
Heat Transfer. 2021;1–12. wileyonlinelibrary.com/journal/htj © 2021 Wiley Periodicals LLC | 1

Received: 7 April 2021 | Revised: 14 May 2021 | Accepted: 16 June 2021

DOI: 10.1002/htj.22230

RE S EARCH ART I C L E

On the enormous enhancement in water
evaporation rates obtained by employing a
different polar ambient

Ashish Karn1 | Jonathan Ambs2 | Shashank S. Deo1 |

Ayush Vyas1 | Ayush Dwivedi1 | Abhay Kumar1

1Department of Mechanical Engineering,
Multiphase Flows Laboratory, School of
Engineering, University of Petroleum
and Energy Studies, Dehradun, India
2Department of Mathematics, Jonesboro
High School, Jonesboro, Arkansas, USA

Correspondence
Ashish Karn, Department of Mechanical
Engineering, Multiphase Flows
Laboratory, School of Engineering,
University of Petroleum and Energy
Studies, Energy Acres, Bidholi,
Dehradun, Uttarakhand 248007, India.
Email: akarn@ddn.upes.ac.in

Funding information

Science and Engineering Research Board

Abstract

Enhancing evaporation rates are of great practical

interest in many technological applications, such as

water desalination or drying in industry. Evaporation

mass flux is a function of ambient temperature, re-

lative humidity, and velocity of the air passing over it.

Since the conventional methods of increasing eva-

poration, namely increasing temperature, surface

area, and so on, may not be always practically feasible

or economical, novel methods of evaporation en-

hancement are necessary. The current study proposes

that the introduction of a polar gas ambient above an

evaporating liquid can drastically enhance its eva-

poration rate when the dipole moments of the eva-

porating liquid and the ambient gas are comparable.

Thus, we explore the possibility of evaporation en-

hancement of water by introducing a polar Tetra-

fluoroethane gas ambient. The weight loss of water

due to evaporation as well as the ambient temperature

and air circulation conditions were measured. For

each case, a companion experiment was carried out

simultaneously under the same ambient conditions

but without the presence of polar gas ambient. Each

experiment lasted for 4 h. The evaporation rate has

been found to be crucially dependent upon the polar

gas ambient, the temperature as well as circulation
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conditions. Depending upon the temperature and

circulation conditions, an enhancement of 59%–373%
in evaporation rate has been recorded by the in-

troduction of tetrafluoroethane gas ambient over the

water surface. Some insights into the underlying

mechanisms have been suggested in light of the

physics of the evaporation process. Finally, some

comparisons in the measured enhancement in eva-

poration rates under different experimental condi-

tions are observed to concur with the suggested

physical mechanism.
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1 | INTRODUCTION

Evaporation, a ubiquitous phenomenon in nature, is also employed for a wide array of tech-
nological applications, such as desalination of seawater, treatment of polluted water, steam
generation, electronics cooling, and so on.1 Apart from the evaporation of bulk liquids, eva-
poration is also studied on a droplet level for applications, such as the combustion of liquid
fuels in automotive engines.2 Another instance where evaporation has recently been utilized is
the production of the microparticle drugs, whereby regulated evaporation of microdroplets
using spray‐drying yields a structured microparticle.3,4 The study of evaporation also assumes
considerable importance since it can underscore the contribution and role of short‐term eva-
poration events in the total seasonal evaporation from water bodies, such as lakes and hy-
dropower impoundments.5 Evaporation is clearly a surface phenomenon and is governed
largely by surface area and temperature. In fact, increasing the temperature or surface area is a
very common strategy for drying or evaporation enhancement in household or laboratory
conditions, although it may be impractical and uneconomical to do so in many situations. Such
a phenomenon can be clearly observed in natural events, such as the augmentation of the
evaporation rate from a large Northern lake due to the entrainment of warm, dry air over the
lake surface.5 Apart from this, several different approaches have been implemented by re-
searchers to enhance the evaporation rate of water in the past, such as the addition of a foreign
molecule to be adsorbed on the surface,6 the addition of nanoparticles,7 injection of bubble
nuclei created by electrolysis in a flash evaporator,8 using air ions created by corona discharge,9

and removal of vapor above the surface continuously.10 Other notable strategies employed to
enhance water evaporation rate include the application of an electrostatic field11 (i.e., corona
wind), the magnetic field,12 or even an infrared laser.13 It has been reported that with the
application of an electric field, the evaporation rate increases with the applied voltage, and with
the introduction of cross‐flow such an enhancement is found to be independent with the
applied voltage and is nearly equal to that obtained with cross‐flow alone.11 Similarly,
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Nakagawa et al. reported the increment in evaporation rate of pure water in a gradient mag-
netic field as a function of the magnitude of the magnetic field and attributed this effect to the
magnetization‐driven convection in the water.12

However, to date, no study has reported the effect of the presence of a different ambient
(other than that of vapor of the polar liquid) on its rate of evaporation. Clearly, the evaporation
phenomenon is quite poorly understood7 and there are still a host of unresolved issues sur-
rounding evaporation physics that need to be explained.14 We are thus prompted to investigate
whether a different polar gas ambient above the liquid surface can cause faster evaporation of
water. In addition, we also wish to explore if such an enhancement in evaporation rate is
contingent upon the liquid temperature or the circulation caused inside the liquid. The answer
to these questions can possibly provide clues and critical insights into the development of
systems and strategies for both suppression and enhancement of water evaporation, which is
important in a number of applications, such as desalination, treatment of polluted water, and
so on.

To test our hypothesis regarding the possible effect of the dipole moment on the evaporation
rates of water, it is important to keep in mind several other factors that have an important
bearing on the evaporation rates, including surface area, liquid temperature, and gas circula-
tion. As far as the choice of the gas ambient is concerned, although a variety of polar gas
ambient can be chosen for experimentation, it is expected that the effect of the dipole moment
interaction at the gas–liquid interface can be effectively captured if the dipole moment of the
gas molecules is similar to that of water. Water has a dipole moment of 1.83D and many gases
could be suggested with similar dipole moment values, such as Hydrogen Fluoride (1.82D),
Pyrrole (1.84D), Fluoromethane, Ethylene Sulfide or Trimethylene Sulfide (1.85D), and so on.
In general, hydrofluorocarbons are promising since the larger molecular size of the polar
molecule can aid in easy separation using molecular sieve or swing absorption technique once
they are dissolved in water. However, the toxicity of the gas to humans as well as its impact on
the environment must also be considered. For instance, Difluoromethane (C2H2F2) is ideally
suited to our experiments with water, but since it is regulated as a greenhouse gas and is largely
unavailable in the market, it could not be selected for experimentation. Finally, Tetra-
fluoroethane gas (C2H2F4), which is largely sold as a refrigerant R134a and which has a dipole
moment of 2.45D, close to the water's dipole moment of 1.83D, is selected for our experiments.
Further, to study the cumulative effects of different factors, a set of four experiments were
conducted, with both air and Tetrafluoroethane as the ambient at different conditions of
heating and gas circulation.

2 | EXPERIMENTAL SETUP

Figure 1 shows the outside and the inside views of the experimental setup used in this study for
carrying out all four sets of experiments. A stainless steel chamber with a tightly sealed (with
rubber) cap is employed, with two ports attached to the top of the cap. These ports are
essentially one‐way screw valves, intended to allow for gas recirculation. For the purpose of
causing gas circulation, a simple battery‐operated aquarium pump is used with a 4mm tubing
to create a flow rate of 7.5 standard liters per minute (SLPM). Pressurized Tetrafluoroethane
(C2H2F4) passes through a needle valve, a regulator, and a tube before it enters the chamber.
For the purpose of temperature control, a heating coil (1500W) is used along with a thermostat
to maintain a steady liquid temperature of 35°C. Two hundred grams of silica gel was used as a
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desiccant to absorb water, and the weight of silica gel along with the glass container was
measured using a SAMURAI precision electronic balance before and after each experiment. It
is worth noting that the minimum pore size in the Silica gel can be as small as 0.8 nm, whereas
the average size of a water molecule is 0.2 nm.15 Moreover, Tetrafluoroethane, with a molecule
volume of 0.07262 nm3, a molecular surface area of 0.9528 nm2, and an ovality of 1.22 yields a
maximum axis length of 0.92 nm, suggesting negligible absorption by the Silica Gel.16

The uncertainty in the measurement of weight by the SAMURAI electronic balance is
0.01 g, while the flow rate measurement by the rotameter can be done with an uncertainty of
0.1 SLPM. The temperature measurements involve an uncertainty of ±1°C, whereas the
measurements of time are up to an accuracy of ±1ms. Overall, these variabilities lead to a
maximum uncertainty of 6.0%‐9.5% in the measurement of evaporation rate across all eight sets
of experiments.

3 | EXPERIMENTAL METHODOLOGY

A total of four sets of experiments were conducted, which were named as following—no
heating, no circulation (NHNC), no heating with circulation (NHC), heating but no circulation
(HNC), and both heating and circulation (HC), respectively. To capture the evaporation rates

FIGURE 1 A 3D schematic showing (A) outside view, and (B) inside view of the experimental setup [Color
figure can be viewed at wileyonlinelibrary.com]
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under different conditions of temperature, circulation ambient, an experimental setup as
shown in Figure 1, was designed. To explore the effect of the presence of a polar ambient, water
is kept at a fixed temperature of 21°C and 35°C, respectively, for no‐heating and heating
experiments, and the gas circulation flow rate is governed by the aquarium pump and is fixed at
7.5 SLPM. A heating coil (1500W) is used along with a thermostat to keep the water tem-
perature steady during the heating experiments. The four sets of experiments were repeated for
both air and the C2H2F4 polar gas ambient. Repeated checks were made at all the connections
with soap bubbles to ensure that there was no leakage anywhere in the experimental setup.
First, NHNC experiments were conducted with the air ambient without any heating or cir-
culation. Two hundred grams of silica gel was taken as a desiccant to absorb water and put in
the experimental setup for 4 h. After a duration of 4 h, the silica gel container was taken out and
the weight of silica gel was immediately recorded. NHC experiments were similarly carried out
in the air ambient, except that the circulation pump was turned on. In the HNC experiment,
the circulation pump was stopped and the heating coil and thermostat setup were turned on.
Finally, in the HC experiment, both the heating coil and the circulation pump were kept turned
on. Each of these experiments was repeated three times and an average of the three readings
was taken to ensure the accuracy of the collected results. Next, the experiments were conducted
with the polar gas ambient. To replace the air ambient with the Tetrafluoroethane gas inside
the stainless steel container, the inlet (Port‐A) and exit valves (Port‐B) were employed.
The pressurized tetrafluoroethane container was connected through the valve and tubing to the
one‐way inlet valve Port‐A and was allowed to fill in the empty space above the water surface.
Since the tetrafluoroethane gas is heavier than air, it settled at the bottom near the water
surface, displacing the air toward the top and pushing it through the exit valve (Port‐B). The
pressurized flow was left to occur for over 2min until the entire gas exiting out of port‐B
consisted solely of tetrafluoroethane gas. The fact that the container above the water surface is
entirely filled with polar gas was ascertained as follows. A soap solution kept in a Petri dish was
kept near the exit port when the air or the air‐polar gas mixture was being flushed out. The
exiting gas produced soap bubbles, the transparency of which reduced significantly with the
tetrafluoroethane gas and the bubbles became translucent to milky opaque when the gas
concerned was pure tetrafluoroethane. Again, NHNC experiments were conducted first and
before NHC, HNC, and HC experiments, the container was filled with the polar gas each time.
On average, each set of these experiments required 750ml of tetrafluoroethane gas. Finally, a
total of 24 experiments were conducted, three at each experimental condition. The average of
the three readings for each experiment was taken and hence a total of eight data points were
obtained.

4 | RESULTS AND DISCUSSION

4.1 | Measurements of evaporation rates under different conditions

The results of the weight gain in the Silica gel in these experiments at different conditions are
depicted in Table 1. As presented in Table 1, the water uptake of Silica gel, Wt∆ (=Wfinal –
Winitial) over a span of 4 h represents the net amount of water evaporated from the steel
chamber. Thus, a representative rate of evaporation was obtained by calculation of W t/t∆ (g/h).
In the presence of air ambient, the evaporation rates were found to be 1.005, 3.718, 5.413, and
8.520 g/h for NHNC, NHC, HNC, and HC cases, respectively. In contrast, the introduction of
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C2H2F4 ambient showed an evaporation rate of 4.754, 9.243, 10.829, and 13.548 g/h for the
corresponding cases, respectively, indicating clearly that evaporation rate is augmented by the
introduction of C2H2F4 ambient. A comparison between the evaporation rates computed for
Case I and Case II in the air ambient indicates solely the effect of circulation and a threefold
increment in evaporation rate is obtained. A similar trend is noted for the C2H2F4 ambient
(Case V and Case VI), but only an increase of 1.9 times in evaporation rate is attained. Another
interesting trend could be drawn by a comparison of Case II and Case IV (or Case I and Case
III), whereby the temperature effects could be extricated. In general, in the absence of circu-
lation, the temperature increment from 21°C to 35°C yields a much greater enhancement in
evaporation rate as compared to the case when circulation is present, in the air or the polar
ambient.

TABLE 1 Evaporation of water in the presence of different gas ambient.

Case Experiment Ambient T (°C) Winit (g) Wfinal (g) WtΔ (g) t (h) W t/tΔ (g/h)

I NHNC Air 21 200 204.02 4.02 4 1.005

II NHC Air 21 200 214.87 14.87 4 3.718

III HNC Air 35 200 221.65 21.65 4 5.413

IV HC Air 35 200 234.08 34.08 4 8.520

V NHNC C2H2F4 21 200 219.02 19.02 4 4.754

VI NHC C2H2F4 21 200 236.97 36.97 4 9.243

VII HNC C2H2F4 35 200 243.32 43.32 4 10.829

VIII HC C2H2F4 35 200 254.19 54.19 4 13.548

Abbreviations: HC, both heating and circulation; HNC, heating but no circulation; NHC, no heating with circulation; NHNC,
no heating, no circulation.

FIGURE 2 A bar plot showing the water uptake by the Silica gel for all eight experiments. HC, both heating
and circulation; HNC, heating but no circulation; NHC, no heating with circulation; NHNC, no heating, no
circulation [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2 shows a comparison of the evaporation rate for the four sets of experiments in the
two ambients. Many observations can be made regarding the recorded data. First, the eva-
poration rates increased in the order of NHNC, NHC, HNC, and HC for both air and the polar
ambient. Second, in all the cases, the evaporation rate obtained upon the introduction of a polar
ambient is significantly greater as compared to the air ambient. It is thus amply clear that
the introduction of a polar ambient drastically enhances the evaporation rates irrespective
of the circulation and the temperature (i.e., for all four cases). This discovery indeed sub-
stantiates the role of the dipole moment of the ambient in enhancing the evaporation rates.
However, there are admittedly many other factors that could contribute to enhancement in
evaporation rates, and thus it is worth taking a stock of the underlying factors behind the
responsible mechanism to fully explain the underlying reasons behind such trends and explain
the competing influence of heating and gas circulation.

4.2 | The underlying physics of evaporation behind the experimental
observations

The physics of the evaporation process can be understood from the molecular perspective as
enunciated by the kinetic theory whereby molecules at the liquid surface are emitted and
transitioned into the vapor phase (evaporation), and conversely, vapor molecules strike the
surface and change into the liquid phase (condensation).17 Thus, at a state of thermal equili-
brium between liquid and its saturated vapor, the microscopic evaporation rate, and micro-
scopic condensation rates are identical, and no net evaporation occurs. Therefore, the
macroscopic evaporation process must be a nonequilibrium process and a greater net eva-
poration rate essentially implies that the vapor evaporating from the liquid surface will deviate
more from the equilibrium state.18 A more practical estimate of the evaporation mass flux is
conventionally obtained by the classical Hertz–Knudsen relation, although an active con-
troversy has been existing in the scientific community regarding its accuracy. In fact, a con-
clusive review recently established that the Hertz–Knudsen relation is incomplete since it
misses out on an important physical concept of the coupling between the liquid and vapor
phases during evaporation.19

Theoretically speaking, the maximum evaporation rate would be attained, when the tem-
perature of the water is kept constant and all the vapor is taken away constantly, not allowing a
single molecule from returning back to the liquid.20 Thus, the maximum rate of evaporation of
water (g/cm2 s) is expressed as j P T= 0.0583 18/max , where P is saturation vapor pressure
expressed in millimeter of mercury and T is the absolute temperature in K.10 However, in such
a case, at a temperature of 20°C, water would evaporate at a rate of 9 m/h, which is about
105–106 times greater than what is observed in reality. Actually, a tropical sea evaporates at a
rate of about 2 m/year, or even lesser, around 50 cm/year.10 The reason behind this huge
discrepancy can be attributed to the existence of a thin gas layer over the liquid, called as
Knudsen layer, which is a few mean‐free paths thick as presented in Figure 3A. The region out
of the Knudsen layer is often referred to as the region of gas‐dynamic flow.18 In this thin layer,
water vapor pressure is near saturation, and the vapor concentration gradient between the
Knudsen layer and the far‐field drives the interfacial flux, with the overall transport being
governed by the diffusion process.1,10 For this diffusion‐limited evaporation, the value of the
diffusion constant of water depends upon the surrounding gas ambient since it is determined
by intermolecular forces of attraction.6 Among the different types of intermolecular forces of
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attraction, the evaporation of water molecules is primarily controlled by the hydrogen bonds
between them since evaporation must involve the breaking of such bonds.6 Typically, since the
H2O molecule has two H‐atoms, the more electronegative oxygen can usually get a partial
negative charge and can interlink with two other H‐atoms. Conversely, both the H‐atoms with
partial positive charges can form multiple hydrogen bonds. These bonds fluctuate rapidly,
depending upon temperature, yet their effect is so profound for the water molecule that the
physical properties of the water molecule are determined predominantly by the H‐bond.14 In
addition, short‐range Van der Waals forces between the water molecules hold them together in
the liquid state, although these are free to move in the vapor phase. However, such van der
Waals forces are weaker than Hydrogen bonds, but an attenuation in their magnitudes may
yield an augmentation in evaporation rates.

As shown in Figure 3B, the situation becomes more intricate with the introduction of a
polar ambient over the water surface, such as C2H2F4, facilitating the dipole–dipole interac-
tions, that is, H‐bonds. According to Stiopkin,21 although a majority of the water molecules in
the surface layer are hydrogen‐bonded to each other, a fraction of molecules with unbounded

FIGURE 3 (A) Schematic showing the distribution of water molecules in the different layers in diffusion‐
limited evaporation, and (B) the effect of the presence of a polar ambient on the evaporation and condensation rates
and the role of H‐bond. Pink arrow indicates that some water molecules are pulled out of the Knudsen layer because
of advection currents in the presence of circulation [Color figure can be viewed at wileyonlinelibrary.com]
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hydrogens protrude in the vapor phase. Such dangling bonds are free to interact with other
water molecules in the vapor through hydrogen bonds. Tetrafluoroethane with its highly
electronegative F atoms forms strong H‐bonds with H‐atom of H2O molecule, and the inter-
linking of its H atom with O atom of the water molecule is equally likely. Further, these H‐bond
interactions are possible at the surface layer as well as in the Knudsen layer and beyond. Not
only C2H2F4 molecules can pull away H2O from the surface, but also denude the Knudsen layer
by drawing the H2O molecules in the far‐field, thus leading to an increased net flux across the
interface. Furthermore, polar molecules have an ordered surface and the impinging gas mo-
lecules have to be oriented in a particular way, for the condensation to take place. Hence, the
ratio of the actual evaporation rate and the expected evaporation rate (also called condensation
coefficient) is much lesser than unity for molecules with large dipole moments.22

4.3 | Some preliminary validation of the proposed physical
mechanism

Finally, a close look at the percent increment in evaporation rate upon introduction of tetra-
fluoroethane ambient for all four sets of experiments reveals some interesting insights. Figure 4
presents the corresponding data for each set of experiments, with W∆ =W W−polar air, where
Wpolar andWair denote the evaporation rate in tetrafluoroethane and air ambient, respectively, at
a chosen experimental condition. Hence, W∆ when normalized with Wair represents relative
evaporation increment solely due to the ambient change. While trying to understand and
explain the role that the polar gas may play in the evaporation process, a firsthand intuition
leads us to conjecture that the role of H‐bonds between polar molecules in the enhancement of
evaporation will be most markedly prominent in the absence of heating or advection. On the
other hand, at an increased temperature, H‐bonds and Van der Waals forces are weakened
because of the increased kinetic energy of the molecules. Similarly, advection does not allow for
as much enhancement in evaporation rate due to dipole interactions, as compared to the case

FIGURE 4 Percent increment observed in evaporation rate by the introduction of polar ambient. Red dotted
line indicates no improvement in evaporation rate because of the presence of polar ambient. HC, both heating
and circulation; HNC, heating but no circulation; NHC, no heating with circulation; NHNC, no heating, no
circulation [Color figure can be viewed at wileyonlinelibrary.com]
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when the ambient gas is stationary over water. Figure 4 clearly attests to this suggestion,
since the increment in evaporation rate is around 373% for the NHNC case, as compared to a
mere 59% for the HC case. The increment in two intermediate cases is a result of the competing
factors of advection vis‐à‐vis the temperature increment.

Evidently, it is clear that the increase in evaporation rate is maximum for the NHNC case,
while such an effect is much less prominent in the presence of heating and advection. It can
also be mentioned that the enhancement in the evaporation rate due to such a
“dipole–dipole” interaction effect is significantly attenuated in the event of the occurrence of
heating. This explains the 50% more increase in evaporation rate in the case of the NHC case
in contrast to the HNC case. Thus, the hypothesis proposed regarding the enhancement of
evaporation due to the dipole stands affirmed, validated by the experimental measurements,
which further corroborate the underlying mechanisms suggested behind such an increment
in evaporation rates. These preliminary measurements on evaporation rates can be further
substantiated by advanced measurements or numerical/molecular dynamics simulations to
arrive at an integrated understanding of the evaporation process and the role that dipole
moment of the ambient gas in it. It is hoped that the current study may serve as a befitting
precursor to such advanced scientific studies on evaporation enhancement using a polar gas
ambient. It must be admitted, however, that before such a technique could be put to tech-
nological applications, such as desalination or drying, investigations should be done to
explore the possibility of using different nontoxic environment‐friendly polar gases, which
are either insoluble in water or can be easily separated from it in an energy‐efficient way. The
current research when supplemented with such a finding may pave a breakthrough for
desalination and drying technology in the future.

5 | CONCLUSIONS

In summary, the current study explores the possibility of enhancing the evaporation rates of
water by the introduction of ambient gas, which has a dipole moment close to that of water.
The current study provides sufficient experimental data and a possible physical mechanism to
suggest the influence that a different polar ambient can have in enhancing the evaporation rate
of water. To test the abovementioned hypothesis, a suitable experimental setup was designed to
capture evaporation rate measurements. Then, four sets of experiments were conducted:
NHNC, NHC, HNC, and HC. In all four cases, an enhancement in evaporation was observed,
between 59% and 373%. However, the comparative increment in the four cases seems to in-
dicate the relative influence of advection, temperature rise, and its consequent effect on
H‐bonds, which are responsible for increasing the evaporation rate. Since the maximum rise in
evaporation rate is observed for the NHNC case, it is obvious that the dipole–dipole interactions
responsible for evaporation enhancement have been facilitated. Conversely, the minimum
augmentation of evaporation rate for HC case accounts for the least effectiveness of such
physics in raising evaporation rate. The underlying reason behind this observation is attributed
to the weakening of H‐bonds as well as a limited time of interaction in the Knudsen layer.
Thus, this study hopefully provides a novel way of increasing evaporation for polar liquids. It is
expected that if a means and mechanism be found for creating an artificial ambient around
water surface, it should be possible to significantly enhance the evaporation rate of water in
many applications, such as the desalination of water or in industrial drying applications.
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