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A B S T R A C T   

The evaporation of volatile heavy hydrocarbon liquid from coaxial well configuration is studied to understand 
the vapor phase transport, vapor cloud interaction and its effect on the local evaporation rate of two evaporating 
coaxial cavities of microliter volume. The gap between the two coaxial cavities is varied without varying the 
dimensions (width and depth) of the coaxial cavities for studying the vapor cloud interaction. Digital holographic 
Interferometry (DHI) is used to decipher the vapor mole fraction field above the coaxial well. Gravimetric 
measurement has been carried out for measuring the evaporation rate. Diffusion-limited simulation of evapo
ration process has been carried out using COMSOL Multiphysics software to understand the role of convective 
motion. IR thermography measurement of liquid interface temperature has been carried out to correlate the 
vapor cloud interaction with local evaporation rate and evaporation induced cooling. A flat-disk shaped vapor 
cloud surrounds the coaxial cavities. Total evaporation rate measured from DHI shows good agreement with the 
gravimetric measurement having maximum deviation of 3%. Good match between the evaporation rate 
measured from gravimetry and holography with diffusion limited model is observed at low Grashof number. The 
mismatch in evaporation rate with the diffusion limited model is observed at high Grashof number due to higher 
radius of the coaxial cavity indicating the dominance of convective motion. The evaporation rate from individual 
well decreases when liquid simultaneously evaporates from the inner and outer coaxial cavities. This reduction in 
evaporation rate increases with decrease in gap between the two coaxial cavities due to increase in interaction 
between the vapor cloud. The decrease in local evaporation rate from individual cavity due to presence of a 
neighboring evaporating cavity correlates with the evaporative cooling effect using temperature measurement of 
the interface from IR thermography. Vapor cloud interactions of microliter volume coaxial cavities can influence 
the evaporation rate of individual coaxial cavity and the convection inside the liquid phase. The present study 
demonstrates the capability to precisely control the evaporation process by appropriate design of coaxial well 
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configuration. The results from the present study can be useful for controlling the evaporation rate in several 
applications i.e. protein crystal growth, DNA/RNA sequencing and microfabrication etc. by suitable design of 
coaxial well.   

1. Introduction 

Evaporation from reservoirs/wells has several applications such as 
microfluidic cell culture [1], protein/DNA microarray [2,3], micro re
actors for chemical synthesis [4], point of care diagnostics and biological 
lab on chip devices, protein crystallization [5] etc. These miniaturized 
devices often contain chambers or reservoirs for storage and supply of 
fluid. The micro/nanoliter volume cavities/wells have an open liquid-air 
interface and evaporation from these cavities play a significant role in 
the functioning of the device. Uncontrolled evaporation from these 
microliters volume well cavities might cause significant liquid loss and 
reservoir dry out. This can eventually lead to the malfunctioning of the 
device. Walzl et al. [6] observed that the uneven loss of growth medium 
due to unequal evaporation in cellular screening assays depending on 
the microwell position influences the readout of cellular metabolic ac
tivity. The control of evaporation from the cavity can influence the 
performance of these devices. For example, the quality of protein crystal 
depends on the rate of evaporation from the droplet containing protein 
solution to the surrounding reservoir well [7]. Control of evaporation 
also influences the deposition pattern [8–12] and micro handling of 
DNA array [6] etc. Pradhan and Panigrahi reported the evaporation 
induced natural convection inside a droplet of aqueous solution placed 
on a superhydrophobic surface [13]. 

Chen et al. [8,14] studied evaporation of volatile liquid droplet in a 
circular well with flat wall. They observed that it is possible to control 
the deposition pattern by adjusting the dimension of well. Lynn et al. 
[15] studied the evolution of meniscus shape using a two-step method 
for estimation of the instantaneous evaporation rate of water evapo
rating from contracting and expanding circular micro reservoirs. They 
observed that evaporation is enhanced in expanding reservoir and 
suppressed in contracting reservoir. Shukla and Panigrahi [16] studied 
the evaporation from a circular well cavity of small depth. Their study 
on evaporation of heavy hydrocarbons from a circular cavity revealed 

the presence of natural convection in the vapor cloud which influences 
the shape of the vapor cloud compared to the pure diffusion model. 

Walzl et al. [6] observed that uneven loss of growth medium in 
cellular screening experiments depend upon the position of microwell 
on the plate (edge, corner and center) due to the influence on evapo
ration characteristics of individual well. The vapor cloud interaction can 
lead to change in concentration gradient leading to variation in evapo
ration rate distribution and internal convection inside the liquid phase. 
For example, suppression of internal convection inside a droplet in the 
presence of another liquid coaxial reservoir can affect the protein crys
tallization process [7]. Mixing of analyte and reaction time can also be 
affected by change in evaporation rate of a well due to the presence of 
another well which can affect the behavior of several processes i.e. 
DNA/RNA sequencing, microchemical rectors, microfabrication etc. 
Uniform deposition can be achieved by controlling the evaporation rate 
distribution which is important in several applications like organic light 
emitting diode (OLED) fabrication, pattern direct writing of color filter, 
inkjet printing etc. The present study proposes a multiple microliter 
volume coaxial well design, where evaporation rate of individual cav
ities is influenced by the interaction between vapor cloud. 

Few studies have reported the vapor cloud interaction in droplet 
geometries. Pradhan and Panigrahi [17] studied the influence of an 
adjacent droplet on liquid convection inside an evaporating droplet of 
binary mixture. The presence of an adjacent droplet leads to asymmetric 
evaporative flux distribution on the droplet surface due to the change in 
free stream mass fraction by the evaporation from the neighboring 
droplet. Pradhan and Panigrahi [18] also reported the effect of a 
neighboring liquid droplet on fluid convection inside a droplet of 
aqueous solution, which were located physically apart and had different 
solute concentrations. Vapor mediated interaction of two condensing 
droplets influences the internal flow structure which changes from 
symmetric for single droplet case to asymmetric for two condensing 
droplet case [19]. Recently, Wen et al. [20] reported the motion of two 
pure liquid droplets placed on a high energy substrate and attributed the 
motion to the gradient in the liquid vapor concentration resulting from 

Nomenclature 

C molar concentration (mol/m3) 
Cp specific heat (J/mol. K) 
D diffusion coefficient (m2/s) 
E total evaporation rate (mg/s) 
g gravitational acceleration (m/s2) 
Gr Grashof number 
j local evaporation rate (kg/s.m2) 
M molecular weight (g/mol) 
P pressure (N/m2) 
Ru universal gas constant (j/mol. K) 
R radius of coaxial cavity (mm) 
t time (s) 
T temperature (K) 
r radial co-ordinate 
z vertical co-ordinate 
n normal direction 
x horizontal co-ordinate 
w normalized width of cavity (mm) 

Greek symbols 
λ wavelength of He-Ne laser (nm) 
ϕ phase shift (radian) 
∆η refractive index change 
η refractive index 
χ vapor mole fraction 
ρ density (kg/m3) 
µ dynamic viscosity (kg/m.s) 

Subscripts 
a air 
v vapor 
σ interface 
mix air-vapor mixture 
ref reference 
amb ambient 
i inner 
o outer 
m mean/mid plane 
b boiling 
s saturated 
∞ far away from the surface  
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evaporation. Droplet movement was observed from higher evaporation 
side to the lower evaporation side. 

The study of vapor distribution surrounding the coaxial cavities is 
another example of vapor cloud interaction due to the evaporation of 
adjacent liquid bodies/droplets. The interaction of vapor cloud from the 
two coaxial well cavities can explain how vapor mole fraction distri
bution affects the vapor mole fraction gradient at the interface so as 
evaporation phenomena. The quantitative estimation of vapor mole 
fraction distribution can help in understanding the coupled diffusion, 
convection, and evaporation process. Planar laser induced fluorescence 
(PLIF) [21,22] and Fourier transform infrared spectrometry (FTIR) [23] 
have been previously used for vapor concentration measurement. The 
limitation of these techniques is poor accuracy in measurement in the 
vicinity of the evaporating liquid interface. Holographic interferometry 
is another technique for accurate measurement of the vapor mole frac
tion and concentration gradient at the interface. Interferometry has been 
used for vapor cloud studies in droplet geometries [24,25]. Dehaeck 
et al. [26] experimentally measured local evaporation rate and interfa
cial temperature of a suspended HFE-7100 droplet by using digital ho
lographic interferometry technique. The experimentally measured 
vapor cloud differs from the steady-state diffusion-limited model. Most 
of the studies of evaporation of droplet have been carried out for the 
fluids whose vapor is lighter than the surrounding medium and diffusion 
was reported to be the main mechanism inside the vapor cloud [27]. 
Only a handful number of studies were performed for the fluids which 
are heavier than the surrounding medium i.e., pentane, hexane etc. 
These studies revealed the presence of buoyancy induced natural con
vection in the vapor phase and experimentally obtained evaporation 
rates are always higher compared to the conventional steady-state 
diffusion model [16,26,28,29]. 

The literature review on evaporation of adjacent micro litter volume 
liquid droplet has shown the role played by the interaction between the 
vapor cloud. However, to the best of our knowledge, no detailed study 
on vapor cloud interaction due to evaporation of more than one micro 
litter well cavity/droplet has been reported in literature compared to the 
internal flow measurements reported in various previous studies 
[17–19]. In the present study, vapor phase transport and vapor cloud 

interactions of microliter volume coaxial cavities are studied by digital 
holographic interferometry. Gravimetric analysis has been performed to 
measure the evaporation rate. Simulation study using diffusion limited 
model has been carried out to explain the transport process inside the 
vapor cloud. Temporal and spatial behavior of vapor cloud originating 
from coaxial cavities and their mutual interactions are discussed. Effect 
of vapor cloud interaction on global and local evaporation rate from the 
coaxial cavities has been reported. The depth and width of the cavities 
are kept constant while gap between the two cavities is varied to study 
the effect of vapor cloud interaction on the vapor mole fraction distri
bution. Overall, the present study successfully demonstrates the vapor 
cloud interaction behavior of evaporating microliter well. It demon
strates the potential of controlled evaporation using coaxial cavity 
configuration, which has potential application in several 
devices/systems. 

2. Experimental details 

The experimental details are presented below as per the following 
sequence: (a) Experimental configuration, (b) Gravimetric measure
ment, (c) Digital holography interferometry, (d) Data analysis and (e) 
Simulation of diffusive transport. 

2.1. Experimental configuration 

Fig. 1 shows the schematic of the coaxial well geometry used for 
study of evaporation process. Coaxial wells are made from plexiglass 
material and pasted on a glass slide with the help of epoxy glue. The 
cavities are 1 mm wide and 2 mm deep. The radial distance from the 
center of the cavity and the gap between the annular cavities are 
different in two coaxial well configurations. The distance of the inner 
cavity from the absolute center is 1.5 mm for coaxial well-1 and 1 mm 
for coaxial well-2. The gap between the two cavities is equal to 1 mm for 
coaxial well-1 and equal to 0.5 mm for coaxial well-2. Hexane is used as 
working fluid. Table 1 shows the physical properties of hexane. Evap
oration occurs at ambient condition due to the low saturation pressure of 
hexane causing significant change in refractive index in the gas vapor 

Fig. 1. Schematic and geometric details of coaxial well cavity: (a) Coaxial well-1, (b) Coaxial well-2 (the photograph is shown as inserts) and (c) Pictorial view of 
different test cases (1–3). 
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mixture above the evaporating liquid. The experiments for each coaxial 
well have been carried out in three different configurations. Pictorial 
view of these cases is shown in Fig. 1(c). In the first case (case-1), only 
the inner cavity is filled. In the second case (case-2), the outer coaxial 
cavity is filled. In the third case (case-3), both inner and outer cavities 
are filled simultaneously. The experiments are carried out 3 times for 
each case. Repeatability of the experiments is assured by comparing the 
different data sets for the same experimental condition. 

2.2. Gravimetric measurement 

Evaporation rate of the coaxial well has been measured by gravi
metric approach. A precision electronic balance (OHAUS Adventurer 
AVG 264 C) with a resolution of 0.1 mg is used for recording the mass 
loss due to evaporation from the coaxial well with time. The impulse 
generated during pouring the liquid inside the coaxial well cavities may 
affect the measurement at the initial period. Therefore, the measure
ments during the initial period are not considered for evaporation rate 
calculation. A linear fit between mass and time data is performed over a 
range of 90–50% of the initial mass and negative of its slope is taken as 
an evaporation rate. The value of regression co-efficient lies above 0.99 
for this range of data. More details on the gravimetric measurements can 
be found in [16]. 

2.3. Digital holography interferometry 

An off-axis digital holographic setup with wedge fringe setting mode 
is used for mole fraction distribution measurement over the well. The 
layout of the off-axis digital holography setup is shown in Fig. 2(a). The 
collimated beam of wavelength 632.8 nm from He-Ne laser is divided 
into two beams (object and reference) with the help of beam splitters 
and plane mirrors. The object beam passes through the vapor cloud 
above the coaxial well cavity, while the reference beam of equal path 
length passes through the ambient air. Vapor cloud of hexane vapor due 
to evaporation from coaxial cavity, causes a change in the refractive 
index above the coaxial well. It generates an optical path difference 
between the object and reference beam. The resulting interference 

pattern due to the superposition of object and reference beam is recor
ded on a CCD camera which is known as a hologram. More details on the 
experimental arrangement are available in [16]. 

Before filling the liquid inside the coaxial cavities, a reference ho
logram is recorded. The liquid is filled inside the coaxial well and several 
holograms are recorded at the time interval of 250 ms. 

2.4. Data analysis 

A Fourier Transform Profilometry [33] algorithm is used to extract 
the phase from the recorded object holograms. The phase obtained from 
each object hologram is subtracted from the phase of reference holo
gram. This extracted phase is called as wrapped phase because actual 
phase values are wrapped between − π to +π, due to the use of arctan 
function in the phase extraction algorithm. This 2π phase discontinuity 
in the wrapped phase is removed by Goldstein algorithm [34]. The 
resulted phase distribution is called the unwrapped phase (Φ). The ob
tained unwrapped phase is projected phase difference for each line of 
sight, perpendicular to the direction of propagation of laser beam. 
Hence, the unwrapped phase needs to be tomographically reconstructed 
to yield a three-dimensional refractive index change field. Since, the 
refractive index field around liquid evaporating from a coaxial well 
cavities is axisymmetric in nature (as experiments are performed in the 
quiescent environment in the closed room), the refractive index field can 
be obtained by inverse Abel inversion of unwrapped phase [35–37]. The 
change in refractive index, ∆n at any height, z is given by the following 
equation: 

∆η(r) = − λ
2π2

∫ ∞

r

ϕ
′

(x)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 − r2

√ dx (1)  

Here, ∆η = (ηmix − ηa), ηmix denotes the refractive index of air-vapor 
mixture, na is the refractive index of pure air at ambient temperature 
and pressure, r is the radial co-ordinate, λ is the wavelength of laser 
beam and ϕ′

(x) is the first derivative of the unwrapped phase shift. Co- 
ordinate system used is shown in Fig. 2(b). Fourier-Henkel algorithm is 
used to perform Abel inversion [36]. 

Fig. 3(a) shows a sample raw object hologram of hexane vapor 
evaporating from the inner coaxial cavity. Fig. 3(b) shows the corre
sponding unwrapped phase distribution obtained after implementing 
the Goldstein algorithm. The 3D refractive index field obtained using the 
Abel Inversion algorithm is shown in Fig. 3(c). The vapor mole fraction 
field, χ can be obtained from the refractive index field by Lorentz-Lorenz 
equation [38,39]. The following equation describes the relationship of 
mole fraction, χ with the refractive index difference and local temper
ature T [26]. 

Table 1 
Thermo-physical properties of hexane at 25 ◦C. Molecular weight (M), boiling 
point (Tb) and specific heat (Cp) values are adopted from [30]. Diffusivity (D) 
values are taken from ref [31]. Vapor pressure (Pv) is obtained from using 
Antoine equation [32].  

Fluid M (g/ 
mol) 

Pv 

(kPa) 
Tb 

(◦C) 
D (m2/s) ×
10-6 

CP (J/mol. 
K) 

Hexane 
(C6H14)  

86.174  20.265  68.5  8.2  197.66  

Fig. 2. (a) Schematic of the off-axis digital holography setup and (b) the sketch representing the coordinate system of the coaxial well cavity.  

D. Shukla and P.K. Panigrahi                                                                                                                                                                                                                



Colloids and Surfaces A: Physicochemical and Engineering Aspects 629 (2021) 127391

5

χ =
1

∆ηref

T
Tamb

[

∆η − (ηa − 1)
(

Tamb

T
− 1

)]

(2)  

Where, ∆ηref = (ηv − ηa), ηv and ηa are the refractive index of pure 
vapor of liquid and air respectively at ambient temperature and pres
sure. If the temperature difference is marginal, then by setting, T ≈ Tamb 
[26], the vapor mole fraction can be computed using the following 
expression: 

χ =
∆η
∆ηref

(3) 

The values of nv and na at wavelength of 632.8 nm is equal to 
1.00183 and 1.0002679 respectively [40]. The normal gradient, ∂χ/∂n 
can be extracted at the liquid-vapor interface from the vapor mole 
fraction field obtained from digital holographic interferometry. Local 
evaporation rate, j(r) at the liquid-vapor interface can be calculated by 
using the normal mole fraction gradient in the following equation [26]: 

j(r) = −
MvPambD

RuTamb(1 − χσ)

∂χ(r, z)
∂n

(4) 

Here, Mv (86 g/mol) is the molecular weight of vapor, Pamb 
(101.325 kpa) is the total atmospheric pressure, Tamb (298.15 K) is the 
ambient temperature, χσ is the mole fraction at the interface, Ru 

(8.3145 j/mol.K) is the universal gas constant and ∂χ
∂n is the gradient of 

mole fraction at the interface. Global evaporation rate, E can be calcu
lated by integrating the local evaporation rate over the cavity surface 
area, s as: 

E =

∫

σ
j(r)ds (5)  

2.5. Simulation of diffusive transport 

The evaporation rate from the well can be obtained assuming steady 
state diffusion. The diffusion - convection equation reduces to the Lap
lace equation for the concentration field C (r, z) as: 

1
r

∂
∂r

(

r
∂C
∂r

)

+
∂2C
∂z2 = 0 (6) 

Eq. (6) can be solved to yield the vapor concentration field above the 
coaxial well using following boundary conditions (see Fig. 2(b)): 

C = Cs; at Ri < r > Ro and z = 0  

C = C∞ at r, z→∞  

Here, Ri and Ro are the inner and outer radius of the respective coaxial 
cavity filled with hexane, Cs is the saturated concentration of vapor at 
ambient temperature and C∞ is the concentration of vapor present in 

ambient air. The value of Cs is equal to 8.17 mol/m3 at temperature of 
25 ◦C while C∞ is equal to 0 since the hexane vapor is absent in ambient 
air. The liquid vapor interface is assumed to be flat. The local evapo
ration flux at the liquid-vapor interface can be calculated using Fick’s 
law as: 

j(r) = − D
∂C(r, z)

∂z
(7)  

Where, D is the diffusion co-efficient of vapor in air and concentration 
gradient is taken at the liquid-vapor interface, i.e. z = 0. The global 
evaporation rate can be calculated by integrating the local evaporation 
rate over the coaxial cavity interface as shown in Eq. (5). 

Eq. (6) is numerically solved in COMSOL Multiphysics software to 
yield the vapor concentration field inside the vapor cloud. Local and 
total evaporation fluxes are calculated using Eqs. (7) and (5) respec
tively. The simulation was first validated for the flat circular disk (weber 
disk), by comparing the local, j(r) and total evaporation rate, E from the 
present simulation with the analytical expression [41]: 

j(r) =
2
π

D(Cs − C∞)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − r2

√ (8)  

E = 4DR(CS − C∞) (9) 

A 1.5 mm radius disk filled with hexane is considered and saturated 
vapor concentration boundary condition (Cs = 8.17 mol/m3) is applied 
at the interface. The computational domain size is taken as 30 times 
larger than the disk radius with boundary condition C∞ = 0 as no vapor 
is present in the ambient. Schematic diagram of the computational 
domain and boundary conditions is shown in Fig. 4(a). A linear grid 
refinement is applied at the interface region to properly resolve the 
concentration gradient at the interface (see Fig. 4(a)). The interface 
region is discretised with 3000 number of elements. Grid independence 
is checked by varying the no of elements at the interface from 3000 to 
4000 and the difference obtained in the total evaporation rate is 0.3%. 
The local evaporation rate is compared with the analytical evaporation 
rate as shown in Fig. 4(b). The maximum difference between the total 
evaporation rate from numerical simulation and analytical expression is 
only 0.28%. After successful validation of simulation for flat circular 
disk, simulation of evaporation for coaxial cavity configuration was 
carried out. 

2.6. Uncertainty analysis 

The error in evaporation rate obtained from gravimetric measure
ment can be attributed to the micropipette setting error of initial volume 
of liquid, resolution of the electronic balance and fluctuation in ambient 
conditions. Experiments are repeated at least three times and the 
average values from the multiple experiments are reported. The 

Fig. 3. Different stages of holographic data analysis: (a) raw object hologram, (b) unwrapped phase map and (c) refractive index field after Abel inversion.  
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electronic balance used for gravimetric measurement is set to zero value 
at the beginning of each experiment. Therefore, bias error is insignifi
cant in the evaporation rate measurement. The least count of the elec
tronic balance is equal to 0.1 mg. Maximum uncertainty of evaporation 
rate from gravimetry is equal to 6%. Any bias error due to electronic 
noise or other environmental effects are eliminated during holographic 
data inversion by subtracting the reference intensity image from the 
object field image. Holographic interferogram pattern can also be 
influenced by the error in the initial volume of liquid inside the coaxial 
cavity, convection inside the room, fluctuation of the incident light, and 
image acquisition error. Similar holographic interferograms were 
observed in repeated experiments. The maximum uncertainty in the 
intensity value of the interferogram is observed to be equal to 5%. The 
uncertainty in vapor mole fraction distribution can be attributed to the 
various factors such as fluctuation in intensity distribution, error prop
agation due to phase unwrapping, and tomographic inversion. The 
maximum uncertainty in vapor mole fraction distribution from repeated 
measurements is observed to be equal to 4%. The uncertainty estimated 
for evaporation rate calculation from holography measurement is equal 
to 5%. 

3. Results and discussions 

The vapor cloud characteristics above the evaporating liquid from 
the coaxial well is a manifestation of evaporation process and vice versa. 
The evaporation flux from neighboring wells in coaxial well configura
tion interacts with each other. The strength of interaction depends on 
the radial separation distance between the evaporating interface and the 
relative evaporation rate. The evaporation rate depends on the liquid 
interface area. The parametric influence of these factors has been 
investigated using two coaxial well configurations (See Fig. 1(a, b)). The 
experiments in each coaxial well configuration are carried out for three 
different test cases i.e., by filling up the liquid in the inner cavity, outer 
cavity, and both (See Fig. 1(c)). The results are presented and discussed 
in the following sequence: (a) Vapor concentration distribution, (b) 
Spatial and temporal behavior of vapor mole fraction profile, (c) Total 
evaporation rate, (d) Local evaporation rate and diffusive transport, and 
(e) Interface temperature. 

3.1. Vapor concentration distribution 

Fig. 5 shows the interferogram i.e. wrapped phase map during the 
initial time period (t = 0 + (s)) for coaxial well-1 and coaxial well-2 for 

Fig. 4. (a) Schematic diagram of computational domain and boundary conditions and (b) Comparison of numerical and analytical local evaporation rate distribution 
(j) for the circular flat disk of 1.5 mm radius. 

Fig. 5. Interferogram (Iso-concentration contours) at initial time t = 0 + (s) for different test cases of coaxial well-1 (a–c) and coaxial well- 2 (d–f). The schematic of 
the coaxial well test cases is shown inside the figure. Here, blue represents the cavities filled with liquid and white color represents empty cavity. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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different test cases (Case 1, 2 and 3). The fringes represent the iso- 
concentration contour of hexane vapor cloud. Iso-concentration lines 
are flat disked shaped instead of hemispherical as in case of pure steady 
diffusion [16,23]. This might be attributed to the fact that hexane vapor 
is almost three times heavier than surrounding medium (air). This re
stricts the vapor cloud movement in upward direction and there is radial 
transport of vapor evaporating from the well. The number of fringes for 
case-1 with filled inner cavity for coaxial well-1 is higher than that of 
coaxial well-2. Both the radial extent and axial extent of vapor cloud for 
coaxial well-1 is higher than that of coaxial well-2. This may be attrib
uted to higher radius of inner cavity for coaxial well-1 compared to that 
of coaxial well-2 leading to higher interfacial area and thus higher rate 
of evaporation. The case-2 corresponds to the filling of working fluid in 
outer cavity. The number of fringes for Case-2 is higher than that of 
Case-1. This is attributed to higher evaporation of Case-2 compared to 
that of Case-1 due to longer interfacial area of the outer cavity compared 
to the inner cavity. The fringe near the liquid interface for Case-2 shows 
a lift-off due to the evaporation flux. The number of fringes in Case-3 i.e., 
when liquid is filled in both inner and outer cavity is not different from 
that of Case-2 i.e., when the liquid is filled in outer cavity only. This 
indicates insignificant change in total evaporation rate for Case-3 with 
respect to Case-2. However, the curvature of the fringe near the cavity in 
Case-3 shows distinct difference compared to that of Case-2. This may be 
attributed to the interaction between the vapor cloud of inner cavity 
with that of outer cavity. This interaction behavior between the vapor 
cloud will be discussed in the following section. 

Fig. 6. shows the normalized mole fraction distribution on the sub
strate surface (z = 0) for both coaxial well configurations. Comparison 
of Fig. 6(a) for coaxial well-1 with Fig. 6(b) for coaxial well-2 shows 
greater spreading in mole fraction distribution of the former than later 
due to higher radius of the cavity for the former. Comparison between 
Fig. 6(a) and (c) for coaxial well-1 shows higher radial spreading when 
the outer cavity is filled with the working fluid (Case-2) compared to 

when fluid is filled in inner cavity. The vapor cloud from the evaporation 
of outer cavity fills up the inner cavity, which can be observed from the 
higher concentration of vapor mole fraction inside the inner cavity in 
Fig. 6(c). Comparison of Fig. 6(c) with (d) for coaxial well-2 shows 
overall increase in vapor concentration in the inner region is higher for 
coaxial well-1 than coaxial well-2 due to presumably higher evaporation 
rate for the former case. Fig. 6(e) and (f) show the mole fraction dis
tribution for Case-3 i.e. when both the inner and outer cavity are filled 
with hexane. Fig. 6(e) shows higher vapor mole fraction in the gap re
gion between the inner and outer cavity compared to the center region 
of the coaxial well. This may be attributed to the combined influence 
from the inner and outer cavity. The vapor mole fraction distribution in 
the gap region between outer and inner cavity for coaxial well-2 does not 
show dual peak behavior possibly due to smaller gap between inner and 
outer cavity for coaxial well-2 (see Fig. 6(e)). Overall, Fig. 6 indicates 
the role played by the vapor cloud interaction between the inner and 
outer cavity on the overall evaporation process. 

The vertical plane vapor mole fraction distribution of hexane evap
orating from the coaxial wells at initial time period (t = 0 + (s)) for 
different cases are presented in Fig. 7. The saturated vapor mole fraction 
at the liquid vapor interface at the ambient temperature of 25 ◦C is equal 
to 0.2. The vapor mole fraction at the top surface of liquid-air interface is 
equal to vapor mole fraction at the liquid-vapor interface. The vapor 
mole fraction changes in both transverse and radial direction due to the 
mass transfer from the higher mole fraction region to the ambient region 
i.e. (C∞ = 0). The transverse extent of vapor cloud is lower than the 
radial extent as the hexane vapor is heavier than the ambient air and the 
heavier vapor moves downward and spread radially outward. The vapor 
mole fraction at the center region of case-1, coaxial well-2 in Fig. 7(d) 
can not be clearly distinguished from the inner cavity region contrary to 
that of coaxial well-1 (Fig. 7(a)) due to smaller inner radius. Similarly, 
the four peaks of vapor mole fraction observed in Fig. 7(e) for coaxial 
well-1 is not observed in Fig. 7(f) for coaxial well-2 due to lower gap 

Fig. 6. Surface plots of normalized radial vapor mole fraction distribution (χ* = χ/χmax) at the liquid vapor interface (z = 0 µm) during initial time period, t = 0 +

(s) for different test cases: Coaxial well-1; (a) case-1, (c) case-2 and (e) case-3 and coaxial well-2; (b) case-1, (d) case-2 and (c) case-3. 
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between the inner and outer cavity. 
Vapor mole fraction map indicates that a vapor plume emerges from 

the cavity and then it diffuses in the normal direction along with the 
combined convective and diffusive transport in radial direction. Thick
ness of vapor cloud is similar for both well configurations in all test 
cases. This indicate that vapor layer thickness in transverse direction 
does not show strong dependence with the size and gap of the coaxial 
cavities. However, the overall transverse shape of the vapor cloud in 
case-3 (Fig. 7(e) and (f)) is different between coaxial well-1 and coaxial 
well-2 due to interaction of evaporation from inner and outer cavity. In 
case-1, where the liquid is evaporated only from the inner cavity, a 
distinct immerging plume can be seen in coaxial well-1, where the dis
tance from the absolute center is large compared to the coaxial well-2. In 
coaxial well-2, accumulation of vapor can be seen between the absolute 
center and inner edge of the cavity due to small radius of the inner 
cavity. Evaporation from outer cavities in both the configurations shows 
similar behavior, where the plume emerges from the cavity and spreads 
towards the edges. The plume is symmetric from the midplane of the 
cavity. In case-3, the interaction of the vapor plume is different in co
axial well-1 and 2. Two distinct plumes emerging from the inner and 
outer cavities can be seen in coaxial well-1, which eventually merges 
with each other. In coaxial well-2 plumes from inner and outer cavity 
completely merge and forms a single plume. This behavior is similar to 
the motion of two pure droplet on a high energy substrate due to 
gradient in vapor mole fraction as suggested by Wen et al [20]. This 
change in vapor mole fraction distribution may affect the internal mo
tion of fluid and different nature of internal motion is expected in both 
configurations [17]. So, the evaporation rate of the coaxial cavities can 
be influenced by changing the gap between the cavities. There will be 
change in local evaporation rate distribution and interfacial temperature 
of the liquid interface. As a result, the internal convection inside the 
fluid can influence the deposition pattern inside the well. The deposition 
process can influence the performance of DNA/RNA stretching and 

manufacturing of OLED displays etc. The convective flow in the gas 
phase can cause a shear stress at the interface and influence the internal 
convection inside liquid. Thus, detailed spatial and temporal charac
teristics of vapor mole fraction distribution from the coaxial cavities are 
discussed in the following section. 

3.2. Temporal behavior of vapor mole fraction profiles 

Radial vapor mole fraction profiles at various vertical elevations 
from the top surface of the coaxial wells for different test cases at initial 
time period, t = 0 + (s) are shown in Fig. 8. The location of midplane of 
the inner and outer cavity is indicated by the dotted line in both well 
configurations. Fig. 8(a) shows the peak vapor mole fraction value is 
same for case-1 and case-2 for coaxial well-1 indicating same local 
evaporation rate for both inner and outer cavity. Comparison of Fig. 8 
(a–d) show drop in peak vapor mole fraction value in the transverse (z) 
direction. A smaller peak is observed near the outer cavity (r = 4 mm) 
for case-1 and near the inner cavity (r = 2 mm) for case-2. This dual 
peak behavior is attributed to the accumulation of the vapor from the 
evaporating cavity inside the empty cavity. Fig. 8(a–d) shows dual peak 
in vapor mole fraction due to evaporation from both inner and outer 
cavity for case 3 of coaxial well-1. The magnitude of both the peaks 
reduces in transverse (z) direction. However, the reduction in peak is 
higher for the outer cavity compared to the inner cavity. This behavior is 
attributed to the influence of vapor cloud interaction from the inner 
cavity and outer cavity. 

Fig. 8(e–h) shows similar unimodal vapor mole fraction for case-1 
and case-2 of coaxial well-2 evaporation case. However, the nature of 
profile is different from that of coaxial well-1. The vapor mole fraction is 
more uniform in the central region of coaxial well-2 compared to that of 
co-axial well-1 for case-1. In case-2, the second peak of vapor mole 
fraction in the adjacent empty cavity region is absent for coaxial well-2. 
A dip in vapor mole fraction is observed in the empty cavity region. This 

Fig. 7. Vapor cloud mole fraction contour of hexane evaporating from coaxial cavities at the initial time period (t = 0 + (s)): Coaxial well-1; (a) case-1, (b) case-2 and 
(c) case-3 and coaxial well-2; (d) case-1, (e) case-2 and (f) case-3. 
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may be attributed to the initial filling up time of vapor cloud inside the 
cavity. The dual peak of vapor mole fraction is not seen for case-3 of 
coaxial well-2 contrary to that of coaxial well-1. This may be attributed 
to greater interaction between the vapor cloud for coaxial well-2 due to 
smaller gap. One interesting observation is that the peak mole fraction 
value in inner cavity for case-3 is lower than that of case-1. This 

indicates that the presence of a secondary coaxial cavity influences the 
evaporation from a coaxial cavity. Hence, the evaporation from a co- 
axial well can be controlled by introducing additional cavity and vary
ing the relative radial distance between the cavities. Overall, Fig. 8 
demonstrates significant influence of coaxial well design on the vapor 
mole fraction distribution. 

Fig. 8. Vapor mole fraction distribution in radial direction at initial time period t = 0 + (s) at various normal distance (z) from the top surface of the coaxial cavity: 
Coaxial well-1 (a–d) and Coaxial well-2 (e–h). 

Fig. 9. Temporal variation of vapor mole fraction profile in the radial direction at the top surface of the cavity (z ≈ 0) for different test cases (Case 1, 2 and 3): 
Coaxial well-1 (a–d) and Coaxial well-2 (e–h). 
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Temporal variation of radial vapor mole fraction distribution at the 
top surface of coaxial cavity (z ≈ 0) for both well configurations is 
presented in Fig. 9. Midplane of the coaxial cavities is shown by a dotted 
line. The nature of radial mole fraction distribution remains same with 
time for case-1 i.e. for inner cavity filled with hexane for both coaxial 
well-1 and coaxial well-2. Only the magnitude of vapor mole fraction 
reduces indicating reduced evaporation rate with time. Dual peak of 
vapor mole fraction is observed for case-2 i.e. outer filled cavity for 
coaxial well-1. In the beginning time period (t < 100 s), higher vapor 
mole fraction is observed for outer cavity compared to the inner cavity. 
However, at later time (t > 100 s) the drop in peak of vapor mole 
fraction is higher in the outer cavity region. At t = 250 s, the dual peaks 
have similar magnitude. It may be noted that the dual peak is attributed 
to the accumulation of the vapor cloud in the inner cavity region from 
evaporation of the outer cavity filled with hexane. The dual peak in case- 
3 for coaxial well-1 configurations drops with time. The drop in peak 
magnitude for the outer cavity is higher compared to that of the inner 
cavity. This may be attributed to the higher radial mass transfer from the 
outer vapor cloud. The vapor mole fraction profile for coaxial well-2 is 
different from that of coaxial well-1 at all-time instants. The central 
region vapor mole fraction for case-1 i.e. inner cavity filled case shows 
uniform and higher mole fraction for coaxial well-2 compared to coaxial 
well-1 at all-time instants due to smaller inner cavity radius. The average 
mole fraction for case-2 i.e. outer filled cavity case shows lower value at 
all time instants for coaxial well-2 due to higher rate of evaporation with 
time. In case-3, the average mole fraction for coaxial well-2 is higher at 
t = 200 (s) compared to coaxial well-1. This may be attributed to the 
greater role played by the vapor cloud interaction on evaporation rate 
for coaxial well-2 compared to that of co-axial well-1. Overall, Fig. 9 
illustrates strong time dependence of evaporation process depending 
upon the design of coaxial well configuration. 

3.3. Total evaporation rate 

Fig. 10 compares the total evaporation rate from gravimetric and 
holographic measurement with the pure steady-state diffusion-limited 
evaporation rate for both the coaxial well configurations in the initial 
time period. 

The evaporation rate from holographic measurement is in agreement 
with the gravimetric method for all test cases and for both coaxial well 
configurations. This confirms the accuracy of DHI technique for mea
surement of evaporation rate and vapor cloud concentration. Fig. 10 
shows higher evaporation rate of co-axial well-1 compared to coaxial 
well-2 for all test cases. This is attributed to the higher cavity diameter 
and interfacial area for coaxial well-1 compared to coaxial well-2. The 
higher evaporation rate of coaxial well-1 is in conformity with the mole 
fraction results presented earlier in Figs. 6–8. The evaporation rate for 
Case-1 i.e filled inner cavity compares well with the diffusion limited 
evaporation rate. The evaporation rate from diffusion limited model 

shows lower value compared to the experimental evaporation rate for 
case-2 and case-3. The difference between actual evaporation rate and 
diffusion limited evaporation rate can be attributed to the greater role 
played by the convection process inside the vapor cloud. 

The difference between experimental and diffusion-limited evapo
ration rate can be attributed to the convective contribution in evapo
ration rate (Ec). Grashof number (Gr) can be used as indication of 
strength of convection, which can be expressed as: 

Gr =
ρa.(ρmix − ρa)gRm

3

μa
2 (8)  

(ρmix − ρa) =
Psat(Tamb)(Mv − Ma)

RuTamb
(9)  

Here, the mean radius of the cavity, Rm =
(Ri+Ro)

2 , where Ri is inner raduis 
and Ro is outer raduis. ρmix is the density of air-hexane vapor mixture. 
The Gr value for inner cavity is equal to 127 and 54 for coaxial well-1 
and 2 respectively. Fig. 10 shows closer match of the evaporation rate 
from diffusion-limited model with experiments for coaxial well-2 due to 
the lower Grashof number. Hence, the convection effect on evaporation 
rate is negligible for smaller diameter cavity of the coaxial well. Dollet 
and Boulogne [41] reported greater role of convective flow on evapo
ration rate of circular disk of liquids for Gr > 20, for water evaporating 
from circular disk. In case of water, the density difference is positive, 
leading to a radially inward flow where unsaturated air is brought to
wards the center. The present case represents an opposite effect where a 
volatile heavy hydrocarbon is evaporating, and the sign of density dif
ference is negative. Therefore, the nature of convective flow pattern is 
expected to be different with respect to Grashof number. As the mean 
radius of the cavities increases, Grashof number also increases. Grashof 
number values for the outer cavities of coaxial well-1 and coaxial well-2 
are equal to 1014 and 428 respectively. This indicates increase in den
sity difference induced radial outward flow and higher contribution of 
convective motion. This justifies the large difference between the 
diffusion limited and experimentally measured evaporation rate for 
case-2 as shown in Fig. 10. 

In case-3, where liquid evaporates simultaneously from inner and 
outer cavities, the combined evaporation rate is lower than the sum of 
individual evaporation rate from the inner and outer cavity. The evap
oration rate in case-3 is 24.5% and 35.18% lower compared to the sum 
of individual evaporation rate for coaxial well-1 and coaxial well- 2 
respectively. For inner cavity, 25% and 35% decrease in global evapo
ration rate is observed in case-3 for coaxial well-1 and coaxial well-2, 
respectively. In outer cavity, global evaporation rate is reduced by 
10% in coaxial well-1 and 17% in coaxial well-2. This can be attributed 
to the interaction between the vapor cloud from inner and outer well. 
These results correlate with vapor mole fraction results of case-3 dis
cussed in previous section for both well configurations. It can be 
concluded that as the gap between the inner and outer coaxial cavity is 

Fig. 10. Comparison of experimental (gravimetric and holographic) evaporation rate with steady state diffusion limited evaporation during initial time period for 
different test cases (Case 1, 2 and 3): (a) Coaxial well-1 and (b) Coaxial well-2. 
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reduced, the interaction of the two vapor cloud is stronger, which sup
presses the evaporation rate of the coaxial cavities. The vapor cloud 
interaction is more prominent in the internal cavity than the outer 
cavity. This behavior can be helpful in the applications such as protein 
crystallization, microfluidic cell culture where suppression/control of 
evaporation rate from an evaporating microliter liquid body can be 
achieved with the help of another coaxial liquid body without any 
physical interaction. 

3.4. Local evaporation rate and diffusive transport 

Fig. 11 presents the local evaporation rate distributions from the 
holographic measurements for different test cases of coaxial well 1 and 2 
to explain the average evaporation rate results of Fig. 10. The magnitude 
of local evaporation rate of inner and outer cavity in case-3 is lower than 
the evaporation rate from inner cavity of case-1 and outer cavity of case- 
2 respectively. This can be attributed to the restriction on radial vapor 
transport in the presence of vapor cloud from the neighboring cavity. 
Therefore, the change in gap between the cavity, not only influences the 
total evaporation rate but also the local evaporation rate. Similar ob
servations have been made for the two droplet case, where strength of 
evaporation decreases when separation distance is reduced with 
reduction in strength of internal convection [17,18,20]. 

3.5. Interfacial temperature 

IR thermography using a camera (Thermosensorik Model No: In-Sb 
640 SM, 640 х 512 pixels, Pixel pitch: 15 µm х 15 µm, Wavelength: 
1.1–5.3 µm) has been used to measure the interfacial temperature dis
tribution of evaporating hexane inside the cavity. Since the emissivity of 
hexane is not known, the recorded IR signal cannot be accurately con
verted to temperature values. However, it can be helpful in comparing 
the relative difference in temperature along the interface between 
different test cases. We have assumed the emissivity to be equal to 1.0.  
Fig. 12 shows the temperature profile for coaxial well-1 during the 
initial time period (t = 0 + (s)). The experiments are conducted at the 
ambient temperature of 19 ± 0.5 ◦C and relative humidity of 60%. 

The interfacial temperature distribution shows similar variation 
across the width of the cavity for all test cases i.e. the temperature re
duces from the center of the cavity to its edge. Magnitude of average 
temperature for the case-3 is higher compared to that of cases 1 and 2. 
This may be attributed to lower evaporation rate for case 3 in compar
ison to case-1 and case-2 (see Fig. 11) resulting in lower evaporative 
cooling. Similarly, the average interfacial temperature for case-1 is 
lower than that of case-2. Higher evaporation flux in case-1 compared to 
case-2 observed in Fig. 11 supports the lower temperature observed in 
case-1 (Fig. 12). It may also be observed that the evaporation flux per 
unit area for case-1 and case-2 is respectively equal to 49.7 х 10− 4 mg/s- 
mm2 and 44.98 х 10-4 mg/s-mm2 respectively (See Fig. 10), which also 
supports the interfacial temperature distribution of Fig. 12. 

Fig. 11. Local evaporation rate (j) distribution for different test cases (Case 1, 2 and 3) of Coaxial well-1 (a–c) and coaxial well-2 (d–f).  

Fig. 12. Interfacial temperature distribution of the liquid interface of coaxial 
well-1 for different test cases (Case 1, 2 and 3) from IR thermography mea
surement at initial time period, t = 0 + (s). Here, w = (r− Rm) is the distance 
from the mid plane of the liquid filled cavity. IR thermograms are shown as 
inserts, where only the liquid interface area is shown, and remaining region 
are black. 
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4. Conclusions 

The present study investigates the interaction of vapor cloud from 
evaporation of two coaxial cavities. The evaporation of high molecular 
weight liquid hydrocarbon, hexane evaporating from a micro-litter 
volume coaxial well is studied using digital holographic Interferom
etry. Gravimetric measurements have been carried out to measure the 
evaporation rate and confirm the accuracy of holographic interferom
etry technique and tomographic reconstruction process. The IR ther
mography measurements are carried out to explain the local 
evaporation rate distribution by correlating with the evaporation 
induced cooling. Diffusion limited simulation study using Comsol Mul
tiphysics software has been carried out to quantify the role of convection 
on mass transfer process. The interaction of vapor cloud from evapora
tion of two coaxial cavities is studied by varying the separation distance 
or gap between the coaxial cavities. Important summary of findings from 
the present study are as follows:  

• Average evaporation rate from inner and outer cavity of coaxial well 
with both cavities filled with liquid reduces in comparison to the case 
when liquid is evaporating from individual cavities. There is a 
decrease in evaporation rate of about 30% for the inner cavity when 
both inner and outer cavities are filled in comparison to when only 
the inner cavity is filled with liquid. The decrease in evaporation rate 
depends on the gap or separation distance between the two coaxial 
cavities. The interaction between vapor cloud from individual cavity 
influences the local evaporation rate.  

• The diffusion limited evaporation rate from simulation study 
matches well with the experimental evaporation rate from digital 
holography and gravimetry at low Grashof number. The mismatch 
increases with increase in Grashof number.  

• The temperature drop of the liquid interface due to evaporative 
cooling correlates well with the local evaporation rate from digital 
holography analysis. The temperature drop is lower when both inner 
and outer cavities are filled with liquid compared to when evapo
ration takes place from individual cavity.  

• The control of evaporation rate from individual cavities in coaxial 
well configuration by adjusting the gap or separation distance be
tween cavities can be used as a design parameter in several appli
cations i.e. protein crystallization, microfluidic cell culture and 
micro manufacturing for optimal performance. 
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[39] A. Börzsönyi, Z. Heiner, M. Kalashnikov, A. Kovács, K. Osvay, Dispersion 
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