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SUMMARY

Solar vapor generation, which uses photothermal materials to desa-
linate seawater by evaporation, is a promising technology to miti-
gate the water scarcity problem, but its performance is hindered
by large heat leak and salt accumulation problems. Here we report
an umbrella evaporator that achieves efficient vapor generation
and salt harvesting concurrently via double-sided evaporation and
reveal the salt nucleation, growth, and falling mechanism. The evap-
orator reaches an evaporation rate of 1.25 kg m�2$h�1 under
ambient conditions, and its continuous operation for vapor and
salt production from seawater is demonstrated. The salt mobility
on the evaporation surface determines whether the salt could accu-
mulate at the edge, which is influenced by water supply, solar inten-
sity, salinity, andMg2+ and Ca2+ contents.A simple salt creeping test
on a glass slide is developed to determine whether and to what
extent seawater needs to be pre-treated for continuous operation.

INTRODUCTION

Nowadays, one in three people do not have access to safe drinking water.1 By 2050,

one-half of our population will be living in water-stressed areas.2 Solar vapor gener-

ation (SVG), which uses photothermal materials to convert solar energy into heat to

evaporate water and directly produce drinkable water, is a promising technology to

help mitigate the water scarcity problem.3–7 This evaporation process mainly con-

sists of two steps: vapor generation at the interface and vapor transfer to the gas

phase.8 The photothermal materials aid in vapor generation by increasing solar en-

ergy capture at the interface, while the vapor transfer condition is greatly affected by

the evaporator structure and the surroundings. In recent years, photothermal mate-

rials for SVG are booming,9–13 with carbon-based, plasmonic, and semiconducting

materials being the most widely explored.14–16 By contrast, the solar evaporator

structure study, which is crucial for vapor transfer, still lacks adequate attention.

A typical solar evaporator floats at the water-air interface, which usually has a thermal

insulation layer to localize the heat on the evaporation surface, known as an interfa-

cial evaporator (IE).17–20 However, when applied on real seawater, salt accumulates

on the photothermal materials, decreasing its absorption and blocking the water

transport channels.21,22 The accumulated salt gradually slows down the evaporation

and finally stops the whole system.23

To solve the salt accumulation problem, a series of studies have been conducted,

including designing salt back diffusion pathways into the bulk solution,24–30 employ-

ing contactless solar evaporator,31,32 and rejecting salt crystals back to the bulk wa-

ter.21,33 Nevertheless, considering the salt value, salt should not be treated as a

waste discharging back to the sea, but a highly added-value product. A ton of
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seawater contains 35 kg sea salt having a current value of $4.2 (i.e., $120 per ton),

while a ton of freshwater equals $2.8 on average for 30 cities in the United

States (Database: Statista). Harvesting salt with SVG is the optimal strategy from

both environmental and economic perspectives. Some attempts have been made

to achieve salt harvesting concurrently by periodically cleaning the evaporation sur-

face manually,34,35 which decreases the evaporation rate during the salt accumula-

tion period.

Recently, attention is shifted to an umbrella-shaped evaporator.36–39 It features a

central water supply and an edge salt collection, leaving a clean evaporation surface

uncovered by salt, which is promising for SVG and salt harvesting concurrently. It

adopts similar concepts to the IE, relying on the top surface evaporation with the

back surface insulated, and operates well with simple simulated seawater (e.g., a

35 g/L NaCl solution). However, it is unclear how actual seawater affects its contin-

uous operation, and the salt nucleation, growth, and falling mechanism remains

poorly understood. Furthermore, the study of the evaporator structure influence

on the system efficiency is still insufficient.

Here, we demonstrate an innovative umbrella evaporator (UE), which achieves dou-

ble-sided evaporation by discarding the thermal insulation layer beneath and im-

proves the efficiencies of both vapor production and salt collection concurrently.

We show its advantages in vapor generation over a typical IE by both experiments

and simulation. Benefiting from the central water supply design, salt falls down auto-

matically from the edge by gravity. We explore the factors affecting the salt harvest-

ing at the macroscale and reveal the salt nucleation, growth, accumulation, and fall-

ing mechanisms at the microscale. Furthermore, we show the hindering roles of

Mg2+ (especially) and Ca2+ in salt harvesting in seawater and propose a facile

method to determine if the pretreated seawater can achieve salt falling by observing

the salt creeping behaviors on a glass slide. This work demonstrates a promising

future of the UE in SVG and salt harvesting concurrently and allows us to better un-

derstand and control the salt harvesting process.
RESULTS AND DISCUSSION

Evaporation performance

A typical IE floats at the air-water interface with a thermal insulation layer to localize

the heat on the evaporation surface, making it single-sided evaporation (Fig-

ure 1A). In addition, seawater supply from the edge accumulates salts at the center,

hindering further water supply and evaporation. The UE we propose in this work

discards the thermal insulation layer to make it double-sided evaporation in the

air. Benefiting from the central seawater supply, salts could precipitate at the

edge and fall down for harvesting. First, we compared the evaporation perfor-

mance of the IE and the UE by experiments in the same test environment using de-

ionized water (Figure 1B). We coated polypyrrole only on a filter paper by ultra-

sonic spray coating to make the black evaporation surfaces, which was further

made into an IE and a UE (Figures 1B, S1 and S2). The solar absorptance of the

evaporation surface is 96.2% (Figure S3; Note S1), and the porosity of the surface

and the pillar is 0.806 and 0.885, respectively (Note S2). The average ambient tem-

perature is 21.8�C and the ambient relative humidity is 0.5 for the evaporation

tests.

In solar evaporation under 1 sun (1 kW/m2), UE has a much lower surface average

temperature (33.8�C) than IE (40.5�C) (Figure 1C), which is caused by a higher
2 Cell Reports Physical Science 3, 100940, July 20, 2022
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Figure 1. Evaporation performance of the IE and UE

(A) Schematic illustration of the IE and UE.

(B) The IE and UE used for the evaporation test (3 cm in surface diameter).

(C) Solar evaporation under 1 sun (1 kW/m2).

(D) Surface water temperature in solar evaporation.

(E) Dark evaporation.
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evaporation rate (i.e., 1.25 vs. 1.10 kg m�2$h�1, a 13.6% increase). A lower surface

temperature would also help to decrease heat loss by decreasing the temperature

difference with the environment. A higher evaporation rate and lower surface tem-

perature help to allocate more energy to the evaporation process by decreasing

the heat loss to the environment, leading to a higher energy efficiency of the UE

(85.8%) than that of the IE (75.8%). As the UE has a lower surface temperature

and a smaller heat transfer area to the bulk water, its surface water temperature

increased only 0.95�C in 2000 s; by contrast, IE increased more rapidly (by

1.75�C), indicating more heat loss to the bulk water (Figure 1D). The evaporation

performance comparison of different reported evaporators is listed in Table S1.

It should be noted that the evaporation rate in this work only comes from the sur-

face evaporation without any side wall evaporation. The maximum evaporation rate

achieved in this work is 1.25 kg m�2$h�1, which is very close to the theoretical

evaporation rate of 1.47 kg m�2$h�1 under 1 sun and ambient evaporation temper-

ature.40 It shall be noted with great caution in evaluating the reported evaporation

rates from different evaporators, as shown in Table S1, especially for those values

beyond the theoretical limit. This work aims to provide a fair platform to compare

the evaporation rate of the IE and UE under the same conditions.

In dark evaporation (i.e., no light), the average temperature of both surfaces (IE 20.4�C
and UE 19.5�C) is lower than the environment (21.8�C), indicating that the surfaces

obtain energy from the environment, which drives the evaporation (Figure 1E). Owing

to double-sided heat capture from the environment, UE has a higher surface average

temperature than IE. Combining with the double-sided vapor transfer, the UE has a

remarkable 72% higher evaporation rate (0.31 kg m�2$h�1) than that of the IE (0.18 kg
Cell Reports Physical Science 3, 100940, July 20, 2022 3



Figure 2. Solar evaporation simulation of IE and UE

(A and B) IE and UE velocity fields.

(C and D) IE and UE temperature fields.

(E and F) IE and UE vapor concentration fields.

(G and H) IE and UE relative humidity fields.
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m�2$h�1). Therefore, UE has a better SVG performance for both solar and dark

evaporation.

To better understand the UE structural advantages in solar evaporation, we simu-

lated the evaporation process by COMSOL Multiphysics. We used a two-dimen-

sional axial symmetry steady-state model to simulate the evaporation system,

including all the main processes (fluid flow, heat transfer, and vapor diffusion; de-

tails in Figures S4–S7, Tables S2–S5, and Note S3). The simulation domain is 12-cm

diameter and 16-cm high cylindrical domain with open boundaries; the evapora-

tion surface is 3 cm in diameter. The velocity field of the IE and the UE is similar:

air converges from the periphery over the evaporation surface and then flows up

carrying vapor, caused by the density decrease by the solar evaporator heating

(Figures 2A and 2B). The temperature of the IE is obviously higher than UE, with

the surface central part being the highest for both cases (Figures 2C and 2D). As

the surface temperature is far below the boiling point, we support naming this pro-

cess solar vapor generation instead of solar steam generation.41 Most of all, the UE

vapor concentration and relative humidity fields differ a lot from the IE (Figures 2E–

2H). Both sides of the UE surface can evaporate, doubling the mass transfer area. A

better mass transfer condition leads to a higher evaporation rate and a lower sur-

face temperature, which increases the energy efficiency.

The pressure and velocity fields of the pillar and the evaporation surface of the UE are

displayed in Figure S8. A thermal insulation layer under the UE surface would localize

the heat on the surface, but hinder the back evaporation, decreasing the overall evapo-

ration rate (verified by simulation in Figure S9). Therefore, double-sided evaporation of

the UE is the key factor to surpass the single-sided IE in evaporation performance.
4 Cell Reports Physical Science 3, 100940, July 20, 2022
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Energy efficiency improvement

Based on the simulation, we further analyzed the key factors affecting the energy

efficiency. The surface diameter is 3 cm and the surface height for UE is 5 cm. Higher

ambient temperature, lower ambient humidity, higher bulk temperature, and higher

surface solar absorptance all increase the energy efficiency for both UE and IE

(Figures 3A–3D). A larger diameter decreases the energy efficiency owing to deteri-

orated mass transfer conditions (Figure 3E). Specially for the UE, there are two addi-

tional factors to consider: the surface height and the opening angle. If the surface is

too low (i.e., <3 cm in height for a 3-cm diameter case), the ground surface would

affect the back vapor transfer (Figure 3F). The opening angle of the evaporation

surface also affects the vapor transfer (Figures 3G and 3H). At the same vertical pro-

jected area, a larger opening angle enhances the back vapor transfer especially

when the opening angle is greater than 105� (Figure 3I). Meanwhile, smaller or larger

opening angles cost more surface area. A flat evaporation surface (opening angle =

90�) reaches the highest evaporation rate per unit surface area (Figure 3I). It should

be noted that the UE with any opening angle has a higher evaporation rate than

the IE. As demonstrated, the energy conversion efficiency depends on the whole

evaporation system.

Salt accumulation and collection

The most attractive feature of the UE is the salt harvesting from the edge.36 We de-

signed a UE with a saline water supply system to adjust the water level using a commu-

nicating vessel (Figure S10). As the water absorption of the filter paper decreases with

time, we used a new one for every test to minimize its influence (Figure S11). Water

level determines the water supply to the surface. Without a water supply system, the

water level decreases with evaporation (from�2 to�7.4 cm to the evaporation surface

in 24 h), salt accumulates on the edge and does not fall easily (Figure 4A). The salt fall-

ing at the edge is determined by the competition between the evaporation rate and

the water supply rate at the edge owing to capillarity, which can be simply controlled

by adjusting the solar intensity. When the solar light was turned off (i.e., less evapora-

tion to improve water supply), the accumulated salt began to fall piece by piece, and

most of the salt fell down in 30min.When fixed at�6 cm, there are still large salt blocks

hanging at the edge, turning off the light also helped the salt falling; when fixed at

�8 cm, the salt ring tends to shrink. The surface diameter influence is similar, which de-

termines the water supply to the edge. When the water level is fixed at �2 cm, the UE

with a 3-cm diameter works well (Video S1), and a larger diameter accumulates more

salt at the edge (Figure 4B). Improving the water supply by turning the light off,

most salts fell in 30 min. When the water supply is sufficient (i.e., �2 cm water level

and a 3-cm diameter), prewetting condition (no prewetting, by deionized water, or

by a saturated NaCl solution) does not affect the salt collection (Figure 4C). The UE

can deal with up to 7 wt % NaCl solution (i.e., 2 times of the seawater concentration),

which is the upper limit of the reversed osmosis waste brine concentration owing to hy-

draulic pressure limitations,42 indicating UE even has the potential to deal with the

reverse osmosis waste brine (Figure 4D).

Salt nucleation, growth, and falling mechanism

We set up a UE under a microscope to study the salt nucleation, growth, and falling

mechanism (Figure S12). Initially, NaCl crystallizes from the edge to the center in a

flat manner and then some parts hump (Figure 5A). These humps accelerate the

dissolution of the small crystals around tomake them precipitate on the humps form-

ing three-dimensional structures, which can be explained by Ostwald ripening.43

Salt crystallization on the evaporation surface is a dynamic equilibrium of crystalliza-

tion and dissolution, in which way salt moves to the edge (Video S2). When the salt at
Cell Reports Physical Science 3, 100940, July 20, 2022 5
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Figure 3. Key factors affecting the energy conversion efficiency

(A) Efficiency versus ambient temperature.

(B) Efficiency versus ambient humidity.

(C) Efficiency versus bulk water temperature.

(D) Efficiency versus solar absorptance of the evaporation surface.

(E) Efficiency versus evaporation surface diameter.

(F) Efficiency versus surface height of the UE.

(G) Schematic of the opening angle and the vertical projected area of the UE.

(H) Influence of the opening angle of the UE on the relative humidity field.

(I) Influence of the opening angle on the overall evaporation rate and the evaporation rate per unit evaporation surface area at the same vertical

projected area.
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the connecting points is dissolved, salt falls, leaving some tiny seed crystals for the

following crystallization. The mobility of the salt determines whether the salt can

accumulate at the edge and fall. As above, insufficient water supply, high solar inten-

sity, and high salt concentration will decrease the salt mobility by crystallizing the salt

more easily to make the salt gradually precipitate to the center.

Water supply plays an important role in the dynamic equilibrium to harvest salt. It should

be noted that salt does not grow from the root pushing forward on the edge, but from
6 Cell Reports Physical Science 3, 100940, July 20, 2022
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Figure 4. UE salt accumulation and collection performance under different conditions

(A) Water levels.

(B) Evaporation surface diameters.

(C) Prewetting conditions.

(D) Saline water concentrations. All the experiments were conducted under 1 sun with a surface

diameter of 3 cm and a surface height of �2 cm in 3.5 wt % NaCl solution. The evaporation surface

was pre-wetted by soaking the evaporation surface in 3.5 wt % NaCl solution for 1 min.
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the front by wicking the salt water (Video S2). Therefore, the front shape is changing all

the time owing to new precipitation (Figure 5B). The porous structures inside the salt

clusters supply the water by capillary force,44 the surface and cross-section of a fallen

salt cluster is shown in Figure 5C. Even the fallen salt retains water (Figure 5D). To

sum up, salt water is wicked to the front through the channels in the salt clusters, during

which the connecting salt is dissolved, leading to the salt falling (Figure 5E).
Application on real seawater

As demonstrated above, the UE works well in both SVG and salt harvesting in the

simulated seawater (NaCl solution). However, when applied on real seawater, the

evaporation rate decreases and salt gradually covers all the surface without falling

(Figure 6A). To find out the reason, we used various simulated seawaters

(Table S6). Good salt harvesting performance is still achieved for the basic simulated

seawater (NaCl, Na2SO4, and KCl) (Figure S13A). The system still works well when

Ca2+ is added (i.e., 0.41 g/L) (Figure S13B) and stops working at 400% Ca2+ (Fig-

ure S13G). However, when a small amount of Mg2+ is added (even if its 1%), the

salt does not fall until the Mg2+ is decreased to its 0.1% (Figures S13C–S13F). As a

result, Ca2+ and Mg2+ can both affect salt harvesting, especially Mg2+, which should

be decreased below its 0.1% (i.e., 0.0129 g/L).

Based on these findings, we remove Mg2+ by adjusting the seawater pH to 12 by

NaOH to precipitate Mg(OH)2 (Ksp = 1.5 3 10�11), filter the solution, then adjust
Cell Reports Physical Science 3, 100940, July 20, 2022 7
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Figure 5. Salt precipitation and falling microscopic behaviors

(A) Salt precipitation and falling microscopic behaviors.

(B) The front shape development of the salt precipitation.

(C) Porous surface and cross-section of a fallen salt cluster.

(D) The fallen salts on the glass and the salt stains.

(E) Salt falling from the edge mechanism schematic.
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the pH back to 7 by HCl, and achieved the salt harvesting from the fully simulated

seawater (Figure S13H). However, when applied on real seawater, salts hang at

the edge owing to other ions interferences (Figure S13I). Therefore, we remove

Mg2+ by adjusting the pH to 12 and further Ca2+ by adding Na2CO3 to precipitate

CaCO3 (Ksp = 4.83 10�9), filtering the solution, then adjusting the pH back to 7 (Fig-

ure S14), and achieve continuous operation of the SVG and salt harvesting for 100 h

(Figure 6B). Owing to the existence of Ca2+ and Mg2+, a salt ring is formed around

the evaporation surface in the first 10 h, which decreases the evaporation rate. As the

evaporation continues, the salt ring moves gradually further beyond the edge and

finally falls down by gravity, which triggers an increase in the evaporation rate. After-

ward, the remaining seed crystals at the edge drive the salts to grow in a spatially

isolating way instead of forming a ring again to keep the evaporation rate steady.

After solar desalination, the ionic concentration (1.91 mg/L total dissolved solids)

decreased far below the WHO drinking water standard (<1,000 mg/L, Figure 6C).

Ca2+ and Mg2+ can also decrease the mobility of the salt on the evaporation surface

owing to their higher ionic potential, which indicates the surface charge density of an

ion (Table S7). Ions with higher ionic potential attract more strongly opposite ions

around. At the same time, Ca2+ and Mg2+ (especially Mg2+) have the smallest

diameters in the system (Table S7), making them easier to migrate into the NaCl

precipitations and link the precipitations to make them bond stronger,45,46 which

decreases the mobility of the salt and makes the salt cover the surface gradually

to the center (Figure 6D). Lower Ca2+ and Mg2+ concentrations make it possible
8 Cell Reports Physical Science 3, 100940, July 20, 2022
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Figure 6. UE application on real seawater from Edinburgh Portobello Beach, UK

(A) Application on pristine seawater.

(B) Application on pretreated seawater.

(C) Ionic concentrations of pristine, pretreated, and desalinated seawater.

(D) Salt covering and falling mechanism schematic for real seawater.

ll
OPEN ACCESSArticle
to precipitate at the edge; however, their existence also affects the salt falling.

Owing to the linking of Ca2+ and Mg2+ ions, the salts hanging on the edge become

bigger and harder, and even bind with their neighbors, making it more difficult for

them to fall (Figure 6D), which explains the formation of the salt ring at the beginning

in Figure 6B.

Facile test for salt harvesting

The pretreated seawater quality (Mg2+ and Ca2+ content) determines if salts can be

harvested from the edge. Knowing the ion contents usually requires professional

equipment (e.g., inductively coupled plasma mass spectrometry or with an atomic

absorption spectrophotometer [AAS]). Here, we establish a facile method to test if

the pretreated seawater is satisfied for salt harvesting by simply dipping a drop on

a glass slide. When the drop is naturally dry, the salt creeping that can be seen by

the naked eye indicates the possibility of salt falling. Salt creeping is a common phe-

nomenon that salt precipitates far from the evaporation boundary.47 NaCl solution

has typical salt creeping behavior (Figure 7A; Video S3), with fine crystals spreading

out from the boundary. The pretreated seawater has a similar behavior as observed

by naked eyes; however, at the micro level, the distance among crystals is closer

with a top covering (Figure 7B). There is no such salt creeping behavior for pristine

seawater (Figure 7C). More supporting figures for this phenomenon are in

Figure S15.
Cell Reports Physical Science 3, 100940, July 20, 2022 9
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Salt Seawater

Glass slide

Mg2+

Ca2+

H2O

Glass slide

Mg2+ NaCl

Figure 7. Salt creeping phenomenon for salt harvesting test

(A) Salt creeping of NaCl solution (3.5 wt %).

(B) Salt creeping of the pretreated seawater.

(C) Pristine seawater.

(D) Salt creeping mechanism schematic.

(E) Schematic of the restraining salt creeping by Ca2+ and Mg2+. All the salt stains were created by

dipping 20 mm salt water on a glass slide and naturally drying.
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For salt creeping behavior, salt at the boundary formsmany scattered crystals in a planar

way at the end of drying, leaving channels between them to transport water to the front-

line by capillary force (Figure 7D). When the content of Ca2+ and Mg2+ is high, owing to

their greater ionic potential, they would link the water with salts to prevent the water

from flowing forward instead of forming the salt creeping pattern (Figure 7E). Therefore,

we can determine if the Ca2+ and Mg2+ content is low enough for UE salt harvesting by

observing the salt creeping. Overall, the more obvious the salt creeping phenomenon,

the easier it is for the salt to fall for harvesting.

In summary, we demonstrated an innovative UE and showed its structural advantages in

SVG over a typical IE by both experiments and simulation, which is due to its double-

sided evaporation feature, leading to a higher evaporation rate, i.e., 13.6% increase un-

der 1 sun, and a higher energy efficiency. The UE is capable of continuous vapor and salt

production concurrentlyfrom water containing up to 7 wt % of salt. Salt accumulation on

the evaporation surface is a dynamic equilibrium of crystallization and dissolution, in

which way salt moves to the edge. The mobility of the salt determines whether the

salt can accumulate at the edge and fall. An insufficient water supply, high solar intensity,

high salinity, and the presentation of Mg2+ (especially) and Ca2+ all decrease the salt’s

mobility, leading to gradual precipitation toward the center. The salt on the edge grows

from the front bywicking thewater through its porous structures inside and falls owing to

the dissolution of its connecting parts. By removingMg2+ and Ca2+ through sedimenta-

tions, we achieved continuous SVG with salt harvesting from real seawater for 100 h.

Finally, we proposed a facile method to determine the water quality for salt harvesting

by simply dipping a drop on a glass slide to observe the salt creeping behaviors: the

stronger the salt creeping phenomenon, the easier it is for the salt harvesting.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be

fulfilled by the Lead Contact, Dongsheng Wen (d.wen@buaa.edu.cn; d.wen@

leeds.ac.uk).
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Materials availability

This study did not generate new unique reagents or materials.

Data and code availability

Raw data are available from the lead contact upon reasonable request.

Assembly of the solar evaporators

Polypyrrole was coated on a filter paper to make the black solar evaporation surface

for both the IE and UE, and the detailed coating method can be found in our previ-

ous work.48 The solar evaporation surface diameter for both IE and UE is 3 cm. For

the IE, a polystyrene foam (1.5 cm in thickness and 5 cm in diameter) was applied

to act as the thermal insulation layer. For the UE, a polyester pillar (0.8 cm in diam-

eter) was applied for water transportation.

Evaporation experiments

The simulated solar light was provided by a xenon arc lamp from a solar simulator

(ORIEL Sol3ATM CLASS AAA SOLAR SIMULATOR) with an optical filter for air

mass 1.5 global (AM 1.5 G) standard spectrum. Themass change was recorded every

second by an analytical balance (Discovery DV144COhaus Corporation with a sensi-

tivity of 0.1 mg) connecting to a computer for real-time monitoring. The laboratory

was kept closed and quiet during the test and the samples were surrounded by a tin

foil to minimize additional energy input into the system.

Characterization

The reflectance and transmittance spectra were measured by ultraviolet-visible-

near-infrared spectrometer (PerkinElmer Lambda 950) with a 60-mm integrating

sphere (PerkinElmer). The surface temperature was measured by FLIR ONE infrared

camera (sensitivity of 0.1�C). The salt accumulation and salt creeping behaviors were

recorded by a CCD camera (FLIR Grasshopper3 USB3, Model: GS3-U3-12S5C-C)

mounted on a stereo microscope (Olympus, SZX16). The microstructures of the

salt clusters were captured by Hitachi TM3030Plus SEM The ion concentration was

measured by an AAS (Agilent Technologies, 200 Series AA).

Calculation of the energy efficiency

The solar thermal conversion efficiency was calculated by the following equation49:

h =
m
�
Cpwater ðT � T0Þ+HLV

�

Einput
3 100%: (Equation 1)

Here, m is the evaporation rate (kg$m�2$h�1), Einput is the normal direct solar irradi-

ation input (1,000Wm�2),Cpwater is the water specific heat capacity (4.2 kJ kg�1$K�1

at 1 atm), T and T0 are the surface average temperature and initial temperature of

water, respectively, andHLV is the water enthalpy of vaporization at the surface equi-

librium average temperature (2,420.8 kJ/kg at 33.8�C) (data from The Engineering

ToolBox 2010 Water – Heat of Vaporization: https://www.engineeringtoolbox.

com/water-properties-d_1573.html).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.100940.
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