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Evaporation Mechanisms and
Heat Transfer in Porous Media of
Mixed Wettabilities With a
Simulated Solar Flux and Forced
Convection Through the Media
An experimental apparatus was designed to study the impacts of wettability on evaporation
of water fromOttawa sand. Evaporation rates weremeasured for: (1) a 5.7-cm-thick layer of
hydrophilicOttawa sand; (2) a 5.7-cm-thick layerwith 12% hydrophobic content, consisting
of a 0.7-cm-layer of n-Octyltriethoxysilane-coated hydrophobic sand buried 1.8 cm below
the surface of hydrophilic sand; and (3) a 5.7-cm-thick layer with mixed wettabilities,
consisting of 12% n-Octyltriethoxysilane-coated hydrophobic sand mixed into hydrophilic
sand. The sand–water mixtures experienced forced convection above and through the sand
layer, while a simulated solar flux (i.e., 112620W/m2) was applied. Evaporation from
homogeneous porous media is classified into the constant-rate, falling-rate, and slow-rate
periods. Wettability affected the observed evaporation mechanisms, including the transition
from constant-rate to falling-rate periods. Evaporation entered the falling-rate period at
12%, 20%, and 24% saturations for the all hydrophilic sand, hydrophobic layer, and
hydrophobic mixture, respectively. Wettability affected the duration of the experiments, as
the all hydrophilic sand, hydrophobic layer, and hydrophobic mixture lasted 17, 20, and 26
trials, respectively. Both experiments with hydrophobic particles lasted longer than the all
hydrophilic experiment and had shorter constant-rate evaporation periods, suggesting
hydrophobic material interrupts capillary action of water to the soil surface and reduces
evaporation. Sand temperatures suggest more evaporation occurred near the test section
inlet for higher saturations and the hydrophobic layer experienced more evaporation occur
near the outlet. Evaporation fluxes were up to 12� higher than the vapor diffusion flux due to
enhanced vapor diffusion and forced convection. [DOI: 10.1115/1.4065608]

Keywords: porous media, liquid island, liquid bridge, convection, hydraulic conductivity

1 Introduction and Literature Review

The Ogallala Aquifer is a critical source of water for crops and
livestock in the U.S. Central High Plains [1], which in 2015 supplied
approximately 30% of the water for irrigated agriculture in the U.S.
[2]. Due to the semi-arid climate of this region, limited rainfall (e.g.,
0.33–0.74mof precipitation annually [3]) is available, andMcGuire
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[4] determined the aquifer declined by more than 45m in parts of
western Kansas from 1950 to 2013. Reducing the evaporation from
soil—a complex, porous media—is one approach to conserving
water in the food, energy, and water nexus.
Evaporation from homogeneous porous media occurs in three

stages: constant-rate, falling-rate, and slow-rate periods [5–9]. In the
first stage, nearly constant and relatively high evaporation rates are
observed compared to the subsequent stages. The constant-rate
period includes water being evaporated from the top surface by
convection, and water is supplied to the top surface by capillary
action [10]. Davarzani et al. [11] concluded that constant-rate
evaporation is driven by atmospheric conditions (e.g., radiation,
wind, air temperature, and humidity [9]). The falling-rate period of
evaporation depends on the saturation of the porous media (i.e., the
ratio of the volume of water to the total volume of the void space
[12]). An et al. [13] determined that increasing the amount of sand in
a soil mixture extended the length of the constant-rate period of
evaporation. Chakraborty et al. [6] determined that the constant-rate
period of evaporation was negligible due to the size and
homogeneity of their porous media, which limited capillary action.
Once the soil partially dries out, thus breaking capillary flows, the
evaporation rate decreases continuously [6]; the falling-rate period
begins abruptly, once the gravitational and viscous resistances
overcome the capillary forces of the liquid in the porous media [14].
The slow-rate period evaporation rate is considerably lower than

the previous stages (e.g., <10% of the constant-rate period [7]), is
affected by porousmedia characteristics (e.g., porosity, particle size,
compaction, etc.), and occurs at lower saturations [7]. Philip and De
Vries [15] measured vapor transport 3.6–18� higher than vapor
diffusion predicted using Fick’s law. Philip and De Vries [15]
suggested this enhancement, named enhanced vapor diffusion, was
due to temperature gradients and condensation and evaporation
across liquid bridges or islands that formed between particles in a
porous media. Cary [16] experimentally determined that tempera-
ture gradients also enhance vapor transport, and Jury and Letey Jr
[17] suggested that water vapor movement can be a function of
temperature alone, independent of water content, over a significant
saturation range.
Altering the wettability of porous media impacts evaporation

mechanisms [6,10,14,18–20] by interrupting moisture transport to
the surface, and although most soils are hydrophilic [21], some soils
may be naturally hydrophobic as a result ofmineral coatings [22,23],
organic material [23–25], or waxes generated by forest fires [26,27].
When heated, hydrophobic, organic matter can coat adjacent soil
particles, thereby increasing water repellency [20], which may
impede moisture penetration and create runoff [28,29]. In the

laboratory, hydrophobicity is often promoted with chemical coat-

ings (e.g., a silane solution on sand [30,31]).

Shokri et al. [14] experimentally determined that hydrophobic
layers in a hydrophilic, porous media column reduced the total
evaporation. A column with a 0.007-m layer of hydrophobic
material, buried 0.018m below the surface, reduced evaporation by
approximately 64% compared to a completely hydrophilic column.
Shokri et al. [19] determined that mixing 10% hydrophobic material
or more into a hydrophilic porous media reduced the constant-rate
evaporation period. The falling-rate evaporation period beganwith a
drying front depth of 0.08m and 0.13m, respectively, for a column
with 10% hydrophobic and a completely hydrophilic column,
indicating more water evaporated from the hydrophilic column
during the constant-rate evaporation period. Chakraborty et al. [6]
investigated evaporation of water from 6-cm-height beakers
containing hydrophilic glass beads or hydrophobic Teflon beads.
Experiments with Teflon beads entered the slow-rate period 20 h
prior to the beaker of glass beads and the drying front depths
indicated more water remained in the hydrophobic Teflon column.
The research objectives of this study are to investigate the impacts

of hydrophobicity on evaporation mechanisms from hydrophilic
Ottawa sand. Experiments include all hydrophilic Ottawa sand, and
two cases of mixed hydrophilic and silane-coated hydrophobic sand
(i.e., a 12% hydrophobic layer buried in hydrophilic sand, and a 12%

hydrophobic mixture). This study differs from previous research by
scaling-up compared to previous studies [6,14,18,19] from beaker-
scale to a 0.838-m-long, 0.229-m-wide, and 0.057-m-tall test section
with 16 kg of sand. This study also combines the components of
convection (i.e., constant air flow above and through the sand sample)
and a solar heat flux, which were not paired in previous research.

2 Experimental Design

2.1 Experimental Apparatus. To study the impacts of wett-
ability on evaporation under a simulated solar flux, with forced
convection above and below—and, thus, through—the porous
media, an air-tight test section was required that could suspend the
sand–watermixture above a chamberwith flowing, dry air and allow
a solar heat flux (Fig. 1). The evaporation rate was determined
through a mass balance on the flows entering and leaving the test
section. The test section was constructed out of 0.006-m-thick
aluminum plates welded and bolted together with rubber gaskets
(McMaster 5812T35). Ametal, crossed structure supported the sand
layer (Fig. 2) with a single layer of nylon, semipermeablemembrane
(EMD Millipore NY6000010). The membrane was attached with
adhesive tape in order to hold the sand layer and allow air to pass
through the sand. The porous media studied was a layer of 0.057-m-
thick Ottawa sand. Clear polycarbonate was attached to the side and
top of the test section with industrial adhesive (Loctite AA H8000)
that permitted viewing of the sand and a solar heat flux applied to the
sand’s surface. Reflective heat tape (McMaster 76035A43) on the
edges of the polycarbonate window shielded the adhesive from the
solar simulator (Fig. 2). Holes were drilled in the side of the test
section for nine thermocouples (Omega TMQSS-062U-6) to
measure the temperature of the porous media at locations A, B,
and C (i.e., 0.079m, 0.419m, and 0.759m from the inlet,
respectively), and at depths of 0.008m, 0.02m, and 0.035m, at
positions 1, 2, and 3, respectively.
Building supply air at 827 kPa was regulated and dried to near-

zero relative humidity in a desiccator (Sharpe 6760, Dryaire
Desiccant System Minneapolis, MN). The air flow was heated to
the required temperature in a heat exchanger submerged in a water
bath (Neslab RTE-211A, Portsmouth, NH). Subsequently, at a tee
junction, the airwas divided to travel above and below the sand layer
at flow rates of 2.0� 10�4 kg/s, respectively. Air flows were
controlled by multiple valves (Swagelok Valve SS-45S8, Solon,
OH). Air pressure and volumetric flowrate measurements were
recorded by pressure transducers (Omega PX309-100G5V,
Norwalk, CT) and volumetric flow meters (Omega FMA-1609A,
Norwalk, CT); mass flow rates were calculated in Engineering
Equation Solver.
The two inlet flows (labeled 0 and 1 on Fig. 1) passed through

humidity sensors (Omega HX200HR, Norwalk, CT) and thermo-
couple probes (Omega TMQSS-0125U-6, Norwalk, CT). After
flowing through the test section, moist air passed through a
Swagelok valve to ensure mixing, and temperature and relative
humidity were recorded at the outlet ((2) on Fig. 1). Data were
acquired in LABVIEW. A heated blanket was wrapped around the test
section for heating during startup and to insulate throughout trials
(McMaster 3571K31, Carr Elmhurst, IL); additional fiberglass
insulationwas installed to reduce heat loss. The entire apparatus was
placed on a scale (McMaster 1852T85, Carr Elmhurst, IL; capacity
of 25060.01 kg) to measure the gravimetric water content.
Seventeen halogen lights (Sylvania 14823, Wilmington, MA)

were placed 0.25m above the sand layer and were cooled by five
fans; heat fluxes were measured using a LICOR, Lincoln, NE light
meter and pyranometer (LI-250A and PY106695, respectively). In a
review of the penetration of light through soils, Tester and Morris
[32] noted that for most soils, penetration of light beyond 4–5mm is
not significant, and longer wavelengths penetrate deeper than
shorter wavelengths. Baranoski et al. [33] conducted modeling and
experiments to determine the transmittance of 400–1000 nm light
through samples of natural sand. Depending on the sand and
wavelength, at depths of 3mm below the surface, transmittance was
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low (i.e., 0–3.5%). Thus, it is likely that most of the incident solar
radiation is absorbed by the first few millimeters of the sand. Of the
three experimental cases, the all hydrophilic Ottawa sand and
hydrophobic layer both have hydrophilic sand at the surface; in the
hydrophobic mixture, the top surface is 12% hydrophobic material,
which may affect absorption of the incident radiation.

2.2 Sand Contact Angles and Preparation. The experiments
used hydrophilic and silane-coated natural silica ASTM 20-30
Ottawa sand (Humboldt; H-3820BX). Per Humboldt [34], the sand
is graded to retain 98% on a 150-lm sieve, 75% on a 300-lm sieve,
30% on a 425-lm sieve, and 2% on a 600-lm sieve. The sand has a
well-characterized particle size distribution and supports multiple
ASTM and AASHTO standards. Ottawa sand was experimentally
determined by McGaw [35] to have a thermal conductivity of
0.324W/m K for dry sand; conductivity increased as the saturation
of the sand increased. Tarnawski et al. [36] measured thermal
conductivity of Ottawa sand. The thermal conductivity ranged from
0.284W/mK to 0.323W/mK for the temperature range of 25–70 �C
when completely dry. Kersten [37] determined that the specific heat
capacity of Ottawa sand ranged from 628 J/kg K to 795 J/kg K over
temperatures ranging from �18 �C to 60 �C.
Plain Ottawa sand was heated in a convection oven at 105 �C for

one hour to eliminate microbial activity or plants. The sand was
affixed to double sided tape on a glass slide and its contact angle was
measured to be 23 deg using a goniometer (First Ten Angstroms
206140; Fig. 3(a)). Hydrophobic Ottawa sand was created through
coating it with 10% n-Octyltriethoxysilane (Fisher Scientific
AC338081000) and 90% isopropanol, by volume, based on the
procedure developed by Truong et al. [31]. Sand was prepared by
rinsing with de-ionized water three times and drying in an oven at

105 �C for a minimum of 24 h. Sand was added to the silane-
isopropanol solution until a thin film of the solutionmixture was still
present above the sand. The sand and solution were stirred
periodically throughout the 48-h coating process. The sand was
removed from the solution and rinsed with de-ionized water three
times, and then dried in an oven at 40 �C. The contact angles indicate
the silane-coated sand is hydrophobic, with contact angles of
109–117 deg (Fig. 3(b)).
Sand was placed into the test section completely dry, leveled, and

the mass was recorded to estimate the amount of sand needed to fill
the test section; this amount was increased by 10% for each
experimental preparation to permit additional sampling to check the
saturation. In a container, water was added by mass to the sand for
the desired saturation percentage [12]. Preliminary experiments
without a solar simulator suggested that the falling rate period of
evaporation did not occur until below 50% saturation and using a
lower starting saturation prevented seepage through the semi-
permeable membrane, which occurred at saturations over 80%. The
saturations studied in this work are comparable to field capacities
(i.e., the amount of water remaining in soil after initial drainage due
to gravity) of sandy soils. Ratliff et al. [38] measured volumetric
field capacities of 0.10, 0.16, and 0.21 m3

water=m
3
soil for sand, loamy

sand, and sandy loam soil types, respectively. This corresponds to
the gravimetricwater content,w, whichwas below0.081 kgw/kgs for
each experiment in this study.
With hydrophobic sand, there were challenges with water

penetrating the hydrophobic porous media, and more mixing was
required than for the hydrophilic sand. The sand–water mixture was
stirred for a minimum of one minute to distribute the water
throughout the sand. The scalewas tared and the sand–watermixture
was added in three layers to prevent air pockets. The sand was
smoothed with the leveling bar and the excess, partially saturated
sand was fully dried to calculate the saturation uncertainty. The test
section was then sealed using a torque wrench.

2.3 Operating Procedure. Due to the thermal mass of the
chamber, temperature data were recorded to ensure measured
evaporation rates occurred at steady-state. The top air flow was
opened to the test section and the heated blanket was set to 38 �C to
raise the test section above the dewpoint temperature in order to
prevent condensation inside the test section. Once the target inlet air
temperatures were reached (i.e., 28–31.5 �C); the air lines entering
the test section were disconnected at quick connects, the heated
blanket was turned off, and the mass of the test section was recorded
(i.e., the initial starting mass of the trial). Air lines were reconnected

Fig. 1 Schematic of the experimental apparatus designed to conduct mass balances on the
two inlet flowsandsingle exit flow todetermine evaporation rates; dryair enters through inlet 0
and inlet 1, and the air travels above and below/through the sand layer, respectively

Fig. 2 Isometric view of the test section showing the inlets and
single outlet; a semipermeable membrane sits atop the metal
mesh in order to support the sand–water mixture
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to the test section and lights were activated to supply an average heat
flux value for all locations within the test section of 112620W/m2

(two standard deviations). The heated blanketwas adjusted to permit
light to enter the test section but remained on the scale for mass
measurement. Trials were recorded in LABVIEW for 45–75min after
the lights were activated, depending upon the temperature of the
outlet flow from the test section. Calculations were performed using
Engineering Equation Solver.Mass flow rates were calculated using
temperature, pressure, and relative humidity for the inlets and outlet
to the test section. The final ending mass of the test section was
recorded and the average mass for the trial was calculated.

2.4 Data Reduction. Evaporation rates were calculated using
the mass balance of water into and out of the test section

_mwr ¼
@mwr

@t
¼ _ma0 þ _ma1ð Þx2 � _ma0x0 þ _ma1x1ð Þ (1)

where _mwr is the evaporation rate in kgwater/s from the porousmedia;
mwr is the mass storage in the test section; t is the time; _ma0 and _ma1

are the mass flow rates of air through top and bottom inlets in kg/s,
respectively; and x0, x1, and x2 are the humidity ratios at the top
inlet, bottom inlet, and outlet, respectively. Steady-state conditions
were defined based on the air outlet temperature, which formed an
asymptote that approached a constant temperature (Fig. 4). Data
were collected from a quasi-steady section of the temperature curve;
the values of the temperature changed by 0.01–0.36 �C over a 500-
second period during steady-state. The average saturation percent-
age for each trial is calculated by measuring mass before and after
drying [13,39], (i.e., gravimetric water content [12] or gravimetric
wetness [40]). Initially, amass of sandwasmeasured in a five-gallon

container along with an initial mass of water and the container
saturation ratio was calculated using the equation

Sc ¼
wcGspecific

e
¼

mwr c

msc

Gspecific

e
(2)

where Sc is the saturation ratio,wc is the gravimetricwater content of
the sand–water mixture kgwater/kgsand,mwr c is themass of water,msc

is the mass of sand added, and Gs is the specific gravity, defined as
2.65 for Ottawa sand [41], and subscript c refers to samples in the
container. Void ratio of Ottawa sand depends on the porosity.
Ottawa sand was selected as it has been experimentally determined
to minimally change in porosity with compression

e ¼
n

1� n
(3)

where e is void fraction and n is porosity, of which 0.35 is an average
value forOttawa sand [42,43]. ElGhoraiby et al. [42] determined the
porosities for Ottawa sand ranging from0.33 to 0.38with an average
of 0.35 using pluviation, consolidation, and shearing compaction
methods. After mixing in the container, the sand–water mixture was
loaded into the test section, and the mass measurement recorded in
the test section was the mixture alone. The water content of the sand
was assumed to remain the same from the container

msts ¼
mint s

1þ wc

(4)

wheremsts is the mass of sand placed into the test section andmint s is
the total mass initially placed into the test section. Once placed into
the test section, the mass of sand does not change. Therefore, the
mass of water for each individual trial is found by subtracting the
mass of sand in the test section from the total mass of sand andwater
mixture of the test section for that individual trial, allowing for the
calculation of the saturation ratio for that trial

mwrtr ¼ mtr � msts (5)

Str ¼

mwrtr

msts

Gspecific

e
(6)

where Str is the saturation ratio, mwrtr is the mass of water in the test
section, mtr is the mass of the test section, and subscript tr
corresponds to each individual trial.

2.5 Uncertainty Analysis. The primary uncertainty for the
measurements of air flow was due to the uncertainty of the
instrumentation:60.8% of the reading plus60.2% of the full scale
for the volumetric flow meters, 60.2 �C for the calibrated
thermocouples, 61% RH for the relative humidity sensors,
and60.25% full scale for the pressure transducers. The uncertainty
of the evaporation rate was a combination of the uncertainty in the
sensors used to calculate the mass flow rates of air and the humidity
ratios used to calculate evaporation rate [44]

Fig. 3 Measured contact angles of: (a) 23deg on plain Ottawa sand and (b) 109deg (right side) and
117deg (left side) on silane-coated Ottawa sand

Fig. 4 The transient, outlet air temperature was used to
determine steady-state conditions; in this case, data were
collected from 3500 to 4000s, as indicated by vertical lines, and
the average evaporation rate collected from the same 500-s time
interval
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X _mwr
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@ _mwr

@ _ma0

X _ma0

� �2

þ
@ _mwr

@ _ma1

X _ma1

� �2

þ
@ _mwr

@x0

Xx0

� �2

þ
@ _mwr

@x1

Xx1

� �2

þ
@ _mwr

@x2

Xx2

� �2
s

(7)

whereX _mwr
is the uncertainty in themass flowrate of water;X _ma0

and
X _ma1

are the uncertainties of the mass flowrate of air at inlet 0 and 1,
respectively;Xx0

,Xx1
, andXx2

are the uncertainties of the humidity
ratio at inlet 0, inlet 1, and outlet 2, respectively. The uncertainties of
humidity ratio were calculated using the upper uncertainty of
temperature, the lower uncertainty of pressure, and the upper
uncertainty in the relative humidity. The uncertainty for the mass
flowrate of air is

X _ma
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@ _ma

@q
Xq

� �2

þ
@ _ma

@ _v
X _v

� �2
s

(8)

where Xq is the uncertainty of the density of air and X _v is the
uncertainty of the volumetric flowrate.
The value of the initial saturation of the test section was the most

significant source of uncertainty for the saturation ratio. A target
saturation for the experiments was calculated for the sand and water
in the mixing container. The excess sand–water mixture was
removed, and the mass of excess sand and water was determined.
The difference between the water content of the container and the
uncertainty water content was used for the uncertainty in the water
content for a particular experiment, Xw

Xw ¼
mwr u

msu

�
mwr c

msc

�

�

�

�

�

�

�

�

(9)

wheremsu is the uncertaintymass of sand in the test section found by
subtracting the mass of excess sand from the mass of sand in the
container and mwr u is the uncertainty mass of water, found using
similar methods as uncertainty mass of sand.
The uncertainty of the saturation for each trial, XStr , is due to the

uncertainty in the scalemeasurement of the totalmass of sand–water
mixture of each trial,Xmtr

, and initial mass placed into the chamber,
Xmint s

, whichwere60.01 kg, and the uncertainty of thewater content
in the test section, Xw

XStr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@S

@mtr

Xmtr

� �2

þ
@S

@mint s

Xmint s

� �2

þ
@S

@w
Xw

� �2
s

(10)

The experiments that included hydrophobic sand included a
larger value of uncertainty in the water content due to reduced water
infiltration, as there is reduced water penetration and increased
amount of runoff in hydrophobic soils [21].

3 Results and Discussion

Evaporation experiments were conducted for three cases: (1) all
hydrophilic Ottawa sand; (2) a 12% hydrophobic layer with
hydrophobic Ottawa sand 0.007-m-thick, 0.018m below the surface
of hydrophilic Ottawa sand, termed “hydrophobic layer”; and (3) a
12% mixture of hydrophobic sand with hydrophilic Ottawa sand,
termed “hydrophobic mixture.” Section 3.1 describes the results of
the mass flow validation of the test section. Sections 3.2–3.5
describe the results of each evaporation study, the vapor diffusive
flux, temperature profiles, and nondimensional numbers,
respectively.

3.1 Mass Flow Validation. A mass balance was calculated by
measuring dry air flows into and out of the test section, with no sand
present, to verify the test section was sealed. The temperature,
pressure, and relative humidity for both inlets and the outlet were
recorded in LABVIEW, along with the volumetric flowrate of both
inlets. The outlet volumetric flow was recorded at the outlet with a
rotameter only for these validation trials (McMaster 3281K15,66%
FS; Fig. 5), thereby resulting in a higher test section internal pressure
during validation experiments. Agreement was within610% at
pressures below 111 kPa. The point which deviates was at 116 kPa,
corresponding to inlet flow rates of 3.3� 10�4 kg/s. During
evaporation trials, although mass flow rates reached
4.0� 10�4 kg/s, inlet pressures were approximately 105 kPa due
to the absence of the rotameter. During validation measurements,

Fig. 5 Comparisonof: (a) themassflowrates through the test sectionand (b) thepressurevariationwith
massflowrates through the inlets.Datasuggestpressure increase isnot linearwith increased inletmass
flow rates with the rotameter present.
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pressures of 105 kPa were reached when inlet and outlet flows were
both 1.7� 10�4 kg/s.

3.2 Evaporation From Hydrophilic Ottawa Sand, the
Hydrophobic Layer, and the Hydrophobic Mixture. Evapora-
tion fluxes (i.e., evaporation rate was divided by the surface area of
the sand layer (i.e., 0.19m2); Fig. 6) differed between the three cases
studied. The evaporation flux of all hydrophilic sand appears
relatively high and constant from 37% saturation to 15% saturation,
indicating the constant-rate evaporation period [14]. During this
stage, capillary action within the sand pores brings moisture to the
surface for evaporation by convection [10]. The reduction in
evaporation flux at 12%saturation is the beginning of the falling-rate
period, which Chakraborty et al. [6] attributed to the loss of the
capillary connection of thewater to the surface, and Shokri et al. [14]
described as the point where the gravity and viscous resistance
overcome the capillary forces. Once the saturation reached
approximately 3%, there is negligible change in saturation and
evaporation between trials, which suggests the slow-rate period had
begun.
For the case with the 0.7-cm hydrophobic layer (i.e., 12%

hydrophobic sand), the evaporation flux drops at approximately
20% saturation and falls to a quasi-steady evaporation flux from
18% to 6% saturation, before falling at 3% saturation. The initial
reduction may be attributed to the hydrophilic layer above the
hydrophobic material drying out, similar to the results of Shokri
et al. [14]. Once the upper layer of the hydrophilic material was dry,
the hydrophobic layer potentially suppresses evaporation by
interrupting the capillary flow to the surface, thereby reducing the
evaporation. This capillary interruption may be due to the water
being repelled by the hydrophobic sand rather than adhering to
it [31].
For the hydrophobic mixture (i.e., 12% hydrophobic material),

the evaporation flux begins to fall at approximately 24% saturation
and continues until dryout. Shokri et al. [19] determined that, in
column experiments, as the percentage of mixed hydrophobic
material increased, the length of the constant rate period decreased
by disrupting the capillary forces driving water to the surface. Philip
and De Vries [15] hypothesized that with a temperature gradient,
condensation on one side and evaporation on the other side of liquid
islands or bridges between particles increases evaporation by
3.6–18� compared to vapor diffusion predicted by Fick’s law.
Chakraborty et al. [6] suggested the liquid islands described by
Philip and De Vries [15] (Fig. 7) form faster in hydrophilic pores,
leading to the creation of the hydraulic connection and increased
capillary action compared to hydrophobic pores. The presence of the

hydrophobic material may reduce liquid island formation and
disrupt the capillary flow, as evidenced by the impediment of water
entering the sand–water mixture during mixing, making it difficult
to achieve the target saturation levels during sample preparation.
The 12% hydrophobic mixture investigated in this work is similar to
the 10% hydrophobic mixture used by Shokri et al. [19]; they
attributed the decreased drying rate of the hydrophobic sand to the
lack of hydraulic connections in the porousmedia.Dai et al. [45] also
observed decreased capillarity in hydrophobic materials and
evaporation enhancement in biphilic capillary channels, suggesting
that hydrophilicity influences the curvature of the liquid interface
and improves liquid supply while hydrophobicity reduces drag.
Figure 8 shows the all hydrophilic experiment remained at the

highest evaporation rates for the longest period of saturation. At
approximately 10% saturation, the all hydrophilic sand experiment
had the highest evaporation rate, followed by the hydrophobic
mixture, and the hydrophobic layer. The shortest constant-rate
period was determined to be the hydrophobic mixture which began
the falling-rate period of evaporation at the saturation of 24%, higher
than the hydrophobic layer and hydrophilic sand which began the
falling rate period at 20% and 12% saturation, respectively. It was
also observed that the hydrophobic mixture had the longest falling
rate period of the three cases. Reduced evaporation at lower
saturations (e.g., drought conditions) is beneficial due to the time-
value of water in an agricultural context; irrigation water holds a
higher economic value when water is scarce, and it is less valuable
immediately after a rainfall [8].
The saturation dropped minimally without forced flows over the

course of 10 days in preliminary experiments, indicating that days
between trials did not significantly alter the saturation; therefore,
trial number was utilized as proxy variable (Fig. 8). The hydro-
phobic mixture experiment lasted 26 trials, compared to 17 trials for
all hydrophilic sand and 20 trials for the hydrophobic layer.
Figure 8(a) suggests that the hydrophobic mixture experiment had
the shortest constant-rate period and reached lower evaporation
rates at higher saturations compared to the other experiments
which prolonged the overall experiment, similar to results of Shokri
et al. [19].

3.3 Analysis of Vapor Diffusion of Water. The evaporative
flux was compared to vapor diffusion flux calculated with Fick’s
law [6]

J ¼
h2:5a

n
D
Csat � C1

H 1� Strð Þ
(11)

where J is the diffusive flux; ha is the volumetric air content; n is
the porosity; D is the water-vapor diffusion coefficient (i.e.,

Fig. 6 Evaporative flux measured from the hydrophilic, hydro-
phobic layer, hydrophobic mixture experiments, and the corre-
sponding diffusion flux calculated using Fick’s law [14]

Fig. 7 Liquid island between two particles experiencing con-
densation and evaporation due to temperature gradient accord-
ing to the theory of Philip and De Vries [15]
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2.73� 10�5 m2/s at 30 �C [9]); Csat and C1 are the water-vapor
densities at the evaporating interface and atmosphere, respectively;
and H is the height of the sand layer (0.057m). This equation
assumes the concentration gradient of water in the sand is linear and
the volumetric air content equals the porosity [6,14]. The waver-
vapor densities were calculated using the saturated vapor partial
pressure, pwrsat, and vapor partial pressure, pwr [46]

RH ¼
pwr

pwrsat
(12)

where RH is the relative humidity of the air measured at the top inlet
of the test section. The average sand temperature was 30 �C for each
experiment, which corresponded to a saturated vapor partial
pressure of 4.246 kPa [46]. The relative humidity of the top inlet
(i.e., near 0% RH) was used as it results in the largest difference in
the water-vapor densities.
The evaporative fluxes for the three experiments are up to 12�

higher than the diffusion flux until the lowest saturation of each
experiment is reached, suggesting that water vapor transport is
enhanced compared to Fick’s law, which only determines the slow-
rate period of evaporation [9]. The presence of liquid islands (Fig. 7)
increases the hydraulic connection of water to the surface for
evaporation in the hydrophilic and hydrophobic experiments, but
form faster in the hydrophilic pores [6]. These liquid islands enhance
the moisture transport from the sand compared to vapor diffusion,
but likely form faster and remain longer in the hydrophilic
experiment [6]. Both diffusion and the hydraulic connection of
water to the top surface increase evaporation compared to diffusion
alone [6]. These data suggest liquid island formation [15], capillary
action [14], convective components [11], thermal gradients [16],
and forced air flows through the sand increase evaporation and
enhance vapor diffusion compared to Fick’s law.

3.4 Analysis of Temperature Gradients Within the Sand
Layer. As the solar heat fluxwas applied to the surface of the sand, a
temperature gradient formed within the sand layer, which gave
insight into heat transfer mechanisms. The temperature at location
A, B, and C (0.079m, 0.419m, and 0.759m, respectively) from the
inlet to the test section at position 1, 2, and 3 (0.008m, 0.02m, and
0.035m, respectively) below the surface were recorded (Fig. 9).
Nonlinear coefficient of determination, R2 values, indicate evapo-
rative cooling. The R2 values indicate linearity of the temperature

profile of the sand for various saturations (Table 1). At higher
saturation percentages (i.e., 23–35%), for all experiments at inlet
location A, the middle (position 2) thermocouple recorded a higher
temperature than the near-surface (position) 1 thermocouple,
suggesting that evaporative cooling is occurring near the inlet of
the test section.
The temperature gradients at location B had higher R2 values for

saturations of 23–35% than at location A, suggesting there is still
some evaporative cooling taking place at the surface of the sand for
higher saturations, but there is less evaporation than at the inlet since
the 0% RH at the inlet to the test section has the most capacity to
evaporate water. As the relative humidity of the air increases, the
evaporation potential of the air decreases and less evaporation
occurs as the air progresses through the test section.
The temperature profiles for location C were linear for all

saturations for the hydrophilic and hydrophobic mixture experi-
ments, suggesting there is less evaporative cooling and higher values
of relative humidity at this location. For the last saturation of each
experiment, the R2 values range 0.92–1 for all experiments,
suggesting almost no evaporative cooling occurred (Table 1). The
temperature profiles for the hydrophobic layer experiment and the
hydrophobic mixture experiment had similar results; the hydro-
phobic layer experiment had R2 values of 0.8 for the 9–12%
saturation near the outlet to the test section, suggesting more
evaporation was occurring compared to the all hydrophilic and
hydrophobic mixture experiments. This suggests the hydrophobic
layer is interrupting hydraulic connections [14] and reducing
moisture transport from the soil leading to less evaporation near
the inlet and center of the test section. A reduced evaporation rate
would potentially lead to a lower relative humidity throughout the
test section andmore evaporation occurring at location C, leading to
evaporative cooling and a lower R2 value.

3.5 Fluid Flow and Heat Transfer Analysis With Dimen-
sionless Numbers. Flow in the test section is modeled as a
rectangular duct [47]

Redh ¼
_ma0dh

lAcross

(13)

dh ¼
4Across

Pw
(14)

Fig. 8 The (a) evaporation rate and (b) saturationpercentage for each trial of eachexperiment.Results indicate
the hydrophobic mixture required the most trails to evaporate.
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xfd,h � dh 0:05Redhð Þ (15)

where Redh is the Reynolds number, l is the dynamic viscosity, dh is
the hydraulic diameter of the flow area above the sand layer
(0.056m), Across is the cross-sectional area, Pw is the wetted
perimeter, and the hydrodynamic entry length is xfd,h. The average
Reynolds number for each experiment was 83 and, thus, the flow is
laminar. For these experiments, the entry length was 0.23m, which
is approximately a quarter of the length of the chamber. Nusselt
numbers of 6.26 and 5.37 for uniform heat flux and surface
temperature, respectively, are applicable for the aspect ratio of 7.2 in
the test section. These Nusselt numbers are comparable to the
Nusselt number of 5.39 for two flat plates with one side heated by a
uniform heat flux and the other side insulated [48] (e.g., the test
section is heated via the solar simulator from above and the sand acts
as insulation below).

The values of Reynolds number and Nusselt number were
compared to studies conducted in a field, whichmodel the surface as
a flat plate (i.e., ReL,cr� 5.0� 105). The comparison of the values of
Reynolds andNusselt numbers calculated in this study are compared
tomultiple field studies in areas thatwere deemed semi-arid climates
(Table 2) [49–51], similar to the semi-arid region of theCentralHigh
Plains. Jacobs et al. [50] studied flows over a vineyard of bare and
pruned grape vine stems in Castilla-LaMancha, Spain bymeasuring
wind speed at 5.5m and dry and wet bulb temperatures 6.0m above
the soil. In Niger, West Africa, Jacobs and Verhoef [51] measured
mean wind speed andmean dry and wet bulb temperatures of fallow
savanna at a height of 0.5m above the soil. Gallego-Elvira et al. [49]
measured the air temperature, relative humidity, and wind speed
underneath a polyethylene mesh, but above a reservoir located in
southeastern Spain. Each of the field studies measured temperatures
within the range used for this study. The air velocities of the field
studies are one to two orders ofmagnitude higher than the velocity of
this study, and air did not pass through the porous media; however,
the height of the velocity measurement is much larger than the
boundary layer thickness. To perform a scale analysis across the
studies, the ratio of boundary layer thickness, d, (i.e., 0.016m for this
study) to the characteristic length, L, was calculated. The values
calculated for this study are on the same order of magnitude as the
field studies.

4 Conclusions

In this study, three evaporation experiments were performed on
Ottawa sand with different wettabilities: (1) a completely hydro-
philic layer of natural Ottawa sand, (2) a hydrophobic layer of
Ottawa sand consisting of a 0.007-m-layer of coated hydrophobic
Ottawa sand buried 0.018-m-below the surface (i.e., 12% hydro-
phobicity), and (3) a hydrophobic mixture of hydrophobic sand
mixed into hydrophilic Ottawa sand (i.e., 12% hydrophobicity).
Evaporation rates were measured using the conservation of mass of
water on air flows entering and exiting the test section. Ottawa sand
is naturally hydrophilic (contact angle of 23 deg), and the
n-Octyltriethoxysilane coated Ottawa sand became hydrophobic
with a contact angle of 109–117 deg.
This research suggests thatmixedwettabilities (i.e., adding partial

hydrophobicity to a hydrophilic porous media) may reduce the
duration of the constant-rate evaporation period, thereby reducing
the overall evaporation from a porous media and reducing water
losses. The hydrophilic experiment lasted 17 trials and the falling-
rate of evaporation began at 12% saturation, the hydrophobic layer
experiment lasted 20 trails and the falling-rate began at 20%
saturation, the hydrophobic mixture experiment lasted 26 trials and
the falling-rate began at 24% saturation. Both experiments with
hydrophobic material lasted longer than the all hydrophilic experi-
ment and had shorter constant-rate periods, with the longest
experiment and shortest constant-rate evaporation period occurring

Table 1 R
2 values for various saturation at each test section

location showing linearity of the temperature gradient lines
formed by graphing the temperatures at each depth in the sand

Saturation 33–35% 23–24% 9–12% Final trial

All hydrophilic experiment
Location A 0.57 0.60 0.79 0.99
Location B 0.88 0.90 0.89 0.99
Location C 0.95 0.94 0.94 0.95

Hydrophobic layer experiment
Location A 0.45 0.66 0.99 0.92
Location B 0.94 0.94 0.94 1
Location C 0.92 0.91 0.80 0.95

Hydrophobic mixture experiment
Location A 0.71 0.50 0.76 0.98
Location B 0.99 0.99 0.99 1
Location C 0.96 0.94 0.95 0.95

Fig. 9 Temperature profiles within the sand at locations A, B,
and C for various saturations, in the (a) all hydrophilic,
(b) hydrophobic layer, and (c) hydrophobic mixture experiments.
Evaporative cooling at location A for 23–35% saturation leads to
nonlinear temperature gradients.
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in the hydrophobic mixture. This suggests that the introduction of
hydrophobic material interrupts capillary action of water to the soil
surface and reduces evaporation. The introduction of hydrophobic
material prolonged the experiment and decreased evaporation rates
at higher saturations.
The measured evaporation flux for all periods of evaporation of

each experiment was up to 12� higher than the vapor diffusion flux
calculated until the final trials of each experiment. The data suggest
the formation of liquid islands within the sand enhanced vapor
diffusion by creating a hydraulic connection and increased capillary
action of the water to the surface of the sand, increasing evaporation
compared to vapor diffusion alone [6,15]. Increased convection due
to forced air flows through the sand layer also likely plays a role. The
constant-rate and falling-rate periods of evaporation are not
dependent on vapor diffusion [7]. The Reynolds and Nusselt
numbers were calculated to be 83 and estimated to be 5.37–6.26,
respectively, and the inclusion of both convection and solar heat flux
components more closely represents field studies [49–51]. The
values of d=L for this studywere also on the sameorder ofmagnitude
as each field study.
Water was retained in the porous media for longer periods of time

with the inclusion of hydrophobic particles in the hydrophilic,
porous media. In an agricultural field, this would potentially reduce
evaporation from the surface of soil. Mixed wettabilities would also
allow water to penetrate the surface of the soil rather than creating
runoff which occurs in all hydrophobic cases [20]. Mixing
hydrophobic materials into soil can potentially be implemented
into fields byway of tillage practices, which farmers currently use to
alter the soil structure near the surface [5], thereby preventing a
uniform layer of hydrophobic material and creating mixed
wettabilities, similar to the hydrophobic mixture experiment. A
uniform layer of hydrophobic material at the surface could
potentially lead to surface runoff, thereby reducing the water
penetration into the soil and water supply of the soil for crop use.
Future research could quantify the impacts of wettability onwater

retention and runoff in agricultural soils, as well as understand the
impacts of different percentages of hydrophobic material and the
impacts of different irrigation methods.
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Nomenclature

A ¼ cross-sectional area (m2)
C ¼ water-vapor density (kg/m3)
d ¼ diameter (m)
D ¼ diffusivity of water into air (m2/s)
e ¼ void ratio

Gspecific ¼ specific gravity
H ¼ height of the sand layer (m)
J ¼ diffusion flux of water (kg/m2 s)
m ¼ mass (kg)
_m ¼ mass flow rate (kg/s)
n ¼ porosity
p ¼ partial pressure of vapor (Pa)

Pw ¼ wetted perimeter (m)
RH ¼ relative humidity
S ¼ saturation ratio
t ¼ time (s)
_v ¼ volumetric flow rate (m3/s)
w ¼ gravimetric water content (kgwater/kgsand)
x ¼ entry length

Greek Symbols

d ¼ boundary layer thickness
h ¼ volumetric content
l ¼ dynamic viscosity (kg/ms)
q ¼ density (kg/m3)
x ¼ humidity ratio (kgwater/kgair)
X ¼ denotes uncertainty of a variable

Nondimensional Numbers

Nu ¼ Nusselt number
Re ¼ Reynolds number

Subscripts

a ¼ air
c ¼ container
cr ¼ critical

cross ¼ cross-sectional

Table 2 Calculated values of Reynolds, Nusselt, and Rayleigh number for this study and comparison to a field study

Setting Porous media ReL Nu d

L

Air temperature (�C) u1 (m/s)

Jacobs

et al. [50]

Field study in Spain Loamy-sand

with stones

2.0� 105–8.4� 105 560–1690 0.006–0.011 10–30 0.1–7

Jacobs and

Verhoef [51]

Field study in Niger,

West Africa

Loamy-sand 1.0� 105–8.7� 105 140–1800 0.005–0.016 20–33 0.1–4

Gallego-Elvira

et al. [49]

Field study in

south-eastern Spain

Covered reservoir 4.9� 105–8.7� 105 3360–5590 0.005–0.007 27–34 0.18–0.32

Calculations for this study using ReDh
Setting Media ReDh Nu

d

L
Air temperature (�C) u1 (m/s)

This study Laboratory Ottawa sand 83 5.37–6.26 0.019 27.3–30.9 0.023

2https://data.mendeley.com/datasets/xw7shszjrk/1.
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fd,h ¼ hydrodynamic
h ¼ hydraulic
in ¼ initial
L ¼ characteristic length
s ¼ sand

sat ¼ saturation
tr ¼ trial
ts ¼ test section
u ¼ uncertain

wr ¼ water
0 ¼ top inlet to test section
1 ¼ bottom inlet to test section
2 ¼ outlet of test section
1¼ atmospheric
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