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Abstract Upper limit of experimental coefficient between
the measured transfer of latent heat and the estimated vapour flux
in the frame of the conventional model of latent heat transfer in
soil was examined by analysing the measured latent heat transfer
and temperature gradient in soil under steady-state temperature
gradient. To exclude the temperature gradient as an uncertainty
factor from the experimental coefficient, the temperature gra-
dients of overall soil and soil pore were included into the vapour
fluxes in the atmosphere. The estimated experimental coefficient
did not exceed unity, which indicated that both the latent heat
transfer and the vapour fluxes in the soil were smaller than those
in the atmosphere. The gap that appeared between the experimen-
tal coefficient and the product of the tortuosity factor and air-filled
porosity implied the existence of an unidentified parameter re-
levant to characteristic of the circulation of water in soil which is
the main mechanism of latent heat transfer in soil. By quantifying
this characteristic with simultaneous measurements of the latent
heat transfer, distributions of temperature, water content and so-
lute content in various soils under the steady-state condition, the
conventional model would be modified, or an alternative model
being independent of the conventional model would be developed.

K eywords: latent heat transfer, conventional model, expe-
rimental coefficient, temperature gradient, dryland

INTRODUCTION

Even after the experimental elucidation of the mecha-
nism of transfer of latent heat in soil under steady-state
temperature gradient (Sakaguchi ef al., 2009), no formula
or analytical method considering the elucidated mechanism
of the latent heat transfer (LHT) has been developed yet.
Even though the LHT has been recognised as an error in
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measuring the thermal conductivity of unsaturated soil
with the transient-state heat probe method (Tarnawski et
al., 2013) and it is minor compared to heat conduction
under atmospheric pressure and low temperature, the LHT
is one of the typical phenomena of heat and mass transfer
in soil. Under such circumstances, the conventional model
(Cary, 1979; de Vries, 1958; Jury and Letey, 1979) and
semi-empirical models (Campbell et al., 1994; Tarnawski
et al., 2000) of the LHT are still used to estimate the LHT
or the parameters relevant to the LHT for simulation of heat
and mass transfer in soil for understanding thermal beha-
viour in soil, in application to agricultural and engineering
fields (Fujimaki et al., 2014; Smits et al., 2013).

The conventional model of LHT assumes that the LHT
is equivalent to the product of the latent heat of water and
the vapour flux in soil. That is, the mechanism of vapour
flow is believed to be identical to that of the LHT. This
assumption has been used to investigate the experimental
coefficient (C) that is recognised to characterise the pro-
perties of a soil, and that can be obtained as a proportion
between the LHT and the product of latent heat of water
and vapour flux in atmosphere. The vapour flux in soil is
described as the product of C and vapour flux in atmos-
phere. The vapour flux in the atmosphere is shown as
the product of the diffusion coefficient of vapour in the
atmosphere and the gradient of vapour density. The vapour
density is shown as the product of saturated vapour density
and relative humidity. Temperature dependence of vapour
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density can be regarded as that of the saturated vapour den-
sity, and the relative humidity in soil pore calculated using
the water potential of soil is approximately unity except for
nearly air dry condition. The diffusion coefficient of vapour
in soil is equivalent to the product of C and the diffusion
coefficient of vapour in the atmosphere.

The change in C as a function of fluids content in soil has
been focused (Cary, 1979; Cass ef al., 1984; Hiraiwa and
Kasubuchi, 2000; Jury and Letey, 1979; Sakaguchi et al.,
2004), and almost all previous studies indicated the maxi-
mum value of C exceeding unity. Hiraiwa and Kasubuchi
(2000) quantified C from the relationship between the pro-
duct of three terms (latent heat of water, vapour flux in the
atmosphere, and relative humidity in soil) and the LHT
estimated from the temperature dependence of soil thermal
conductivity. The obtained C, as the slope between them,
was analysed with the change in water potential and the
maximum value of the C exceeded unity. On the other hand,
to examine the effect of concentration of soil solution on
the LHT, Sakaguchi et al. (2004) extended the theoretical
model of Hiraiwa and Kasubuchi (2000) and demonstrated
the maximum of C to be less than unity even in solute-free
condition. Because these studies were conducted under the
transient-state condition, the temperature gradient in soil
was not identified and it was apparently cancelled in calcu-
lating the value of C. However, the temperature gradient as
an uncertainty factor should be actually included in the C.

Even though Cary (1966, 1979) defined C as unity in
the atmosphere and quantified the C from the measured
steady-state fluxes of water and heat in soil and the mea-
sured temperature gradient using the conventional model,
the C excluding the temperature gradient was not shown as
a function of fluid content and no maximum value of C was
identified. Instead, C as a function of air content was cal-
culated from thermal conductivity of saturated soil and soil
properties, and the maximum of C was significantly larger
than unity. Also, it was mentioned that a major component
of C was the ratio of temperature gradient across soil pore
to that of overall soil.

Sakaguchi ef al. (2009) measured the LHT, the distri-
butions of temperature and water content in soil simulta-
neously under the steady-state temperature gradient for
several initial water contents, and the C was not estimated.
From those measured data, the temperature gradient as the
uncertainty factor can be eliminated from the C, and the C
as a function of water content can be estimated. This would
be significantly useful to describe the LHT with consi-
deration of the mechanism of the LHT in the frame of the
conventional model. The aim of this study was to examine
the upper limit of C excluding the temperature gradient in
the frame of the conventional model of the LHT in soil by
analysing the data observed from simultaneous measure-
ments of the LHT, distributions of temperature and water
content in soil under the steady-state condition for various
initial water contents.
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MATERIALS AND METHODS

In the conventional model, the LHT in soil is described
as follows:

Qsoil = L']soil = LCJair = C Qair s (1)

where Q. is the LHT in soil (W m?), L is the latent heat
of water (J kg), J,,; is the vapour flux in soil (kg m?s™),
C is the experimental coefficient, J,, is the vapour flux
in the atmosphere (kg m?s?), and Q.- is the LHT in the
atmosphere (W m™).

The vapour flux and diffusion coefficient of vapour in
soil are shown as follows:

k
J.soi/ = CJair = C(_D h dp dTJs

air’ T A 2)

Doy = CDgiy (3)
where D, is the diffusion coefficient of vapour in the
atmosphere (m’s™), 4, is the relative humidity in soil pore,
dp* dT" is the slope of saturated density of water vapour as
a function of temperature (kg m™ K™), T'is temperature (K),
dT dx’ is the temperature gradient (K m™), and D,,; is the
diffusion coefficient of vapour in soil (m*s™).

From the measured heat flux in unsaturated Ando soil
(Haplic Andosols, sampled at surface layer in Shinjyo-city,
Yamagata-prefecture, Japan) under temperature of 313 K,
pressure of 101-10 kPa, and the steady-state temperature
gradient of 100 K m™ conditions (Sakaguchi et al., 2009)
and the thermal conductivity of air of 0.0272 W m™" K at
313 K, the dT dx" of soil pore was estimated because the
heat flux under the steady-state temperature gradient was
uniform across the soil sample. The calculated dT dx” of
soil pore as a function of water content and air pressure
ranged within 1,600-6,100 K m™'. Those temperature gra-
dients, the dp* dT" at 313 K of 2.56x10” kg m™ K™, and
the D, (313 K, 101-10 kPa) calculated from Massman
(1998), were used to quantify the J,;. (313 K, 101-10 kPa) in
Eq. (2). The estimated J,;. and the J,,; in Ando soil (313 K,
101-10 kPa) of Sakaguchi et al. (2009) provided C which
was the slope between them and did not include the d7 dx™'.

RESULTS AND DISCUSSION

The C as a function of the initial water content in the
case of the dT dx"' of 100 K m" and 1,600-6,100 K m
ranged between 0.02-0.50 and 0.001-0.009, respectively
(Fig. 1). For both cases, the upper limit of C did not exceed
unity. This is consistent with the result shown by Sakaguchi
et al. (2004). The difference in the maximum value of the C
between Sakaguchi ef al. (2004) and Hiraiwa and Kasubuchi
(2000) was not due to soil texture but to erroneous analysis
of the latter. The values of dp* dT"' used in Hiraiwa and
Kasubuchi (2000) were incorrect. The C shown by Hiraiwa
and Kasubuchi (2000) was reanalysed using the correct val-
ues of dp* dT", and it also did not exceed unity (Fig. 2).
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Fig. 1. Experimental coefficient, product of tortuosity factor and
air-filled porosity as a function of initial water content.
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Fig. 2. Reanalysed experimental coefficients of Hiraiwa and
Kasubuchi (2000).

However, because the dT dx' under the transient-state con-
dition of Hiraiwa and Kasubuchi (2000) and Sakaguchi et
al. (2004) was not identified and should be actually includ-
ed in the C, the C values in those cases are still uncertain.

Even though the mass flow factor was not considered in
this study, the estimated C in Fig. 1 was smaller than unity.
If this factor is accounted in Eq. (2), the C will be further
decreased because the mass flow factor is greater than unity
under the reduced air pressure condition. In the following
section, the C in the case of the dT dx”' of 100 K m™ was
considered to discuss the component of the C, because the
C for this dT dx™' was reasonable rather than the C for the
dT dx" of 1,600-6,100 K m" which was close to 10, the
ratio of diffusion coefficient in water to that in the atmos-
phere, in drier condition.
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The C shown in Fig. 1 includes the air-filled porosity
of 0.5-0.25 m’ m™ (Sakaguchi et al., 2009) and the tortuo-
sity factor of 0.66 (Penman, 1940). The product of them,
shown in Fig. 1, predominated over the C when the initial
water content was less than 0.2 m® m>, and it was smaller
than the C when the initial water content was greater than
0.3 m’ m”. Even if the tortuosity factor was set at 0.07,
having ten-fold larger tortuosity, this relationship was main-
tained. This relationship, depending on the initial water
content, is consistent with the appearances of a pronounced
moisture gradient and no increase in the LHT in soil when
the initial water content is less than 0.2 m* m>, and with
those of no moisture gradient and significant increase in
the LHT in soil when the initial water content is greater
than 0.3 m’ m”, as observed by Sakaguchi et al. (2009).
Because the mechanism of the LHT in soil is the transfer of
latent heat with the circulation of water (Gurr ef al., 1952;
Hadley and Eisenstadt, 1955) which consists of vapour flow
towards the cooler side and counter-flow of liquid towards
the hotter side in soil (Sakaguchi et al., 2009), the discre-
pancy that appeared between the product and the C (Fig. 1)
should be relevant to an unidentified characteristic of the
circulation of water in soil. This characteristic should be
regarded as an activation or efficiency of the circulation,
and would be quantified by using simultaneous measure-
ments of the LHT, distributions of temperature, water and
solute contents under the steady-state temperature gradi-
ent for various soils. Modified conventional model of the
LHT based on the mechanism of the LHT, or an alternative
model of the LHT being independent of the conventional
model, will be required to advance experimental and theo-
retical analyses of the LHT in soil.

CONCLUSIONS

1. The experimental coefficient between the latent heat
transfer in soil and the product of latent heat of water and
vapour flux in the atmosphere, or the experimental coef-
ficient between the vapour flux in soil and that in the
atmosphere in the frame of the conventional model of the
latent heat transfer in soil was quantified with excluding
the temperature gradient from the experimental coefficient
under the steady-state condition.

2. The upper limit of the experimental coefficient did
not exceed unity. This result indicated that both the latent
heat transfer and the vapour fluxes in soil were smaller than
those in the atmosphere.

3. From the mechanism of the latent heat transfer in
soil, the discrepancy between the experimental coefficient
and the product of the tortuosity factor and the air-filled
porosity implied the existence of an unidentified parameter
connected to the characteristic of the circulation of water
in soil.
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