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The diffusion of warm, humid air into an initially cold, dry, sandy column was analyzed to
study the movement of water vapor and liquid water under nonisothermal and low water
content conditions. The analysis was performed using the HYDRUS-1D code. While the
water retention curve of sand was measured experimentally, the unsaturated hydraulic
conductivity function was inversely estimated from the observed water content profiles in
the column. The estimated unsaturated hydraulic conductivity function displayed a shape
that reflected distinct processes of capillary pore water flow and film flow at high and low
water contents, respectively. Four components of the total water flux, including thermal
and isothermal liquid water and water vapor fluxes, were evaluated using the calibrated soil
hydraulic properties. Evaporation and condensation rates were calculated based on water
mass balance. Water vapor entered the soil column at the hot surface and condensed at the
cold bottom. Subsequently, liquid water moved upward and evaporated at the moisture front
in the middle of the column where the relative humidity decreased below unity. Liquid water
and water vapor then circulated between the bottom and the moisture front, accompanied
by condensation and evaporation processes. The impact of the enhancement factor in the
thermal vapor diffusion term could not be clearly identified from available experimental
water content profiles. Increases in liquid water flow and the evaporation rate could be
compensated for by increases in vapor flow and the condensation rate. Additional data
would be needed to fully evaluate the effect of the enhancement factor.

Complex processes involved in the surface energy balance
produce diurnal fluctuations of the air temperature at the
soil-atmosphere interface, inducing either water vapor evap-
oration or condensation at different times of the day. Since
water vapor flow in semiarid and arid regions can represent a
major part of the overall water flow, it is important to take it
into account together with liquid water flow when evaluating
hydrologic fluxes and solute transport (Milly, 1984; Scanlon
et al., 2003). Additionally, water vapor flow significantly af-
fects the movement of heat, since it transports a substantial
amount of energy as the latent heat of vaporization (Cahill and
Parlange, 1998; Saito et al., 2006). Hence, the simultaneous
evaluation of liquid water, water vapor, and heat movement in
soils is essential for many applications in research as well as in
water management.

Penman (1940) first developed a theory of vapor flow
in soils based on Fick’s law. Later, Philip and de Vries (1957)
mathematically extended Penman’s theory to describe coupled
movement of liquid water and water vapor under nonisother-
mal conditions. They divided the total water flux into four
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components, consisting of liquid water and water vapor fluxes

driven by either water content or temperature gradients. Philip

and de Vries (1957) also introduced an enhancement factor for
vapor flux due to the temperature gradient. Water vapor could

move through a “liquid island” in a soil pore, condensing at

one end and evaporating at the other. Another reason for the

enhanced vapor movement is that the actual local temperature

gradient in air-filled pores may be significantly greater than

the average temperature gradient for the bulk soil. Since the

enhancement factor is difficult to measure directly, Cass et al.
(1984) estimated this parameter indirectly based on the pres-
sure head dependence of the thermal conductivity. Nassar and

Horton (1989) and Nassar et al. (1992b) further extended the

Philip and de Vries (1957) model by including osmotic effects

on liquid water and water vapor movement.

It is essential to precisely determine soil hydraulic proper-
ties at low water saturations when describing liquid water flow
in dry soils. Although many methods exist to determine soil
hydraulic properties (Klute and Dirksen, 1986), unsaturated
hydraulic conductivity at low water saturations is very difficult
to measure. Only methods based on flow under accelerated
gravitational (centrifugal) conditions seem to be practical for
low water saturations (e.g., Nimmo, 1990). In recent years,
several inverse methods, such as the multistep outflow method
(Eching and Hopmans, 1993; Inoue et al., 1998) and the evap-
oration method (Simtnek et al., 1998; Fujimaki and Inoue,
2003) have been developed to estimate unsaturated hydraulic
properties from experimentally obtained data involving tran-
sient water flow. Although these methods usually cover only
a relatively high water content range (i.e., above the measure-
ment range of a tensiometer), it should be possible to extend
the application of these methods to drier soils, providing that a
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soil hydraulic property model correctly describes retention and
conductivity properties in the dry water content range.

One of the most widely used functions for describing un-
saturated hydraulic properties is van Genuchten’s (1980) set
of closed-form equations for the soil water retention curve,
coupled with Mualem’s (1976) pore-size distribution model
for the unsaturated hydraulic conductivity function. The van
Genuchten (1980) model sometimes fails to describe soil water
retention properties, however, and underestimates the unsatu-
rated hydraulic conductivity at low water contents. Tuller and
Or (2001) showed a relation between the unsaturated hydrau-
lic conductivity and the pressure head based not only on the
pore-size distribution, but also film flow on the surface of soil
particles, a process that dominated at low saturations. Fayer
and Simmons (1995) modified the van Genuchten soil water
retention model to better describe soil water retention at low
water contents and described the unsaturated hydraulic con-
ductivity function by coupling their model with the Mualem
(1976) model. The Mualem model contains the pore-connec-
tivity coefficient that accounts for the effects of pore connec-
tivity and tortuosity, which can have a significant impact on
the gradient of the unsaturated hydraulic conductivity with
respect to the pressure head. Although Mualem (1976), based
on an analysis of 45 soil samples, suggested the average value of
the pore-connectivity coefficient to be 0.5, some recent stud-
ies had utilized other values (e.g., Romano and Santini, 1999;
Hopmans et al., 2002; Schaap et al., 2001).

Although numerical simulations of the simultaneous
movement of liquid water, water vapor, and heat in soils with
medium or high water contents have been performed in the
past (e.g., Nassar et al., 1992b), few simulations have been
performed for relatively dry soils. This is largely because of
uncertainty about unsaturated hydraulic conductivity. The ob-
jective of this study was to evaluate the vapor condensation
experiments performed by Miyazaki (1976) using the Philip
and de Vries (1957) theory and the Fayer and Simmons (1995)
hydraulic property model implemented in the HYDRUS-
1D code (Simtinek et al., 2008a,b; Saito et al., 2006). These
laboratory experiments involved coupled movement of liquid
water, water vapor, and heat in sandy columns under an im-
posed temperature gradient. During the experiments, water
vapor diffused from the hot and humid end of the columns
and subsequently condensed at the cold dry end. In our study,
the water retention curve parameters were first ficted to inde-
pendently measured water retention curve data using the Fayer
and Simmons (1995) model. The numerical model was then
calibrated against experimental data of volumetric water con-
tent profiles by inversely estimating the pore-connectivity co-
efficient to determine the unsaturated hydraulic conductivity
function for low water contents while using independently fit-
ted water retention curve parameters. Further analyses of vari-
ous processes were then performed using the calibrated model.
Second, four components of the total water flux, including
liquid and vapor fluxes due to pressure head and temperature
gradients, were evaluated using calculated pressure head and
temperature profiles. Third, condensation and evaporation
rates were calculated from the mass balance and liquid water
and water vapor fluxes. Fourth, the impact of the enhancement
factor on the coupled transport involving condensation and

evaporation processes was investigated. Finally, the uncertainty
of the inverse parameter estimation procedure using the avail-
able data set was determined and the need for additional data
to guarantee a unique solution was recognized.

MATERIALS AND METHODS

Condensation Experiments

Miyazaki (1976) conducted one-dimensional laboratory column
experiments to observe the diffusion of water vapor from hot and hu-
mid air into cold and dry soil and to evaluate the various mechanisms
involved in water vapor flow. The experiments were performed using
Hamaoka dune sand, which had the typical particle size distribution
of dune sand. It contained 3% of soil particles in the range of 0.002
to 0.02 mm, 7% of soil particles in the range of 0.02 to 0.1 mm, and
90% of soil particles >0.1 mm. The saturated hydraulic conductivity
of 34.6 m d~! was measured using the falling-head method. Hamaoka
dune sand with an initial volumetric water content of 0.0045 m3 m~3
was packed uniformly at a dry bulk density of 1.6 g cm™3 in six acrylic
columns with 10-cm height and 10-cm diameter. The sand columns
were then placed vertically in a chamber with a constant air tempera-
ture of 37°C and relative humidity of 85 to 90%. The tops of the
columns were exposed to the moist air, while the closed bottoms of
the columns were maintained at 20°C by circulating constant-tem-
perature water along the base of the columns using a water pump.
The walls of the columns were insulated using foam polystyrene to
achieve one-dimensional heat flow. Since differences between the ob-
served temperatures at the center and close to the wall of the column
were <0.6°C (or 12°C m™!), the experiment was assumed to have
one-dimensional heat flow.

Because of the difference in the vapor density between the two
ends of the columns, water vapor diffused from the hot and humid
end of the column toward the cold and dry end, where it condensed.
Subsequently, the condensed liquid water moved upward due to the
pressure head gradients. Temperature profiles in the columns were
monitored with thermocouples located at depths of 0, 2, 5, 8, and
10 cm at the center of the columns. The amount of cumulative water
vapor diffusion into the column was measured based on the column
weights. Identical experiments were repeated on all six columns to ob-
tain water content profiles at different times (2, 5, 10, 16, 21, and 30
d). Each sand column at those times was sectioned into seven 1- and
2-cm-thick layers to gravimetrically determine the water contents.

Numerical Model
Unsaturated Water Flow

Darcy’s law for liquid water flux, ¢;, under time-variable tem-
perature conditions has to consider both the flow driven by the tem-
perature gradient, accounting for the temperature dependence of the
surface tension, as well as the term driven by the pressure head gradi-
ent (Philip and de Vries, 1957). Since the vapor density is also a func-
tion of the pressure head and the temperature, Fick’s law for the vapor
flux, g,, also consists of two (thermal and isothermal) components.
Thus, the total water flux, g, ., in a variably saturated soil is the sum
of the liquid water flux and the water vapor flux:

Aros =9 T4y =qu Y90 Y90 49,7

oh or oh or [1]
-k [ 2k, Lk, Pk, 2
U’( z+ ) Yoz Y 9z T 9z
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where g1, and g; -are the isothermal and thermal liquid water fluxes
[L T, respectively; q,and g, -are the isothermal and thermal water
vapor fluxes [L T~1], respectively; 4 is the pressure head [L]; 7'is the
temperature [K]; z is the spatial coordinate positive upward [L]; K7,
[LT1] and K 7 [L2 K~ T-1] are the isothermal and thermal hydrau-
lic conductivities for liquid water fluxes, respectively; and K, [L TN
and K - [L2 K1 T-1] are the isothermal and thermal vapor hydraulic
conductivities, respectively. Inserting Eq. [1] into the mass conserva-
tion equation leads to the Richards equation for nonisothermal condi-
tions (e.g., Nassar and Horton, 1997; Noborio et al., 1996):

ae aqTotal
" 0 * oh oT oh oT 2]
2k (L vk, vk, Pk, 28
az|: ”’(az ) Yoz oz Y az:|

where 0 is the total volumetric water content [L3 L3] and #is time [T].

This mass conservation equation can be divided into two equa-
tions that account for liquid water and water vapor contents (Nassar
and Horton, 1992):

90, __9q, _

o oz 3]
a0, =—%+E (4]
ot 0z

where 0 is the volumetric liquid water content [L3 L3, 0, is the volu-
metric vapor content expressed as an equivalent amount of liquid water
per unit volume of the soil [L3 L~3], and E'is the evaporation or condensa-
tion rate [T~1] (positive for evaporation and negative for condensation).
Soil Hydraulic Properties

A model proposed by Fayer and Simmons (1995) (denoted below
as the Fayer model) was used for the soil water retention curve. They
modified the residual water content in the van Genuchten model (van
Genuchten, 1980) to better represent the soil water retention curve at
low water contents. The model accounts for the adsorption of water
on soil under dry conditions:

6, =8, +(6, ~x0, )1+ (-on)' | " (5]

L1, » (di-

mensionless), 72 ( = 1 - 1/n), and 0, [L3 L-3] are empirical shape

where 0 is the saturated water content [L3 L3, and o [

parameters. The first term, x0,, denotes adsorption of water on soil
and ' is described as

In(=h)
=115 ]
where 4, is the pressure head at the water content equal to 0, and is
generally taken to be ~107 cm (Rossi and Nimmo, 1994).
The closed form of the isothermal hydraulic conductivity function
for the liquid water flux, K7 , is obtained for the Fayer model by substi-
tuting Eq. [5] into the pore-size distribution model of Mualem (1976):

s, P 2 )
sSel J.OI dSe/ | = KsSé [rs (h):| [7]

r

max

where K is the saturated hydraulic conductivity [L 1,8 L (=0./0)
is the effective liquid saturation (dimensionless), and / is the pore-
connectivity coefficient that was assumed to be 0.5 in the original
study. The definitions of I' (h) and T,
Simmons (1995).

The thermal hydraulic conductivity for the liquid water flux,
K} 7 is defined as (e.g., Noborio et al., 1996)

. are presented in Fayer and

1 dy
K ,=K,|hG,, 8
LT Lh[ Yo dT) (8]
where ~ is the surface tension of soil water [M T-2] and Vo is the

surface tension at 25°C (= 71.89 g s72). The gain factor, G, 7, which
corrects the temperature dependence of the surface tension, was fixed
at 7 in this study (Nimmo and Miller, 1986).

Hydraulic conductivities for vapor phase fluxes due to pressure

head, K, and temperature, K , gradients are defined as

v

M,
K =_pV§ g T [9]
p RT;bs
K, =2nu Ps [10]
Py dr

respectively, where D is the vapor diffusivity in soil [L? T-1], p

is the density of liquid water [M L-3], p.. is the saturated vapor

Vs
density [M L3], M is the molecular weight of water [M mol~!]
(= 0.018015 kg mol~!), g is the gravitational acceleration [L T2] (=
9.81 m s72), R is the universal gas content [M L? T-2 mol~! K-1] (=
8.341 J mol™! K1), T is the absolute temperature [K], H, is the
relative humidity, and m is the enhancement factor. A formulation

derived by Cass et al. (1984) and Campbell (1985) was used for n:

3

n=a+3e—L—(a—1)exp 28 0 [11]

0, JZ 0,

where [ is the mass fraction of clay in the soil (dimensionless) (fixed at
0.02 in this study) and # is a constant. As discussed below in relation to
Fig. 11, we assumed that 4 = 8 for the Hamaoka dune sand, based on
the study of Cass et al. (1984) on lysimeter sand. The vapor diffusivity
D, [12T-1],
multiplied by the tortuosity factor in the gaseous phase, T, (Millington and
L3 L73):

in soil can be derived from the diffusivity of water vapor in air,
Quirk, 1961), and the volumetric air content, 0,
7/3

i 12
alzr eair D a [ ]

S

D=10,D, =

a air

Selected parameters used in the numerical simulations are shown in

Table 1.

Heat Transport
The principle of heat conservation is described as (de Vries, 1958)

oC.T
P+, 98,
ot az s
where L) (= Lp,) is the volumetric latent heat of vaporization of
water (J m™3), L, (=2.501 x 10° - 2369.27) is the latent heat of va-

porization of water (J kg™1), and \(8) ) is the soil thermal conductivity
[M L T3 K1] described as (Chung and Horton, 1987)

[ ( ) ] M—CHM—L()% [13]
oz oz

0z
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Table 1. Parameters used in numerical simulations.

Parameter Equationt Reference
Surface tension of soil water (v), g s72 ~ =75.6—-0.1425T - 2.38 x 107472 Hillel (1971)
Density of liquid water (p,,), kg m~3 Py =1-737 x 107%T = 4)243.79 x 1078(T - 4) Hillel (1971)

Saturated vapor density (va)/ kg m—3
Diffusivity of vapor in air (D), m2 g1

Relative humidity (H,) H, = exp(hMg/RT )

Latent heat of vaporization of water (L), ] kg‘1 L, =2.501 x 106 - 2369.2T

Pys = €Xp(31.37 = 6014.79T,p =1 = 7.92 x 10737, )T, .~ x 1073 Campbell (1985)
D, =2.12 x 107(T,,/273.15)

Campbell (1985)
Philip and de Vries (1957)
Monteith and Unworth (1990)

t T, temperature; T, . absolute temperature; h, pressure head; M, molecular weight of water; g, gravitational acceleration; R, universal gas constant.

M(6, )= b, +b,0, +b,0"° [14]

where b, b,, and b5 are constants (for sands, 6, = 0.228 W m K1,
by=-2.406 W m™ K1, and b5 = 4.909 W m~! K1, as implemented
in the HYDRUS-1D code). The two terms on the left-hand side of
Eq. [13] represent changes in the energy content and the latent heat of
the vapor phase. The terms on the right-hand side of Eq. [13] repre-
sent soil heat flow by conduction, the convection of sensible heat with
flowing water, the transfer of sensible heat by diffusion of vapor, and
the transfer of latent heat by diffusion of vapor. The volumetric heat
capacity of the soil, ¢, M L1 T-2 K1 is defined as the sum of the
volumetric heat capacities of the solid C, (= 1.92 M] m=3 K1), liquid
C, (=418 M] m™3 K1), and air C,(=63k] m~3 K1) phases multi-
plied by their respective volumetric fractions 0 (de Vries, 1958):

C,=C0,+C.0 +C9, [15]

where 0, is the volumetric fraction of the solid phase [L3 L-3]. The
third term is usually neglected because it is significantly smaller than
the other two terms.

Initial and Boundary Conditions

Initial and boundary conditions were based on the condensation
experiment. The initial volumetric water content was assumed to be
uniform throughout the soil column (i.e., O; = 0.0045). The corre-
sponding initial pressure head, calculated from the water retention
curve (Eq. [5]), was approximately -7 x 10° cm. The upper boundary
condition for water flow was given by the total incoming water flux:

The total surface flux, gr, (0,2, was assumed to be equal to the
change in weight of the entire column, thus reflecting the condensa-
tion of water vapor in the column. We fitted a quadratic curve to the
observed increase in weight of the column (cumulative condensation),
and determined g (0,2 from the time derivative of this curve.

It was assumed that there was no water flux at the lower bound-
ary describing the closed end of the column:
o (710,0)= (g0, + 917 + 40 + 901 XZ:—IO =0 (t>0) [17]
The sum of the liquid water flux (the sum of 41, and ¢; ;) and the
vapor flux (the sum of g, and g, ;) must be zero to satisfy the no-flux
boundary condition.

Since only measured temperature profiles for the 6th and 16th
days were available from Miyazaki (1976), the initial temperature was
assumed to be a constant room temperature of 23.5°C throughout
the soil profile. Dirichlet boundary conditions with specified tempera-
tures were considered for heat transport calculations. As it is unlikely
that the boundary temperatures of the soil are equal to imposed tem-
peratures (Farlow, 1993, p. 19-26), the upper and lower boundary
temperatures were set equal to the average temperatures observed at
those locations nearest to both boundaries, i.e., 36.3°C at the soil
surface and 23.5°C at the soil bottom.

Governing Eq. [2] and [13] describing coupled movement of
liquid water, heat, and water vapor were solved numerically using the
HYDRUS-1D code that included vapor transport (Simiinek et al.,
2008a,b). The soil column was discretized uniformly into finite ele-
ments of 0.1 cm. The time step was allowed to vary between the initial
and maximum allowed time steps of 1 x 10710 and 0.01 d, respectively.

Hydraulic Parameters

9rotal (OJ): (th T t9u T4y jF (t > O) [16]
0'4 blldinkeian: ] bl FERTI LTIy Lkl | Ty ysiny = L | ™
I observed C(b) &
(a) o imbibition C (b) N ---

&

drainage
pressure plate

=
w

>

Fayer model

e
(Y

Water content, 6, (cm?cm)
(=]

0

Pressure head, h (-cm)

Fig. 1. (@) The soil water retention curve of the Hamaoka dune sand, with the Fayer and Simmons (1995)
model fitted to the imbibition data; and (b) unsaturated hydraulic conductivity functions evaluated using

pore-connectivity coefficient (/) values of 0.5, 4.91, 6.00, and 6.17.

10 10° 102 10° 104 108 10° 107 102

LAAL N AL A 104 ) )
I ] ;.; Figure la shows water retention
 [=491(a=15) ] g curves for the Hamaoka dune sand
4 2 measured using both drainage and
4 ) xf‘ imbibition processes. Since Miyazaki
110 > (1976) did not provide the water re-
] é tention curve, both processes were ob-
] 8  served using a hanging water column.
J B A dme domain reflecomerry (TDR)
1106 probe (three 6.5-cm-long metallic
] % rods of 0.15-cm diameter with 0.5-cm
g _lg separations) and a tensiometer (having
4 £ a l5-cm-long and 0.6-cm-diameter
wuid 1020 porous cup) with a pressure trans-

ducer were installed horizontally in a
soil sample with a height of 2 cm and
an internal diameter of 10 cm. After
draining from saturation to a pressure
head of -60 cm, the imbibition pro-
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cess was subsequently performed by connecting the soil sample with
a Mariotte tank and returning it to saturation. Finally, the drainage
curve was measured and the final water content at -60 cm was deter-
mined gravimetrically. The TDR measurements were then calibrated
based on the final water content and the cumulative amount of drain-
age. Using this calibration, dielectric constants measured during the
imbibition process were then converted to volumetric water contents.
We used the water content values estimated by TDR in Fig. 1a. The
water retention curve for soils with lower water contents was then
measured using the pressure-plate apparatus for pressure heads lower
than -100 cm (see Fig. la) and assuming that hysteresis could be
ignored for these low pressure heads.

Since the Hamaoka dune sand displayed a relatively important
hysteretic behavior and because the condensation experiment rep-
resented a wetting process during the entire period, the imbibition
water retention curve was used in the calculations. The Fayer model
(Eq. [5]) was fitted to the observed data, resulting in values of 0, =
0.027, 6, = 0.325, a = 0.0656 cm™!, and 7 = 4.71. Note that 0,
was about 0.06 smaller than the porosity value of 0.385 calculated
from bulk and particle densities. This was probably partly due to the
inevitably entrapped air during the drainage and imbibition processes.
Furthermore, since we estimated 0, based on the final water content at
h = -60 cm and the cumulative drainage amount, 6, might be slightly
underestimated. Since the condensation experiment was performed in
the pressure head range below -20 cm, we believe that these possible
experimental errors near saturation did not affect our calculations.

Figure 1b shows the relation between the pressure head, /4, and
the unsaturated hydraulic conductivity, K ;, derived by substituting
Fayer’s water retention curve model (Eq. [5]) into Mualem’s model
(Eq. [7]1). The observed value of the saturated hydraulic conductivity
(K, = 34.6 m d™1) and the value of the pore-connectivity coefficient
suggested by Mualem (/ = 0.5) were used to obtain the unsaturated
hydraulic conductivity function. The gradient, dlogKj , /dlogh, is larg-
er for the higher pressure head range (-10 > 4> -100 cm) than for the
lower pressure head range (4 < -100 cm).

When the @ parameter in the enhancement factor is assumed to
be known (i.e., equal to 8 (Eq. [11]), the pore-connectivity coefhicient
/is the only remaining unknown parameter (when not assumed to be
0.5). Therefore, the value of / was optimized using an inverse analysis
(e.g., Simtinek et al., 1998), during which the numerical solution was
fitted to volumetric water contents observed in the vapor condensa-
tion experiment. Parameters 0, 0, o, 7, and K were kept constant at
the values discussed above during the inverse analyses. The objective
function, ®, was defined as

@:ii[eL*(zj,z[)—eL 0] [18]

j=1 =l

where GL*(zj, t) and GL(zj, t,) were the observed and calculated water
contents at time 7, for the spatial coordinate z;, respectively, 7, was the
number of measurement times, and 7; was the number of measure-
ment locations. Minimization of the objective function, ®, was ac-
complished using the Levenberg—Marquardt nonlinear minimization
method (Marquardt, 1963).

The impact of the enhancement factor, m, on the optimized / pa-
rameter in the unsaturated hydraulic conductivity, K] ;, was evaluated
by performing the model calibration with different values of the # pa-
rameter (= 5, 8, or 15) in Eq. [11] (Fig. 2). We also demonstrated how

- -
© N [=>]

Enhancement factor, 1

ES

0 0.1 0.2 0.3
Water content, 6, (cm3cm-3)

Fig. 2. Enhancement factors for different values of the 2 parameter
(Eq. [11]).

water content profiles and water fluxes change when different values
of the enhancement factor (with 2 = 5, 8, or 15 or 1 = 1) were used.

RESULTS AND DISCUSSION
Unsaturated Hydraulic Conductivity

The liquid water content profiles were first calculated with
the original values of the pore-connectivity coefficient (/= 0.5)
suggested by Mualem (1976) and the enhancement factor («
= 8) suggested by Cass et al. (1984). Figure 3 compares the
calculated and observed water content profiles. Similar to the
observed water contents, the calculated water contents also in-
creased from the bottom due to vapor condensation; however,
the shape of the simulated water content profiles was quite dif-
ferent from those observed. It was found that the simulated wa-
ter contents were much smaller than the observed values near

T T
observed
) 5d E
@) 10d
- A 16 d
£ O 30d A
)
= Initial
k=
[ ]
o
O
O
1 1
0.05 0.1 0.15 0.2

Water content, 6, (cm®cm)

Fig. 3. Comparison of observed water content profiles with those
calculated assuming a pore-connectivity coefficient / of 0.5 and an «
parameter in the enhancement factor of 8.
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relation between the pressure head,
h, and the unsaturated hydrau-
lic conductivity, K], is shown in
Fig. 1b. Higher values of / lead to
a faster decrease in K[, with de-
4 creasing 4. Figure 4a shows water
content profiles calculated with an
optimized value of /= 6.17 (for a =
8). In this case, the calculated water

contents agreed very well with the
observed water contents. Figure 4b

shows the corresponding pressure

head profiles. While pressure heads

T T T T T
(@)
observed
2 H [} 5d - i
e} 10d
- A 16 d
E af 30d o 30d A
= calculated
it
&
a 8 iy ]
g i i
1o Llinitial rr. Ly MMitial]

increased significantly from the initial

0 0.05 0.1 0.15 101 102
Water content, 6, (cm3cm-?)

Fig. 4. (@@ Comparison of observed water content profiles with those calculated assuming a pore-
connectivity coefficient / of 6.17 and an 2 parameter in the enhancement factor of 8; and (b) simulated

pressure head profiles.

the bottom of the soil column. For example, while the calculat-
ed ) was 0.03, the observed value was 0.096 at a depth of 9.5
cm after 10 d. On the other hand, calculated water contents
were overestimated in the middle of the column (e.g., calculat-
ed 6 =0.025 vs. observed 0; = 0.0075 at a depth of 5 cm after
10 d). This disagreement between observations and calculations
might be the result of either overestimation of the upward liquid
water flow or underestimation of the downward vapor flow.

Since our focus was mainly on the uncertainty in the un-
saturated hydraulic conductivity, K ,, for lower water contents,
we fixed the water vapor flow parameters (i.e., 2 = 5, 8, and
15 in the enhancement factor) and attempted to decrease the
upward liquid water flow by adjusting K7 , through changing
the pore-connectivity coefficient, /. Optimized values of / us-
ing the inverse analysis of the observed water contents were

6.00, 6.17, and 4.91 for 2 = 5, 8, and 15, respectively. The
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Fig. 5. Relations between the unsaturated hydraulic conductivity and
the pressure head described using the van Genuchten-Mualem model
(VG), Ky, = K, S/ [1 - (1 - 8,Y/)™2, for various values of the pore-
connectivity factor / (K is the saturated hydraulic conductivity, S, is
the effective liquid saturation, and m is an empirical shape parameter),
and the Fayer model with / equal to 6.17.

Pressure head, h (-cm)

104 105 10°  yalye (h= -7 x 10° cm) in the lower

part of the soil column (-30 < /< -20
cm), the condensation process caused
them to remain very low (-1 x 10° <
h< -3 x10% cm) in the upper part.

Since similar results were ob-
tained with the other two combina-
tions of parameters # and /, these two parameters were mu-
tually correlated and could not be estimated simultaneously
from available data, i.e., water content profiles only. For a given
experimental setup, only one of these two parameters can be
optimized, while the other parameter has to be estimated inde-
pendently and fixed during calibration. Notice, however, that
differences between the optimized hydraulic conductivity func-
tions for different enhancement factors were relatively small
and probably below the precision of the available measurement
techniques for low water contents, for which hydraulic con-
ductivity measurements are extremely difficult to do.

The agreement between the measured and calculated
water contents indicates that the relation of K] , and 4 in the
Hamaoka dune sand at lower water contents can be described
well using Mualem’s (1976) pore-size distribution model with
the Fayer water retention curve model. The Kj ,(/) function
shows different gradients, dlogK] ,/dlogh, for higher and lower
pressure heads. This shape for the K; ,(4) function is similar
to that proposed by Tuller and Or (2001), which considers
film flow for lower water contents as well as pore water flow
for higher water contents. While the sand retains water in soil
pores by capillary forces at higher water contents, at lower wa-
ter contents water is retained on soil particles as water films.
These different retention mechanisms may alter the depen-
dency of the hydraulic conductivity on the pressure head. A
similar argument was used for solute mixing in terms of the hy-
drodynamic dispersion in the dune sand (Toride et al., 2003).
Solutes mix well in larger pores with higher pore-water veloci-
ties and higher water contents. On the contrary, slow solute
mixing, primarily by transverse diffusion, becomes dominant
for lower water contents.

Figure 5 shows the unsaturated hydraulic conductiv-
ity functions, K7 ,(4), calculated using the van Genuchten—
Mualem (VG) model (van Genuchten, 1980) with various
values of / (-1 < /< 5). Although the VG model shows differ-
ent values of dlogk; ,/dlogh for different values of / it never
resembles the shape of the Fayer model, which has different
values of dlogK] ,/dlogh for different ranges of pressure heads.
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This indicates that the Fayer model not only modifies the VG
model for the soil water retention curve, but it also has a pro-
found effect on the unsaturated hydraulic conductivity func-
tion for lower water contents.

Since the numerical model that uses the unsaturated hy-
draulic conductivity function Kj ,(4) with the pore connectiv-
ity parameter /= 6.17 that was optimized for the enhancement
factor with 2 = 8 (Fig. 1b and 5) describes the experimental data
(Fig. 4) well, the following discussion will be based on calcula-
tions with this unsaturated hydraulic conductivity function. It
needs to be emphasized here, however, that the optimized un-
saturated hydraulic conductivity function may not be unique
and could not be independently validated against directly mea-
sured hydraulic conductivities at low water contents.

Temperature Profiles

Figure 6 presents the simulated and observed temperature
profiles obtained during the experiment. A linear decrease in
temperature between the upper and lower boundary values was
reached after only 0.1 d. Observed temperatures after 6 and
16 d closely followed this linear distribution, except for small
convex deviations at a depth of 9 cm after 6 d and 7 cm after
16 d. This small deviation from the linear profile can be ex-
plained by the difference in thermal conductivities between the
lower and upper part of the column as a result of their different
water contents. For example, the convex deviation occurred at
a depth of 7 cm after 16 d, which agreed well with the depth
of the moisture front (Fig. 4a). The thermal conductivity cal-
culated using Eq. [14] for the lower part of the column (6; >
0.075) was >1.4 W m™ K-1, while it was <0.7 W m~! K-! for
the upper part of the column (0; < 0.01).

Liquid Water and Water Vapor Fluxes

Once the pressure head and temperature profiles were ob-
tained, it was possible to evaluate the liquid and vapor fluxes
due to pressure head (isothermal) and temperature (thermal)
gradients using Eq. [1]. Figure 7 shows the calculated total water
flux profiles, as well as their four components, after 6 and 16 d.
Positive values represent upward movements, while negative val-
ues represent downward movements.

0 T T : . .
initial

E-N
T

Depth (cm)
(<]

observed ]
® 6d |
o) 16 d
1 L | " 1 L

28 32 36
Temperature (°C)

10

20 40

Fig. 6. Comparison of observed and calculated soil temperature profiles.

por flux, g, due to the large downward temperature gradient
(Fig. 6). The isothermal vapor flux, g,;,, was small except near
the moisture front (in the 9-cm depth after 6 d and the 7-cm
depth after 16 d), where upward vapor flux was calculated due
to the large positive pressure head gradient (Fig. 4b). Since ¢},
was much smaller than g, -, the actual vapor flux, g,, was down-
ward after both 6 and 16 d.

Upward water movement occurred mainly as isothermal
liquid water flux, g1, due to the upward pressure head gradi-
ent, which developed at the bottom of the soil column as a
result of vapor condensation. The isothermal liquid water flux
had a peak at both times near the moisture front due to the
extremely large pressure head gradients. The isothermal liquid
water flux was also large at the bottom of the column after 16 d
(0.067 cm d~1) because of the large unsaturated hydraulic con-
ductivity, K] ,, for high water contents. As the water content
gradually increased at the column bottom and the moisture
front moved upward, so did the maxima and absolute values
of 4;, and g, The thermal liquid water flux, g; ;» showed

The total water ﬂuX, q 5 0 T L] T T T T T T
Total ! I N 1
was always directed downward b 'r 6d ! ! 16 d 1
(negative) throughout the col- ' | il ]
2 v | 4 F " H i
umn from the warm end to the P | il ]
.. . . il | Gun T i
cold end, similarly as in previ- Ve H J H
. . —_ 1 | Qir " 1
ous studies of nonisothermal flow g 4} n Vo w 1T 0 | 4
in column experiments (Jones ﬁf ! o qm ’,i !
and Kohnke, 1952; Nassar et al., ¥ 'l b qﬂ :! i
1992a). While the total water lux, & 6 i ! fout B .
9T Was large in the upper part I : !
of the soil column above the mois- gl li I 1L |
ture front (-0.017 cm d1 after 6 d :"\ \
and -0.02 cm d-! after 16 d), it I L \\/77 17
. \
was much smaller in the lower part 10 . L A . L . . ! .
-0.04 -0.02 0 0.02 -0.08 -0.04 0 0.04 0.08

of the column with higher water
contents (Fig. 4a), and it was zero
at the bottom of the column. The
downward water movement oc-
curred mainly as thermal water va-

Water flux (cm d')

Fig. 7. Calculated profiles of the thermal liquid and vapor (g, and g, , respectively) and isothermal
liquid and vapor (¢, and g, respectively) fluxes and the total water flux (g1, at 6 d (left) and 16 d
(right) (positive fluxes are directed upward).
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— 0.01 observed diffusion flux of water vapor

into the column during calculations.
Figure 8a presents the calcu-

8 4tk
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o

lated surface pressure heads dur-
ing the experiment. Although not
7-0-01 clearly visible in Fig. 8a, at the be-
ginning of the experiment the sur-
Irotal 0.02 face pressure head first decreased
quickly from the initial pressure
head of -7 x 10° cm, and then in-

creased because of the rapid change

/
.
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&
Surface water flux (cm d-')

in the surface temperature from the
initial value of 23.5°C to the im-
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Fig. 8. Calculated (a) surface pressure heads and (b) surface thermal liquid and vapor (g,; and g,
respectively) and isothermal liquid and vapor (4, and 4, respectively) fluxes and the total water flux

(4tota) as a function of time.

downward water movement near the bottom of the column.
Although g1 - was small after 6 d, it increased after 16 d
(-0.06 cm d! at the bottom) due to a larger thermal hydraulic
conductivity, K} - (Eq. [8] with the large K7 ;). Because ¢,
was larger than g1 ;-at every depth, the actual liquid water flux,
41 > was always upward. The value of g; was negligibly small at
depths above the moisture front after both 6 and 16 d.

Miyazaki (1976) calculated the increase in water contents
at the bottom of the columns by evaluating the water vapor flux
due to the temperature gradient using the Philip and de Vries
theory and the Penman theory (Penman, 1940), which was the
original theory of water vapor flow without the enhancement
factor. The water content calculations significantly overesti-
mated the observed values, however, because of the difficulty
of calculating the simultaneous upward liquid flux resulting
from the water content increase. Our numerical simulations of
the coupled movement of water vapor, liquid water, and heat
could consider simultaneously all four flux components and
thus lead to better agreement between simulated and observed
water contents.

Surface Boundary Condition

Both Milly (1984) and Saito et al. (2006) evaluated surface
water flux. The former used meteorological variables, while the
latter utilized the surface energy balance. Since evaluating wa-
ter movement inside the soil column was the primary purpose
of this study, the observed amount of water vapor diffused into
the column, g ,(0,#), was determined from weight changes
in the entire soil column and used as the surface boundary con-
dition for water flow. We assumed that g ;(0,7) was equal to
the sum of liquid and vapor fluxes passing through the surface
boundary, as described by Eq. [16]. The four components of
the total flux at the soil surface were then determined using the
pressure head and temperature gradients, as described by Eq.
[1]. Each flux may have a different magnitude and direction
depending on the pressure head and temperature gradients
at the soil surface. Since the temperature in the soil column
quickly established steady-state conditions (during about 0.1 d
as shown in Fig. 6), the pressure head at the soil surface was the
only other variable that could adjust g, to be equal to the

20 30 posed boundary value of 36.3°C.

After that, the surface pressure
head started increasing steadily un-
til it reached a value of around -1.5
x 10° cm. The increasing pressure
head reflects vapor condensation at
the soil surface. As the amount of condensed water was rela-
tively small, water content increases were barely noticeable.

Figure 8b shows the four components of the surface flux
970l (052) as a function of time. Liquid water fluxes (g1 , and
q; p) were significantly smaller (and in fact negligible) than
vapor fluxes (¢, and ¢,;) because the hydraulic conductivi-
ties for liquid water were several orders of magnitude smaller
(K )~ 101 ¢cm d7! and K =~ 10715 cm? K-1 d°1) than
vapor hydraulic conductivities (K, ~ 106 cm d-! and
K~ 10! cm? K- d-1). Although the direction of q,), Was
changing at the beginning of the experiment, due to oscilla-
tions of the surface pressure head in time (Fig. 8a), downward
4,7 and upward g, , dominated the overall water flux g (0,
7), and defined the water vapor diffusion into the column.

Condensation and Evaporation Rates
The evaporation rate (£) at each internal discretization
node can be calculated with a discretized form of Eq. [3]:
i il JV2 -2
Ei—_ 0, -0 i i1z ~49iinn

[19]
' At Az

where the subscript 7 represents the position of a lattice point
and the superscripts j and 7 - 1 denote the current and previous
time points, respectively.

The evaporation rate at locations 7 = 1 + 1/4 and i = NV -
1/4 can be evaluated using a method similar to Eq. [19], where
7 =1 and N represent the lower and upper boundary nodal
points, respectively:

' -1 i-1/2 i-1/2
El =_ 0 s — Ol 1ua " gl — a4, [20]
1+1/4 Al AZ)2
; -1 i—1/2 i—1/2
i Oy s =0 s " L [21]
Noya =
At Az/2

Values at i = 1 + 1/4 and i = N - 1/4 (e.g., 0; |,14) can be
obtained using a linear interpolation of adjacent node values.
Note that g; ; does not have to be zero because, as described
by Eq. [17], only the total boundary flux is assumed to be zero.
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The evaporation rate at the surface O
boundary, E|, is evaluated by lin- I
early extrapolating £, /4 and E, L 6d
toward the surface. A similar lin- 7| - 16d
ear extrapolation from £ ;,, and I
E); , is made to estimate Ej. T 4l

Figure 9a displays evaporation <
rate profiles calculated using Eq. 59_ |
[19-21]. Note that negative evapo- 8 6
ration represents vapor condensa- I o
tion. The maximum evaporation --‘\\
rate was located at a depth of 9 cm 8 ]
after 6 d, and moved upward to a -
depth of 7 cm after 16 d. This lo- 10 . '
calized evaporation resulted in the -0.1 -0.05 0

maximum downward thermal va-
por flux, g, 7, behind the moisture
front as shown in Fig. 7. Figure 9b
shows relative humidity profiles
(Table 1) at 6 and 16 d. The relative humidity decreased from
almost unity near the bottom of the column to 0.98 at the
moisture front. The location of the maximum evaporation rate
corresponded exactly with the position of the abrupt decrease
in the relative humidity. As shown in Fig. 4b, a large pressure
head drop occurred at the moisture front (b = -2 x 104 cm),
resulting in a decrease in the relative humidity.

Vapor condensation started just below the maximum
evaporation peak, where the relative humidity increased to al-
most unity. Vapor had to condensate at this position because
the air could not hold all the water vapor coming from the up-
per location. As shown in Fig. 6, vapor moved farther down and
eventually condensed at the cold end. The maximum condensa-
tion (minimum evaporation) rate occurred at the bottom of the
column: -0.123 d-! after 6 d and -0.085 d~! after 16 d (Fig. 9a).

The total amount of vapor condensation in an entire soil
column can be obtained by integrating the condensation rate
profile (negative evaporation rate in Fig. 9a) with depth and
time. Figure 10 shows the cumulative amount of condensation
as a function of time. The total quantity of condensation in the
soil profile includes not only the condensation at the bottom,
but also that in the rest of the soil profile. The condensation at
the bottom dominated initially and accounted for 40% of the
total condensation during the first 5 d. Condensation inside
the column subsequently increased and reached about 75% of
the total condensation (25% at the bottom) after 20 d. The
observed cumulative amount of water vapor diffused into the
column was also plotted in Fig. 10. Note that the total amount
of condensation in the column was greater than the cumula-
tive amount of water vapor diffused into the column due to
internal evaporation (Fig. 9a). In other words, the difference
between the total amount of condensation and the cumulative
amount of diffusion into the column was equal to the amount
of evaporation inside the column. The amount of internal
evaporation accounted for around 25% of the total condensa-
tion, regardless of the time.

Enhancement Factor
The impact of the enhancement factor, 1, can also be
demonstrated using water content profiles. Figure 11 shows

Evaporation rate (d-')

0.05 0.88 0.92 0.96 1
Relative humidity

Fig. 9. Calculated profiles of (a) the evaporation rate and (b) the relative humidity.

the observed water content profiles as well as those calculated
with different enhancement factors after 30 d with an opti-
mized value of /= 6.17. In calculations without the enhance-
ment factor (1 = 1), calculated water contents were underesti-
mated in the lower part of the column and overestimated in
the upper part. More vapor condensed in the upper part of the
column due to underestimation of the vapor flow. This simula-
tion clearly demonstrates the importance of considering the
enhancement factor. Calculated water content profiles were
similar when different values of the « coefficient (z = 5, 8, and
15) were used to calculate the enhancement factor (Fig. 11).
Figures 12a and 12b show profiles of the liquid water and water
vapor fluxes and the evaporation rate, calculated with = 8 and
15. Both the downward vapor flux and the upward liquid water
flux increased as the enhancement factor increased, and so did
both the maximum evaporation and condensation rates. The
amount of water circulating in the soil column increased as
the enhancement factor increased. These two opposing effects
(evaporation and condensation) compensated for each other,
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Fig. 10. Cumulative condensation amounts in the whole soil column and
at the bottom of the soil column compared with the cumulative amount
of water vapor diffused through the surface as a function of time.
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Fig. 11. Water content profiles after 30 d calculated using various
values of the enhancement factor (2 =5, 8, 15 and ) = 1).

making the impact of the enhancement factor less important
for the water content profile in the condensation process.

We have also evaluated the impact of 1 on the estimation of
the pore-connectivity coefficient, /. Optimized /values were 6.00,
6.19, and 4.91 for the enhancement factor 2 parameters of 5, 8,
and 15, respectively. As shown in Fig. 1b, there is only a relatively
small range of uncertainty in the unsaturated hydraulic conductiv-
ity function due to differences in 1 for lower pressure heads. As
discussed above, however, these two parameters are mutually high-
ly correlated for given experimental data and only one of them can
be optimized independently. Additional data need to be measured
so that both the pore-connectivity parameter / and the enhance-
ment factor 1 can be estimated simultaneously.

CONCLUSIONS

We have numerically analyzed the vapor condensation
experiments reported by Miyazaki (1976). These experiments
involved vapor diffusion and condensation in laboratory sand
columns due to an imposed temperature gradient. The move-

ment of water vapor and liquid water in the sand column were
evaluated using the Philip and de Vries (1957) model. The cou-
pled transport of water vapor, liquid water, and heat were calcu-
lated using the HYDRUS-1D code that included vapor flow.

The numerical model was calibrated against experimen-
tal data by optimizing the pore-connectivity coefficient, /, of
the unsaturated hydraulic conductivity function for different
values of the enhancement factor 1. The Fayer and Simmons
(1995) model, describing soil hydraulic properties with an
estimated / parameter of 6.17 (for the enhancement factor
with 2 = 8), provided a very good agreement between simu-
lated and observed water contents. The rate of decrease in the
unsaturated hydraulic conductivity with decreasing pressure
head, described by the Fayer model, differed for high and low
water contents, reflecting capillary pore water flow and film
flow, respectively. It was concluded that the Fayer model with
the calibrated / parameter of Mualem’s pore-size distribution
model worked well for simulating water flow in sandy soils
at low water contents. Due to the lack of directly measured
unsaturated hydraulic conductivities, however, the calibrated
hydraulic conductivity function could not be independently
validated. Mutual correlation between the pore-connectivity
coefhicient and the enhancement factor also raises a question of
uniqueness of the optimized unsaturated hydraulic conductiv-
ity function.

Additionally, we quantitatively evaluated the four compo-
nents of the total water flux: liquid and vapor fluxes driven
by pressure head and temperature gradients. The evaporation
and condensation rates inside the soil column were described
further by analyzing these water fluxes. Water vapor that en-
tered the soil column from the hot surface moved downward
due to the temperature gradient and condensed at the cold
bottom end of the column. Liquid water subsequently moved
upward due to the pressure head gradient and evaporated at
the moisture front where the relative humidity decreased from
1 to 0.98. Vapor generated by evaporation then moved down-
ward together with vapor coming from the soil surface. A cer-
tain amount of vapor condensed just below the location with
maximum evaporation at the moisture fronts, and the maxi-
mum condensation occurred at the cold bottom of the column

(25-40% of the total condensation

T . in the column). Liquid water and
water vapor circulated between
the bottom of the column and the
moisture front, accompanied by
condensation and evaporation pro-
cesses in the sand column.

__________ — The impact of the enhance-

ment factor on vapor fluxes inside
. the soil column was also demon-
strated. Downward vapor flux was
significantly underestimated when
the enhancement factor was ne-
glected. Calculated water content

| . profiles were very similar when the
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Fig. 12. A comparison of profiles of (a) liquid water and water vapor fluxes (¢, and 4,, respectively) and
(b) evaporation rates simulated using 2 parameter values of 8 and 15 in the enhancement factor.

a parameter from the function of
the enhancement factor was >5.
Higher enhancement factors pro-
duced larger upward liquid water
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fluxes and evaporation rates, as well as downward vapor fluxes
and condensation rates. These two opposing effects compen-
sated for each other, making the water content profiles in the
condensation experiment less sensitive to the enhancement
factor. This indicates that water content profiles do not pro-
vide enough information to simultaneously estimate both the
unsaturated hydraulic conductivity function and the enhance-
ment factor. Additional data are needed so that both the pore-
connectivity parameter / and the enhancement factor 1) can be
estimated simultaneously.
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