence of the ambient temperature and 

the power of the interrogating laser light were investigated as well. 

Last, we deposited a one molecule-thick hydrophobic coating on a standard fiber tip. A 

significant difference was observed between water evaporation from a bare fiber and a coated 

fiber. Based on a comparative study of 10 organic solvents, we concluded that the impact of the 

surface on the evaporation is related to the polarity of the liquid. A clustering analysis of the 

initial droplet length and the evaporation time using both bare fiber and coated fiber was able to 

properly categorize the ten solvents.  

In conclusion, in this work I present two new methods for the monitoring the evaporation 

of small volumes of fluids using optical fibers. Both are relatively simple to implement, and 

require no instrumentation in the immediate vicinity of the fluid. The measurements can assess 

droplet length, the instantaneous rate and overall duration of evaporation. They can also 

distinguish between solvents and identify mixtures, and they provide a useful analytical tool for 

the characterization of surface treatments. Both methods provide an optical means to distinguish 

between fluids based on physical properties other than their refractive indices. 
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1. Introduction 

1.1 Evaporation 

Evaporation is a transition from the liquid phase to the gas phase that occurs at 

temperatures below the boiling point at a given pressure [1]. All of us come across this 

phenomenon in everyday life. The most trivial example is laundry hanging up to dry. Clearly, a 

hot sunny day is a better day for laundry then a freezing evening. Nevertheless, in both cases the 

main mechanism that removes the water from the clothes is evaporation.  

Since the early twentieth century, researchers have been studying the parameters that 

affect evaporations. Evaporation occurs when fluid molecules near the boundary with 

surrounding air are moving in the proper direction and have enough thermal energy to escape 

from the liquid [2]. Heat and mass transfer equations that govern droplet evaporation are 

presented in the fundamental evaporation study of Marshall and Ranz [3]. These are beyond the 

scope of this work. Generally speaking, evaporation is related to properties of the fluid itself, the 

ambient environment and the surface on which the fluid is applied. Fluid-related parameters 

include temperature and intermolecular interaction phenomena such as diffusion [4], convection 

(internal heat gradients) [5] and magnetic forces [6]. In the category of ambient environment, we 

can identify the parameters of surroundings temperature, pressure, air flow rate, gravity and the 

concentration of gas molecules of the substance evaporating and of other substances. In the case 

of water, the last factor is usually known as relative humidity [4, 7].  

In general, we can distinguish between: a) evaporation from reservoir; and b) evaporation 

of droplets [8]. In reservoirs, such as seas, lakes and even a glass of water, the surface of the 

fluid is relatively flat and the vessel-specific parameters have minimal influence on the 

evaporation dynamics. In the case of droplets evaporation an additional subdivision is suggested, 
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between ‘chained droplets’ and ‘free droplets’ (or sprays). A ‘chained droplet’ is a droplet that is 

in contact with a solid surface. This study is limited to sessile and chained droplets, in which the 

interface between surface and fluid also effects the evaporation.  

According to the literature, wherever a fluid is present evaporation is present to some 

extent. Evaporation is important, for instance, in vegetation studies [9], where water droplets 

evaporate from the plant. It is also significant in the context of climatography [10] and 

environmental studies: The minimum level of the Dead Sea was predicted to reach 500 meters 

below sea level, based on the evaporation properties of the salty lake [11]. Monitoring the 

dynamics of droplet evaporation has diverse potential applications, such as in inkjet printing 

[12], cooling of electronic circuits [13] and medical analysis of tears in the eye [14]. A special 

technique for monolayer deposition has been demonstrated in [15], based on the evaporation of a 

droplet of colloidal solution of nanoparticles. Moreover, most types of heat engines, including 

diesel engines, employ liquid fuels. A high rate of evaporation in the combustion zone is needed, 

and numerous studies are dedicated to that purpose [16, 17].  

There are several methods for droplet evaporation monitoring. The first method proposed 

was based on measuring the changes in weight during the process [18]. In the past, this technique 

was limited by the sensitivities of mass scales. During the last decades micro-gravimters have 

much improved, and provide good accuracy [19, 20, 21]. Nowadays, the most common way to 

monitor evaporation is through visual observation using magnification and recording equipment, 

sometime known as contact angle goniometry [3, 22, 23]. In this context, a contact angle 

goniometer is an instrument that provides direct observation of the droplet, alongside calculation 

of the angle formed between the droplet and the surface. Analysis of the captured evaporation 

video allows for the calculation of the evaporation rate. In this work, a video-based optical 
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contact angle measurement system (OCA) by dataphysics was used (Figure 1). This method 

gives good accuracy as long as the size of the droplets is much larger than the pixel-size-limited 

spatial resolution of a few microns, and the rates of evaporation are sufficiently slower than the 

frame rate of 25 per-second.  

 

Evaporation of droplets had been measured with micro-cantilevers [24], micro-

mechanical resonators and atomic force microscopes with excellent precision [25]. In [26], time 

resolved infrared spectroscopy was used to monitor the evaporation of ethanol and water 

droplets. All of the above methods require auxiliary instrumentation in the immediate 

surroundings of the monitored fluid, such as cameras, read-out circuit-boards and cabling. 

Goniometry analysis often requires image processing software as well. 

To conclude this subsection, an interesting example of real-life evaporation experiment 

will be described. Reduced gravity conditions can suppress the natural convection of the droplet, 

and hence affect evaporation dynamics [27]. Nomura et. al. observed the behavior of fuel droplet 

evaporation in low-gravity, high-temperature and high-pressure conditions [27]. Figure 2 shows 

the schematics of the experimental setup. One of their experiments was performed in a high-

Figure 1: Video-based optical contact angle measuring system 

 

Figure 1: Video-based optical contact angle measurement system. The droplet is placed in front of microscope, and 

its image can be recorded.  
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pressure chamber full of nitrogen gas. They placed windows in the chamber and used a video 

recorder, CCD camera, lenses and mirrors to get a visual observation on the evaporating droplet. 

The droplet was generated using a droplet generator, and then elevated into an electric furnace. 

Finally, this entire complex (chamber + utility instrumentation) was thrown from a 110 meters 

tower, to realize low-gravity conditions (less than 1/1000 of the earth’s normal gravity).  

 

Nomura’s work is described here not only as a nice curiosity. For a droplet holder they 

used… a silica fiber! In this work we will see how a fiber can be used as an evaporation sensor, 

and not only a ‘droplet holder’. 

Figure 2: Example of experimental setup for fuel evaporation measurement 

 

Figure 2: Schematic illustration of the setup for the measurements of fuel droplets evaporation in extreme 

conditions. 1) Exhaust pipe. 2)    cylinder. 3) Telemetry and command system [27] 
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1.2 Optical fiber sensing  

The first appearance of an optical fiber in a sensing patent was 46 ago [28]. While optical 

fiber sensors (OFS) have not experienced the dramatic commercial success of optical fiber 

communications, they have been continuously and extensively studied. In optical fiber sensing, 

the sensing element modulates some parameters of the optical system, which gives rise to a 

change in the characteristics of the optical signal received at the detector. The sensing element 

may be the fiber itself, a unique probe or a collection of peripheral devices. A propagating light 

wave has four primary physical attributes: amplitude, phase, frequency and 

polarization/orientation. The OFS detects changes in one (or more) of these parameters, and 

associates those change with variations in one or more measured quantities of interest. These 

quantities include temperature, stress, strain, vibrations, sound, electric and magnetic fields, 

presence and concentration of biological and chemical species, radiation, and more [29].   

Optical fibers constitute an exceptional sensing platform. They carry light over arbitrarily 

long distances, and hence provide remote access to harsh environments. They are intrinsically 

small and light-weight, therefore they can also be readily embedded within structures, and may 

serve as minimally-intrusive, bio-compatible probes. Being dielectric, optical fibers are immune 

to electromagnetic interference [30].   

OFS can be roughly categorized as either intrinsic or extrinsic. In an intrinsic OFS the 

object of measurement acts directly on the fiber and results in non-permanent mechanical 

changes in the fiber. The mechanical changes are due to temperature or pressure (including strain 

and rotation), and can vary the dielectric constant of the fiber or its physical length. On the other 

hand, in extrinsic OFSs the observed parameter acts on an external transduction element. In other 

words, the fiber is used to couple the light to and from the area in which it is influenced by the 

environment [31]. Numerous different transduction elements have already been utilized, such as 
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reflecting surfaces [32], thin film coatings [33], or luminescent micro-beads [34], to name but a 

few. Later on we will see that the proposed techniques of fiber optic fluid evaporation sensing 

are extrinsic in nature. 

Most OFSs are discrete, meaning that they allow for the interrogation of specific, pre-

designed locations that are connected by passive fiber leads. Discrete sensors can be cascaded to 

provide quasi-distributed measurements of a series of points [35]. Many discrete sensors are 

based on local modifications or interventions in the fiber structure, which also serve as forms of 

transduction elements, such as fiber Bragg gratings (FBGs) [36], interferometric configurations 

[37], or micro-machining [38]. Other sensing platforms, most notably Brillouin scattering-based 

sensing of strain and temperature [39], Raman scattering-based temperature measurements [40], 

and Rayleigh back-scatter analysis [41], allow for truly distributed measurements at each point of 

a standard fiber. A particular example of an OFS, which also enjoys large commercial success, is 

the fiber-optic gyroscope (FOG) [42]. Nowadays, FOGs is the dominant technology in the 

gyroscope-for-stabilization market [43].  

Fiber optics fluid sensing has an added value in applications such as fluid level and 

temperature monitoring in fuel storage systems [44] and oxygen concentration for corrosion 

monitoring [45]. The frequently observed quantities in the fiber optic monitoring of fluids are 

their light scattering (or reflection), fluorescence (or luminescence), and the complex refraction 

index (RI). The RI can be written as: 

  ̃       1.1.  

here,   is the real part of the RI, which governs the accumulation of phase in propagation, and   

is the imaginary part of the RI, which represents absorption (   ) or sometimes even gain 

(   ) in the fluid. The absorption coefficient   is related to   through the wavelength in 

vacuum   : 
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  1.2.  

In general, both   and   can be a function of frequency, position, time, intensity or 

polarization. For instance, spectroscopy is based on the frequency dependence of the absorption 

coefficient [46], and interferometers measure the changes in the real part of RI of the fluid. 

While monitoring the RI of fluids or their absorption is widespread, it suffers from several 

drawbacks. For instance, certain different mixtures may have the same refraction index. A water 

(77%) and glycerin (23%) solution, for example, has the same RI as that of ethanol, hence the 

two cannot be distinguishing based on this type of measurement [47]. Furthermore, dynamic 

processes, such as evaporation, may not affect the complex RI of the material: the RI is related to 

molecular properties of the media, while the dynamic processes are ensemble-related. In these 

cases, scattering-based measurement can be of assistance.  

Droplets evaporation is accompanied by a monotonous reduction in the droplet mass and 

volume, and by geometric profile changes. When light propagates within the evaporating droplet, 

the droplet boundaries may cause reflection, refraction, and scattering. Applying a droplet to a 

fiber optic sensor provides the opportunity to monitor such temporal changes in transmission, 

reflection and scattering of light during the evaporation process. 
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2. Micro machined fiber optics micro-cell 

2.1 Introduction 

Fiber micro-machined microcells (MCs) are narrow, elongated cavities embedded in a 

standard optical fiber (Figure 3). They have been employed as miniature sensors of a fluid's RI 

[38, 48, 49], temperature [50] and mechanical strain [51, 52]. In all of those implementations, the 

interrogation was based on the short cavity Fabry Perot principle of operation, where the 

effective length of the device is changing: either the RI of the medium (in the temperature 

sensors and RI sensors) or the length of the cavity (in the strain sensors). 

Figure 3: Scanning electron microscope image of a 100 m-long all-fiber micro-cavity 

 

Figure 3: Scanning electron microscope image of a      -long all fiber micro cavity [53].  

 

In this section, the transmission of light through a MC filled with fluid is monitored. The 

evaporation is accompanied by a sharp temporary attenuation, by as much as 50 dB, due to 

refraction of light at the moving boundaries between air and fluid. The specific attenuation 

profile provides a fluid-specific signature. It will be shown that the signature is a measure of the 

physical properties of the fluid rather than its index of refraction. Elaborated experimental results 

will follow. Finally, the quasi distributed evaporation sensing based on cascaded MCs will be 

addressed.  
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The fabrication process of MCs has been described in detail [38]. The author spent more 

than a few hours of his life fabricating MCs, hence a brief description will follow. The MC is 

made of a specialty fiber, with a cross-section that includes a highly elliptic region in its center. 

The elliptic region is doped with approximately 8.7% of phosphorus pentoxide (P2O5) (Figure 

4(a)). A segment of this fiber is cleaved with a high-precision fiber cleaver and then spliced in 

between two standard single mode fibers (Figure 4 (b)). When exposed to hydrofluoric (HF) 

acid, the doped region etches at a rate that is 35 times higher than that of pure silica [54], 

resulting in a non-isotropic etching of the specialty fiber. The etching process is monitored with a 

real-time transmission loss measurement (Figure 4(c)). This fabrication process can be carried 

out using a standard fusion splicer, and therefore lends itself potentially to simple and efficient 

production [38]. 

Figure 4: Production procedure of MCs 

 

Figure 4: (a) Specialty fiber cross-section. (b) Fiber structure before etching. (c) Etching and monitoring set up. 

2.2 Theory 

In this section we explore few methods for analyzing and simulating the propagation of 

light through MCs that are partially filled with fluid, during the fluid evaporation. We look for an 

underlying physical explanation that will be easy do understand and simulate, and yet provide 

quantitative values that support the experimental data (all the experimental results are described 

later in this chapter). To that end, certain approximate assumptions will be taken, that would 

SMF28 SMF28
Specialty Fiber
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hopefully allow for a better understanding and a simpler modeling of the mechanism which is 

responsible for large temporary transmission losses observed in measurements. 

The first step is a reduction of the problem to two dimensions. This reduction is in 

agreement with the geometry of the MC, which is highly non-symmetric in the azimuthal 

direction. Light propagates along the fiber axis  , and the analysis is restricted to the    plane, 

where   is the transverse direction along which the fiber is etched. The origin of the plane is set 

at the input end of the MC, on the axis of the fiber. 

Next, we need to specify the instantaneous spatial profile of the droplet during the 

process of evaporation. The exact profile of the boundary between fluid and air         , 

where   denotes time, could not be extracted from experiments, although direct observations of 

the droplet boundaries were performed, due to shadowing and insufficient image quality. Instead, 

several analytic expressions for this boundary will be speculated. We can divide the proposed 

profiles to two main categories: symmetrical profiles and asymmetric (or biased) profiles. In 

symmetric droplet profiles, the two boundaries between fluid and air are assumed to be located at 

equal distances above and below the fiber axis, at all times   and positions  :           . 

Based on the direct observation measurements we know that         , where   is the fiber 

radius. We also note that the evaporation is symmetric with respect to the center of the MC along 

the   axes, namely:                , where   is the MC length. 

The assumption of symmetry is supported by the argument that subject to ideal 

conditions, there is no physical preference to either side of the device. In particular, gravity is 

negligible in comparison to the inter-molecular forces when the droplet mass is lighter than 1 mg 

[55]. Nevertheless, the direct observation of the evaporation process from within the MC 

suggests that the symmetry is not maintained. Instead, evaporation is initiated from one side of 
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the MC, due to small-scale disturbances and instabilities such as air flow, geometry variation and 

local surface roughness. In what follows, I provide detailed models for the transmission loss of 

the MC during the evaporation of fluid in symmetric as well as asymmetric geometries.   

Lastly, a physical model for the propagation of light should be chosen. A ray tracing 

analysis was used for both symmetric and asymmetric geometries. In addition, propagation of 

slab waveguide modes in a symmetric profile was explored. In the asymmetric analysis, I relied 

instead on the propagation of Gaussian beams and on direct integration of the Huygens-Fresnel 

principle. Each model has its own pros and cons, and their choices represent a tradeoff between 

conceptual simplicity, computational complexity and precision. A successful model is one that 

can successfully account for the large transmission losses during evaporation, and also reproduce 

the low loss values at the limits of air-filled and fluid-filled MCs, all within a single, self-

consistent framework.    

2.2.1 Background 

In these sections, few mathematical-physical conventions are introduced. I assume that 

those are generally known to the reader, and hence only a brief review is given here. 

Gaussian beams 

One of the solutions to the paraxial Helmholtz equation is in the form of Gaussian beams. 

Detailed discussion can be found, for example, in [56]. The complex envelope of a 

monochromatic Gaussian beam of frequency   in one lateral dimension is: 

         
  

√     
   (   

 

 

  

      
) 2.1.  

             2.2.  

here,    is the Rayleigh range and    is a constant. The Rayleigh range is connected to the beam 

width by: 
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        √  (
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 2.3.  

The beam width (or spot size) is defined as the position   in which the local power is     

weaker than its maximal, on-axis value.    is beam width at    . 

Two more properties of the Gaussian beam will be of use. The first one is propagation in 

a medium of a constant RI. For a propagation distance   along the   axis, and a   -parameter at 

the input of:            
  , the output   –parameter is given by:                 

  . The 

second property is that the refraction of a Gaussian beam at a flat interface, (namely moving 

from medium with RI    to a medium with RI   ), only scales the  -parameter by a factor of 
  

  
, 

i.e.       
  

  
   . 

Gaussian approximation of a given field 

The approximation of a known field    to a Gaussian beam with a parameter    at a fixed 

position   is given by: 

    ̃   
     

   ̃    

‖  ‖‖    ̃  ‖
 2.4.  

       {   
 ̃ 

   ̃  } 2.5.  

   
    

‖  ‖

‖      ‖
       2.6.  

In the above three equations  ̃  serves as a free fitting parameter, whose specific value    

is chosen according the maximum overlap between the Gaussian beam   
   ̃   and the field to be 

approximated. The form of    is given in equation 2.1. For example the Gaussian approximation 

of the field inside a symmetric one-dimensional slab waveguide, whose parameters are chosen to 

replicate the transverse field profile of a single-mode fiber, (see Table 2 later in this chapter), 

yields   
             . Figure 5 shows the original field (  , blue curve) and the approximated 
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curve (      , red curve). Good approximation can be observed. Moreover, Philen and Anderson 

[57] had shown that the field distribution outside the fiber can also be approximated as a 

Gaussian beam, with 1% accuracy.  

Figure 5: Gaussian approximation of the electric filed in the fiber 

 

 

Figure 5: The electrical field inside a slab waveguide, providing a one-dimensional approximation to the single 

mode of standard fibers. Blue: Exact solution of the field. Red: Gaussian approximation. 

 

Fields Projections 

Consider an electrical field    that propagates in a medium, and suppose that at the end 

of this medium there is another medium with different properties. We suppose further that the 

second medium supports   modes, which are not necessarily the same as those of the first one. 

The electric field in the second medium can be expressed as a sum of projections over the modes 

supported by that medium. If we denote each supported mode in the second medium as  ̃ 
       

, 

and assume that modes are normalized such that ‖ ̃ 
       ‖    , we may write: 

        ̃ 
       

 2.7.  

    ⟨  | ̃ 
       ⟩     

   ̃ 
          2.8.  

Back Propagation 

Suppose that a general electrical field    at a point     propagates in a medium with a 

constant RI to a point    , where the facet of a single mode fiber is present. We are interested 
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in the optical power that is effectively coupled into the fiber, however we try to avoid the free-

space propagation of an arbitrary field, which might be rather involved. Instead, we take 

advantage of the fact that the field of the single propagating mode inside the fiber at point   is 

well approximated by a Gaussian beam, as discussed above. 

Claim: The optical power inside the fiber at point   can be calculated by back-

propagating the Gaussian beam from point   to point  , and then calculating the projection of 

that outcome field on the original, arbitrary one. 

Proof: It is known [58] that propagation in a linear medium for a distance   can be 

represented by the linear operator   , and the back propagation for distance   can be represented 

by the inverse operator,   
  , such that   [  

  [ ]]   . Due to conservation of energy,    is 

isometric (‖ ‖  ‖  [  ‖) hence    preserves inner product, namely    satisfies 〈     〉  

〈 [  ]   [  ]〉. Now, let    denote the normalized Gaussian beam inside the fiber at point  . 

The optical power is given by: 

   |〈  [  ]   〉|
 
 2.9.  

Where      . Using the back-propagation method and the isometric property of   : 

 |〈     
  [  ]〉|

 
 |〈  [  ]   [  

  [  ]] 〉|
 
 |〈  [  ]   〉|

 
    2.10.  

 

2.2.2 Droplet Profiles 

Several different symmetric and asymmetric functions were used to describe the droplet 

profile for each model. The first few models assume symmetric geometries with respect to the 

fiber axis. First, these symmetric models are used in a qualitative and simplistic analysis of the 

light propagation, in terms of ray tracing. Next, detailed quantitative description is suggested, 

involving Gaussian beams and symmetric slab waveguides. However, as will be discussed in 
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detail later, the symmetric analysis raises several difficulties, thus asymmetric droplet profiles 

were examined as well. Moreover, asymmetric profiles are better supported by experimental 

observation. In asymmetric profiles there are no longer slab waveguides to speak of, and I 

address the light propagation from two different points of view: a) tilting a Gaussian beam 

according to refraction at the boundary, and b) return to the fundamentals and invoke the 

Huygens-Fresnel principle. All the profiles are given in Table 1. Illustrations of the droplet 

profiles are shown in Figure 6. The origin was chosen on-axis, at the input end of the MC on the 

left-hand side.  

Table 1: Droplet Profiles 

Profile Type          

Symmetric, Parabolic 
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Asymmetric, Linear    
 

 
            

Asymmetric, Parabolic 
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Asymmetric, Advanced  (  

dependent) 

    ( (      
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Table 1: Symmetric and asymmetric profiles of the boundaries between fluid and air, used in simulations.  

 

Here again,   is the microcell length,   is the fiber radius and      (or     ) is the 

parameter that dictates the evaporation rate. All models are symmetric along the   axis with 

respect to   
 

 
.  
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For an easy comparing between the profiles, we use the normalized time: we set     to 

be the beginning of the evaporation, and     to be the end of the evaporation process. The 

normalized time in any instance during the evaporation is calculated using the relative surface of 

the droplet. It can be calculated by direct integration of     . In what follows the time    

corresponds to profile i = 1…5.  
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 2.15.  

Figure 6: Droplet Profiles 

  

 

Figure 6: Droplet Profiles. (a): symmetric profiles. (b): asymmetric profiles. 
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2.2.3 Ray tracing 

This model is based on the moving boundaries of RI between fluid and air. During 

evaporation the fluid is receding, the boundaries move across the light path and introduce a 

temporally-varying pattern of reflection and refraction. Light refracts out of the MC according to 

Snell's law: 

      (     )       (     ) 2.16.  

Here, The RI of the fluid and surrounding medium are denoted by      .       is the 

angle between an incident ray and a line perpendicular to the boundary between the receding 

fluid and ambient air, and       is the angle between the refracted ray and the same 

perpendicular line. Both angles vary in time as the fluid is evaporating. Total internal refection 

occurs when the angle of the incident ray is bigger than the critical angle    defined by: 

          (
  

  

)  2.17.  

The rays are emitted from the core of a single mode fiber into the cavity, at a range of 

angles that equals to the numerical aperture of the fiber. Following multiple reflections and 

refractions at the interfaces between fluid and air, each ray reaches the opposite end of the MC 

where it may or may not couple into the core of the opposite single mode fiber. A similar 

analysis was done in [59]. Figure 7 shows the simulation algorithm flow chart. In the figure,   

denotes the angle between the direction of propagation of a ray and the fiber axis, and   is the 

angle of incidence between the direction of propagation of a ray, and the normal to the boundary 

between fluid and air. 
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2.2.3.1 Simulation results: Symmetric Model 

The trajectory of incident rays through a partially filled MC has been simulated. The 

enclosed Video 1 shows the dynamics of the ray trajectory as the fluid front is receding. The Ray 

that was chosen for this simulation is the ray that exits the fiber at the left-hand side of the MC at 

the maximal angle, calculated based on the numerical aperture of the fiber. An illustration of the 

ray propagation for different incidence angles is presented in Figure 8. It is a qualitative 

description of how the rays are refracted at a specific moment during evaporation. The first ray is 

the one with the maximal angle. Rays (1) and (2) are refracted out of the MC and do not contact 

the fiber at the right-hand side. Rays (3) and (4) do reach the output fiber, but not at the core 

region. In this illustration, ray number 5 is the only ray for which all intersections with droplet 

boundaries lead to total internal reflection. The entire trace of that ray is contained within the 

droplet. 

Figure 7: Ray tracing algorithm flow chart  

 

Figure 7: The flow chart of the algorithm for ray tracing along a partially-filled MC.  
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Snapshots from Video 1 are shown in Figure 9. The 'advanced' droplet profile (see Table 

1) was used in the specific simulation. In the beginning of the evaporation process, there is only 

total internal reflection (Figure 9 a), and the rays fall in the output core region. As the 

evaporation proceeds, the rays are refracted outward (b and c), signifying large losses. Next, a 

temporary refocusing occurs (d and e), until the MC is completely empty (f). The transmission 

loss is increasing from (a) to (c). A turnover in the loss trend happens between (c) and (d), and 

from that instance onward, the loss is decreasing until it reaches its low steady states value of an 

air-filled MC.   

Figure 9: Snapshots of the ray-tracing simulation: Symmetric Profile 

 

Figure 9: Schematic ray-tracing illustrations of temporally-varying refraction during the evaporation of a symmetric 

fluid droplet from within a fiber MC.  

  

Figure 8: Ray tracing illustration for different initial angles 

 

Figure 8: Tracing of different rays in a symmetric droplet at a specific instance during its evaporation process from 

within a MC. Rays (1) and (2) refracted out, rays (3) and (4) miss the core region, and ray (5) intercept the 

core. 
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2.2.3.2 Simulation results: Asymmetric Model 

Video 2 presents the dynamics of the ray propagation during the evaporation process, 

assuming an asymmetric droplet profile. In this simulation, three rays are presented: the 

horizontal ray, the ray with the maximal supported angle, and its symmetric ray. The movie 

shows that in the beginning of the evaporation process (Figure 10, a) the rays are not affected by 

the receding fluid boundary. As the evaporation proceeds, the rays intersect the fluid front, 

undergo total internal reflection, and do not reach the right hand fiber core area (Figure 10, b and 

c). Next, the angle of incidence moderates and the total internal reflection gives way to refraction 

according to Snell's law. This phase is characterized by lower losses than those of the previous 

one. Towards the end of the evaporation process, the rays gradually return to their trace in an air-

filled MC (Figure 10, d to f). 

Figure 10: Snapshots of the ray-tracing simulation: Asymmetric Profile 

 

Figure 10: Schematic ray-tracing illustrations of temporally-varying refraction during the evaporation of an 

asymmetric fluid droplet from within a fiber MC. 

2.2.3.3 Model limitations 

Ray tracing analysis is incapable of providing quantitative transmission loss predictions. 

The relative fraction of the overall power that is carried in every ray is unknown, and the 

coupling coefficient of the rays to the fiber is not well defined. Nevertheless, ray tracing does 

supply qualitative information, and can give a preliminary assessment and intuition to 

sophisticated problems.  
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2.2.4 Symmetrical model: Confined wave propagation 

2.2.4.1 Dielectric slab waveguide 

A detailed solution for the optical field that propagates in dielectric slab waveguide is 

given in [60]. Consider a symmetric slab waveguide of thickness   with the following transverse 

profile of the RI: 

      {
       

 

 

       
 

 

 2.18.  

The general solution for the field of monochromatic light with frequency   propagating 

in the waveguide is a superposition of a finite number of spatial modes. Each mode has a specific 

propagation constant   that can be found numerically based on the boundary conditions. Once 

the propagation constant   is known for every mode, its effective index of refraction can be 

calculated:  

   
   

 
  

 
             2.19.  

The transverse dependence of the field in each mode is exponentially decaying for     
 

 
, and 

oscillating for     
 

 
. For a monochromatic wave with a radial frequency of  , the general from 

of the field is: 

              ∑       
     

 

   

 2.20.  

here,       is the transverse profile of the field for mode n, that can be calculated by solving the 

wave equation. For example, the single-mode optical fiber is treated below as a one dimensional 

slab waveguide for which    . The following table shows typical values for the representation 

of a single-mode fiber as a slab waveguide.  
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Let us define:   √           and   √          . The complex envelope of the 

electrical field propagating in the one-dimensional representation of the fiber can be written by: 
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 2.21.  
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  2.22.  

2.2.4.2 Model physical assumptions  

Two regimes of wave propagation in a MC that is partially filled with a symmetric 

droplet were identified and analyzed, according to the geometric constraints: 

1. Propagation in a medium with a constant RI: This mechanism is used when the 

MC is full with liquid, or when the MC is completely empty. Few models can be used 

to calculate the loss for the completely full/empty devise. Donlagic [38] used the 

Gaussian field approximation and calculated the field expansion within the MC, 

followed by calculation of the overlap integral between the expanded and original 

fields. We use this model in the beginning of the evaporation process, when the 

droplet starts to evaporate (but the medium is still uniform) and at the end of the 

evaporation process, when the MC is empty. 

Table 2: Approximation of a single-mode fiber as a slab waveguide: Parameters 

Parameter Value 

Thickness d=8µm 

Core RI n2=1.45 

Cladding RI n1=1.447 

Propagation constant β = 5.87·10
6
[m

-1
] 

Effective RI n
eff

=1.4489 

Table 2: Approximation of a single-mode fiber as a slab waveguide. 
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2. Confined propagation: When the droplet is of an intermediate width, we must 

assume that the light propagates in both fluid and air. The structure in these cases is 

regarded a symmetric dielectric slab waveguide, and propagation is calculated in 

terms of its modes.  

2.2.4.3 Propagation phases 

Once we define the droplet profile, and the formalism for the propagation of light in the 

devise, we can distinguish between few phases of the process. In the beginning of the 

evaporation process, the MC is filled with fluid. Therefore, we analyze the first phase as the 

propagation of Gaussian beam in a medium with constant RI as stated above. This analysis is 

valid as long as most of the light intensity is confined to the fluid. It is known that for a Gaussian 

beam, 86% of the power is carried within a region of width      . The first phase of 

propagation terminates when the edges of the evaporating droplet reaches the beam waist.  

      
 ⁄     √  (
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 2.23.  
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 2.24.  

Figure 11 shows the advanced symmetric droplet profile during the first phase of the 

evaporation. As long as the droplet borders are in the light blue area, we assume no interaction 

between the light and the surrounding air. 
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At the next phase, the light propagates at a medium with a constant RI for only a part of 

its path through the MC. The solution for this phase of the process begins with identifying those 

positions   for which light is confined to the fluid. These positions satisfy the following 

equation: 

        √  (
 

  
      

)

 

  2.25.  

This equation can be solved numerically. Let us denote the solution for which an equality 

is obtained as      . In the regions  [       ]  [         ] , the light propagates in a medium 

with a constant RI of the fluid. For   [             ] that light is no longer propagating in a 

constant medium. Now, the medium consists of a core (fluid) and lower and upper cladding 

layers (air), and it is treated as a slab waveguide. Figure 12 shows the droplet profile during the 

second phase. While the droplet borders are in the light blue area, there is a confined propagation 

in addition to propagation in medium with constant RI. 

Figure 11: Droplet profile during the first phase of the evaporation 

 

Figure 11: Droplet profile. The light blue region represents the fluid mass already evaporated. The red curves denote 

the waist of a Gaussian beam emitted from the MC input. 
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As the evaporation continues (Figure 13) the borders of the droplet recede, until there are 

places without fluid at all. The model assumes that when the droplet width is smaller than half of 

the wavelength (     
 

 
) there is no longer a waveguide, and the light propagates in a free 

space (air). In the modeling of this third phase, a segment of free space propagation in the fluid is 

followed by confined propagation in a slab, and then free space propagation in air.  

Figure 12: Droplet Profile during the second phase of the evaporation 

 

Figure 12. Droplet profile in the second phase of the evaporation. The light blue region represents the fluid mass 

already evaporated. The red curves denote the waist of a Gaussian beam emitted from the MC input. 



26 

 

 

2.2.4.4 Simulation results 

Two video files (Video 3, Video 4) of the field amplitude in the    plane as a function of 

evaporation time are enclosed with the thesis. Snapshots from the movies can be seen in Figure 

14, where           is presented for different times. The white curves represent the droplet 

profile. Insets (a) and (b) were sampled from the second phase of the evaporation and insets (c) 

and (d) were sampled from the third phase. The first phase of the evaporation was omitted here 

(but is included in the videos), since it is characterized by little variations in the transmitted 

power. In all four insets, the propagation from     to the first dashed white line is that of a 

Gaussian beam in a medium with constant RI. The losses in this part are negligible, as well as the 

changes in the beam waist. The propagation between the right-hand, white dashed line and 

         is of a Gaussian beam that is defined by the fiber mode, and back-propagated as 

discussed earlier. 

Figure 13: Droplet profile during the last phase of the evaporation. 

 

Figure 13: Droplet profile. The light blue region represents the fluid mass already evaporated. The red curves denote 

the waist of a Gaussian beam emitted from the MC input. 
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The propagation in a medium with constant RI is followed by confined propagation in a 

slab waveguide. In (a) and (b): between the two dashed white lines. In (c) and (d): from the white 

dashed line to the red dashed line. As mentioned before, propagation of the field in this range is a 

superposition of a finite number of modes. This results in local peaks in the transverse field 

profile. The number of modes, the number of peaks and the field width all reduce as the   values 

increase and the droplet continues to evaporate. Next, in (c) and (d) the droplet splits in two 

separate parts with an air gap between them, where the field propagates in free space again. 

However, the small aperture of the droplet causes significant diffraction. This part is illustrated 

between the two dashed red lines, and the expansion of the beam can be easily seen. The 

diffraction results in poor coupling to the right droplet waveguide (at the right, red dashed line). 

Figure 14: Snapshots of the field propagation 

 

Figure 14: Four frames from the simulation video of wave propagation in a symmetric droplet. White curves: the 

droplet profile (advanced profile). (a) and (b): one continuous droplet; (c) and (d): the droplet is split in two 

parts. 
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Figure 15 shows the simulation results of the transmission loss during the evaporation 

process of a symmetric droplet, for an advanced profile (a) and parabolic profile (b). As 

expected, during the first phase (blue line) of the evaporation the losses are low. The transition 

from the first phase to the second phase is continuous, suggesting that the transition between 

those two phases was set correctly. In the second phase (red curve) the power oscillates, due to 

the changes in the number of modes that the droplet supports at every given time and place. The 

loss value at the end of the second phase converges to the loss value at the beginning of the third 

phase (black curve), suggesting again that the transition between the two modeling phases is 

valid. In the third phase, as a result of the narrow aperture at the droplet tips, the beam is highly 

diffracted. This diffraction becomes more significant as the evaporation proceeds, causing the 

transmission loss to escalate rapidly. 

 

2.2.4.5 Model limitations 

Figure 15: Simulation results: Power loss as a function the normalized time 

 

Figure 15: Transmission loss as a function of the normalized time in the different phases of the evaporation process 

of a symmetric droplet. (a): advanced droplet profile. (b): parabolic droplet profile.  
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The model limitations regarding the symmetry of the profile were discussed in the 

beginning of this section. An additional limitation arises from the selection of the geometrical 

profile of the droplet. The chosen profiles are convex throughout the evaporation process. 

However, experience shows that convex forms are only valid before the droplet splits in two 

(phase 1 and phase 2 in the above discussion). In phase 3 we expect that the droplet profile will 

become concave.  

Following the assumption of convex profiles, phase 3 of the evaporation is characterized 

by extremely large losses, which continue to increase as the droplet recedes further. These losses 

stem from the strong diffraction from a half-wavelength-wide fluid aperture. This behavior of 

increasing losses throughout phase 3 of the evaporation is inconsistent with the empirical data. In 

practice, the transmission of power recovers towards the end of the evaporation process, until it 

reaches its steady-state value of low loss for an empty cavity. Transmission recovery could be 

reproduced in simulation only if the symmetric profile is switched to a concave shape at a certain 

instance. I found it difficult to justify such a discontinuity. This difficulty remains the primary 

drawback of the symmetric profile assumption. 

2.2.5 Asymmetric model: Tilted Gaussian Beams 

In this model we assume that the light retains a Gaussian beam profile through its entire 

propagation. However, the droplet boundary acts as a tilted right angle prism: the beam changes 

its propagation direction, according to the tangential angle at the interception point. We limit our 

discussion for profiles with one minimum point, at      . For every  , the minimum value of 

the droplet profile is  . The time dependence   will be omitted from now on.  

    (
 

 
  )   (

 

 
) 2.26.  
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Denote     such that       . The relative angle between the beam and the droplet front is 

calculated using the droplet profile’s tangent. Let us denote the tangent line at     as  ̃   : 

  ̃        
 

  
      |

   
        ̃ 2.27.  

The corresponding angle of incidence: 

        ( 
 

 ̃
) 2.28.  

 As mentioned before, when a Gaussian beam crosses a boundary into a second medium 

with a smaller index of refraction, the beam profile remains Gaussian, albeit expended. In 

addition, when the beam strikes a medium boundary at a given angle β , the light is also refracted 

in an angle  , according to Snell’s law (Figure 16 (a)). The tilted refracted Gaussian beam profile 

for     is given by: 

        
  

√  
   ( 

    
 

   
)     ⃗     2.29.  

Here,    is a normalizing constant,   and   are a rotated coordinate system following refraction 

(Figure 16 (b)), and    is: 

                        2.30.  

The product  ⃗     represents the phase accumulation of the beam in its new propagation 

direction: 

  ⃗                              2.31.  

The waist of the beam along the first half of the propagation (  
 

 
  is shown in Figure 16 (c).  

From symmetry considerations, the electric filed that propagates from     to       

is identical to the electrical field that back-propagates from     to       , and given by: 

  ̌      
  

√  
   ( 

    
 

   
)      ⃗⃗⃗⃗     2.32.  

The values of      and   do not change. However, for the back-propagation we have:  

   ⃗⃗⃗                               2.33.  

So the coupling coefficient of   and  ̃ at       is: 
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This integral can be calculated numerically for every  , and allows for the calculation of the 

transmission loss. 

 

2.2.5.1 Simulation results 

We simulated the evaporation process using three different droplet profiles. The droplet 

profiles as a function of      and   [      ] are given in Table 1. The electrical field along the 

MC for a specific instance is shown in Figure 17 (a). The tilt in the propagation direction is 

demonstrated. Figure 17 (b) shows the cross section of the field power at the origin      and 

at the projection point (      ). We note that at       the beam tilting causes a shift in the 

Gaussian peak location and distorts the beam symmetry.  

The transmission loss during the evaporation is shown in Figure 18. The horizontal axis 

was chosen to be the normalized time for easy comparison between the different droplet curves. 

As will be discussed in detail shortly, the model is restricted to certain segments of the 

evaporation process, hence the discontinuity in results.  

Figure 16: Tilted Gaussian beam analysis of different asymmetric droplet profiles  

 

Figure 16: Blue curves: droplet boundaries: (a) Linear Profile, (b) Parabolic Profile, (c) Advanced profile. The green 

curves and the red curves represent the incident beam and the refracted beam directions, respectively. The 

tilted dashed black lines are the tangents to the droplet profile. In (a): the angles of incidence and refraction. 

In (b): the rotated coordinates r and Δ. In (c): The waist of the beam along the propagation. 
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Figure 18: Tilted Gaussian Beam: Simulation results 

 

Figure 18: Simulation results for the transmission loss during the evaporation of a fluid droplet, calculated using the 

tilted Gaussian beam model.  

 

Clearly, the beginning of the process is not affected by the choice of a specific profile 

shape, however the remainder of the process does differ from one profile to the other. A 

consistent trend is found towards the end of evaporation: the transmitted power is monotonically 

increasing, as the droplet volume decreases. This is a generic attribute of asymmetric droplet 

profiles analysis, which is in agreement with the experimental observations. A difficulty arises, 

however, in the modeling of the intermediate stages, as discussed next. 

Figure 17: Propagation of tilted Gaussian beams 

 
Figure 17: (a): The optical power along the MC, simulated for a specific instance during evaporation. The white 

curve represents the droplet boundary. (b): the field power cross section in     (black) and   
    (blue). 
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2.2.5.2 Model limitations 

As long as   is above the waist size (         ) we may treat the problem as a 

propagation of Gaussian beam in a medium with constant RI, as discussed before. When   is 

below the waist size (          ), most of the beam power intersects the same tilted 

boundary, and the model of a tilted Gaussian beam is valid. The further the droplet evaporates 

and   decreases, the more accurate the linear approximation of the droplet profile becomes, and 

therefore the model results for transmission loss become more accurate as well. However, in the 

intermediate segment where           , part of the beam profile intersects a boundary 

between fluid and air at a certain angle, whereas another part does not meet the boundary at all. 

The tilted Gaussian beam model is not valid in this phase of the evaporation. Moreover, certain 

droplet profiles could give rise to a total internal reflection, in which it is difficult to quantify a 

finite transmission loss. 

2.2.6 Asymmetric profile analysis: The Huygens Fresnel Analysis 

In this section, I attempt to overcome the limitations of the tilted Gaussian beam model, 

mainly its invalidity as the droplet boundary crosses the extent of the beam. While the same 

droplet profiles are used as in the previous section, I turn here to the fundamental Huygens-

Fresnel principle for the propagation of wave-fronts in non-uniform media [56]. The principle 

states that each point of the beam front is a point source, which produces a spherical wave with a 

wavelength  . The complex amplitude of the field at a point of interest in a different observation 

plane can be found using a superposition of those sources. In the analysis, I neglected the partial 

transmission of the optical field magnitude at the interface between fluid and air (Fresnel 

coefficients). Due to this assumption, polarization dependence is overlooked. In addition, the 

change in direction of propagation which occurs at the interface was neglected as well. While 
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these simplifying assumptions take away from the quantitative precision of the modeling, they 

considerably relax the computational complexity. As will be discussed later in this chapter, the 

simplified model is able to account for the experimentally observed power transmission 

dynamics. In particular, the measurements indicate only weak polarization dependence.  

Consider a point source on the incident beam:               and a point of 

observation at the plane   
 

 
:   (  

 

 
     ). The field in point   is given by the 

superposition of the fields from all   : 

  (
 

 
   )     ∑

 

   
         

       

 

    

 2.35.  

Here,    is a constant, and     is the effective distance from    to   : 

 

              
     

         
    

   
         

        √        (     )
 
 

2.36.  

The separation of     to    
    and    

     
 is dictated by the droplet geometry at the instance of 

interest, and the choices of lateral locations of    and    (See Figure 19). 

Figure 19: The Huygens Fresnel analysis 

 

Figure 19: The geometry of the problem.    is a point source. The distance from    to   is divided to a path within 

the fluid (green) and a path in air (red). Blue curve: droplet profile. Blake curves: beam waist.  

2.2.6.1 Simulation results 
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We simulated the droplet evaporation using the linear droplet profile and the parabolic 

droplet profile (see Table 1). Figure 20(a) presents the calculated transverse distribution of the 

field at the center of the MC  (
 

 
  ) during evaporation, as a function of the droplet geometry 

parameter     . A linear droplet shape was used in the simulation. The field cross-section 

initially follows the diffraction pattern of a Gaussian beam. As the evaporation progress 

continues, and      approaches the transverse extent of the beam, the wavefront gradually 

becomes tilted and offset downwards. In addition, the phase of the waveform becomes distorted, 

as seen by the oscillations in the real part of  (
 

 
   ) (Figure 20(b)). The tilt and distortion of the 

wave front would manifest in high transmission losses. The wave front at the center of the MC is 

gradually restored to a centered Gaussian profile with a uniform transverse phase, as the fluid 

disappears completely (large negative values of     ).  

 

The simulation results of the power transmission are shown in Figure 21. In both profiles, 

the output power begins to decrease when the droplet minimum point   reaches the beam area. 

Figure 20: Field values at       

 

Figure 20: (a) The field magnitude as a function of      and   position at      , given in normalized units. (b) 

Real part of the filed as a function of   position at       for different   positions. 
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In the linear (parabolic) profile, the maximal loss is       (     ) when   equals      

(    ). From the minimum point, the power increases monotonically until steady values 

(       . 

Based on the results from the fiber tip evaporation measurements (see detailed discussion 

in chapter 3), a linear evaporation rate was assumed. However, the evaporation rate depends on 

parameters such as temperature, humidity and optical power; hence a normalized time scale was 

used. Figure 22 shows the simulation results with the normalized time scale. We note that the 

power reconstruction takes up about half of the total evaporation time. 

 

Figure 21: Simulation results 

 

Figure 21: Simulation results for the transmission loss during the evaporation of an asymmetrically-shaped droplet, 

calculated using the Huygens Fresnel principle. Blue curve: linear profile. Red curve: Parabolic profile. 
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2.2.7 Discussion: comparison between the models 

In this section I explored four theoretical models for the propagation of light inside a MC 

during the evaporation of a fluid droplet. Table 3 summarizes the attributes of all models. All 

models relied on well-known physical concepts. The first model, that of ray-tracing analysis, 

provides a qualitative model only. Next, a wave propagation model in symmetrical droplet 

profiles was tested, and the last two models examined wave propagation during evaporation with 

asymmetric droplet profiles.  

I point out that all the models gave good results at    , i.e. a steady state in which the 

MC is filled with fluid. The first three models, however, had significant flaws: ray tracing does 

not provide quantitative values for transmission loss, propagation in a symmetric slab does not 

converge to low losses in an air-filled cavity as the fluid vanishes, and the tilted Gaussian beam 

model is invalid for a significant phase of the process, when the receding fluid front intersects 

the incoming beam. 

Figure 22: Simulation results: normalized t ime  

 

Figure 22: Simulation results for the transmission loss during the evaporation of an asymmetrically-shaped droplet as 

a function of normalized time, calculated using the Huygens Fresnel principle. Blue curve: linear profile. 

Red curve: Parabolic profile. 
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The Huygens Fresnel analysis best meets the objectives. It is valid continuously for all  ,  

it converges to the expected limits in both            , and, most importantly, it shows 

good agreement with the experimental results, as will be discussed later in this chapter. Its main 

drawbacks are relative numeric complexity, and lack of closed-form expressions for the coupling 

of power.    

We have also demonstrated that the choice of different droplet profiles, (such as parabolic 

or advanced), modifies the temporal transmission loss curve. This suggests that the measurement 

is sensitive not only to the rate of the evaporation process, but also to the specific geometry taken 

by the fluid. This geometry may be affected by the balance between the fluid surface tension and 

the strength of its attachment to the MC silica surfaces, and may therefore serve in the 

identification of fluid constituents.    

Table 3: Comparison between the theoretical models 

Model Name Profile Type Convergence 

at     

Convergence 

at     

Continuity 

for all   

Agreement 

with the 

observation  

Ray tracing Tested for 

both profiles 

      A qualitative 

model only 

Confined 

propagation 

Symmetric       Partially 

Tilted beam Asymmetric        Partially 

Huygens 

Fresnel  

Asymmetric       Yes 

Table 3: A comparative overview of the models used in simulations. 

 

2.2.8 MCs in quasi-distributed evaporation array   

In the previous parts I described methods to predict the insertion loss from a MC during 

the evaporation process. In this section, I try to scale the approach towards the quasi-distributed 
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monitoring of evaporation at several locations by a cascade of MCs. For simplicity, to that end I 

ignore the transients and focus on the difference between fluid-filled and air-filled MCs. In 

addition, reflection losses from the MCs will be considered instead of transmission.  

The proposed measurement method is based on the optical time domain reflectometer 

(OTDR) principle of operation. The setup is described schematically in Figure 23. Light from a 

laser diode is modulated by periodic pulses, whose duration is on the order of 100 ns. The pulses 

propagate through a series of MCs which are normally filled with fluid. The MCs are separated 

by spans of standard single-mode fiber of length   on the order of tens of meters. The pulses are 

reflected back from each MC, propagate again through the chain of MCs in the opposite 

direction, and measured by a photo-detector whose integration time matches the pulse duration 

(tens of MHz bandwidth). 

When all MCs are fluid-filled, a train of relatively weak reflected pulses is expected at 

the detector (Figure 24, bottom). When the fluid evaporates from a given cavity, a more 

pronounced reflection will be observed from the air-filled device. The timing of this pronounced 

reflection would point to the location of the evaporation event (Figure 24, top and center). 

The maximum number   of sensor points is estimated based on the transmitted pulse 

power          , The sensitivity of the detector for approximately 10 MHz bandwidth 

           , the transmission loss through a fluid-filled cavity           , the return 

loss from an air-filled MC           , the segment length   and the loss coefficient of the 

fiber and           
  

  
: 

 
  |

             

             
| |

             

    

|     

 

2.37.  
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Our estimates suggest that the quasi-distributed monitoring of a few tens of point sensors is 

feasible. 

 

 
 

 

2.3 Results 

This section describes the experimental setup for measurements of the transmission loss 

of MCs during the evaporation of fluids, and reports the experimental results. First, the reflection 

Figure 24: Simulation of MCs array 

 

Figure 24: Simulation of the measured temporal reflection profile of an incident pulse propagating through 41 

cascaded MC cavities. Bottom, blue: all cavities are filled with fluid. Center, green: following evaporation of 

the fluid from within MC number 41. Top, red: following evaporation of the fluid from within MC number 

3. 

 

Figure 23: Setup for quasi distributed evaporation sensing using MCs array 

 

Figure 23: Proposed setup for a quasi-distributed evaporation monitoring based on cascaded fiber MCs. 
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spectra of the MC in a steady state will be shortly discussed. Then, the experimental results for 

temporally-varying transmission losses during the evaporation of fluids from within a MC will 

described in details, including control experiments. Finally, preliminary results from a MCs array 

measurement will be shown. 

2.3.1 Free spectral range measurements 

We observed the reflection spectrum of the MCs, and measured their free spectral range 

(FSR, Figure 25). We used the amplified spontaneous emission (ASE) of an erbium-doped fiber 

amplifier (EDFA) as a light source, and an optical spectrum analyzer (model AQ6370B, 

Yokagawa). The free spectral range  was measured as        for an air-filled MC, and as 

      for an ethanol-filled MC. From the FSR measurement the device length   can be 

calculated: 

 
  

  
 

      
 

 

2.38.  

Here    is the central measurement wavelength and   is the RI. The calculation yields a cavity 

length of        . A measurement using scanning electron microscope (SEM) suggests a 

cavity length of         , with good agreement with the spectral measurement.  
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2.3.2 Fluids evaporation from within a MC 

2.3.2.1 Experimental setup 

All the results described in this section were taken on a        -long MC (see Figure 

3). A 1 mW distributed feedback laser diode at 1548 nm wavelength (by Ortel Corporation, 

model 3470A) was used as a light source, and the transmitted power was monitored by a low-

bandwidth optical power meter (Yokagawa, AQ6370B). The state of polarization of the 

incoming light was set for maximum power transmission. Few pico-litters droplets of different 

volatile organic solvents were applied to the MC in a repeatable manner. Experiments were 

carried out in succession under ambient laboratory conditions (22ºC and relative humidity of 

70%) [53].  

2.3.2.2 Experimental results: In-line single MC  

Figure 26(a) shows the transmitted optical power as a function of time, during the 

evaporation of ethanol, acetone and hexane from within the same MC. All transmission curves 

are characterized by sharp attenuation transients. The collected power falls initially by some 

Figure 25: Reflection Spectra 

 

Figure 25: Reflection spectra of a         long MC 
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30dB, temporary increases by about 7-10 dB, decreases again to approximately 50 dB below 

initial values, before returning to the transmission loss values of an air-filled MC. The duration 

of the loss transient is fluid-specific: approximately 0.2 sec for hexane, 0.3 sec for acetone, and 1 

sec for ethanol. The differences among the transmission profiles are highly reproducible.  

In a similar experiment, a 1:1 mixture of ethanol and hexane was introduced into the MC. 

Figure 26 (b) compares between the transmission transients that accompany the evaporation of 

the three fluids. The attenuation event recorded for the mixture is of an intermediate duration, in 

between that of hexane and that of ethanol. Furthermore, the leading edge in the mixture 

attenuation profile follows that of hexane, whereas the trailing edge is reminiscent of that of 

ethanol, which is slower to evaporate [53].  

The temporal loss is highly repeatable, as can be seen in both panels of Figure 26. Three 

different curves are presented for each solvent, all of them with close similarity to each other. 

The small changes that do exist arise from factors such as impurities of the fluid and small 

fluctuations in the environmental conditions.  
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Figure 26: Fluid evaporation from within a MC 

 

Figure 26: Experimentally measured, relative transmission power losses as a function of time, recorded during the 

evaporation of acetone (green), ethanol (black), hexane (orange), and a 1:1 mixture of ethanol and hexane 

(blue), from within a fiber MC. Colors relate to both panels.     set at the instance of the local 

transmission maximum that is observed during the high-loss evaporation events [53]. 

 

Figure 27 shows the polarization dependence loss (PDL) during evaporation of ethanol. 

In (a), the polarization was set to maximal loss at the steady state of an air-filled cavity. In (b), 

the polarization of the light was rotated to a minimal loss at the same steady state. The PDL at 

the steady state was only 0.2dB. However, the PDL in the local transmission maximum during 

the evaporation process was 5.7dB. A significant PDL was observed also in the transmission 

minima. Due to sampling limitations, we can only estimate that loss as ~5dB.  

Evaporation experiments of distilled water were carried out in the same configuration as 

that of the solvents experiments. However, the results for water evaporation were less 

reproducible. The evaporation time varied from ~2sec to ~25sec, depending on the purity of the 

water, the surroundings and the droplet temperature. Reliable water evaporation measurements 

required more carefully controlled experiments, hence we preferred to focus on the organic 

solvents evaporation. 



45 

 

Figure 27: Polarization dependence 

 

 

Figure 27: Polarization dependence of the transmitted power during ethanol evaporation, from 3 successive tests. 

(a): polarization set for maximal transmission loss in an air-filled MC. (b) polarization set for minimal 

transmission loss in an air-filled MC.  

2.3.2.3 Control experiments 

Our control experiments for evaporation monitoring relied on direct observation of the 

droplet. The MC sensor was placed under a microscope (mono zoom, ×1.6 - ×10) equipped with 

video camera (CCD, 765H×596V TV lines, 1/3'' pixel), and the readout of output optical power 

was synchronized with the real-time video. The attached movie file (Video 5) shows the 

temporal transmission power alongside the microscope observation. The left-hand monitor 

displays the microscope image and the right-hand monitor displays the detector readout-optical 

power as a function of time (Optical spectrum analyzer, AQ6370B, Yokagawa).  

 

Figure 28 shows snapshot optical microscope images of the MC. Panel (a) shows a fluid-

filled MC, panels (b)-(e) represent consecutive captures during evaporation, whereas panel (f) 

shows an air-filled MC. As can be seen in the video, the high transmission loss coincides with 

the evaporation transition, in which the MC is only partially filled with fluid. 
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Figure 28: Microscope images of the MC during ethanol evaporation 

 

Figure 28: Microscope images of the MC: (a): filled with ethanol; (b)-(e): during the evaporation of ethanol; (f): 

upon the completion of evaporation.  

 

As discussed at length with respect to modeling, we attribute the observed attenuation 

during evaporation to the moving RI boundary between the droplet edge and air, which is in 

overlap with the light path and leads to strong refraction of light out of the MC. This explanation 

is further supported by experiments in visible light transmission (Video 6), in which strong 

scattering was readily observed during evaporation. Seven frames from this video are presented 

in Figure 29. As before, the first panel represents a fluid filled MC, panels (b) to (f) show 

successive frames taken during the evaporation, and in the last panel the MC is air-filled.  

 

2.3.2.4 Compression between theory and experiment 

The comparison between the experimental results and the simulations is shown in Figure 

30. The fluid used in the experiment is ethanol, the MC is 102.1µm long, and the simulated curve 

was calculated using a parabolic droplet profile. The experimental time scale was normalized and 

shifted so that the transmission minima coincide and the durations of evaporation match. The 

Figure 29: Refraction of red light from within the MC 

 

Figure 29: Refraction of red light from within the MC during evaporation: (a): filled with ethanol; (b)-(f): during the 

evaporation of ethanol; (g): upon the completion of evaporation.  
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general trends in the curves are in agreement: an initial low loss, followed by pronounced 

temporal attenuation and a gradual recovery of the transmitted power. However, in the 

experiment a secondary local transmission maximum was observed, and the steady states loss 

values obtained in experiment and simulation differ. Those differences are attributed to several 

factors, mainly to the dimensional reduction in the theoretical model and the arbitrary selection 

of the fluid profile in the simulations. Other potential causes for differences are mechanical 

defects such as roughness and impurities of the liquid.  

 

2.3.2.5 Experimental results: Quasi distributed evaporation sensing 

The author of this work fabricated, tested, and assembled into one array 10 MC. The 

work was carried out under the supervision of Prof. Denis Donlagic in the laboratory for electro-

optics and sensor systems, Faculty of Electrical Engineering and Computer Science, University 

of Maribor, Slovenia. The fabrication process of MCs has been described previously. The 

manufacturing process results in small tolerance in the MCs properties. The length of the 

fabricated MCs and their transmission loss are summarized in Table 4, as well as the lengths of 

fibers between successive MCs. 

Figure 30: Evaporation loss: Theory and practice 

 

Figure 30: Transmission loss during ethanol evaporation from within a MC: experiment (blue) and simulation (red). 
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The sensors array was interrogated by the OTDR principle of operation, as discussed in 

2.2.8. The data was recorded using GN Nettest TD-3486 OTDR operating at a wavelength of 

1.55  , with its minimal pulse temporal width (10 ns) and maximal acquisition time (3 

minutes). Preliminary results can be seen in Figure 31. In the first stage of the experiment, all the 

MCs were air-filled, and an OTDR measurement was recorded (see Figure 31, red trace). The 

reflections from all the MCs are highly distinguishable above the Rayleigh backscatter level. 

Some OTDR typical features can be seen as-well: ghost reflections adjacent to MC number 4 and 

detector saturation at MC number 1 and 2. 

 

In the next step of the experiment, MCs number 6 and 8 were immersed in isopropyl 

alcohol (Figure 31, black trace). The main differences between the curves are as follows: The 

back reflection from MC number 6 is decreased, as well as its insertion loss. Thus, the reflection 

from MC number 7 is relatively higher. No change in the back reflection from MC number 8 is 

observed, because the effects of a lower reflection and a higher incident power cancel each other. 

Table 4: MCs sensor array  

MC Serial 

 number 

MC length Typical Loss, 

 Water @        

Distance to  

the next MC 

1            70m 

2            45m 

3            40m 

4            50m 

5            60m 

6            200m 

7            50m 

8            40m 

9          40m 

10          40m
*
 

Table 4: MCs sensors array properties for quasi-distributed evaporation monitoring. 
*
Distance to fiber end. 
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In MC number 9 and 10 the back reflection is higher, caused by the lower insertion loss of MC 

number 6 and 8. The settings of the available OTDR allowed for only a limited characterization 

of the sensors array. The array holds the potential for better analysis. Advanced quasi-distributed 

interrogation methods such as OFDR [61], frequency division multiplexing [62], finite impulse 

response lattice of unbalanced interferometers [63] and more [31] can improve the results as 

well. 

 

2.4 Conclusions 

In this chapter, I proposed, analyzed and demonstrated the monitoring of fluids 

evaporation from within a MC, through transmission loss measurements. I postulated that the 

moving boundary between fluid and air would cause large and temporally-varying refraction of 

light out of the MC, which could be fluid-specific. After several attempts, a self-consistent model 

Figure 31: OTDR trace of 10 MCs array 

 

Figure 31: OTDR traces of 10 MCs array. Red - All MCs are air-filled. Black– MCs 6 and 8 are immersed in 

isopropyl alcohol. All other MCs are air-filled. 
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that supports this intuition was formulated and simulated, based on the Huygens Fresnel 

principle of wave propagation and an asymmetric profile of the fluid droplets.  

Few sets of experiments were carried out. Measurements of the instantaneous transmitted 

power showed initial low losses, followed by a sharp temporary transmission loss and finally a 

power recovery. These observations support both the initial conjecture and the modeling 

assumptions and simulations results. In addition, the experiments show that the recognition of 

different fluids based on the temporal loss profiles that are associated with their evaporation from 

within the MC is feasible. Furthermore, the dynamics of evaporation indeed allowed for 

rudimentary cascaded monitoring. Control experiments, carried out using direct observation, 

connect between the observed losses and the refraction from the moving boundary. 

In conclusion, an entirely new type of fiber-optic sensor for liquids was proposed and 

demonstrated. Unlike previous fiber-optic fluid sensors, it is not based on the monitoring of RI or 

absorption spectrum of the liquid under test. The main drawback of the method is the need for 

fabricating MCs in specialty fibers. In the next chapter, I present an adaptation of the same 

sensing principle to the use of the cleaved facet of a standard single mode fiber.  
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3. Fiber Tip Evaporation Sensor 

3.1 Introduction 

In chapter 2, an in-line all fiber micro machined MC was employed as an evaporation 

sensor. Use of MCs does suffer, however, from several practical drawbacks. First, their 

manufacturing process is still manual and requires special fibers and machinery. Second, they are 

relatively fragile and their handling should be with extra care. Those limitations led us to seek 

simpler sensors for evaporation monitoring. 

The use of a cleaved fiber tip as an evaporation sensor is our proposed answer to the need 

of a simple, reliable and economic sensing solution. It combines the known abilities of optical 

fibers sensing (see introduction chapter 1), with an extremely simple manufacturing procedure 

and easy handling. To the best of our knowledge, sensors based on optical fiber tips were never 

implemented for sensing of evaporation dynamics before. The back reflection from a pendant 

droplet on a single mode fiber tip was used in static fluid characterization by the group of 

Hernandez-Codero [64, 65]. The growth of a droplet was studied using a different configuration 

of two adjacent fiber tips [59]. Specially shaped fiber tips were employed in both liquid level 

sensors [66] and liquid RI measurement [67]. Passive fused silica capillarity fibers (i.e. without 

lighting) were used for the study of the formation of pico-litter scale pendant droplets [68].  

In the first section in this chapter the theoretical background and the relevant terms will 

be presented. The experimental section will follow, and lastly concluding remarks will be given. 

Since the proposed evaporation measurement technique is simple and straightforward, the vast 

majority of this chapter is dedicated to the experimental aspects. In that section we tried to relate 

to all of the parameters that affect the evaporation process: the fluid itself, the surrounding 

environment, and the surface on which the fluid is applied.  
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3.1.1 Production procedure 

The production procedure of the fiber tip evaporation sensor (FTES) is simple and 

straightforward: A standard optical fiber is stripped out of the polymeric coating (jacket), cleaned 

with a compatible solvent (such as ethanol, methanol or isopropanol), and then cleaved with a 

high precision fiber cleaver. I used FK11 ultra-sonic cleaver (Photon Kinetics Inc., Oragon, 

USA, see Figure 32). No additional cleaning was performed after the cleaving. Following 

cleaving, the optical reflection from the cleaved fiber (in open air) was measured. The theoretical 

reflection from a perfect cleave is -14.44 dB. The threshold for a good cleave was set to -14.6 dB 

due to measurement uncertainties such as connector losses.  

Figure 32: Ultra-sonic cleaver 

 

Figure 32: FK11 ultra-sonic cleaver.  

3.1.2 Organic Solvents 

A solvent is a substance (usually liquid) that dissolves a different compound to create a 

solution. The term ‘organic solvents’ refers to liquids that contain hydro-carbons. In this chapter, 

water (a non-organic solvent) and ten different organic solvents were tested (see Table 5 for 

chemical formulae). Some of the solvents were chosen due to their common use in daily life 

(ethanol, methanol, IPA and acetone), some for their common use in research laboratories or in 
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the industry (hexane and toluene), and others were chosen due to a specific property. All of them 

are volatile, colorless and flammable. 

Alcohol is a molecule in which a carbon atom is bound to a functional group of oxygen 

and hydrogen (  ). The alcohols in our study are methanol, ethanol and isopropyl alcohol. 

Methanol is the simplest alcohol, and it has a wide range of uses such as fuel for internal 

combustion engines [69] and biodiesel production [70]. Like methanol, ethanol is also wildly 

used. We all know it is the alcohol found in beverages, but ethanol fuel is also used for 

transportation, and its share in the global gasoline-type fuel market is 5.4% [71]. Isopropyl 

alcohol, also known as isopropanol or IPA, has pharmaceutical applications, but most of its uses 

are in industrial processes and as a solvent for coatings [72]. 

Acetone is the simplest ketone. It has a carbonyl group (     bound to two saturated 

carbons. We all know it as a nail polish remover, but the vast majority of its use is as a solvent 

and in the production of plastics and polymers [73]. Hexane is a hydrocarbon with 6 saturated 

carbons. Despite its toxicity, hexane is very common in the soy foods industry [74]. Toluene is 

an aromatic hydrocarbon with the odor of paint thinner. It is primarily used as a raw material and 

as a solvent in industry. THF (tetrahydrofuean) is an ether with a ring structure. Like acetone, 

THF is mainly used as a solvent and as a precursor to polymers. Less common solvents are Ethyl 

acetate, which is also used in decaffeinating tea and coffee [75], and 1,4-Dioxane (also known as 

p-Dioxane), which is primarily used as a stabilizer in the aluminum industry [76]. Acetonitrile is 

the only organic nitrile (     ) tested. It is used as a solvent in the synthetic rubber industry 

[77]. 

Use of organic solvents is widely spread, whether it’s in our home, at the dining table, 

inside our fuel tank, in the lab or in industry. Detection and analysis of organic solvents, and of 
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their relative concentration in mixtures, can assist in the prevention of dilutions, frauds and 

poisoning, and improve control over manufacturing processes. The study of evaporation 

properties of different organic solvents can contribute to the fundamental research of chemical 

and material science properties, such as polarity, surface tension, heat transfer and more. 

3.2 Theory 

3.2.1 Time varying Fabry Perot 

In the sensor configuration described in this chapter, a droplet on the facet of a standard 

fiber makes for a low-quality etalon resonator. As the droplet evaporates, the thickness of the 

resonator decreases. An etalon, also known as Fabri-Perot interferometer, is a dielectric medium 

with two reflecting surfaces at its ends. Its reflectivity is a function of the distance between the 

surfaces     , the wavelength  , the index of refraction   of the intermediate medium, and the 

reflectivities of the two interfaces at its ends,      : 

  ̃  
   

       

       
    

  3.1.  

   
   

 
      3.2.  

The optical power that is reflected back from a resonator is given by     ̃  . The 

reflected optical power assumes maximum values for wavelengths that meet the following 

condition: 

 
  

 
             3.3.  

here   is an integer. The difference    between thickness values which correspond to peak 

number   and peak number   is given by: 

         
 

  
  3.4.  

Therefore, simple observation of interference fringes in the temporally-varying reflected 

power allows for the reconstruction of the instantaneous thickness of the liquid droplet. Every 
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interference cycle, from maximum power to minimum power and back, represents a change in 

the distance between the etalon surfaces by half the wavelength. 

 

3.2.2 Refractive index of fluids 

As seen in the equations in 3.2.1, the proper scaling of fringes to physical thickness 

requires knowledge of the RI of the liquid droplet. Nowadays, many databases of fluids RI are 

available on-line, with information for almost all of the common solvents. Yet, other than a few 

exceptions, the RI is usually not published for the telecom wavelengths range. Since the RI 

varies with both wavelength and temperature, and our measurements are taken at a wavelength 

of        , a complementary calibration measurement of RI was necessary.  

Consider a configuration in which a cleaved optical fiber is immersed in a vessel full of 

liquid. The RI of the medium can be estimated based on measurements of the relative reflected 

optical power, through the Fresnel reflection formula: 

    |
             

             

|

 

 3.5.  

here,        and        are the effective indices of the fiber mode and the RI of the fluid, 

respectively.    is the relative power reflectivity, the ratio between the reflected power    and the 

incident power     :          . In some scenarios, exact knowledge of     may be difficult to 

obtain. Instead, it may be recovered from a second reflectivity measurement, with the fiber facet 

in air:  

    |
           

           

|

 

 
  
   

 3.6.  

   can be calculated directly, since the effective index of the fiber mode is often given in the 

manufacturer specifications, and       . Next, with knowledge that                , and a 

definition of the ratio         that can be measured directly, one gets that: 
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 √    
             

             

 3.7.  

              

  √   

  √   
 3.8.  

It should be noted that this formalism has a finite accuracy. Let us denote the 

uncertainties in the fluid RI, the fiber RI and the measured ratio of intensities as 

                  , respectively. The three are related by: 

         √(          )
 
          3.9.  

For typical values of                 , and for               and        , the 

accuracy in the fluid index measurement is of      . Higher accuracy can be achieved with more 

sophisticated methods [78], but to our purpose the above methodology will do. The RI of the 

fluids used in the fiber sensing measurements are shown in Table 5 

Table 5: Fluids index of refractive 

Fluid name Chemical 

Formula 
       

   
 

Water     1.31814
(3)

 1.33244 
Ethanol          1.352 1.3614 

Acetone          1.348
(4) 

1.357 

Hexane              1.375 1.3749 

Isopropyl Alcohol (IPA)              1.364 1.3772 

Ethyl Acetate                1.367 1.372 

Toluene         1.421 1.496 

THF         1.401 1.4072 

Acetonitrile       1.339 1.3441 

1,4, Dioxane        1.414 1.4224 

Methanol       1.319 1.331 

Table 5: RI of fluids. 
(1)

Fluid RI at 1.55µm. 
(2)

Fluid RI at 589nm @20ºC. Data from [79]. 
(3)

@25ºC [80].  
(4)

@22ºC 

[78] 
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3.2.3 Evaporation of droplets 

The commonly considered geometry for a sessile droplet on a solid surface is that of a 

spherical cap [22, 23, 55]. The spherical cap model has two parameters: the droplet length 

(sometimes referred to as droplet height) and the contact radius (or base radius), which are used 

in the calculations of the droplet volume and surface area. This model was accepted for small 

pendant droplets as well [55]. In the context of this chapter, ‘droplet length’ (L) refers to the 

distance from the fiber facet to the peak of the pendant droplet, and 'contact radius' (R) is the 

radius of the spherical cap base. In most cases the contact radios equals that of the fiber (2R = 

125µm) at the beginning of evaporation (see Figure 33). Another commonly discussed quantity 

in this context is the contact angle, defined as the angle formed where the liquid boundary meets 

the solid surface. In the spherical cap model, the contact angle θ is related to the droplet length 

and to the contact radius by the standard formula: 

    
 

 
 

 

 
 3.10.  

The corresponding droplet volume   and droplet surface   are [4]: 

   
  

 
         3.11.  

        3.12.  

Figure 33: Droplet geometry 

 

Figure 33: pendant droplet geometry.  

 

The evaporation of pure liquid sessile droplets of millimeter size from planar solid 

surfaces was studied and reported in many works, and the process is considered to be well 
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understood [1, 4, 55, 19, 81]. Two basic evaporation phases of a liquid droplet were suggested by 

Picknett and Bexon [55], such that the evaporation occurs by either one of these two phases, or 

by their combination. The first phase (if exists) is of constant contact radius, where the rim of the 

droplet is pinned, and the contact angle shrinks with time while the base area remains the same. 

The second phase (if exists) is of constant contact angle, where the base area decreases with time 

while the contact angle remains fixed. The two regimes are related to the 

hydrophilic/hydrophobic nature of the surface. In hydrophilic surfaces, a droplet of water tends 

to spread out and form a relatively small contact angle, whereas a water droplet is repelled from 

a hydrophobic surface and forms a larger contact angle. In [82] it was suggested that hydrophilic 

surfaces enhances the significance of the first phase, and in [21] and [22] it was found that the 

evaporation from surfaces with significant roughness also follows this trend.  

For droplets of pure liquids, the evaporation mode of constant contact angle obeys a 

simple connection: the squared third root of droplet volume (V
2/3

) decreases linearly with time 

[55]. In addition, it was suggested that in the constant contact radius phase, the volume is linearly 

decreasing with time [19, 83]. However, Nguyen and coauthors [21] stated that this claim holds 

only for droplets with small contact angles (~50º) and small contact radii (~1 mm). If the contact 

angle and the contact radius are not small enough, the change in the volume as a function of time 

becomes non-linear. They also noted that the relation V
2/3

 α t describes well not only the second 

phase, but also the first stage of the evaporation for droplet with a large contact angle (more than 

60º). They predicted that this behavior is not expected if the droplet size and/or contact angle 

were smaller.  

The very final stage of evaporation is difficult to follow experimentally, and the accuracy 

of published experimental results as well as their interpretation is still not agreed upon [21]. The 
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commonly stated explanation for these difficulties is that the final evaporation step is probably 

related to the anchoring of the base line on local heterogeneous zones [22].  

Selected results of evaporation dynamics measurements can be found in Table 6. All of 

the researches used the spherical cap model to describe a sessile water droplet on a planar 

substrate. They all agreed that there are two distinguishable evaporation modes, but do not 

necessarily interpret the data in a similar manner.  The last line in Table 6 summarized an 

evaporation experiment of a pendant droplet from a fiber tip. It will be discussed thoroughly in 

this chapter.  

 

It should be noted that (i) the initial volumes in my experiments are few hundred pico-

liters, whereas the other works report on volumes larger by 3 orders of magnitude. Illustrations 

of the droplets are shown in Figure 34 (a). (ii) In some of the publications there is missing data 

(mostly temperature, humidity and surface roughness). This makes the comparison between the 

Table 6: Sessile water droplet evaporation: Comparative review   

V[pL] θ[Deg] L[µm] Δt[sec] ζ[mm
2
/s] RH[%] T [ºC] Surface Ref 

5·10
6
 60 984 1140 2.56·10

-3
 18 20 Glass Shin, 2009 [83] 

3·10
6
 55 780 1700 1.22·10

-3
 55 25 Hydrophobic 

 Silicon Wafer 

Nguyen, 2011 [20] 

0.9·10
6
 92 770 2550 0.37·10

-3
 80 - HDMS on 

 silicon wafer 

Liu, 2008 [4] 

0.8·10
6
 92 738 900 0.96·10

-3
 66 - HDMS on 

 silicon wafer 

Liu, 2008 [4] 

0.54·10
6
 41.9 364 360 1.84·10

-3
 38 25 Glass Hu, 2002 

0.34·10
6
 91 550 940 0.52·10

-3
 - - Teflon Sefine, 2003 [82] 

250 64 39.3 7.09 0.60·10
-3

 70
 

19 Optical Fiber Tip Preter
*
 

 

Table 6: Comparative review of evaporation experiments. V: initial volume. θ: initial contact angle. L: initial 

droplet length. Δt: evaporation time. ζ: Evaporation rate, defined as V
2/3

/Δt. RH: relative humidity. T: 

temperature.  
*
minimal input power. 



60 

 

different results problematic. However, using the squared third root connection and the 

assumptions of Nguyen et. al., we can calculate ζ = V
2/3

/Δt (Δt is the evaporation time) for each 

configuration and then compare the results based on the relative humidity (Figure 34 (b)). It 

follows that ζ is linearly dependent in the humidity, similar to the reported in [4].  

 

3.2.4 Surface modification 

One of the factors that affect the evaporation dynamics is the nature of the surface from 

which the fluid is evaporating [21]. In working with standard fibers for evaporations studies, the 

scope of potential interactions is restricted to those between the fluid and the optical fiber 

material, namely silica. The surfaces of optical fibers can be modified by coating them with 

layers of different materials. Coating might hinder the propagation of light, resulting in poor 

performance of the sensor. One way to alleviate such potential problems is the deposition of self-

assembled monolayers (SAMs) on silica surfaces [84]. As their name suggests, SAMs are single 

layers of organic molecules that are spontaneously organized on a solid surface. Their thickness 

Figure 34: Droplet profiles and evaporation rates 

 

Figure 34: (a) Droplet initial profiles of the experiments reviewed in Table 6. The droplet in this work is much 

smaller than in the others. (b)  ζ  = V
2/3

/Δt as a function of relative humidity. 
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is only few nanometers. The term 'self-assembly' refers to the deposition process by which an 

ordered and tightly packed layer is formed from individual molecules. Generally speaking, the 

monolayer-forming molecule consists of: a) an anchoring group, which attaches to the surface of 

the substrate to be treated; b) a chain of hydrocarbons (alkyl chain), which contribute to the 

packing of the monolayer through van-der-Waals interaction among neighboring molecules; and 

c) a second functional group, which remains free-standing following the deposition process and 

defines the properties of a modified surface. When deposited on an optical fiber, the functional 

group of the SAM is free to interact with the evaporating fluid, and can modify the evaporation 

dynamics significantly. 

The technique for SAM deposition used in this work was initially developed for the 

bonding of silicon wafers, and described in details at [85]. The process is applicable to silica 

fibers with little change. Its main stages are the following:  

1. Cleaning of the fiber surface in chloroform, acetone, ethanol and hot ‘piranha’ 

solution (H2SO4 (sulfuric acid): H2O2 (hydrogen peroxide)) at a ratio 7:3. 

2. Deposition of a custom-functionalized monolayer on the fiber:  The monolayer 

forming molecule consists of a hydrocarbon chain with a varying number of     

units, with two terminal functional groups: the group at one end is a trichlorosilane 

(     ) which anchors to silica, and the group at the opposite end (which remains 

free-standing following monolayer assembly), is a degree of freedom, determined by 

the specific purpose of the sensor. 

3. Verification of successful deposition: Successful monolayer deposition on silicon 

wafers, for example, is verified by measuring the contact angle of a water droplet on 

the wafer surface, by ellipsometry, and by infra-red absorption spectroscopy. Due to 



62 

 

the small cross-section of the optical fiber, it is difficult to implement those methods 

directly. Instead, the monitoring of evaporation from the tip of a treated fiber could 

provide indication for surface modification. The steady state values of reflection 

measurements, however, are not modified by monolayer treatment. 

3.3 Results 

3.3.1 Experimental setup 

In the experiments reported herein, light from a 3.2 mW laser diode source at 1543 nm 

wavelength (Ortel, 3740A ) was launched into the first port of optical circulator. The second port 

of the optical circulator was connected to a standard single mode fiber with a cleaved facet, and 

the reflected light was routed through port 3 of the optical circulator to a low-bandwidth optical 

power meter (Near IR Photoreceiver, Model: 1544-A, New Focus) as illustrated in Figure 35.  

In order to maintain repeatable procedures for the droplet evaporation, two different 

apparatuses were used. In the first method, solvents were prepared in a test tube that was open to 

the air. The fiber tip was held perpendicular to the air-fluid interface inside the test tube, and was 

initially immersed 5 mm into the fluid. Next, the fluid was drained from the bottom of the test 

tube at a constant rate, until its level was 20 mm below the fiber tip. The power reflected from 

the fiber tip was recorded during the evaporation of the fluid. In a second method, a 1 milliliter 

vessel full with the fluid under test was placed on a moving stage, and the fiber tip was held 

perpendicularly above it. The fiber was initially immersed 1 mm into the droplet, and then the 

stage was lowered. A similar apparatus was used in [68], but with fused silica capillary fiber.  

Both apparatuses provided sufficient repeatability, yet, the first one is more 

mechanically-cumbersome. Moreover, due to the use of the test tube, vapors of the fluids were 

found in the surroundings of the fluid interface. Those vapors caused the evaporation time to 
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increase [22]. For example, under the same temperature, the evaporation duration of hexane in 

the first method was approximately 6 seconds, whereas in the second method it was around 1 

second. The major drawback of the second method is that for some fluids, no fringes are 

observed during the final stages of evaporation. 

Figure 35: Experimental setup 

 

Figure 35: Experimental setup for the monitoring of fluid evaporation from a fiber tip. DFB: distributed feedback  

  

Unless otherwise specified, all experiments were performed at ambient temperature and 

atmospheric pressure inside a closed hood. The relative humidity inside the hood was found to 

be 70±5% using a simple hygrometer. This evaporation rate at this relative humidity is consistent 

with [4]. The air flow in the hood was not monitored either, what turned out to be a mistake. 

Different locations of the mechanism inside the hood experience different air flows. This makes 

it difficult to compare between non sequential experiments. 

3.3.2  Control experiment 

Initial experiments were carried out alongside contact angle goniometer measurements 

(model OCA 15EC, dataphysics), for validation purposes. This specific experiments were 

performed in an open space (and not in a closed hood) at a temperature of 25ºC and in a 

relatively low humidity (<70%). A fiber tip was held vertically above a 20 micro-litter droplet of 

water.  The droplet was placed on a silicon carrier wafer, on the moving stage of the goniometer. 

Reflected light was monitored in synchronization with real-time video recording at 25 frames per 

sec. Snapshot images with droplet edge detection image processing are shown in Figure 36(a), 
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and the reflected optical power as a function of time is shown in Figure 36(b). Image processing 

tools (described in detail below) have been used to calculate the evaporation rate and droplet size 

during the process. Figure 36 (c) shows the droplet size as a function of time, as reconstructed 

using both methods: direct observation (red dots) and fringes analysis (blue curve). Good 

agreement is found. Overall, 65 fringes were counted, implying that the droplet was initially 37 

µm thick and the initial contact angle was 61.5º. The evaporation duration was 3.5 seconds. The 

fiber was not perfectly perpendicular to the droplet surface. The angular deviation of 2.3º 

introduced a shadow that hid the evaporation of the final 5 m of the droplet from the camera 

[86]. Both of the measurements are presented, simultaneously, in Video 7. 

Figure 36: Evaporation from a fiber tip: Control experiment  

 

Figure 36 (a) Images of a droplet at the tip of a cleaved fiber, taken during evaporation within a contact angle 

goniometer. (b) Reflected optical power as a function of time, collected during evaporation, showing 

interference fringes. (c) Droplet thickness as a function of time, reconstructed using image processing (red 

dots) and analysis of reflected power (blue curve) [86].   

 

The most part of water evaporation was accompanied by reduction in the contact angle 

and the droplet length, and not in contact radios (see Figure 38 below). Only in the final phase of 

the evaporation, changes in the contact radius occurred as well. An evaporation phase of water 

with a fixed contact radius was also reported in [22, 87, 21, 82]. The initial contact angle of 61.5º 
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and the relatively long phase of evaporation with contact radius suggest that the surface of the 

fiber tip is hydrophilic. Indeed, pure clean silica surface is known to be hydrophilic in nature. 

Moreover, the cleaving and the absence of subsequent cleaning can result in degradation in the 

smoothness of the silica surface. A similar contact angle of a pendant water droplet on fused 

silica capillary fiber was reported in [68]. 

3.3.2.1 Image processing 

This short section represents a brief diversion from the physics-chemistry world, into the 

image processing domain. In what follows, the procedure of calculating the droplet length based 

on the captured images is described. First, the image size was reduced so it contained only the 

fiber tip region. Secondly, an estimate of the pixel dimensions was made based on the known 

cladding width of a standard single mode fiber. Figure 37 shows the fiber (without a pendant 

droplet). The red lines represent the fiber edges, as found based in gray level differences in the 

image. This calculation yields that each pixel in the image corresponds to a physical extent of 

1.812   . Next, a preliminary process was carried out using Matlab edges detection tools, with 

the Canny operator and a threshold of 0.5. Characteristics results are shown in Figure 38. For 

each frame, a polynomial approximation for the droplet edge was calculated, from which the 

droplet maximal length could be extracted. Figure 39 presents typical results of the polynomial 

fitting. A good approximation is achieved. This fitting deviates from the spherical cap model 

presented before, but for small droplets the differences are negligible [81]. 
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The initial droplet length and the exact instance of the onset of evaporation are calculated 

based on the first frame were the droplet is distinguishable (Figure 40, a and b). The behavior in 

this specific interval was studied by Uemura et. al. using high speed imaging [68]. They 

suggested that immediately (~0.3 ms) after the snap-off event, the strong deformation induces an 

axis-symmetrical oscillatory damping on the droplet surface. Those effects decay to zero after 1 

ms.  

 

  It was already mentioned that small angular deviation of the fiber overshadowed the 

final 5 microns of the droplet evaporation. In Figure 40 (c) the shadowing effect is demonstrated. 

Figure 38: Typical results of the edge detection operator 

 

Figure 38: Typical results of the edge detection operator. The outer line is the fiber and the droplet boarder, whereas 

the inner line is the byproduct of fiber geometry (Note: this is not the fiber core). 

 

Figure 37: Pixel size calibration 

 

Figure 37: A fiber tip, as captured using the goniometer’s camera. The red lines mark the fiber edges.  

 

Pixel size calibration
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One side of the fiber generates and over-shadow, resulting in dark pixels. With a perfectly 

perpendicular fiber, no dark pixels are expected in that area.  

 

Figure 40: Frames with special interests 

 

Figure 40: (a): Initial droplet forming. The last frame without a droplet,    . (b): The first frame with an obvious 

droplet,       . (c): A fiber without a droplet. The shadowed area refers to the black pixels inside the 

red circle. 

3.3.2.2 Conclusion  

Good agreement was found between the direct observation method, and measurement of 

the droplet size using the instantaneous reflected power from the fiber tip. However, the 

measurement of evaporation using the proposed fiber sensor is simpler, easier for analysis and 

less sensitive to mechanical displacements of the fiber in the setup. In terms of measurement 

accuracy, the fundamental precision in the initial droplet length measurement of the direct 

observation method is on the scale of the pixel size (in this case 1.8µm, but can be improved 

Figure 39: Polynomial approximation of the droplet length 

 

Figure 39: Reconstruction of the droplet length from goniometer camera images, using polynomial approximation. 

Red: observed data. Black: polynomial fitting. Blue: maximal droplet length. 
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with better optical equipment). Mathematical tools and preliminary assumptions, such as 

parabolic fitting, can improve the precision to 0.25µm. In [82], the uncertainty in the analysis of 

droplets about 1 mm in height, using direct observation, was estimated as 4.8%. The fiber tip 

method, on the other hand, is limited by the detection abilities of the first and last fringe. Those 

are sometimes easily detected, as in the water droplet experiment described above, but 

sometimes the detection is vague (as will be discussed latter). Thus, the accuracy in the droplet 

initial size measurement using the fiber tip technique is estimated by 0.6µm. 

In the direct observation method, the evaporation rate measurement precision is not better 

the video camera frame rate (usually 25 or 30 frames per sec). The fiber tip technique has a great 

advantage in this parameter: the evaporation rate precision is a function of the sampling 

frequency of the optical power meter and the voltage noises (detector noises and sampling 

noises).  The noises in the fringe peak detection error sum up to less than 50 nm change in the 

droplet instantaneous length change.  

3.3.3 Experimental Results 

In this section the experimental results will be presented, arranged by the objectives of 

specific measurements. In the experiments, we tried to address aspects of several potential 

applications in of the proposed sensing method. First, the recognition of ethanol, acetone and 

hexane will be presented, using two different mechanical configurations for the initial droplet 

formation. Secondly, different mixtures of water and ethanol will be investigated. Next, a SAM 

will be deposited on the fiber tip and the effect of the surface properties on the evaporation 

dynamics of different solvents will be discussed. Demonstrations of the effects of temperature 

and light intensity on the evaporation rate will follow. Finally, the recognition of ten different 

fluids using a more advanced analysis of the raw reflection traces will be presented. Unless 
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otherwise is specified, all experiments were done by lowering the stage with the liquid rather 

than by draining the fluid out of test tube, using the optical setup describes in Figure 35.  

3.3.3.1 Preliminary fluid recognition 

This is the only experiment that was carried out using both apparatuses for generating 

droplets: (A) draining the fluid out of a test tube, and (B) lowering a vessel with the fluid using a 

moving stage. For more details see 3.3.1. 

Apparatus A: Draining the fluid out 

Figure 41(a) shows the reflected power, recorded during the evaporation of acetone, 

hexane, and ethanol. The average evaporation durations were 5.6 sec., 5.8 sec. and 6.5 sec for the 

three solvents, respectively. Figure 41(b) shows the instantaneous thickness of droplets of the 

three solvents. The initial sizes of all droplets were 37±1 m. The evaporations of acetone and 

hexane follow similar patterns: a relatively higher rate for about one second, followed by a phase 

of slower evaporation for approximately another two seconds, leading to a final phase of more 

rapid evaporation. The evaporation dynamics of ethanol are markedly different, following a 

monotonically-slowing rate [86]. 

Further details of these experiments were extracted by examining the reflected powers 

during the final 0.5 sec. of evaporation (Figure 41(c)). In each case, the final interference fringe 

is different from the previous ones. For ethanol, the duration of the last fringe is 13% longer. In 

the case of acetone, the final quarter of the fringe period is far more gradual than the preceding 

dynamics. The opposite occurs with hexane, for which the final 20 ms of the fringe pattern 

indicate more abrupt dynamics. These differences seem to suggest that the evaporation is 

increasingly affected by forces at the solvent-silica interface as the droplets become thinner.  
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The dynamics of the final fringe are consistent with the fact that ethanol is the only test 

solvent that includes OH groups that can form hydrogen bonds with the silica surface; hence it is 

slower to evaporate at the final stages. The differences in the types of bonds have a lesser effect 

on the evaporation of larger droplets at the earlier stages. It is also sensible that the dipolar nature 

of the acetone should lead to a behavior intermediate between the strong surface interactions of 

the ethanol and the weak surface interactions of the hexane [86]. 

Apparatus B: Lowering the stage 

Figure 42(a) shows the reflected power, recorded during the evaporation of acetone, 

hexane, and ethanol. In contrast to Figure 41(a), this evaporation profiles consist from two main 

parts: they begin with a regular fringe pattern and end up with a different pattern of the 

instantaneous reflected power. In this configuration the average evaporation durations were 

much shorter: 0.8 sec., 0.3 sec. and 1.6 sec. for the three solvents, respectively. Figure 42(b) 

Figure 41: Fluid recognition (1) 

 

Figure 41: (a) Reflected optical power as a function of time, collected during evaporation of different solvents. (b) 

Reconstructed droplet length as a function of time. (c) Magnified view of the reflected optical power during 

the final half sec of the evaporation [85]. 
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shows the instantaneous thickness of droplets of the three solvents. The initial sizes of all 

droplets were 38±2 m, with good a consistence with the droplet values obtained at Figure 41(b).  

Figure 42 (c) focuses on the fringe pattern part of the evaporation. The evaporation of all 

three liquids is characterized by fringe patterns having accelerating rates. The evaporation profile 

of ethanol has a fringe pattern of about 0.6 sec, and a plateau that spreads over 0.8 sec. The 

fringe pattern of hexane lasts for 0.28 sec, and takes up most of the evaporation time. Acetone 

has a fringe pattern of 0.22 sec, followed by a plateau of 0.4 sec. 

 

Figure 42: Fluid recognition (2) 

 

 

Figure 42: (a) Reflected optical power as a function of time, collected during evaporation of different 

solvents. (b) Reconstructed droplet length as a function of time. (c) Magnified view of the 

reflected optical power during the main part of the evaporation. 
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Discussion 

The distinction between hexane, ethanol and acetone was successfully demonstrated, 

using measurements of the instantaneous optical power that is reflected during the evaporation of 

their droplets from a fiber tip. Two mechanical configurations for droplet forming were tested. 

Table 7 summarized the experimental results: average values and standard deviation. It can be 

seen that the initial droplet size is similar in both methods. However, the difference in the 

process time between the fluids is larger in the second method, and the standard deviation is 

larger in the second apparatus as well. Acetone and hexane are characterized by similar fringe 

patterns during the main part of the evaporation using both methods, but the patterns observed 

during the final stages of their evaporation are significantly different. 

 

The suggested criterion for fluid recognition in this specific set of experiments was the 

overall evaporation time. In the experimental configuration based on draining the fluid out from 

a test tube, good recognition could be achieved based on the analysis the last fringe as well. It 

should be noted that the data analysis described in this section is extremely rudimentary. Adding 

more types of liquids to the ensemble of samples would mandate the use of more advanced 

methods. This aspect is addressed in the next sections.  

A possible explanation to the differences in the last fringe and fringe pattern can be based 

on the work of Shanahan and Bourges-Monnier [22]. They reported that in saturated vapor 

Table 7: Basic fluid recognition 

 Evaporation time[sec] Droplet length [µm] 

 Draining the fluid  Lowering the stage Draining the fluid  Lowering the stage 

Hexane 5.82±0.03 0.28±0.04 37.9±0.87 35.3±2 

Acetone 5.61±0.09 0.78±0.04 36±0.1 36.2±0.56 

Ethanol 6.55±0.08 1.65±0.01 37.3±1.3 34.4±1 

Table 7: Summery of the experimental results. Average values and standard deviation.  

 



73 

 

atmosphere the contact radius remains constant during the evaporation. In non-saturated 

atmosphere, the evaporation rate increases and the contact radius eventually begins to regress. In 

the first technique, the test tube forms an almost saturated atmosphere that keeps the evaporation 

rate relatively slow and with constant contact radius. 

The plateaus in the evaporation profiles and the out-of-pattern changes before them in 

Figure 42(b) create some difficulties in the processing of the results. Artificial peaks may occur 

because of changes in the droplet geometry under a constant length, brought upon by a collapse 

of the droplet base width. The difficulties arose when trying to determine the droplet length: the 

distinction between a 'true' fringe and an artificial peak is not trivial. This is a marginal problem 

in this simple example of 3 fluids recognition, but in more advanced application this issue should 

be addressed carefully.   

3.3.3.2 Evaporation study of water-ethanol mixtures 

In this subsection the evaporation properties of water-ethanol mixtures are explored. 5 

different mixtures of ethanol and distilled water were prepared and tested, as well as pure water 

and almost pure (>99.5%) ethanol. The relative concentrations of ethanol and water in all 

mixtures are defined according to volume. Each test was carried out 4 to 6 times, using the 

optical setup described in 3.3.1. Typical fringe patterns of water are shown in Figure 43. The 

blue curves represent the detector output voltage readout (arbitrary units), the red lines represent 

the end of the evaporation time and the little green triangles mark the peaks of fringes. Good 

repeatability is achieved; both in process time (about 5.5 sec) and in the number of fringes (60). 

Note that the final fringe differs from all other fringes. 
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Figure 44 (a) shows the instantaneous droplet length of water, calculated using the 

experimental data in Figure 43. The initial droplet size is 37.5 µm, and the process time is 5.6 

sec. A linear fitting (black line) was preformed, with a coefficient of determination R
2
 = 0.994. 

Recalling the control experiment described in 3.3.1 the difference of 2.1 sec in the evaporation 

time can be attributed to changes in the ambient temperature, the relative humidity and the air 

flow in the room. In Figure 44 (b), the volume of the droplet during the evaporation is presented, 

calculated based on the droplet length, the contact radius (fixed value of 62.5µm) and equation 

3.11. The initial volume V was 2.6·10
6
 µm

3
 =260 picoliter, and the linear fitting yields R

2
 = 

0.986. The total volume divided by the evaporation time (Δt) is 48.8 picoliter·sec
-1

. This value is 

one to two orders of magnitude smaller than previously reported values (see Table 6). Figure 44 

(b) shows the third root squared of the volume (V
2/3

) as a function of time. ζ= V
2/3

/Δt is 

700µm
2
/s, which does scale with previous works. This curve is the closest to linear from all the 

three of them, with coefficient of determination of 0.9998. This suggests that although the 

droplet evaporates with constant contact radius, V
2/3

 is linear with time, in contrast with the 

analysis of Nguyen [21]. I will address this disagreement again towards the end of this chapter. 

Figure 43: Water evaporation: Fringe pattern  

 

Figure 43: Typical fringe pattern of water evaporation. Blue: voltage readout (arbitrary units). Red: end of 

evaporation. Green: fringe marker, local maxima. Magenta: fringe marker, local minima. 
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Similar data were obtained for all other mixture ratios; however they are not presented  

Similar data were obtained for all other mixture ratios; however they are not presented 

here due to lack of space. For easier comparison and analysis, let us define a new quantity: the 

accumulative droplet length change. The droplet length change is the fringe number times half 

the wavelength in the medium. The fringe counting starts at the onset of evaporation. Figure 45 

presents the accumulative droplet length change as a function of time. Due to the significant 

differences between the evaporation times of pure water and pure ethanol, and because of 

artificial peaks towards the end of the evaporation process, the horizontal axis is limited to 1.4 

sec. 

 

Figure 44: Water evaporation: droplet length 

 

Figure 44: reconstructed droplet data as a function of time for distilled water. (a) droplet length; (b) droplet 

volume; (c) third root squared of the volume. 
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Discussion 

Figure 45 shows that each mixture has a different temporal profile of evaporation. 

Environmental fluctuations, liquid impurities and measurement noises cause small differences 

between repeating experiments of nominally identical samples. Absolute droplet size could not 

be accurately calculated due to the artificial peaks at the end of the evaporation process, therefore 

the analysis is limited to the initial segment of the process which is characterized by a clear 

fringe pattern. As expected, the evaporation rate (the slope of the curves in Figure 45) increases 

with the ratio of ethanol in the mixture.  

In the water-rich mixtures (50% water and more), a three phase evaporation behavior was 

observed. Figure 46(a) illustrates the droplet length during the evaporation of 1:1 water-ethanol 

mixture. The first phase the evaporation takes place at an almost constant rate. That rate 

increases with the relative part of ethanol in the mixture (Figure 46(b)). The second temporal 

stage represents an intermediate phase between the first stage and the final one, in which the 

evaporation rate is constant and equals that of pure water, about 62µm·sec
-1

 (Figure 46 (b)).  

 

Figure 45: Evaporation of water-ethanol mixtures 

 

Figure 45: Evaporation profiles of water-ethanol mixtures. Black: pure distilled water. Red: pure ethanol. Mid-

tones: see legend. 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

20

25

30

35

40

Process Time [sec]

D
ro

p
le

t 
L
e
n
g
th

 C
h
a
n
g
e
[


m
]

 

 

Water

%90

%75

%60

%50

%25

Ethanol



77 

 

Figure 46: Evaporation rates  

 

 

Figure 46: (a) Illustration of evaporation profile of 1:1 water-ethanol mixture, with the three phase notation. (b) 

Evaporation rates in phase 1, phase 3 and of pure water, and the corresponding error bars, compared with 

[87]. 

 

Sefiane et. al. [87] studied the evaporation of water-ethanol droplets from a rough PTFE 

(Teflon) substrate using a goniometer. Their experiment was performed in a closed cell at 

ambient temperature and atmospheric pressure. Despite some differences in the setup 

configuration
1
, a three-phase behavior was identified in their work as well. They also found that 

the trailing edge of the evaporation dynamics resembles that of water, and that the evaporation 

rate in leading edge is much faster than in the following stages. Similar results were also reported 

in [88]. Liu and coauthors [4] reached similar observations as well, and claimed that the 

following three processes govern the evaporation of water-ethanol mixture droplet: 1) ethanol 

flow to the surface of the droplet due to diffusion; 2) the fundamental evaporation of ethanol; and 

3) the fundamental evaporation of water.  

                                                 

1
Main differences:  Sefiane investigated droplets at volumes 1000 times bigger than the volumes we used, and used 

a PTFE surface, with is more hydrophobic than untreated silica fiber. 
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Figure 47 shows a linear fitting of the evaporation rates in phase 1, to the concentration 

of water volume in the mixture. A good fitting is achieved (R
2
=0.998), with about 1% accuracy 

for the large water concentrations. An estimate for water concentration can be established, 

therefore, by detecting the first phase in the evaporation profile, calculating of the evaporation 

rate ( [      ]) in this phase, and using the following formula: 

                        3.13.  

Figure 47: Evaporation rate as a function of water percentage 

 

Figure 47: The evaporation rate in the first phase as function of water percentage in a water-ethanol mixture. Black: 

linear fitting. Blue: experimental data and error bars. 

 

We note that the dependence of the RI on the mixing ratio is nonlinear. Moreover, it is 

not monotonic. For instance, the RI of a mixture with 25% water volume and a mixture with 

12% water volume was reported to have the same RI at 589nm [89]. Therefore, an estimation of 

the mixing ratio based on the RI measurement alone is very limited. 

3.3.3.3 Evaporation from the surface of a treated fiber 

We deposited a SAM of octadecyltrichlorosilane (OTS, Figure 48(a)) on the cleaved 

facet of a standard fiber. The deposition process was described in 3.2.4. Figure 48 (b) and (c) 

show goniometer images of reference and coated fibers, immersed in water. Following OTS 
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deposition, the hydrophilic silica surface becomes hydrophobic. When the goniometer stage was 

lowered, as in the experiments described in 3.3.2 (Figure 36), the droplet did not settle 

consistently at the center of the fiber, and nearly no fluid remained on the fiber tip at all (Figure 

48 (d)). The off-center position of the droplet fraction on the fiber tip can be explained by 

hydrophilic micro-heterogeneity or micro-roughness that act as anchoring points [90]. The 

surface modification is clearly evident in the temporal reflectivity pattern, shown in Figure 48 

(e). The duration of evaporation from the coated fiber is only 1 sec as opposed to 3.5 sec in 

Figure 36, and no interference fringes are observed. Less complete or less well organized SAM 

coatings would yield much less dramatic changes in the evaporation profile [86].  

Figure 48: Surface modification of optical fiber tip 

 
  
Figure 48: (a) An OTS molecule. (b) Goniometer image of a reference fiber tip immersed in water. (c) 

Corresponding image of an OTS-coated fiber. (d) Only a fraction of a droplet remains on the tip of the 

coated fiber when removed from the water. (e) Reflected optical power as a function of time, collected 

during evaporation of water from the OTS-coated fiber tip. The evaporation is short with no interference 

fringes [86]. 

 

An example: Acetone 

An example of the changes in the evaporation profile of acetone due to the SAM 

deposition can be seen in the fringe pattern presented in Figure 49(a). The reconstructed droplet 

size is shown in Figure 49 (b). In this example, the initial droplet size was reduced by as much as 

50% following OTS monolayer treatment of the fiber facet, causing the evaporation time to 

decrease from 0.75 sec to 0.27 sec. However, the fringe pattern obtained from the coated fiber 

resembles the fringe pattern obtained from the bare fiber for the first 160 ms of the evaporation, 
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as can be seen in the Figure 49 (a) and (c). This observation suggests that the evaporation 

mechanism in the beginning of the process remains the same, and the changes are in the initial 

droplet size and/or in the ending stages of evaporation.  

A set of evaporation measurements was carried out in the same manner as in section 

3.3.1.  However, this time a broader set of liquids was tested, using both a bare fiber and an 

OTS-coated fiber. The analysis metrics focused on the fringe pattern and the total evaporation 

time.  

Figure 49: Evaporation profiles of acetone  

 

 

Figure 49: (a) Reflected optical power – fringe pattern from acetone evaporation from a bare fiber (blue) and OTS 

coated fiber (red). The markers specify the extremum points. (b) Reconstructed droplet length as a function 

of time (c) Droplet length change as a function of time. 

Organic Solvents Study 

The experimental procedure above was carried out for all ten solvents of Table 5. The 

evaporation profiles, fringe patterns and droplet length changes of those solvents can be found as 
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attached files. The reconstructed droplet length change as s function of time is shown in Figure 

50. Panel (a) presents the results obtained from the bare fiber tip and panel (b) shows the results 

from the coated fiber tip. The following analysis relates to the data on this figure. 

 

Initial droplet length 

As mentioned before, the initial droplet length can be reconstructed using the fringe 

pattern. However, for some solvents the final part of the evaporation process is not accompanied 

by fringes in the reflected power, hence the initial droplet length cannot be recovered accurately. 

The droplet length changes noted in this discussion are those observed during those phases of 

evaporation in which a clear fringes pattern is obtained. In few solvents, such as water and 

hexane, the droplet length change truly matches the initial droplet length, whereas in several 

others there could be deviations of up to a few microns. Nevertheless, these inaccuracies do not 

disturb the comparison between evaporation dynamics from bare and coated fibers. Henceforth 

Figure 50: Droplet length change of representative solvents (a) 

 

Figure 50: Droplet length change as a function of time for ten different organic solvents, during evaporation from a 

bare fiber tip (a) and an OTS-coated fiber tip (b). 
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the term ‘droplet length’ will refer to the initial droplet length as reconstructed from the fringe 

pattern, and the possible deviations from the real initial length will be neglected. 

Figure 51 shows the droplet length change as a function of time, reconstructed based on 

the fringe pattern in the evaporation profile of the ten organic solvents. In all of the tested fluids, 

the droplet length measured from the bare fiber tip was 35±5   . The lengths of droplets formed 

on the OTS-coated fiber were smaller than the corresponding lengths of droplets on a bare fiber, 

with the exception of hexane, (Figure 51-9). The droplet length values reconstructed for hexane 

were almost the same for the two experiments. The largest difference of 24    in droplet length 

was observed in the evaporation of acetonitrile (Figure 51-6). 

Analysis of droplet length changes  

The evaporation of most solvents begins with a first phase that is characterized by a 

relatively slow rate, followed by a second, longer phase of a constant-rate process. In a few 

cases, the evaporation rate slows again in the final few microns. The comparison between bare 

and coated fibers experiments shows that for most solvents, the evaporation dynamics are 

unaffected by monolayer deposition, until the droplet vanishes entirely. The main difference 

between the two sets of experiments is that the evaporation of the smaller droplets that are 

formed on the coated fiber ends more quickly. The exceptions to this rule are the measurements 

of ethanol, acetonitrile and p-dioxane, where small changes in dynamics are observed following 

the deposition of OTS on the fiber. The discussion of the likely origin of these similarities and 

differences will follow.  
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Evaporation time 

The total evaporation time is measured from the onset of evaporation until its completion, 

which is identified as the time when the reflected optical power stabilizes on its steady state 

value. It is not necessarily equal to the duration in which fringes are observed. A comparison 

between the overall evaporation times in bare fiber and coated fiber experiments is presented in 

Figure 52. The black bars represent the mean evaporation times from the former, whereas the 

copper-colored bars correspond to the latter. White bars show the durations of fringe patterns (or 

'fringe pattern times'). 

  

From the comparison in Figure 52 it can be seen that for the vast majority of the tested 

solvents, the evaporation from the treated fiber tip was faster as discussed earlier. On the other 

hand, the relation between the fringe pattern time and the total evaporation time has no specific 

Figure 51: Droplet length change of different solvents (b) 

 

Figure 51: Droplet length change as a function of time for ten different organic solvents. 
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trend. In some fluids the difference is small (like in hexane and toluene), and in others it is 

significant (like in THF). These observations are also discussed later in this section.  

 

Discussion 

We have seen that for most of the tested solvents, the surface modification in terms of 

OTS monolayer coating does not affect the evaporation rate, but only, if at all, the droplet size 

(see Figure 53 (a)). While the change in acetonitrile droplet size is about 25  , in hexane there 

is no change. One property that distinguishes acetonitrile from hexane is their polarity. Polarity, 

in the context of solvent strength, is the solvent's ability to preferentially dissolve more polar 

compounds [91]. The difference in the electronegativity between the atoms in the solvent 

molecule, as well as the asymmetry of the structure, affects the molecular polarity: A molecule 

may be polar as a result of differences in the electronegativity, or due to an asymmetric 

arrangement of nonpolar covalent bonds and of non-bonding pairs of electrons. Snyder [91, 92] 

defined a descriptive polarity index based on the solvent's ability to dissolve many compounds. 

For instance, water was found to have a polarity index of 10.6.  

Hexane (           ) is known to be very non-polar, because the bonds between 

carbon and the hydrogen are uniform. Acetonitrile        , on the other hand, is a polar 

Figure 52: Evaporation time comparison 

 

Figure 52: Average evaporation times for ten different organic solvents. Black: evaporation from a bare fiber tip. 

Copper: evaporation from an OTS- treated fiber tip. Internal, white bars: the fringe pattern time. 
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molecule. With the triple bond between the carbon and the nitrogen, a negative charge 

accumulates around the nitrogen atom. The Hydrogen atoms tend to sustain a positive electric 

charge, therefore the complete molecule is polar.  

Polarity may refer to surfaces as well. We define a polar surface as a surface terminated 

by polar molecules. Optical fibers are made of fused silica, which is naturally terminated by the 

polar    groups in ambient conditions. Hence the surface of a bare fiber is considered as polar. 

In contrast, the surface of the OTS-coated fiber is non-polar. We may expect that a polar liquid 

would form stronger bonds to a polar surface than to a non-polar surface, all other conditions 

being equal. On the other hand, we could also expect that the strength of bonds formed by a non-

polar liquid will be less affected by the polarity attributes of the surface to which it is applied.  

In our experiments, droplets are formed on the tip of fibers as they are pulled out of a 

solvent reservoir. The sizes of droplets represent a balance between the strength of attachment 

between liquid and surface, which is pulling a mass of liquid out of the reservoir, and the inter-

molecular forces of the liquid which work against it. While the former may be modified by 

changes in the surface polarity, the latter are not. Hence we make the following conjecture: polar 

liquids would form larger droplets on the surface of the bare fiber than on the surface of the 

OTS-coated fiber. Differences in size would be smaller for non-polar liquids.  
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Figure 53 (b) presents the droplet length differences as a function of the fluid polarity, 

with a parabolic fitting. The polarity values are given in [91, 92]. As predicted, solvents with a 

low polarity index such as hexane and toluene display a smaller variation in the droplet length 

between the two sets of experiments, while solvents with a high polarity index are characterized 

by larger differences in droplets sizes. A second-order polynomial relation between the polarity 

index and the droplet size difference is suggested, although the fitting is far from optimal. Note 

that the analysis is rather simplistic, without any quantitative calculations. Factors like surface 

free energy and hydrogen bonds were not taken into account. An elaborated study with emphasis 

on the physical and chemical aspects of the different liquids is needed. Nevertheless, these sets 

of experiments provided surprisingly consistent information for analytic chemistry and surface 

studies purposes. This demonstrates the potential of this extremely simple fiber-optic sensing 

Figure 53: Droplet length differences as a function of polarity 

 

Figure 53: (a) The droplet size as reconstructed from evaporation from a bare fiber tip (green), and from a coated 

fiber tip (yellow). (b) The droplet length difference between the experiments as a function of the polarity 

of the solvent, with a parabolic fitting (black). 
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configuration as an analytical tool. The ability to modify the surface properties of the fiber at-

will, via monolayer deposition, provides a useful extra handle for the recognition of specific 

fluids: coatings can be formed that specifically attach to, or repel, a particular fluid of interest.    

3.3.3.4 Additional evaporation parameters 

Temperature 

Everyday experience suggests that evaporation takes place more quickly at higher 

temperature. To demonstrate this trend with the fiber sensor, a halogen light bulb was placed 

near the fiber tip and was used as a heating source. Evaporation of water was recorded at three 

different temperatures. The results are presented in Figure 54(a). The input power was 5.05 

   . 

Figure 54: Influences of temperature on evaporation  

 
Figure 54: (a) Droplet length change as a function of time, reconstructed from the fringe pattern of water 

evaporation in three different temperatures. (b) Linear fitting of the evaporation rate. 

 

As expected, evaporation time becomes shorter with higher temperature. Moreover, the 

variance in the results increases with temperature as well. The dependence of evaporation rate on 

temperature is well described by a linear fit, for the range of temperatures tested (Figure 54 (b)). 
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A linear dependence of water evaporation rate on temperature was also reported in [20], though 

the measuring setup was different. It should be noted that the index of refraction of water is 

temperature-dependent: at a wavelength of 1.483   and around 25   it changes by about 0.0004 

RIU per C [93]. Those changes are negligible in our calculations. 

Light intensity  

Like temperature, the intensity of the interrogating laser light has a potential effect on the 

evaporation time. Water at 20   has an absorption coefficient of  25cm
-1

 [94]. This means that a 

fraction of the energy of incident light is converted into heat. A set of sequential evaporation 

experiments of pure distilled water was performed with different input optical powers. The 

results are presented in Figure 55 (a - c) and Figure 56 (a-c). The temperature in this experiment 

was 19ºC 

 

The droplet initial length does not have a clear dependence on input power (Figure 55 

(a)), and variations can be a result of differences in the retraction speed [68]. On the other hand, 

Figure 55: Influences of the light intensity on evaporation 

 

Figure 53: Evaporation parameters as a function of optical power. (a): Average droplet length, (b): Evaporation 

time and (c): Evaporation rate.  
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the evaporation time shortens for higher input power levels (Figure 55 (b)), and the evaporation 

rate (initial length divided by the total evaporation time) increases with the optical power (Figure 

55 (c)). It should be emphasized that this was a relatively stable experiment - the standard 

deviation in evaporation rates was only 1.5% of the average measured values.  

Discussion 

A rough estimate of the relation between temperature and light intensity can be 

performed based on the experimental results. A change of the input power from 5 dBm to 2 dBm 

affected the evaporation dynamics in a similar manner to a change of the ambient temperature, 

for example, from 19   to 10.5  . However, comparison and relation between the two 

mechanisms are far more complicated: heat is lost at the droplet boundaries and due to 

evaporation, and the absorption of light in water is also temperature dependent [95]. 

 

Interestingly, the evaporation dynamics observed using different light intensities may 

help resolve the discussion presented earlier in 3.3.3.2. There, based on a linear fitting, we found 

Figure 56: Influences of the laser power on evaporation 

 

Figure 56: Reconstructed droplet data as a function of time for distilled water. (a) droplet length; (b) droplet 

volume; (c) third root squared of the volume. Normal power: 5dBm. Minimal power: -0.5dBm. last 

fringe was omitted from the fitting. 

 



90 

 

that V
2/3

 varies linearly with time, (and not V), in disagreement with the proposed evaporation 

mechanism of small droplets discussed in [21]. Here (Figure 56) we see that the distinction 

between the two has to do with the intensity of the interrogating optical wave. For a 

comparatively low intensity of -0.5 dBm, the volume V shows a better fit with time (R
2
 =0.9991) 

than does V
2/3

 (R
2
 = 0.989). The opposite is true for a higher intensity of +5 dBm: V

2/3
 follows a 

linear dependence more closely (R
2
 = 0.999) than the volume itself (R

2
=0.99). The quality of the 

fitting is evident in Figure 56 (b) and Figure 56, (c). Direct observation confirmed that the 

evaporation mode was of fixed contact radius for all cases. In conclusion, we have shown that 

high laser power not only speeds up the evaporation, but also changes the volume-to-time 

relation of the process. As the input power decreases, the experimental results agree with the 

theory and observations of the literature.  

Additional factors, such as relative humidity, pressure and air flow were not tested in this 

work. It is most likely that this method will be able to monitor those parameters to some extent, 

since their influence on the evaporation rate of sessile droplets was already demonstrated before 

[4, 7].  

3.3.3.5 Advanced fluid recognition 

Fluid recognition was already demonstrated in the begging of this chapter.  There, the 

suggested criterion for recognition was the process time. However, this single criterion is 

insufficient for the proper classification of larger sets of tested fluids. For instance, the fringe 

patterns of acetonitrile and hexane have similar durations (Figure 50 (a)). Moreover, the 

evaporation dynamics of a given fluid may vary with a host of environmental and other factors, 

such as temperature, leading to fluctuations of the sensor measurement outputs. Several data 

processing tools have been developed to overcome this obstacle and recognize similar fluids 
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subject to varying conditions, mainly from the field of statistical data analyses [96]. One 

common tool for tackling such recognition problems is cluster analysis (or clustering): a method 

of assigning a set of objects into groups, so that the objects in the same cluster are similar to one 

another more than to those in other clusters.  

K-means is a method of partitioning an  -dimensional population into   sets on the basis 

of a training data. The process is described in details at [97], and yields partitions which are 

reasonably efficient in the sense of within-class variance. Setting the dimensions of the data 

depends on the sample. In this study, the initial sample is the set of fringe patterns from all the 

solvents mention above. The input dimension was reduces to 2-dimensional vector space. 

Intuitively, the evaporation time was set to be the first coordinate. Recalling that for an arbitrary 

fluid under test the RI is unknown, the second coordinate was chosen as the number of fringes 

rather then droplet size.  

 

The partition of the points was done by Matlab k-means function using the Euclidean 

norm, i.e. each centroid is the mean of the points in that cluster. For the results obtained from the 

Figure 57: k-means clustering 

 

Figure 57: Demonstration of fluid recognition of ten organic solvents based on a clustering analysis of their 

evaporation. (a) From a bare fiber. Individual clusters are difficult to distinguish. (b) From an OTS-coated 

fiber tip. Clusters are clearly recognized.    

 



92 

 

bare fiber tip, the algorithm did not converge, namely no good partition was found (Figure 57 

(a)). The obstacle in this case is that the in-class variance is significantly larger from the distance 

between the potential groups. On the other hand, in the analysis based on measurements of 

evaporation from the OTS-coated fiber tip, good margins were achieved. The 10 cluster 

centroids and the training data points are presented in Figure 57 (b). Toluene and acetonitrile 

have the widest margins, while smaller separation was observed for acetone, THF and methanol.  

 

As a final example, a combination between the bare fiber measurements and the coated 

fiber measurement is demonstrated in Figure 58. A three dimensional clustering based on the K-

means method was used. The first two dimensions are the evaporation time and the number of 

fringes measured with the OTS-coated fiber, and the third one is the average evaporation time of 

the specific fluid measured from the bare fiber tip. This supplement does not change the within-

class variance, but it does extend the distance between the different clusters. For instance, in this 

Figure 58: 3 Dimensional clustering 

 

Figure 58: Demonstration of fluid recognition of ten organic solvents based on a clustering analysis of their 

evaporation from an OTS-coated fiber tip and a bare fiber, simultaneously.  
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analysis the separation among THF, acetone and methanol is better than in the two-dimensional 

case (Figure 57 (a) and (b)).  

It should be noted that the clustering analysis above is very basic. The initial data 

contains many more features and details than simply the droplet length and the process time. 

More sophisticated analysis can be multi-dimensional, and employ additional parameters such as 

fringe contrast and fringe pattern envelope. Moreover, enrichment of the data analysis can be 

achieved by repeating the test with more coating types, as many more types of SAM can be 

deposited on silica [98]. 

3.4 Conclusion  

In this chapter the evaporation dynamics of a pendant droplet from a tip of an optical 

fiber was investigated. The technique is based on the monitoring of the reflected light from the 

droplet during the evaporation process. The droplet makes for a low quality resonator. As the 

droplet evaporates, the resonator changes its length and fringes are introduced in the detected, 

reflected light. Analysis of the detector readout allows for the reconstruction of the instantaneous 

droplet length and rate of evaporation. 

I employed the technique in a broad set of experiments, having different objectives. First, 

the new technique was validated against the traditional method of evaporation monitoring using 

direct observation. A pendant droplet of water of sub nano-liter volume was found to have a 

spherical cap shape, and most of the evaporation process was in a constant contact radius mode. 

The volume decreased linearly with time. Next, the evaporation of water – ethanol binary 

mixtures was studied, and three different evaporation phases were detected. The evaporation rate 

in the first phase was found to be linearly dependent on the relative concentration of water: 2% 
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accuracy was achieved in the estimation of the mixing ratio. In addition, I studied the effect of 

local heating and light intensity on the evaporation of water.  

Extra focus was given to interaction between the surface and the fluid. A SAM was 

deposited on the fiber tip, making the new surface less polar and more hydrophobic. A 

comparative study of the evaporation of 10 organic solvent from a bare fiber and a coated fiber 

demonstrated the connection between the polarity of the substance and that of the surface. The 

evaporation time and the initial droplet length were successfully used in fluid recognition, 

through clustering analysis. In general, most of the observed evaporation trends were in 

agreement with the known literature. 

In summary, a simple, reliable and economic fiber-optic evaporation sensor was proposed 

and demonstrated. It is more robust and simple to prepare and employ than the MC fiber sensor 

discussed in the previous chapter. Like the MC sensor, it is not based on the monitoring of RI or 

absorption spectrum of the liquid under test. In my opinion, the weak point of the proposed 

sensor is also one of the main limitations of fiber-optic sensing solutions in general: its 

deployment potential in real-life applications. I will discuss this issue in the following 

concluding discussion. 
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4. Discussion and conclusions  

A new concept for the fiber-optic recognition and analysis of fluids was proposed, 

analyzed and experimentally demonstrated. The technique of monitoring the evaporation of sub 

nano-liter droplets is simple to implement and requires no instrumentation in the immediate 

vicinity of the fluid. The measurements can assess droplet size, the instantaneous rate and the 

overall duration of evaporation. Two distinct configurations were studied, and both provided 

optical means to distinguish between fluids based on physical properties other than their 

refractive indices.  

After the meticulous study of two types of fiber-optic evaporation sensors, a summarizing 

comparison between them will now follow. First of all, from the viewpoint of the production 

procedure, the ‘manufacturing’ of the fiber tip sensor is significantly more simple then the 

manufacturing of the MC sensor. From the viewpoint of the measurement procedure, there is no 

substantial difference between the two of them, because the setup is plain: there is no need for 

state-of-the-art laboratory instruments. In both sensors, the post-measurement analysis is 

relatively simple as well (for most of the applications), but in the case of the fiber tip sensor the 

fringe counting requires additional processing that is not necessarily straightforward. As for the 

physics behind the phenomenon, our understanding is more founded in the case of the pendant 

droplet evaporating from a fiber tip, for which the obtained results correspond to known theory 

and observations of other researchers. Finally, from the viewpoint of more advanced 

interrogation options, the MC sensor is an in-line sensor, therefore it can be cascaded for quasi 

distributed array sensing. On the other hand, surface modifications to a MC sensor are still a 

challenge. My personal opinion is that the effortless manufacturing in addition to the relatively 



96 

 

easy possibilities of surface modification, give the fiber tip sensors better chances to leave the lab 

towards the world outside. 

Along with successful sets of evaporation measurements, there were several experiments 

that revealed the limitations of the proposed sensors. A notable limitation of the MC sensor 

stems from the sensor’s geometry. The narrow and elongated rectangular shape may repel the 

liquid substance from the cavity. For instance, in short MCs (few tens of microns long), the 

surface tension and viscosity of water prevent the filling of the device: the droplet surrounds the 

fiber, light does not intercept the fluid and no power change is recorded. The solution is to 

increase the cavity length, but there is a fly in the ointment: longer cavities are more fragile and 

suffer from increased transmission losses. At the bottom line, MCs are best used with organic 

solvents.  

An example of an unsuccessful experiment with the fiber tip evaporation sensor is one 

that was carried out with diesel. Diesel at room temperature is less volatile then water and 

organic solvents. Hence, the droplet remains steady on the fiber tip, and no fringes are observed. 

We tried to heat the diesel, both internally (by increasing the laser power) and externally (by 

heating the diesel to 60ºC), but the fluid still did not evaporate. In principle, this is a mechanical 

limitation only. Diesel does evaporate, given the right temperature-pressure combination. With 

the proper environmental control, the fiber tip sensor could monitor the evaporation of even 

heavy and oily fluids. 

Another obstacle is more fundamental, and related to the mode of evaporation. If the 

evaporation from the fiber tip occurs in a constant contact angle mode or in a hybrid mode, it 

may be that the center of the droplet would not collocate with the center of the fiber, due to local 

defects in the fiber facet. This in turn would lead to an inconsistent fringe pattern. Inconsistent 
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fringe patterns were observed on the evaporation of chloroform and dimethylsulfoxide (DMSO), 

but unfortunately no direct observation were made to confirm their origin.  

An experiment that began as a curiosity gives us another perspective of the fiber tip 

sensing abilities, and will be presented here shortly. We came to think on the differences 

between whiskey brands, and how one might be able to tell, scientifically, if a given whisky is a 

fake or of high quality. We preformed three sets of evaporation experiments. The first subject 

was water mixed with ethanol, in the same ratio as in whisky (40/60). The second and the third 

subjects were the brands ‘red label’ and ‘black label’ by Johnnie Walker (not purchased from the 

research funding…). We did see three phases of evaporation, and the evaporation profile of the 

‘home made whisky’ was notability different than those of the original whiskeys. On the other 

hand, despite careful analysis, no differences between the two labels were observed. We 

concluded that the nuances that some people may taste might not be measurable with this sensor 

and configuration.  

Is it even possible to detect fine-detail changes in fluids based on the evaporation profile? 

If the changes are small, one must first maximize the stability of the setup. This may be feasible, 

but with a certain cost in complexity. The environmental conditions control system should be the 

first up for improvement. Specifically, we suggest better humidity control and monitoring, since 

humidity has a large effect on the evaporation rates. The temperature and air flow should be 

controlled as well. From the mechanical viewpoint, setting the retraction speed of the stage will 

reduce the scatter in the initial droplet size [68].  

Another degree of freedom is the fiber itself. It was already mentioned that surface 

modifications can be used for changing the interaction between the surface and fluid. In addition, 

nowadays there are silica optical fibers in many diameters. For instance, Corning RC SMF is a 
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single mode fiber with a diameter of 80 µm. This fiber can be easily spliced to a standard 125µm 

fiber. Changing the fiber diameter will change the initial droplet size, supporting the 

investigation of an additional parameter. In fact, the use of silica fibers is not mandatory. Plastic 

optical fibers (POFs) with a core made of PMMA or polystyrene can be equally useful, as long 

as the required length is short. POFs are available in diameters up to 1mm, and are relatively 

cheap. On the other hand, they do not splice easily to standard single mode fibers, making the 

setup potentially more sophisticated. In any event, if drastic modifications are made to the 

surface or to the fluid under test, it is recommended that a preliminary experiment based on 

direct observation will be held, to determine if the mode of evaporation is one of constant contact 

radius or of constant contact angle. 

Now that we have good sense on the fiber tip sensor advantages and disadvantages, we 

may discuss shortly the possibilities of turning this innovation to a commercial product. 

Commercial optical fiber sensors can be roughly divided to sophisticated and expensive sensors 

on the one hand, and simple and economic sensors on the other hand. The best example for the 

first group is the fiber optic gyro (FOG). Its fundamental principle of operation is allegedly 

simple, but high stability requires that special considerations such as relativity are taken into 

account. Another example from this category is the Brillouin scattering-based distributed sensing 

of temperature and/or stress. Fiber optics has a significant added value in this case, and Brillouin 

sensors are being employed in infrastructures, oil wells, along gas pipes and more with increased 

numbers.  

The bestselling fiber optics-based sensors are fiber Bragg gratings (FBGs) [99]. These are 

rather low-cost and simple, both in terms of the preparation of the sensor itself and with respect 

to the interrogation system. I see much similarity between the fiber tip evaporation sensors and 
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FBGs, in their simple production and readout. In fact, the interrogation of the fiber-tip 

evaporation sensor is much simpler.  

As in almost all optical fiber sensors, adequate packaging is critical. I believe that the 

packaging is a key factor for commercializing the fiber tip sensor, and the housing should be 

tailored for the application. Below are a few ideas of possible applications and preliminary notes 

regarding the supporting mechanics.  

1. As a laboratory equipment for researchers in the areas of analytical chemistry and 

physical chemistry, as a replacement or in addition to direct observation of droplets. 

For this purpose, multiple degrees of freedom must be provided, namely the 

instrument should control the environmental conditions. Surface treated fibers and 

fibers with different diameters can be of assistance in this case. 

2. As a control gauge in industrial processes that involve organic solvents, such as bio-

diesel production, coatings, printing and extracting soy bean oil. For instance, one of 

the procedures for making bio-diesel requires vegetable oil, an organic solvent and a 

catalyst. Their blend is placed inside a microwave for heating [100]. A fiber tip 

evaporation sensor can be inserted into the microwave, and through the monitoring of 

evaporation, measure the relative concentration of the solvent. In this type of 

applications, the sensor mechanics will be a part of more complex instrument.  

3. As a control gauge in remote places or place with limited accessibility, such as 

climate study stations. A fiber tip can be placed on a tree for monitoring spontaneous 

evaporation of precipitation, for instance. 

4. As a control gauge in harsh environments, such as inside fuel tanks. Evaporation 

measurements in a fuel tank can provide information on the quality of the fuel being 
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used, and detect fuel frauds. The atmosphere inside a tank may be saturated with fuel 

vapors, so the mechanics should assist in the evaporation by supplying air flow or 

otherwise. 

5. As a cheap and simple disposable gauge for field tests, for applications where a fluid 

should be tested quickly and on the spot. For instance, checking the water ratio in 

milk before the transaction between the farmer and the reseller.  

In conclusion, I hope that this work may set the path for a new type of sensor, and even if 

my vision will never leave the lab, I certainly enjoyed the process. I am sure that the concept 

itself will not evaporate.   
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Appendix A: List of video files 

 

Video 1: Ray tracing model: Symmetric Profile 

Video 2: Ray tracing Model: Asymmetric Profile 

Video 3: Simulated evaporation of droplet with Symmetric Parabolic Profile 

Video 4: Simulated evaporation of droplet with Symmetric Advanced Profile 

Video 5: Control experiment of evaporation from a MC 

The left hand side screen displays the microscope output and the right hand side displays 

the output of the power meter as a function of time. Note: the display of the optical power is 

cyclic: when the marker reaches the end of the screen, it continues again automatically in the 

beginning of the screen.  

Video 6: Red light reflection during evaporation from a MC 

Video 7: Control experiment of evaporation from a fiber tip 

 

 All videos files are available for watching in the attached CD, at \Files\Videos, or using the 

off-line website. To active the website, just click on ‘AppendixA.exe’. In addition to the 

video files, the website contains representative evaporation results for all of the organic 

solvents, from a bare fiber tip as well as OTS coated fiber tip. Figures are also available at 

\Files\Images in the enclosed CD. 

 

System requirements for the web-page: Internet explorer 10 and ActiveX controls. 

  



 א

 

 תקציר

. בלחץ נתון מתחת לטמפרטורת הרתיחההוא מעבר בין מצב צבירה נוזלי למצב צבירה גזי המתרחש  נידוף

משטחים ונצילות שרפה של דלקים. על פי רוב, נידוף  לניטור תהליך הנידוף ישנם שימושים מגוונים, כמו למשל אפיון

נמדד בעזרת חיישני משקל רגישים במיוחד או בעזרת תצפית ישירה על הטיפה המתנדפת. שיטות אלו נחשבות 

ליטר. בנוסף, שיטות אלו מצריכות ציוד מדידה בסמוך מאוד -מדויקות, אך הן אינן מתאימות לטיפות שנפחן קטן מננו

 לנוזל הנבדק.

עבודה זו עוסקת בניטור נידוף באמצעות סיבים אופטיים, בהתבסס על יחסי הגומלין המשתנים בין הנוזל, 

הסביבה והמשטח עימו הנוזל בא במגע. סיבים יכולים לשמש כחיישנים מצויינים: הם מאפשרים גישה נוחה למקומות 

נים הוא פשוט ונוח. סיבים אופטיים יכולים מרוחקים או למקומות בהם שוררים תנאי סביבה קיצוניים, ושילובם במב

לשמש גם כרגשים במערכות ביולוגיות, וממדיהם הקטנים מצמצמים את הקשיים שבתהליך ההטמעה. אולם, כאשר 

פי רוב מקדם השבירה או ספקטרום הבליעה -משתמשים בסיבים אופטיים למדידת תכונות נוזלים, הגודל הנמדד הוא על

 של הנוזל הנבדק.

זעיר -בסיב אופטי המלא בנוזל. חרך זעיר-חרךה הראשונה המוצעת, אנו מנטרים את האור העובר דרך בשיט 

אופן רגיל. במהלך הנידוף של הטיפה מהחרך הטיפה מצטמקת. מעטפת -הוא חור מאורך המשולב בסיב אופטי חד

ר. כאשר האור העובר בהתקן רציפות של מקדם השבירה בין מקדם השבירה של הנוזל לזה של האווי-הטיפה יוצרת אי

נתקל באי הרציפות, חלקו מוסט אל מחוץ להתקן ולא ממשיך להתקדם הלאה. משך הפיזור קטן משנייה, ובמהלכו יש 

 אובדן עוצמה רגעי ששיאו מגיע אף לחמישה סדרי גודל.

ל, הן הזעיר במהלך התנדפות הנוז-במסגרת עבודת המחקר, ניסחנו מודל המדמה את התקדמות האור בחרך

בעזרת טכניקות של ניתוב קרניים והן בעזרת ניתוח חזית הגל המתקדמת. תוצאות ההדמיה עולות בקנה אחד עם 

ההפסדים הזמניים שניצפו בניסוי. הקשר בין אובדן האור לפיזור מגבול הטיפה אושש ע"י שני ניסויי ביקורת. ניסויי 

רך הזעיר, במקביל לניטור עוצמת האור בגלאי. בהתבסס על הביקורת כללו תצפית ישירה של תהליך נידוף הטיפה מהח

מדידת ההפסדים במהלך העברת האור, הצלחנו להבחין בין שלושה נוזלים נבדקים: אתנול, אצטון והקסן. כמו כן 



 ב

 

זוהתה תערובת של אתנול והקסן. לסיום, עשרה התקנים חוברו יחדיו לאורכו של סיב אופטי בודד ליצירת חיישן נידוף 

 למקוטעין. -ולגמפ

הזעיר, מימשנו גם שיטה שניה לניטור נידוף. בשיטה זו, טיפה התלויה -בנוסף לניטור הנידוף בעזרת החרך

מקצהו של סיב אופטי סטנדרטי יוצרת מהוד מאיכות נמוכה. שילוב ההחזרות מהגבול בין הנוזל לסיב ומהגבול בין 

הטיפה משתנה, ונוצרת תבנית התאבכות משתנה של נקודות  הנוזל לאוויר יוצר התאבכות. כשהטיפה מתנדפת, עובי

שיא ושפל. בעזרת ספירה של נקודות השיא והשפל ניתן לשחזר ביעילות את גודל הטיפה הרגעי, ואת קצב הנידוף 

 קצב הנידוף מכיל מידע על הנוזל עצמו, על סביבתו ועל תכונות המשטח של הסיב.  –שלה. יתר על כן 

י במקביל לתצפית ישירה במיקרוסקופ. גודל הטיפה במהלך הנידוף חושב בעזרת השיטה בתחילה בוצע הניסו

המסורתית של תצפית ישירה, והתוצאות תאמו לחישוב המבוסס על השיטה החדשה. בסדרת ניסויים של נידוף מים 

נפח ההתחלתי איששנו השערה מוקדמת של חוקרי נידוף, לפיה נפח הטיפה יורד לינארית בזמן גם עבור טיפות שה

ליטר אחד. בניסויי נידוף של תמיסות מים עם אתנול נמצא כי הנידוף מורכב משלושה שלבים נבדלים, -שלהן קטן מננו

כאשר בשלב הראשון קצב הנידוף תלוי לינארית בריכוז המים ההתחלתי. על סמך קצב הנידוף בשלב הראשון ניתן 

השפעת טמפרטורת הסביבה ועוצמת האור המשוגר לטיפה נבדקו  .2% -לשערך את יחס הנוזלים בתמיסה בדיוק טוב מ

 גם הן.

מולקולרי. הבדל משמעותי תועד בין נידוף המים מסיב -לבסוף, קצה הסיב צופה בשכבה דוחה מים, בעובי חד

רגיל לבין נידוף מהסיב המצופה. על סמך מחקר השוואתי בין עשרה ממסים אורגניים שונים, נמצא כי מידת ההשפעה 

של הציפוי על דינמיקת הנידוף תלויה בקוטביות הנוזל. גודל הטיפה ההתחלתי וקצב הנידוף מסיב רגיל ומסיב מצופה 

 שימשו בסיס לאנליזת אשכולות, אשר מאפשרת לקטלג בהצלחה את עשרת הממסים שנבדקו.

יבים אופטיים. אלו לסיכום, בעבודה זו מוצגות שתי שיטות חדשות לניטור נידוף של טיפות קטנות באמצעות ס

שיטות אופטיות המאפשרות חקירה וניתוח של נוזלים מבלי למדוד את מקדם השבירה שלהם. שתי השיטות פשוטות 

למימוש באופן יחסי, ואינן מצריכות ציוד נלווה בסביבה הקרובה של הנוזל הנבדק. על סמך המדידות ניתן לשחזר את 

ף הכולל. כמו כן ניתן להבחין בין נוזלים שונים ולזהות תמיסות. כמו כן, גודל הטיפה, קצב הנידוף הרגעי ומשך הנידו

 עקרון המדידה משמש גם ככלי אנליטי שימושי לאפיון פני שטח.
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