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ABSTRACT

Coupled hydrothermal flow can occur in soils, for example in applications such as ground heat storage
and nuclear waste disposal. Therefore, approaches to quantitative analysis of water transfer in response
to imposed thermal gradients are required, especially in unsaturated conditions. Analysis methods also
require validation by laboratory and field data, which can be hard to obtain. This paper explores the
possibility of using X-ray CT techniques to observe and quantify water content changes in soils under
thermal gradients. Specimens of a fine sand and a silty fine sand were prepared at degrees of saturation
between 20% and 50%, before being subjected to heating from their base. Repeated scans, set up to
balance image quality and scan duration, were carried out during the heating process, and Gaussian
decomposition techniques were used to determine the changing soil phase proportions throughout the
experiments. Based on these results and the accompanying numerical simulation of the experiments,
it is shown that rapid vapour diffusion plays a more significant role than liquid flow in all cases. The
rate of water content and hence degree of saturation change was more rapid in the less saturated
specimens, especially for the fine sand. In practical terms, these moisture changes would result in
reduction in thermal conductivity, especially in the soils of lower saturation. As well as providing
insight into the dominant water transfer processes, the experiments show the feasibility of applying
X-ray nCT techniques to thermal problems in soil mechanics.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Non-isothermal conditions are becoming increasingly impor-
tant in geotechnical engineering. Buried cables, nuclear waste, or
underground thermal energy storage facilities can release heat
into the surrounding soils. In saturated soils, conduction through
solids or forced advection by groundwater in more permeable
strata are usually the key heat transfer mechanisms. These pro-
cesses are well understood and the application of convection-
diffusion equation can give a close match to field data
(e.g. Refs. 1-3).

Early work suggested that heat and mass transfer were only
likely to be coupled when the water was moving as a liquid.*
However, later research contradicts this. Radiation has been
shown to be relevant in very coarse materials.” In fine soils (fine
sand or smaller grain sizes) with a degree of saturation <60%,
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1 Formerly Faculty of Engineering and Physical Sciences, University of
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thermal movement of liquid moisture and diffusion of vapour are
now believed to be of key importance for heat transfer.® This is
consistent with the observation of Hutcheon’ that a pressure gra-
dient can be induced by net condensation and evaporation within
the liquid phase, thus creating a liquid flow in opposition to the
direction of vapour diffusion. These coupled processes are less
studied in geotechnical engineering, although more commonly
seen to be of importance in soil science.?

The classical theory for coupled diffusion of vapour and flow
of liquid water in soils was set out by Philip & De Vries,? based
on adaptions of Darcy’s Law and Fick’s Law. However, in some
cases the theory does not give a good fit to experimental data
(e.g. Ref. 10), resulting in the introduction of empirical adjust-
ment factors. Limitations of the theory for applications in
geotechnical engineering include the absence of (i) convection of
the gas and liquid phases, (ii) evaporation and condensation, ow-
ing to the assumption of water-vapour equilibrium, (iii) hystere-
sis, and (iv) a deformable solid matrix.'"'” The inclusion of non-
equilibrium mass transfer is especially critical."® The importance
of including this in analysis has been shown numerous times
in different fields, including in materials engineering,'* in soil
science, e.g. Ref. 12, and for ground heat storage applications.'>!°

2352-3808/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nonetheless, the complexity of fully coupling heat and mass
transfer including liquid water and vapour flow means that rela-
tively little work has been carried out on the subject within the
geotechnical sphere.® There are also relatively few recent datasets
available for testing theory, with notable recent exceptions in-
cluding the laboratory scale physical models of Moradi et al.'®
and Smits et al.'>. Experimental data at the micro scale can be
particularly challenging to obtain.

In recent years, developments in X-ray CT scanning, a non-
destructive method that allows imaging of the internal features of
objects,'” have allowed higher resolution images to be achieved
in a shorter timeframe. This means that the experimental tech-
nique has expanded its application in geotechnical engineering to
include quantification of transient processes in finer grained soils.
For example, iterative-algorithm reconstruction approaches allow
larger datasets to be reconstructed from fewer frames,'® and
synchrotron X-ray CT enables scans to be completed in seconds.'®
There is also an increasing use of CT scanners in real-time exper-
iments to track movement of soil particles (e.g. Ref. 20), changes
in moisture conditions,”’’%> and soil response to mechanical
loading.?4%>

Taking advantage of these developments, this paper aims to
(i) explore the potential for using X-ray CT techniques to observe
and quantify the processes of liquid water movement in soils
under thermal gradients; and (ii) make observations about the
relative importance of liquid and vapour flows for soils of dif-
ferent grain sizes and degrees of saturation. These observations
can then be used to draw conclusions about the processes that
should be considered in applications in geotechnical engineering
in different geological conditions.

2. Experimental method
2.1. Overall approach

Soil heating experiments were carried out via X-ray micro-CT
(WCT) scans (e.g. Refs. 26, 27) in which small specimens were
heated at their lower boundary and the consequent changes in
water content and degree of saturation interpreted from the
resulting scans. The experiments were carried out on two types
of soils, a fine sand and a silty fine sand, at four different initial
degrees of saturation. The following sections describe the mate-
rials used (Section 2.2), the experimental CT setups (Section 2.3)
and the CT image reconstruction and segmentation processes
(Section 2.4).

It proved difficult to maintain a fully closed system within the
soil during the experiments, and additional physical experiments
(Section 2.5) demonstrated that it was not possible to achieve
conservation of mass within the scanned region. Consequently,
the experimental results were also used to validate a numerical
simulation. This numerical simulation (described in Section 3) al-
lowed fuller insights to be derived from the experimental results.

2.2. Soil materials and specimen preparation

The fine sand used was fraction E Leighton Buzzard sand*® and
the silty fine sand used was a mixture of 80% fraction E Leighton
Buzzard sand and 20% HIQ5 silica flour. The particle size distri-
butions of both materials are given in Fig. 1. For each soil type,
four different degrees of saturation were used in the experiments,
with initial saturation of 20%, 30%, 40% and 50%. These types of
soils and saturation ranges were selected to facilitate investiga-
tion into the conditions in which heat transfer mechanisms other
than diffusion dominate. The mechanism proposed® suggest that
vapour diffusion could be important in fine sands and silty fine
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Fig. 1. Particle size distribution (PSD) for the two types of soil used in the
experiments.

sands, but this domain has not been significantly investigated in
previous research.

Cylindrical soil specimens with the dimension of 5 mm in
diameter and 10 mm in height were prepared in special pur-
pose specimen containers with acrylic side walls and an alu-
minium base to support one dimensional heat transfer. The small
specimen sizes reflected the need for high spatial and temporal
resolutions of the soil scanning due to the expected rapid heating.

Specimens were initially prepared in saturated conditions us-
ing wet pluviation.”® The dry fine sand and silty fine sand were
drained through a long and narrow funnel into the specimen
container filled with de-aired water. The specimens were then
dried in controlled conditions (20 °C and relative humidity of
50%) to achieve the pre-calculated gravimetric weight for every
target degree of saturation. Repeatability of specimen preparation
was checked in terms of soil porosity. For the fine sand this
was 40 £+ 1% and for the silty fine sand it was 33 + 2%. A
double-layered Parafilm*® seal was then applied to the top of the
completed specimens.

2.3. Experimental setup

Experimental work was carried out by X-ray wCT imaging
using the Hutch 225 kVp?! with a horizontally-mounted molyb-
denum reflection target. This ameliorates any potential influence
from the heel effect artefact, which can be pronounced with
vertically mounted reflection targets.>” The soil specimen was
mounted on the top of a Peltier heating unit from Deben, normal
to the manipulator of the scanners. Temperature (T) and relative
humidity (H), monitored using a hygrothermograph, were consis-
tently at 20 4+ 1 °C and 50 + 1% respectively during scanning. No
contrasting agent was needed thanks to the use of a molybdenum
X-ray target.

Scan settings were chosen to achieve a high contrast between
the different phases in the soil specimen, balancing the competing
demands of a small-grain-size resolution, and to minimise scan-
ning time. The major changes in water content in a soil specimen
of this size occur within one hour. For each specimen, therefore,
the experiment ran for nine scans, with each scan taking 7 min
using the scan settings shown in Table 1. This was the best
achievable compromise between (high) image quality and (short)
scan duration.

At the start of the experiment the temperature of the Peltier
unit was set to 20 °C, consistent with the ambient temperature
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Table 1
Scan settings used in the heating experiments.
Scanner Energy Power Exposure Frame (per Projection Resolution
time projection) count (voxel size)
Hutch 70 kV 6.9 W 354 ms 1 1201 ~6 pm

Fig. 2. Reconstructed image slices for fine sand (left) and silty fine sand (right).

so that no thermal gradient was imposed prior to scanning.
The first scan was used to capture these initial conditions. The
temperature of the Peltier unit was maintained at 50 °C from the
start of the second scan until completion of the experiment after
the ninth and final scan. Temperature control was via a remote
workstation, and the experiment and nine scans ran continuously.

2.4. Image reconstruction and segmentation

Raw 2D projection data from image acquisition were re-
constructed into 3D volume data using the cone-beam®® fil-
tered back-projection algorithm'” implemented in Nikon’s CT Pro
v2.2 software.>* This was chosen over algebraic reconstruction
techniques®, following Liu et al.>® because use of Gaussian de-
composition for segmentation of the data (see below), meant
there was no need to suppress the noise from the undersampled
data. From visual observation of the reconstructed image slices
for the two types of soil specimens (see Fig. 2), soil solid, liquid
water and gas phases could be recognised. Examination of the
point spread function®” for the image data confirmed the image
quality, returning values between 5 and 10.

Data pre-processing was implemented before quantitative
segmentation into soil phases. A portion from the top and bottom
regions of the reconstructed data was cropped to reduce the
potential for errors caused by image artefacts.>® 1500 image slices
extracted from the entire 2000-slice image were retained for
analysis, with the 250 slices nearest the top and base discarded.
Additionally, a representative circular region of interest (ROI) in
a horizontal plane was chosen from the middle of the specimen,
to avoid the influence of the specimen boundary.

Gaussian decomposition was used for segmentation and post-
processing, which was implemented on the raw 32-bit data.?=°
This approach has benefits over established thresholding methods
when the scan resolution dimension is not sufficiently small
compared with the soil grain sizes, then the partial volume effect
could be pronounced.

The density of a material is correlated to the greyscale in X-
ray CT images, with the histogram of the grey value (GV) data

from any scan usually following a Gaussian or normal distribution
for each material present. In a single Gaussian formula there
are three unknown variables: mean grey value (u), standard
deviation (o) and voxel count (a). The general form of a single
Gaussian function can therefore be written:

a —(=p)?
= 202 l
fx) mae (m

For a three-phase soil material, the overall GV histogram is equal
to the sum of the individual Gaussian functions for the individual
materials present. Hence Gaussian decomposition can be used to
back calculate the proportions of the three phases.

Gaussian decomposition was first applied to the global GV
histogram from additional scans of a dry and a fully saturated
fine sand specimen carried out under the conditions in Table 1.
This allowed calculation of the u coefficients for each material
(ng for gas, w, for liquid water and us for solid), which are
constant for each specimen. The voxel count of soil solid (as)
was then determined from the initial scan data in each heating
experiment by validating against the weight of the solid particles.
as, [ig, [Ly and ps were then used as fixed inputs to the Gaussian
decomposition of the subsequent scans in each experiment. The
standard deviation was assumed to be the same for all phases, as
all scans were conducted under the same scan settings.

The input coefficients and variables are presented in Table 2
for the fine sand and in Table 3 for the silty fine sand. Different
mean GVs were calculated for the specimen corresponding to
each degree of saturation, according to the calibration process
for result optimisation. This also considered the potential vari-
ations in each specimen, for example the existence of dense sand
materials, and scan conditions (e.g. subtle variations in GV from
the X-ray source instability) along with the variance of water
vapour in soils with different degrees of saturation which can
be classified as either gas or liquid water according to their
densities. The remaining coefficients in Tables 2 and 3 can then
be determined by fitting with the GV histograms.

An example of Gaussian decomposition is presented in Fig. 3.
The three phases have individual curves, which when summed
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Table 2
Gaussian decomposition input coefficients for fine sand.
Initial saturation ag g ay Hw as s o
20% - 82 - 180  3.10 x 107 335 -
30% - 68 - 150 3.13 x 107 350 -
40% - 63 - 150 3.78 x 107 315 -
50% - 68 - 120 3.62 x 107 315 -
Table 3
Gaussian decomposition input coefficients for silty fine sand.
Initial saturation ag g ay M as 3 o
20% - 63 - 177 2.82 x 107 334 -
30% - 87 - 175 2.33 x 107 296 -
40% - 80 - 176 3.13 x 107 330 -
50% - 70 - 182 249 x 107 290 -
250000 ' .
200000 —
+ 150000 |- i
g
]
£ 100000 |- J
50000 - 4
0

-200 0 200 400 600
Grey value (32-bit)

Fig. 3. Example of Gaussian decomposition for silty fine sand at 30% saturation.
The thick black line is the raw CT data; the grey line is the fitted superposition
of the three individual Gaussian distributions.

give the total GV curve. The gas phase (with the lowest density)
is at the left of the GV axis and the solid phase (with the highest
density) at the right, with liquid water in middle. The area un-
derneath each curve represents the voxel count corresponding to
that phase portion.

2.5. Parafilm tests

Additional tests were conducted to investigate whether the
Parafilm lid, which was applied to the top of each specimen for
sealing purposes, really acted to prevent mass transfer from the
top of the specimen and hence ensured a closed soil system.
The experiments were prompted by observations of liquid water
droplets on the underside of the Parafilm at the end of the heat-
ing experiments, which suggested that although the specimen-
Parafilm system may have been sealed, water was able to leave
the soil specimen itself. This would mean that there was no longer
mass conservation within a soil specimen.

Additional soil specimens were prepared using the proce-
dure outlined in Section 2.2 above. These specimens were then
weighed, sealed with Parafilm, and subjected to heating in the
same way as described in Section 2.3, using a 50 °C basal tem-
perature. However, these tests were not carried out inside the
scanner. In this case, the specimens were heated for one hour as
described in Section 2.3, the Parafilm lid was removed and the
specimens immediately re-weighed to determine the mass of wa-
ter that was now outside the soil specimen, having re-condensed
on the Parafilm lid.

Geomechanics for Energy and the Environment 32 (2022) 100380

3. Numerical model

A numerical simulation was developed using COMSOL
Multiphysics,”° based on the non-equilibrium approach.'?!>4!
The approach includes liquid/gas phase change and has been
validated against physical experiments of evaporation,'? and heat
transfer around ground heat exchangers.'”

Fig. 4 illustrates the key physical processes included in the
model, which is based on the principles of mass conservation
for the flow of liquid and gas (air and water vapour) and energy
conservation for heat transfer. The governing equations are set
out below.

3.1. Governing equations

The governing equations were obtained by substituting the
relevant flow law(s) into each conservation equation. Darcy’s law
was used for liquid water and gas flow, Fick’s law was used for
vapour flow, and Fourier’s law was used for heat flow.

For liquid water and gas, the governing equations in terms of
mass balances'>*#? are respectively:

80117 apC aplll + V (_ Iou)krwks

+9w

P e ot ot

(Vpu + pwg)) = —Rgy
(2)

Vpg + /Ogg)> = Ry (3)

w

Peap. ot T % ot .
where P, is the capillary pressure (P. = P — P,,) (kPa); P, is the
liquid water pressure and P is the gas pressure; p,, and pg are
the densities of liquid water and gas, respectively (kg/m3); ft.,
and pg are the dynamic viscosities of liquid water and gas, re-
spectively (Pa-s); 6,, and 6; are the volumetric water content and
gas content, respectively; Rg,, is the phase change rate between
water and vapour due to evaporation or condensation (kg/m? s);
ks is the intrinsic permeability of the granular matrix (m?); k.,
and k;, are the relative permeabilities to liquid water and gas,
respectively; g is the gravitational acceleration (m/s?); t is the
time (s).

Fixed parameters (dynamic viscosity, intrinsic permeability)
are given in Table 4.

The relationship between volumetric water content (6,,) and
capillary pressure (P;) is as proposed by van Genuchten*® and
Mualem*:

b = 6 + (6 — 6,)[1+ (2P )"]" (4)

80y Ap. dpg 4V (_ Pakirgks (

where « (kPa~!) is the air-entry value; N and m are the model
coefficients related to the pore size distribution and the geometry
of the solid matrix (m = 1 — 1/N, Ref. 43).

Values of the relevant parameters are given in Table 5.

The relative permeabilities of water and gas can be obtained
from the effective volumetric water content using Egs. (5) and (6)
for the liquid phase gas phase, respectively.*>

ke = 67 [1= (1= 6™’ (5)
kg = (1= 6e) (1= 6,1/ (6)
where an effective water content term (6,) is expressed as 0, =
% : 6 (equivalent to the porosity, n = 0.4) and 6; (0.01, Ref. 44)

are the saturated and residual volumetric water content, respec-
tively.; y is a model fitting parameter related to pore connectivity
or tortuosity.

The governing equation for water vapour can be expressed as:

0pg0; w,

i (pgfgwolly — Dypg Vw,) = Rgy (7)
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@ Affecting: liquid density & viscosity
@ Heat conduction/convection

@ Phase change: evaporation

@ Phase change: condensation

@ Heat convection & latent heat transfer

@ Affecting: gas density

-

Fig. 4. Schematic diagram summarising the physical mechanisms underpinning the numerical model.

Table 4
Material Parameters used in numerical simulations.
Material Density, p Intrinsic permeability, Dynamic viscosity, u Specific heat capacity, Thermal conductivity,
parameter (kg/m3) ks (m?) (Pa s) ¢p (J/(kg K)) kr (W/(m K))
Soil solid 2650 - - 800 7.7
Liquid water See Table 6 2 x 10712 See Table 6 4181 0.6
Water vapour Pve (= pos H) 2 x 10712 - 1864 -
See Table 6
Gas Table 6 2 x 10712 18.6 x 10~° From Eq. (11) 0.024
Table 5
Empirical coefficients used in numerical simulations.
Empirical coefficient b B (s/m?) N m o (1/kPa) y
Liquid flow - 000021 6.77 m=1-1/N 0.15 0.5
Vapour flow 000021 6.77 m = 1-1/N 0.15 0.5
Gas flow - 000021 6.77 m=1-1/N 0.15 0.5
Heat flow - 000021 6.77 m=1-1/N 0.15 0.5

where w, is the vapour mass fraction in gas phase; u, is the mean
pore velocity of gas (m/s); D, is the vapour diffusion coefficient
in a soil (m?/s).

The vapour diffusion coefficient in a soil can be expressed
as D, = Dyan*(Sg/n)*3/%>4% where D,, is the vapour diffu-
sion coefficient in air (Table 6) and Sg is the saturation of gas
phase. The term 2 + 3/b is an analogous to the Burdine?’ and
Campbell*® tortuosity model for describing unsaturated hydraulic
conductivity,* where b is the Campell pore-size distribution pa-
rameter (Table 5).

The governing equation for heat flow is expressed as:

aT
Co— + V ((wCpw) UwbuT + (0gCpg) ugbsT — (krVT)) = —LRgy,

at
(8)

where C, is the volumetric heat capacity (J/(m? K)); ¢y, and cpe
are the specific heat capacities of water and gas (Table 4), re-
spectively, (J/(kg K)); kr is the effective soil thermal conductivity
(W/(m K); u,, is the mean pore velocity of water (m/s); L is the
latent heat coefficient given in Table 6 (J/kg); T is the temperature
(K).

The effective (bulk) soil thermal conductivity (kr, W/(m K))
can be written in terms of the constituent components as Ref. 50:

kr = (1 —n) kgs + nSkry +n (1 —S) kg, (9)

where the specific thermal conductivities of soil materials are
assumed to be constant (Table 4) and independent of temperature
effect. ks (W/(m K)) is based on Refs. 51-53; and kr,, (W/(m K))
and kg (W/(m K)) is based on Ref. 54.

The volumetric heat capacity (C,), is given as Refs. 16, 55:

Cy = pcp = (1 —n) psCps +nS (,Oprw) + n(1-Y5) (:Ogcpg) (10)

where the specific heat capacity values of materials, ¢, (J/kg K)
are assumed to unaffected by temperature. ¢ is the specific heat
capacity of the soil solid and ¢, the specific heat capacity of
the water. The specific heat capacity of the gas, ¢y, is given by
Eq. (11):

Cpg = CppWy + Cpa (1 — wy)

(11)

where ¢,, (1012 J/(kg K)) is the specific heat capacity of dry
air and ¢,, (J/(kg K)) is the specific heat capacity of the vapour
(Table 4).

The governing equations were implemented in COMSOL 5.4
using the standard modules for Darcy’s law (for flow of liquid
water and gas), the stabilised convection-diffusion equation (for
the movement of water vapour in the gas phase), and the general
coefficient based partial differential equation module (for heat
flow).

3.2. Geometry, initial and boundary conditions

A radial plane of the 10 mm high cylinder soil specimen
was considered in the axisymmetric model, with the analysis
conducted in one dimension in the Z-direction (Fig. 5). The initial
temperature of the soil specimen was set to the ambient temper-
ature in the Hutch scanner, 20 °C (293.15 K). To represent the
start of heating, the temperature at the base was set to increase
linearly to 35 °C (308.15 K) over the time of the first scan, after
which it was held constant. Testing of the Peltier unit has shown
this to be a good representation of the physical experiments. The
initial mass fraction of vapour in the gas phase (w,) was set
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Table 6

Expressions for parameters used in numerical simulations.
Parameter Equation Reference
Relative humidity at H = exp [P:M,,/ (pwRT)] Ref. 9
equilibrium (H)
Density of liquid water (p,,) pw =1—7.37 x 1078(T — 273.15 — 4) Ref. 56

+3.79 x 1078(T — 273.15 — 4)}

Density of gas (og)

-1

P, P, My, — M, 1
f’g:é”’g:é[“’v(i&m"%ﬁ]
aViw a

Ideal gas law

Viscosity of liquid water (jt,,) I = 0.6612(T — 229)~ 162 Ref. 57
Latent heat of water L =2.501 x 10% — 2369.2 (T — 273.15) Ref. 58
vaporisation (L)
Vapour diffusion coefficient Dye = 2.12 x 107>(T/273.15)? Ref. 59
in air (Dyq)
B, —6,)RT
Phase change rate (Ry,) Rew = % (00, sRH — pgwy) Refs. 14, 60
w
exp(31.37 — 6014.79/T — 7.92 x 1073T
Density of saturated water Pus = Xp( / X ) x 1073 Ref. 59

vapour (py,s)

T

Note: R is the universal gas constant (8.31 J/mol K); M,, (0.018 kg/mol), M, (0.028 kg/mol) and M, (kg/mol) are the molecular weights of water, dry air, and gas

phases, respectively; B (s/m?) is an empirical fitting parameter given in Table 5.

4 |
14 8
| Top
107

4
6 Inner side Outer side

Height (z, mm)

r=0 mm

Radius (r, mm)

Fig. 5. Schematic of the model domain.

to 0.03, following a sensitivity analysis. P, was assumed to be
atmospheric pressure (1 atm) and P,, was determined from the
van Genuchten model.*>**

The model boundary conditions are summarised in Table 7.
The thermal boundary conditions at the outer side and the top of
the soil specimen were set to convective. For the acrylic wall at
the outer side a heat transfer coefficient of 20 W/m? was used. For
the top surface a value of 10 W/m? was applied, corresponding
to natural convection.’! Sensitivity analyses showed that these
values do not have a significant impact of the key simulation
outputs. Mass transfer was not permitted from the base or the
outer edge of the specimen. However, based on observations of
liquid water on the base of the Parafilm at the end of the physical
experiments, an outflow boundary was assumed for liquid, gas
and vapour at the upper surface. Calibration of this boundary is
described in Section 3.5.

3.3. Key assumptions

The model contains some important general assumptions. Ad-
jacent phases were assumed to have the same local temperature
(Teas = Twater = Tsot = T), although it will vary spatially and
temporally in the model. The soil structure was also assumed to
be undeformable, so that the porosity of the specimen remained
constant with no volume change occurring. Most soil parameters
were assumed to be constant and independent of temperature,
including the residual water content, viscosity of gas, density and
volume of the soil matrix along, and the thermal conductivity
for each phase. The P. — 6 relationship described by the van
Genuchten model was also assumed to be temperature invariant.

Temperature dependent parameters are given in Table 6. The
temperature dependency of the density and viscosity of liquid
water means that buoyancy-driven natural-convection flow was
included in the simulation. While the interfacial drag between
the fluid phases was neglected, the much more significant drag
between the fluid phases and the solid matrix was included in
Darcy’s law.

3.4. Mesh sensitivity

The mesh was formed of triangular elements. A mesh sen-
sitivity study was carried out for the fine sand with an initial
degree of saturation of 30%, using total element numbers between
approximately 100 and 6500. For all cases within that range,
the final degree of saturation at the end of heating was 21.7%
compared with 21.1% in the physical experiment. However, cases
with fewer than approximately 1000 elements gave inconsis-
tent internal patterns of specimen moisture content, suggesting
the element size was too large compared with the scale of the
processes taking place within the specimen. After further investi-
gation, a model with 1784 elements (Fig. 5) was chosen to provide
more consistent patterns of liquid water distribution, with no
further change in distribution occurring with the use of smaller
elements.*

3.5. Model calibration and validation

The outflow boundary at the top of the numerical model re-
quired calibration. This was because the precise amount of water
leaving the soil specimen at the top of the sample, and any change
in rate of flux with time, could not easily be quantified from
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Table 7
Flow boundary conditions.
Boundary Liquid flow Gas flow Vapour flow Heat flow
Top surface Outflow Outflow Outflow Convective heat transfer
Bottom base No flux No flux No flux Constant uniform temperature
Outer side No flux No flux No flux Convective heat transfer
Inner side Symmetry Symmetry Symmetry Symmetry
Table 8
Outflow boundary conditions used in simulations.
Outflow Liquid inward mass Gas inward mass flux Vapour boundary Heat flow
boundary flux [kg/(m? s)] [kg/(m? s)] flux/source [kg/(m? s)] [W/m?]
Case 1 —pw X Uyg —pg X Uy —pPve X Uy 10 x 293.15
Case 2 0 —pg X Uy —pw X Upy —pve X Uy 10 x 293.15
—pw X Uy
Case 3 —pw % Ug 0 0 10 x 293.15
—pve X U
Case 4 —pw x 0.5 x Uy —(pgt0.5 x py) % Upy —(pvet0.5% 0y ) X U 10 x 293.15
Case 5 —pw X Uy —pg X Upn* —0.5 x pye x Uy 10 x 293.15
=05 x pye X Uy 0.5 X pye x U
the X-ray CT experiments. However, the Parafilm tests described 4x107 F
in Section 2.5 indicated that a mass of water in the order of ¢S50 (initial saturation of 50%)
10~* to 10~3 grams left each soil specimen over the one-hour - -840 (initial saturation of 40%)
hegting periozd. This corresponds to an average 8rate ot; evaporation 3x107 T —=-$30 (initial saturation of 30%)
(m /s per m specimen area, i.e. m/s) of 10 710 m/s at the o520 (initial saturation of 20%)
soil surface, consistent with the order of magnitude of observed -
steady state soil surface evaporation rates.® E 2x107 | [ m—mommmemeeeee -
To investigate the nature of the outflow conditions, a constant S N
total flux of U, within the range 1078-10~7 m/s, was specified N
as a starting point. Different relative outflows of liquid water, gas 1x107 T
and vapour were then trialled based on the five cases given in
Table 8. Case 1 considered the same rate (in m/s) for all three
phases, Case 2 had no liquid flux, Case 3 had only liquid flux and 0 ‘ ‘ ‘ ‘ A K3
Cases 4 and 5 had lesser and greater proportions of liquid flow 0 7 14 21 28 35 42 49 56

respectively. For each case, the value of U at each scan time in
the physical experiment was adjusted manually to achieve the
best fit between the simulation results and the global saturation
values in the experiments for the four specimens of fine sand. The
best match was obtained for Case 2 with no liquid water outflow.
Fig. 6 shows the calibrated outflows in terms of Uy and Fig. 7
shows the match between the simulation and the experimental
data. The values of Uy vary up to a maximum of 4 x 1077 m/s
and are therefore consistent with both the results of the Parafilm
tests and previous work of soil surface evaporation. Although not
shown in the figures, the distribution and changes in distribution
of local moisture content were also checked for comparability
between the simulation and the experimental data to confirm the
plausibility of calibration process.*®

Fig. 6 shows that U tended to increase and reaches its maxi-
mum value at an early stage when heating was first applied (time
> 0 min) and then decreased over time. The specimens of the
lower saturation showed a higher initial rate of outflow, which
then reduced rapidly. By contrast, the specimens of the higher
initial saturation also displayed an initial increasing outflow but
became stable at a relatively lower rate that sustained for a longer
period. In all cases, equilibrium with no further outflow was
reached by the end of the experiments. While Case 2 provided the
best fit, it should be noted that this same pattern was observed
whilst fitting for all the cases (given in Table 8). Nonetheless, the
adoption of Case 2 implies that the role of gas and vapour flow
at the top of the sample was much more important than that of
liquid water flow, and that these processes occurred much more
rapidly upon heating in lower saturation specimens. This topic
will be reviewed in the following section, where the experimental
results are discussed in more detail.

Time (mins)

Fig. 6. Calibrated distributions of Uy over time for Case 2.

4. Results
4.1. Experimental results

4.1.1. Characteristics of specimens

Both the fine sand and the silty fine sand show a non-uniform
distribution of initial moisture over the height as shown in Fig. 8.
Typically the GV, which indicates the density of a material, is
lower at the top of the specimen. This represents either a higher
porosity or a lower water saturation; the latter is more likely,
given the drying of specimens used to obtain the target initial
saturation values.

4.1.2. Variation in saturation with time

Fig. 9 shows how all the eight specimens dried overall with
time. (Note that the scale is very different from that used in Fig. 7
and the origin in Fig. 9 is true; but that the experimental data for
the fine sand data are the same). For the fine sand specimens,
the change in the overall degree of saturation due to heating was
approximately 10% regardless of the initial value, although the
changes occurred more rapidly when the initial saturation was
lower. For the silty fine sand, the overall change in saturation due
to heating was less, at about 5%, and it was harder to discern a
difference in behaviour depending on initial saturation values.

The local distribution of moisture in the specimens and its
change over time in response to heating is investigated with



K. Liu, FA. Loveridge, R. Boardman et al.

"
0.2 — comp.result
0.19
0.18
0.17

0.16

Saturation

0.15
0.14
0.13
0.12

0.11

Geomechanics for Energy and the Environment 32 (2022) 100380

0.26

Saturation

0.25
0.24
0.23
0.22
0.21

30
Time (mins)

(©)

Saturation

7 *
0.27 W ——r »
0 10 20 30 40 50
Time (mins)

30
Time (mins)

@) 051

05
0.49
0.48
0.47
0.46
0.45
0.44
0.43
0.42
0.41

04

Saturation

30
Time (mins)

Fig. 7. Comparison of simulated and experimental results for the change in degree of saturation over time for fine sand with outflow condition Case 2. Initial degree

of saturation: (a) 20% (b) 30% (c) 40% (d) 50%.
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Height from base (mm)
=

200 220 240 260
Grey value (32-bit)

Parafilm lid (on top)

----0 min
7 min
——14 min

Height from base (mm)
-

200 260

Grey value (32-bit)

Fig. 8. Example of orthogonal images at initial conditions and GV distributions with depth over time for (a) fine sand of 30% initial saturation and (b) silty fine sand

of 30% initial saturation.

reference to isochrones for the degree of saturation with depth
(Fig. 10). Each data point corresponding to a certain height at each
isochrone (under each scan) was determined from the Gaussian
decomposition analysis on the corresponding subsection image
data (comprising 300 image slices per subsection), and the middle
position of the subsection was taken as its vertical location within
the sample height.

Consistent with the specimen overall saturation data (Fig. 9),
the coarser specimens and those with a lower initial saturation
dry more rapidly and to a greater degree. In all cases, drying is
greatest at the base of the specimen closest to the heat source.
Here progressive drying is seen with each time step. However,
in the upper part of some specimens, particularly the fine sand
at lower degrees of saturation, the degree of saturation may
increase again later in the test. This is manifest in the crossing
of the saturation vs. depth isochrones for different times. This
may be a result of the direct movement of liquid water within
the specimen, but as discussed in later sections is more likely to

be due to re-condensation of water vapour that had previously
evaporated in the lower part of the specimen.

4.1.3. Loss of mass

The degree of saturation data from the X-ray CT scans suggests
that the fine sand specimens lost approximately 10% saturation
and the silty fine sand specimens lost approximately 5% satura-
tion due to heating, regardless of the initial degree of saturation.
This can be compared with the changes in saturation calculated
based on the mass loss measured during the Parafilm sealing
experiments described in Section 2.5. Fig. 11 shows that in these
experiments, the change in degree of saturation depends on both
the grain size and the initial saturation. For an initial degree of
saturation of 50%, the Parafilm test specimens exhibit a change
in saturation within a few percent of that in the X-ray CT ex-
periments. However, for the specimens with an initial saturation
degree of 20%, the Parafilm tests show a much more reduced
degree of drying than the X-ray CT experiments.
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Fig. 10. Isochrones showing the distribution of degree of saturation with depth within specimens at different times, for the fine sand (grey) and silty fine sand

(black) with initial saturation values of (a) 20% (b) 30% (c) 40% (d) 50%.

Both the X-ray CT results and the Parafilm tests data show
water leaving the soil specimen but to differing degrees. To un-
derstand this difference, we need to remember that the X-ray CT
data are only for the ROI in the centre of the specimen, whereas
the Parafilm tests cover the entire specimen. The ROI from the X-
ray CT data is a cylindrical volume that crops about 1 mm from
the top and base of the specimen and approximately 0.5 mm for
the sides. The part of the specimen outside the ROI forms a three-
dimensional annulus. The ROI and the annulus represent 51% and

49% of the total specimen volume, respectively. Assuming that the
specimen is uniform in terms of initial water distribution (since
the spatial variability within the annulus is not known), we can
use the experimental results to determine a water mass balance
for the ROI and the annulus.

Fig. 12 shows the results of the water balance calculation.
Initially, prior to heating, 51% of the water in the specimen was
within the ROI and 49% within the annulus. After heating, up to
14% of the water mass had left the specimen completely. Based
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Fig. 11. Overall change in the degree of saturation for the fine sand and silty
fine sand determined from the change in mass during the parafilm tests.

on the mass of liquid water measured on the Parafilm, it is known
that up to 6% of this had vaporised and re-condensed. The remain-
ing up to 8% must have escaped as vapour. The amount of water
within the ROI decreased, to between 27% and 40% for the fine
sand (Fig. 12a), and to between 39% and 45% for the silty fine sand
(Fig. 12b). The amount of water in the annulus outside the ROI
either increased or decreased depending on the initial degree of
saturation. If the initial degree of saturation was high, the water
in the annulus reduced. If the initial degree of saturation was low,
the amount of water in the annulus increased; these increases
corresponded to the cases where the reduction in moisture in
the ROI was greatest. This suggests that redistribution of moisture
occurred from the ROI to the annulus for specimens possessing a
lower initial saturation, and especially for the fine sand (Fig. 12a).

Knowing the specimen porosities of 40% (for the fine sand) and
33% (for the silty fine sand), it is possible to calculate the available
void space in the annulus and determine whether it is possible for
it to have received this additional water. In all cases the answer is
yes. However, the specimens are heated from the base, and given
the evidence from Fig. 10 for the greater drying at the base as well
as increases in the degree of saturation near the top of the ROI in
some cases, this suggests that water is likely to have moved, in
particular from the ROI to the upper part of the annulus. If all
the transferred liquid water had moved to the upper half of the
annulus, the final degree of saturation here would be between
40% and 90%, with the higher values pertaining to cases with a
higher initial saturation.

These calculations assume that the specimen is uniform, which
it is known not to be. Owing to the nature of specimen prepa-
ration, specimens tended to have a greater saturation near the
base initially and also may have a higher porosity near the edge.
The first may mean that the extent of moisture movement is
underestimated, while the second may mean there is more void
space at the edge of the specimen to accommodate the moisture
movement; consequently the final saturation values for the upper
part of the annulus given above could be overestimated. The
other place to accommodate moisture would be in any ullage or
“headspace” between the top of the specimen and the Parafilm
cap. While this should theoretically be zero, very little space
would be needed to accommodate the volumes of water involved
(<1 x 1078 m3).

4.2. Numerical results

Examination of the numerical results allows additional infer-
ences to be made about heat and mass transfer in the different
soil phases which cannot be observed directly from the X-ray CT
results.

10
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4.2.1. Thermally driven vapour flow

Consistent with other studies in different scenarios,
e.g. Ref. 63, the results of the numerical analysis conducted for the
fine sand case shown that the dominant flow mechanism in the
specimens is vapour flow. Fig. 13 illustrates this with arrow plots
of liquid and vapour flow directions for the initial saturations
of 20% and 50% at 7 min into the heating experiments, close to
when the flow would be expected to be the most significant.
The flow domain is presented within the full specimen height (z)
versus half symmetrical geometry (radius, r), and the colour of
the arrows indicates the magnitude of the flow occurring at this
time. In Fig. 13 (and for all other analyses), water flow is seen
to be small and in a downward direction due to gravity, while
vapour flow is much more important and in an upward direction.
This is because of the effect of the imposed temperature change,
which induces a vapour density difference that drives flow. These
results are consistent with the work of Hutcheon,” which showed
that the direction of liquid flow is opposite to that of vapour
flow, and that the liquid pressure gradient induced by heat is
less significant than that of gravity. This effect is greater closer
to the heat source, so that the gravity driven liquid water flow is
reduced in the lower parts of the specimens (Fig. 13). Liquid flow
is also less significant in the less saturated specimen, reflecting
the reduced water permeability associated with low saturation
levels.

Similarly, the fact that moisture is rapidly moving away from
the heat source by vapour diffusion is at least a partially re-
flection of the high relative vapour permeability. Fig. 14 shows
the estimated variations in the relative gas and liquid perme-
abilities (as Krg and Krw, respectively) over time for two initial
degrees of saturation (20% and 50%). The higher initial saturation
specimen shows a higher initial liquid permeability with some
reduction due to drying. These cases also show a correspond-
ing large increase in vapour permeability along the experiment
progress.

In both cases Fig. 14 shows vapour diffusion to be dominant.
However, the highest relative gas permeability occurs in the
lower saturation specimen. This is consistent with these speci-
mens experiencing the quickest changes in saturation (Fig. 7).

4.2.2. Vapour density

Fig. 15 shows the changes in vapour density with time, along
with the changes in degree of saturation from the numerical
model for the fine sand specimens with the initial saturation
of 20% and 50%, respectively. While the change in degree of
saturation depends on the initial saturation, being faster for the
least saturated specimen, the change in vapour density is rapid
in both cases. All the change in vapour density happens within
the first 7 min. This is due to the rapid change in specimen
temperature, for example the specimen with the saturation of
20% as shown in Fig. 16. Beyond 7 min, there is negligible further
change in temperature occurs.

The fact that the degree of saturation continues to change
after 7 min, however, suggests that the vapour must be leaving
the system (and in reality re-condensing on the Parafilm) and
being replaced by a further water evaporation from the specimen,
which results in the continued drying of the specimen. This effect
is especially important for specimens with a higher initial satu-
ration. It is also consistent with the Parafilm test results, which
show that a greater proportion of the moisture leaves the soil and
accumulates on the Parafilm in the case of specimens having a
higher initial degree of saturation.
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Fig. 12. Change in water distribution between the ROI (square symbols), the outer annulus (triangle symbols) and outside of the specimen (circle symbols) specimens
at end of heating (open symbols) relative to Initial Conditions (solid symbols); (a) fine sand; (b) silty fine sand.

4.2.3. Re-distribution of liquid water

As well as confirming the dominance of vapour diffusion
as the means of heat and mass transfer within the specimens,
the numerical simulation also allows a greater understanding of
the potential for thermal redistribution of moisture due to re-
condensation of vapour. Fig. 10 shows that in the experiments
on the fine sand with the lowest initial degree of saturation
there appeared to be some increase in moisture content in the
upper part of the specimen later in the test. This tendency is
confirmed by the numerical results as shown in Fig. 17. For the
first 14 min the sample is seen to dry significantly. After this time,
further drying is seen near the base but in the upper third of the
specimen the change in saturation reverses slightly, before drying
is observed again throughout the specimen in the later stage of
the experiment. This confirms the suggestion that the water that
is not escaped as vapour, re-condensed on the Parafilm lid, or
retained within the ROI of the X-ray CT image, could be present
as liquid water in the top of the specimen (refer also to Fig. 12).

5. Discussion
5.1. Experimental approach

One of the aims for this paper was to explore the usefulness
of the X-ray wCT scanning techniques in energy geotechnics
problems in which water may be redistributed in unsaturated
fine sands or smaller-grain-size soils. While the results presented
do show the ability to observe these processes in fine sands and
silty fine sands, there are some limitations. First, the experimental
results were dominated by vaporisation and vapour movement.
While this cannot be observed directly by X-ray CT techniques,
the later re-condensation of moisture can be detected. However,
this was only seen in some scenarios during the experiments,
owing in part to the challenge of maintaining a closed system. It
also reflects the need to crop the X-ray CT data to avoid errors
or the influence from image artefacts. These points could be
addressed in future work, but require permanent sealing of the
specimen, or testing under confined conditions which would add
to the complexity of the experimental arrangements.
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5.2. Implications for applications in energy geotechnics

The results indicate that there is potential for significant rapid
vaporisation and vapour flow due to thermal gradients, partic-
ularly in soils with a low initial degree of saturation. Resultant
drying will increase the soil shearing resistance. Also, there is
potential for changes in soil thermal properties which are of
importance in problems such as ground heat storage and heat
dissipation from buried cables.

The results presented in Section 4 suggest changes in soil
saturation of only 5% to 10% is expected to occur, even with
heating up to 50 °C. Consideration of the changes in thermal
conductivity with the degree of soil saturation measured by other
researchers (Fig. 18) shows that the relative significance of the
changes in thermal properties depends on the type of soil. Clayed
soils will experience rapid changes in thermal conductivity due
to small changes in moisture content at degrees of saturation
over 40%. On the other hand, silts and sands can experience rapid
changes in thermal conductivity at degrees of saturation less than
10%. This suggests that the type of soil materials tested in this
study could see a reduction in thermal conductivity by 50% as
a result of heating, which would be significant for problems in
energy geotechnics.

6. Conclusions

This paper has presented the results of heating experiments
on soil specimens conducted via X-ray iwCT scans and numerical
analyses, to investigate the processes of heat and mass transfer
problems occurring in unsaturated fine soils. The results indicate
that:

e Coarser soil (fine sand) dries more rapidly and to a greater
extent than finer soil (silty fine sand). This is due to the
relatively larger surface area and the smaller pore size of
the finer soil which would take longer to dry at the same
saturation under the same other conditions.

e The specimens with the lowest initial saturation experi-
enced the most rapid drying process. This may be due to
the fact that vapour diffusion is the dominant flow pattern
and a higher relative gas permeability was possessed by the
specimen with a lower saturation.
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e Vaporisation and movement of vapour are the main mecha-
nisms of mass transfer in soil specimens with the grain sizes
and degrees of saturation investigated (fine sand and silty
fine sand).

e Especially at the lower moisture contents, the lower lig-
uid water permeability and higher vapour permeability are
likely to be key factors governing the thermal behaviour of
soil specimens.

e Re-distribution of liquid moisture due to evaporation and
re-condensation was found to play a lesser role in the cases
investigated. However, there was clear evidence for this
process occurring in the fine sand, especially at the lowest
degrees of saturation. The soil specimens in the tests were
not fully sealed, which may or may not be representative of
field conditions.

e Overall, the changes of moisture content that occurred
within the specimens were relatively small. Nonetheless,
this could result in thermal conductivity reductions of up
to 50% for silts and sands with low initial saturations.
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