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ABSTRACT

While phase change materials have been widely used
for'latent heat storage, water/ice is promising for cold
energy storage due to its large latent heat. Characterizing
phase change, either ice melting or water evaporation,
within porous media is of great significance for efficient
cold energy charging/discharging and enhanced energy
storage, but it remains challenging because of the
opaque nature of porous matrix. In this work, by
combining the non-destructive NMR-MRI technology
and pore-scale numerical simulation, we investigate the
dynamics of water-vapor transition in porous medium
with an average grain size of 150 um. The transient
water content and distribution are obtained from NMR
transversal relaxation time T,. The shifting of T, curve
and MRI imaging results show uniform evaporation over
the entire device, which implies cavitation-induced
evaporation in homogenous porous medium. This is
further elucidated from the COMSOL simulation, where
we look into the water-vapor interface evolution during
the evaporation process in a representative pore. Our
insights on water phase change in porous media are also
valuable to geothermal energy extraction.
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PEM Phase Field Model
PCMs Phase change materials
CFD Computational fluid dynamics
CPMG Car-Purcell-Meiboom-Gill sequence
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Time interval between two
successive samplings

The number of sampling in each
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NMR transversal relaxation time of
pore fluid

NMR transversal relaxation time of
fluid adhering on grain surface
NMR signal amplitude

it" sampling during one NMR
detection

Surface relaxivity of porous matrix
The ratio of fluid-grain surface
contacting area to the volume of
pore fluid

Velocity of fluid
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Phase field variable

Phase field help variable

Fluid mobility, y = ye?

Mixing energy density, 1 = 3es//8
Water-vapor interfacial tension
Parameter controlling the thickness
of fluids interface

Mobility tuning parameter
Curvature of fluids interface
Density difference of water and
vapor, Ap = pyater — Pvapor
Gravitational acceleration

Bond number, B, = Apgr?/o.
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1. INTRODUCTION

Energy storage plays a key role in adjusting the gap
between energy supply and demand, and potentially
promotes the development of renewable energy such as
solar and wind power. Thermal energy storage has
received increasing popularity in recent years owing to
its potential in shifting energy demand [1,2], particularly
for energy-intensive cooling applications [3-5]. One of
the popular methods of storing cold energy is to use
phase change materials (PCMs) in porous medium. PCMs
are known for high-energy storage density and negligible
temperature variation during phase change, while
porous medium provides large heat-exchange surface
area and good thermal conductivity. Phase change heat
transfer of materials in porous media determines the
latent heat storage  performance, including
charging/discharging speed and energy storage density.

One of the widely used PCMs for cold energy storage
is water; water freezing into ice involves cold energy
storage while ice melting and water evaporation are
related to cold energy recovery. Upon the different
applications, ice-water-vapor transition is indispensable
in'the extraction of geothermal energy resources stored
in. subsurface porous medium. Therefore, it is of great
signhificance to elucidate this phase change behavior in
porous medium. However, the opacity of porous
medium, the complexity in 3D pore-throat network and
the heterogeneity in surface wettability impose
considerable difficulties.

Recent advances in low-field nuclear magnetic
resonance (NMR) and magnetic resonance imaging (MRI)
technology make it possible to probe physical insights
without destroying the structure of opaque materials nor
disturbing the actual phase change processes [6,7].

In this study, we apply NMR-MRI technology to
Characterize  water-to-vapor phase change in
homogeneous porous medium. Combining both
experimental observation and numerical simulation, we
investigate the dynamic behavior of the phase change
process. In the experimental part, water-to-vapor
transition is recorded by NMR transversal relaxation time
Tswand the transient water distribution in the entire
porous medium is captured by MRI. Furthermore, for the
evaporation in individual pore, we conduct two-phase
flow simulation by using Phase Field Model (PFM) based
on the robust finite element solver COMSOL
Multiphysics. Our  work provides insightful
demonstration and deepens the understanding of water-
te-vapor phase change in homogeneous porous medium.

2. METHODOLOGIES
2.1 NMR-MRI Technology

Nuclear magnetic resonance (NMR) refers to the
response of atomic nucleus to external magnetic field.
Due to its wide application in medical imaging, it is also
known as magnetic resonance imaging (MRI). Since
1950s, NMR-MRI has been enormously applied in many
areas [8-10]. In the field of porous medium, most
attention goes to the NMR transversal relaxation time
T, of pore fluid caused by the interaction of atomic
nucleus with magnetic field. T, is commonly
approximated as:

1.1 (E) €Y

The distribution of T, is related to pore characteristics
such as pore size distribution and hence it is widely
applied in various energy applications, including
subsurface resource extraction.

In this work, a low-field nuclear magnetic resonance
analyzer (NiuMag, MesoMR23-060H-I, permanent
magnet: 0.5T, see Fig. 1a.) is used to characterize the
phase change in porous media. This proton-based NMR
analyzer accurately quantifies liquid water content and
distribution along with MRI cross-section imaging.
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Fig 1 a. NMR-MRI analyzer; b. Sketch of porous medium; c.
Cross-sectional depiction of in-situ experiment set-up.

2.2 Evaporation Experiments and Data Acquisition

The porous medium is made of glass beads with
diameter of 100~200 um and surface contact angle
ranging between and 15~25°. A cylindrical container
with 30 mm in diameter and 50 mm in length is filled
with glass beads and then placed in a sonicator for two
hours. The resulting tightly packed glass beads, as
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depicted in Fig. 1b, is used as the homogeneous porous
medium with well-controlled porosity, pore size and
surface wettability. The porous medium is then
evacuated for thirty minutes for air removal before being
filled with distilled water. Thereafter, it is placed in the
oven for preheating for two hours at 50°C with
evaporation surface sealed. This is to make sure that
there is no temperature variation during experiments.
Finally, the porous medium is fixed into the NMR
detection coil with heating fluid flowing through its
lateral wall, see Fig. 1c.

During experiments, NMR data are collected by
applying CPMG pulse sequence with echo time
TE=0.2 ms and NECH=18000. In addition, MRI images
are captured at four positions over the porous medium,
as shown in Fig. 5a. Since NMR-MRI signal is only
influenced by liquid water, the transient water content
and distribution can be demonstrated by NMR T,
relaxation and MRI images respectively.

NMR-MRI signal is recorded every 30 minutes with
data collection time of approximately 5 minutes. The
experiment lasts for 40 hours, a total of 65 groups of data
are collected with water saturation ranging from 1.00 to
0.02.

2.3 Two-Phase Flow Simulation

Computational fluid dynamics simulation is
performed with the finite element solver COMSOL
Multiphysics. Considering the homogeneity of porous
medium and the packing of glass beads, we assume that
there is a repetitive minimum packing unit that can
represent the porous medium in terms of phase
distribution during the phase change process. For this
purpose, we conduct simulations based on different
packing units (here the cubic packing is presented, as
shown in Fig. 1b, other forms of packing will be included
in our future work). While the resulting demonstration is
a rough approximation, it can provide insights on the
dynamics of the phase change process. We will verify the
viability of this approach in Part 3.

Since the process involves two phases, we apply PSM
to.show the transient phase distribution [11,12]. The
motion of fluids is obtained by numerically solving
continuity and Navier-Stokes equations. The relative
importance of gravity and capillarity is also examined by
evaluating the Bond number. The calculated Bond
number is at the order of 1073, therefore, the gravity
term is negligible compared with capillarity and thus it is
dropped from the Navier-Stokes equation. The dynamic
phase distribution is obtained by solving Cahn-Hilliard
equation, which states:
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Cohn-Hilliard equation tracks the diffusive interface
that separates two immiscible fluids, while the diffusive
interface is defined as the region where the
dimensionless phase field variable ¢ jumps from -1 to
1. In this study, ¢ = —1 and ¢ =1 denote vapor and
water phase respectively.

3. RESULTS
3.1 Experimental Characterization based on NMR-MRI

The distribution of NMR transversal relaxation time
T, and the corresponding signal amplitude during
evaporation is shown in Fig. 2. The T, distribution
reflects the water distribution while the NMR signal
amplitude indicates transient water content through the
calibrated correlation y = 2871.7x with the value of
R? at 0.9977. x and y denote water content and
NMR signal amplitude respectively.

The blue curve of 100 % saturation shows the initial
water content and distribution in the porous medium.
One can see that there is a clear unimodal T,
distribution, meaning the good homogeneity of the
porous medium, as otherwise there would be at least
two obvious modals. T, distribution under different
water saturation is also plotted in Fig. 2. As expected,
NMR signal amplitude is gradually decreasing along with
evaporation. Fig. 3 shows the variation of mass of water
and evaporation rate. It is found that the evaporation
rate is retained at high level before 23 h after which it
suddenly drops to a relatively low level. The mass of
water declines sharply before 30 h where the slope
begins to decrease.
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Fig 2 NMR signal amplitude and transversal relaxation
distribution during water evaporation from porous medium.
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Fig 3 The variation of mass of water and evaporation rate
along with evaporation. Red dashed lines represent the trend
of evaporation rate.
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Fig 4 The variation of 1/T, with water saturation. For the
black curve, it is obtained by combining Eq. 1 and the value of
S/V from simulation. The value of surface relaxivity is

estimated at 80 pm s,

Looking further into T, distribution, we notice that
apart from the decline of NMR signal amplitude, the T,
distribution gradually shifts towards lower T,. Recalling
Eq.' 1, the shifting actually shows that the value of S§/V
is_increasing, where a larger S/V value means less
water remaining inside a pore. We also observe that
Tomin and Topmay, the minimum and maximum T,
value with non-zero NMR signal amplitude towards
larger T, , have similar shifting trend. For better
demonstration, the variations of 1/T,pi, and 1/T5max
with water saturation are plotted together as shown in
Fig. 4. Since Typmin and Typa, are related to the
minimum and maximum pore size, they should stand at
fixed points if there is an evaporation front starting from
the opening surface of porous medium and gradually
receding into the inner area, which is widely claimed in
previous studies [13,14]. Our observation, however,
shows that there seems no obvious evaporation front at

the device level, beyond which water is almost fully
evaporated while the porous medium remains water
saturated below that. Instead, it is more likely that
evaporation happens uniformly over the entire porous
medium.

b

Fig 5 a. MRl imaging position. Slice 0 is the one closest to
evaporation surface. b. MRl images of different slices during
evaporation.

This finding is also supported by captured MRI
images during the evaporation process, as shown in Fig.
5b. One can see that the brightness of all slices declines
uniformly along with evaporation, even though they are
at different depth of the porous medium. Since the
brightness reflects water content and distribution, Fig.
5b is regarded as the direct evidence of uniform
evaporation.

We assume that this phenomena is caused by
cavitation in individual pores: During evaporation, vapor
firstly generates from open surface which is directly
connected to the ambient. Due to micro-sized pores and
much smaller throats, the water-vapor meniscus
generates a huge capillary pressure based on the Young-
Laplace equation. Thus, water phase is under tension due
to the negative pressure in the entire medium. Because
the porous medium in our experiment is highly
homogeneous, water cannot move to ease the tension,
and hence cavitation slowly occurs. Furthermore, the
uniform distribution of pore size leads to the uniform
cavitation, which is then reflected as uniform
evaporation in NMR data, as mentioned above. This
cavitation-induced vaporization helps explain
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experimental observation and it is supported by the
simulation results as described in the following section.

3.2 CFD-based Numerical Simulation

We apply PSM simulating dynamic phase distribution
within a cubic packing unit. For any given water
saturation, we obtain the steady state phase distribution
as well as the value of S/V. The phase distribution and
fluid interface under different saturations are shown in
Fig. 6. One can see that, as the evaporation proceeds,
vapor bubble grows from the center of the unit pore and
extends to throats gradually, which is well aligned with
our analysis.

In addition, we observe two interesting phenomena.
One is that, when evaporation reaches certain level,
vapor in adjacent packing units connects together and
thus water film is generated. To be specific, the packing
unit is in fact hollow with water adhering on the grain
surface. The other is, with continuous evaporation,
water film begins to break and vapor gradually touches
the grain surface. Finally, when the content of water is
not enough to sustain film flow, vapor becomes fully
connected while water is left only in corners. The above
phenomena is related to the contact angle of grain
surface. Specifically, the smaller the contact angle, the
higher stability the water film. We will include more
details in upcoming work.

We also conduct quantitative comparison between
experimental and simulation results. On the one hand,
we obtain the value of S/V from simulation and the
equivalent 1/T,, which is specific to individual pore, by
applying Eq. 1 (the value of surface relaxivity SR is
estimated at 80 um - s™1 while the exact value remains
to be determined through experiment). Thereafter, we
get the variation of the equivalent 1/T, with water
saturation. On the other hand, for the experimental data,
we apply an average value, T,,,, to represent the
overall T, distribution for any given water saturation.
T35,y is obtained as:

Zi(a. u.)i X lg T2i
Zi(a.u.);

Therefore, we have two groups of data showing the
variation of 1/T, with water saturation, one from
simulation and the other from experiment. When
compared with each other, see Fig. 4, one can see that
there is acceptable consistency between experimental
and simulation results, indicating the viability of the
approach we apply in the process simulation.

lg Tr0y = (5)
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Fig 6 Simulation profile on the left is an example of phase
distribution. Red and blue colored area represent vapor and
water phase respectively. Figures on the right show phase
interface during evaporation. a-c. vapor grows inside the
pore; d. vapor bubble in adjacent units connects together and
water film appears; e. vapor touches grain surface and water
film begins to break; f. vapor is fully connected while liquid
water is left in corners.

4. DISCUSSION

In this work, the -cavitation-induced water
vaporization along the entire porous medium is
observed. However, it is rarely reported in previous
studies, where an obvious evaporation front is claimed.
One important reason for this discrepancy is the
homogeneity of the porous medium. In our experiment,
the porous medium is made of glass beads with similar
diameter and hence it is of good homogeneity. After tight
packing of the glass beads through the aforementioned
method, the porous medium is able to have a narrow
pore size distribution as demonstrated by the unimodal
T, distribution. Further, the surface wettability of glass
beads is well controlled and uniform over the porous
medium, whereas in previous work, natural porous
medium like soil or sand with impurities is directly used.
As a result, neither of the above conditions is satisfied.
The size of grain or glass beads (150 um in average in
diameter) also contributes to the discrepancy since it
leads to much stronger capillarity than that reported in
previous work, and the radial heating configuration over
the entire device that we apply may strengthen the
uniform cavitation too.

In terms of numerical simulation, we apply PSM to
study phase change in a representative pore. We have
studied the evolution of water-vapor interface and
distribution and built up a link between pore-scale
modeling and NMR T, measurements, but the precise
value of surface relaxivity needs to be determined
through experiment [15]. Currently, only the cubic
packing is applied in simulation, other configurations of
packing are studied in our ongoing work. Moreover,
another important phase change behavior for cold
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energy storage application, i.e., ice-water transition in
porous medium, will also be investigated in our future
research.
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