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ABSTRACT

Advancing Thermal Property Measurements and Water Management for

Controlled Environment Agriculture on Earth and Beyond

by

Chihiro Dixon, Doctor of Philosophy

Utah State University, 2024

Major Professor: Dr. Scott B. Jones
Department: Plants, Soils and Climate

Plant growth systems operating under reduced gravity conditions (i.e., ug) face
challenges related to altered water distribution in the root zone. This inconsistency can lead
to hypoxia (excessive water) and drought stress (insufficient water), affecting plant yield,
which is a crucial component of sustaining astronauts’ diet and mental well-being during
space missions. This research aimed to enhance the accuracy of thermal property sensors,
specifically Heat Pulse Probes (HPP), utilized in previous space missions to monitor water
content in the root zone. Additionally, the study aimed to deepen our understanding of
managing optimal water status in containerized plant growth media, particularly synthetic
and natural fibers, based on understanding the hysteretic water retention characteristic.
Calibrating HPPs with air-free ice yielded sharper peak temperature rise curves compared

to traditional media (i.e., agar-stabilized water), facilitating the optimization of temperature



iv
analysis models. Various granular media, prepared using the air-pluviation method, yielded
reproducible bulk density, providing additional thermal property calibration standards
across a range of water content from oven-dry- to saturated-conditions. An automated
water retention measurement system was designed and fabricated based on a traditional
method (i.e., hanging water column). This system coupled with model fitting using existing
water retention models, enabled efficient characterization of hysteretic water retention of
coarse-textured media within a typical controlled range of matric potential for plant growth
(-50 < h < 0 cm). Lightweight fibrous media exhibited water retention characteristics
compatible with traditional horticultural media (i.e., peat moss), suggesting their suitability
as plant growth media and facilitating fluid distribution when constructing layered root
zones using fabric and peat moss. An optimized plant-optimal passive irrigation system
utilizing a Mariotte bottle connected to a check valve and porous membrane was introduced
and validated for controlling target matric potential based on the media’s water retention
characteristics. This system offers potential improvements in passive irrigation under pg
conditions, compensating for the lack of gravity and maintaining target matric potential
without powered pumps or valves. Overall, this research advances the design and
implementation of plant growth systems for use in microgravity conditions and on Earth.

(236 pages)



PUBLIC ABSTRACT

Advancing Thermal Property Measurements and Water Management for

Controlled Environment Agriculture on Earth and Beyond

Chihiro Dixon

Space exploration stands as one of humanity’s most profound endeavors, and plant
growth in space is essential for sustaining astronauts during long-duration missions.
However, operating plant growth systems under reduced gravity conditions presents
challenges, particularly in ensuring uniform water distribution in the root zone. Non-
uniform water distribution such as excess water and/or insufficient water in the root zone
can significantly impact plant yield, necessitating the need to accurately estimate water
status in the root zone and understand the dynamics of water flow in plant growth media
under reduced gravity conditions. The objectives of this research were to enhance the
accuracy of thermal property sensors using innovative techniques such as Heat Pulse
Probes (HPPs), which were used in previous space missions to monitor water content in
the root zone. We also wanted to advance our understanding of managing optimal water
status in containerized plant growth media, particularly how water is retained and released
from synthetic and natural fibers. Calibrating HPPs using air-free ice provided sharper
temperature rise curves compared to traditional calibration media, leading to improved
thermal property estimation. Various granular media with reproducible bulk density were

utilized to establish thermal property calibration standards across different water content



vi
levels. The development of an automated water retention measurement system enabled
efficient characterization of water retention in coarse-textured media. This research
clarified the suitability of lightweight fabrics as candidate plant growth media by
comparing them with the water retention characteristics of traditional plant growth media
(i.e., peat moss). Furthermore, an optimized irrigation system requiring no automated
controls was presented. That system included a Mariotte bottle connected to a check valve
and porous membrane used to maintain the target water status during plant growth, offering
potential simplification of plant growth systems used in past space missions. Overall, this
research contributes to advancing plant growth systems for microgravity conditions, with
implications for both space exploration and agriculture on Earth. By ensuring efficient
water distribution in plant growth media, we pave the way for sustainable food production

in space and on Earth.
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CHAPTER I

INTRODUCTION

Space exploration stands as one of humanity’s most profound endeavors, seeking
to further our understanding of planetary geology, climate dynamics, and the potential for
extraterrestrial life on celestial bodies like the Moon and Mars (Léveillé, 2010; Martinez
et al., 2017; Smrekar et al., 2019). Alongside these missions, plant growth experiments
have emerged as crucial endeavors, primarily focusing on sustainable plant production to
support astronauts’ dietary and mental well-being during long-term space missions
(Haeuplik-Meusburger et al., 2014; Zabel et al., 2016). Despite advancements, long-term
plant production challenges persist, particularly in achieving uniform distribution of fluids
(water, dissolved nutrients, and gas) throughout the growth media (e.g., Johnson et al.,
2021; Monije et al., 2003; Porterfield et al., 2003), leading to inconsistent root zone water
status even in the latest plant growth system aboard the International Space Station (1SS),
the Vegetable Production System (VEGGIE) (Massa et al., 2017) and Advanced Plant
Habitat (APH) (Monje et al., 2020). For instance, the VEGGIE system, employing a non-
powered, passive capillary-driven irrigation method faced issues with excess water and
poor root zone aeration under reduced gravity conditions (Massa et al., 2017; Monje et al.,
2020), highlighting the need for improved water management strategies.

Sensing Root Zone Water Status Under Reduced Gravity Conditions

Monitoring root zone water status is pivotal for effective water management. The
Svet space greenhouse on the Russian Mir space station during the bio-regenerative life

support system (BLSS) research pioneered the use of both thermal properties and matric



potential for inferring volumetric water content of the root zone using Heat Pulse Probe
(HPP) and tensiometer measurements during plant growth under reduced gravity
conditions (Yendler et al., 1995; Bingham et al., 1996). The HPP offers valuable insights
into thermal properties in extraterrestrial environments and has been utilized in other space
missions like NASA’s Mars InSight mission and the Phoenix Lander mission on Mars
(Zent et al., 2009, 2010), and the European Space Agency’s Rosetta spacecraft bound to
Comet 67P (Marczewski et al., 2004; Nagihara et al., 2014).

Heat Pulse Probe (HPP) for Determining Thermal Properties

The HPP method has also been widely used for determining thermal properties and
surrogate properties (i.e., water content) of materials (i.e., soils) on Earth. Scientific studies
addressing HPP applications (He et al., 2018) have significantly increased since the
introduction of the Dual-needle (also dual-rod) HPP (DHPP) analysis by Campbell et al.
(1991). The DHPP comprises a line source heater rod and temperature-sensing rod(s),
utilizing temporal temperature rise measurements in response to the heat pulse generated
from the heater rod to derive thermal property values such as volumetric heat capacity (Cv),
thermal diffusivity (x), and thermal conductivity (1) (Campbell et al., 1991). The surrogate
property like volumetric water content is estimated based on the estimated thermal
properties (Bristow, 1998). Therefore, the accuracy in estimating water content in the root
zone relies on the accuracy of thermal property estimations.

Calibration Method for Heat Pulse Probe Using Air-Free Ice

The latest advancements (Kamai et al., 2015) propose a new model for more
accurate thermal property determination while reducing calibration medium dependence

(Knight et al., 2012, 2016). However, validating DHPP models remains challenging due to



the lack of readily available calibration media. While agar-stabilized water has been
conventionally used (Campbell et al., 1991), the thermal properties of solids present a
promising alternative calibration medium with a different range of thermal property values.

Standardizing Thermal Property Calibration Method Using Granular Media

Additionally, studies have explored on-site DHPP calibration in the field (Liu et
al., 2013; Zhang et al., 2020). However, there is a gap between in-situ calibration in non-
porous media (e.g., water and ice) and on-site calibration in heterogeneous field soils.
Targeting commercially available granular media as standard calibration options could
advance thermal property sensor development, albeit with challenges in achieving
reproducible bulk density. Air-pluviation, demonstrated by Miura and Toki (1982), offers
a promising method for establishing repeatable packed media conditions, crucial for
accurate thermal property measurements.

Impact of Reduced Gravity on Hydraulic Properties and Water Retention
Characteristics

In reduced gravity conditions, water transport through media primarily relies on
capillarity, emphasizing the importance of hydraulic properties, particularly hysteretic
water retention characteristics. The porous medium’s water retention relates to a material’s
(i.e., soil) volumetric water content (#) with a hydraulic energy state called matric potential
(h) under saturated and unsaturated conditions. The hysteretic water retention character,
which varies during drying and wetting processes (Pham et al., 2005), is particularly
essential in plant production, where evapotranspiration and irrigation subject the media to
these alternating conditions. Studies indicated that the hysteretic water retention

characteristics observed on Earth are similarly applicable under reduced gravity conditions



(Heinse et al., 2005, 2007, 2015).

Exploring Fibrous Media for Plant Growth in Reduced Gravity Conditions

Recent plant growth experiments under reduced gravity conditions, including the
Svet Space Greenhouse (Bingham et al., 2000) and VEGGIE (Massa et al., 2017), utilized
fibrous media as an encasing or a wicking medium to ensure uniform water distribution.
Studies also explored fibrous media as candidate plant growth media under both Earth
gravity (Storck et al., 2019; Dirkes et al., 2021) and reduced gravity (Paradiso et al., 2020)
conditions, characterized by their lightweight, affordability, availability, and porous
structure, which offer several advantages as plant growth media. However, limited research
exists on the water retention characteristics of fibrous media with a focus on plant growth
media (Paradiso et al., 2020), necessitating further investigation for optimal growth media
selection.

Automated Hysteretic Water Retention Measurement System

Conventional water retention measurements developed by Haines (1930) vyield
informative water retention characteristics within the practical control range of matric
potential for plant growth in the controlled environment (i.e., —100 < h <0 cm) (Pecanha
et al., 2021; Heiskanen, 1995). However, the measurements rely on manual protocols and
require a wait time to reach hydraulic equilibrium, making it laborious (Assouline, 2021).
To address these limitations, the development of automated water retention curve
measurements offers a precise alternative, utilizing a diffusive laser distance sensor, linear
actuators, and a pressure transducer for efficient data collection.

Design and Evaluation of a Passive Irrigation System for Soilless Media

The irrigation control should be adjusted based on hysteretic water retention



characteristics of the growth medium and potentially, plant water requirements. The
capillary-driven irrigation system (e.g., capillary mats/wicks, ebb and flow system, sub-
irrigated planters) represents a traditional approach to maintaining root zone water status
under Earth’s gravity conditions (Semananda et al., 2018). Previously, check valve
installations to the capillary-driven irrigation system under Earth’s gravity, as
demonstrated by Jones and Or (1998), maintained negative matric potential within
containerized sand while cultivating wheat. A check valve enables one-way fluid transport
based on the pressure gradient between the inlet and outlet. This system could compensate
for the lack of gravitational potential under reduced gravity conditions, potentially
addressing challenges associated with overwatering the root zone under reduced gravity
conditions.

Research Hypotheses

This research proposed the following five hypotheses.

1) Solid ice exhibiting a significantly different thermal property compared to the
conventional calibration media, agar-stabilized water, can be used to validate
thermal property sensor calibration.

2) Granular media with highly reproducible bulk density can provide a wide range
of water content-dependent thermal properties, which can serve as granular
material calibration standards for thermal property sensors.

3) Anautomated hanging water column measurement system with linear actuators
combined with a laser diffusive distance sensor and a tensiometer can verify
and monitor the matric potential of the media and provide repeatable

measurements of the hysteretic water retention curves of porous media.



4) Lightweight fibrous media exhibit water retention characteristics suitable for
plant growth, warranting consideration as growth media.

5) A capillary-driven irrigation system can passively support plant growth using a
target matric potential based on the porous media’s water retention curve, which
only requires a check valve as the control mechanism.

Research Objectives

My Ph.D. dissertation included the following five objectives.

1) Demonstrate and validate a novel calibration method for Heat Pulse
Probes using air-free ice.

2) Develop and demonstrate a standardized heat pulse probe thermal
property calibration method covering a range of water contents using
granular media with reproducible packing density.

3) Design, fabricate, and validate an automated hysteretic water retention
curve measurement system using standard quartz sand with different
particle size ranges.

4) Characterize hysteretic water retention curves of fibrous media as
candidate plant growth media.

5) Design and evaluate a passive irrigation system for soilless media based

on maintaining a target matric potential set point.
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CHAPTER II

STANDARDIZING HEAT PULSE PROBE MEASUREMENTS FOR THERMAL

PROPERTY DETERMINATION USING ICE AND WATER

ABSTRACT

The growing demand for Heat Pulse Probes (HPP) to estimate thermal properties
and surrogate soil processes comes with a need for improved standards for calibration and
validation in reference materials. This study proposed air-free ice as a calibration material
to determine the apparent rod spacing (rc) for HPP. The advantage of using air-free ice as
a calibration standard over agar-stabilized water stems from the fact that at 0°C ice provides
a reference volumetric heat capacity (Cv = 1.93 MJ m~3 °C™!), less than half that of water
(Cv = 4.22 MJ m3 °C™!), while ice provides a four times larger reference thermal
conductivity value (A = 2.16 W m~1°C™!) relative to that of water (1 = 0.56 W m™!' °C™}),
which leads to a sharper peak temperature rise curve that may improve thermal property
estimates in ice compared to the elongated peak obtained in water. We performed rc
calibrations with air-free ice in a freezer at —21°C and agar-stabilized water at 21°C using
both Infinite-Line Source (ILS) and Identical-Cylinders Perfect-Conductors (ICPC)
models to fit A and Cy to temperature rise data and compute thermal diffusivity («x) from the
fitted A and Cv (i.e., k =A/Cy). Results showed that the ICPC model yielded similar rc values
in both air-free ice and agar-stabilized water with reduced Total Error (TE) in estimating
A, Cv, and x compared to results with the conventional ILS model. We suggest air-free ice

as another standard for HPP rod spacing calibration and sensor-based thermal property
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validation.
1. INTRODUCTION

Heat pulse probes (HPPs) have been widely used for in situ measurement of thermal
properties as well as for the determination of a variety of indirect properties and processes
of porous materials (e.g., soils). Scientific studies addressing HPP applications (He et al.,
2018) have significantly increased since the introduction of the dual-needle (also dual-rod)
HPP (DHPP) analysis by Campbell et al. (1991). Historically, the thermal conductivity (1),
volumetric heat capacity (Cv), and thermal diffusivity («x) have been determined by fitting
a heat transfer model to the temporal temperature response data given a known energy
input.

The basic HPP consists of one line-source heater rod and one parallel temperature
sensing rod. Research-related HPPs are custom-made consisting of between 2 and 11
parallel rods, while some commercial HPPs are also available with two or more rods (e.g.,
SH-3, Meter Group, Inc., Pullman, WA, USA). Applications of HPPs with a varied number
of temperature-sensing-rods have been employed to simultaneously estimate properties or
processes in porous media, such as soil moisture (Campbell et al. 1991), heat flux (Cobos
and Baker, 2003), heat storage (Ochsner et al., 2007), water flux (Ren et al., 2000;
Hopmans et al., 2002; Ochsner et al., 2003; Kamai et al., 2008; Knight et al., 2012; Yang
et al., 2013), and subsurface evaporation rate (Heitman et al., 2008) in addition to the
thermal properties (Bilskie et al., 1998; Bristow et al., 1994a). Beyond traditional HPP
measurements, additional needles for bulk soil electrical conductivity (EC) measurements,
using a Wenner array, were coupled with HPP measurements (Mori et al., 2003, 2005;

Mortensen et al., 2006). Thermo-time domain reflectometry (T-TDR), first introduced by
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Noborio et al. (1996), couples HPP measurements with TDR measurements to determine
permittivity, soil water content, thermal properties, electrical conductivity, bulk density,
and porosity (Ren et al., 1999, 2003; Sheng et al., 2017; Peng et al., 2019). Here we will
refer to a Dual-needle HPP (DHPP), a Tri-needle HPP (THPP), as well as a Penta-needle
HPP (PHPP) with the latter two HPP types having one heater rod with additional
temperature-sensing rods.

A commonly used HPP model employed for fitting thermal properties considers the
heater-rod as an infinite line source of instantaneous heat over a finite time interval
(Campbell et al., 1991; Bristow et al., 1994). Campbell et al. (1991) first demonstrated the
Infinite Line Source (ILS) theory with a pulse of heat from the heater- to a temperature-
sensing rod for determining Cv. Kluitenberg et al. (1993) and Bristow et al. (1994b)
improved the approach to simultaneously estimate 4, Cv, and x based on the same theory.
However, recent HPP designs (Kamai et al., 2015; Peng et al., 2019) involved thicker
stainless-steel rods to minimize probe deflections. These thicker rods are a further deviation
from the conventional ILS theory that assumes an infinitely small rod diameter with zero
heat capacity. A new model has been developed and tested that includes the influence of
rod properties accounting for rod and epoxy geometries along with their respective heat
capacities (Knight et al., 2012). This new semi-analytical HPP model is called the
Identical-Cylinders Perfect-Conductors (ICPC) model and will be discussed in more detail
later.

Among common materials found on Earth, ice and water are the most widely
studied, and their thermal properties have been determined by various methods leading to

what are now well-defined specific heat (c), Cy, 4, and « values (e.g., see Haynes, 2016).
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Ice has the potential to become a viable calibration material with lower Cy (1.93 MJ m™3
°C!at 0°C) and higher 4 (2.16 W m~!°C™! at 0°C), which exhibits a sharper temperature
rise observation relative to the traditionally employed agar-stabilized water calibration.
However, the challenge is to create ice without air bubbles since ice containing air bubbles
may lead to a calibration medium with vastly different thermal properties. Past studies have
not explored HPP calibration in air-free ice nor provided a protocol for making air-free ice.
Furthermore, temperature rise analysis using the ICPC and ILS models provides validation
of the HPP’s thermal property estimation in both ice and water, where those properties are
substantially different between liquid and solid phases of water.

For HPPs, the apparent distance, rc, between the heat source and the temperature-
sensing-rod (center-to-center) must be calibrated to accurately determine thermal
properties from the measured temperature rise data. In both the ILS and ICPC models with
known heat input and rc values, two of the three thermal properties, i.e., 4, Cy, and «, are
determined by fitting the solution to the captured temperature rise data, and the third
property can be calculated from the relationship of Cv=A/k. The rc calibration using the
ILS model with known Cy of a given material was originally developed by Campbell et al.
(1991), and is now widely recognized as the standard calibration method. The calibrated rc
is not necessarily equal to the physically measured rod spacing, rpny. The standard
calibration method uses agar-stabilized water (2—6 g L™! agar) at a constant temperature of
20°C, where the thermal properties of water are assumed, being A = 0.598 W m™' °C™!, Cy
=418 MIm3°C! and x = 0.143 mm?s".

Later, Ham and Benson (2004) demonstrated the dependence of rc on the Cy of the

calibration material based on the ILS model, where rc increased as Cv decreased. For
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example, they observed that rc > rpny in dry glass beads while rc< rphy in both saturated glass
beads and agar-stabilized water. Knight et al. (2012) clarified that the Cv of the rod (Co) to
the Cy of the material under test, defined here as o (= Co/Cv) has a substantial effect on the
temperature response in the ICPC model, which accounts for the rod’s diameter and Co,
therefore the conventional ILS model exhibits the dependence of rc on the Cy of the test
media. For example, rc was found to increase with fo when fo > 1, which is the case when
the Cy of the material (e.g., dry glass beads) is smaller than the Cy of the rod. However, rc
decreases with o when o < 1 (e.g., saturated glass beads and agar-stabilized water). Knight
et al. (2012) mentioned that the ICPC model can minimize the dependence of rc on the Cy
of the calibration media, and the ICPC model might even eliminate the need to calibrate re.
Peng et al. (2019) demonstrated that the T-TDR sensor using the ICPC model analysis
performed well without calibrating rc and instead, using the physically measured rod
spacing (rc = rpny) in various soil types, both disturbed and intact samples, exhibited within
the £10% error range in determining Cv of samples compared to the modeled Cy (De Vries,
1963). There is a need to verify the rc dependence and thermal property estimation using
the ICPC model with a comparison of the conventional ILS model to reference thermal
properties. The effect of agar concentration on the thermal properties of water has been
largely ignored, but Zhang et al., (2011) showed that 4 of agar-stabilized water increased
by 3% at an agar concentration of 1 g L™!, while it decreased by 2 % and 6 % at agar
concentrations of 5 and 10 g L ™!, respectively, compared to their reference measurements
of 1 in ultrapure-water under room temperature. The lack of thermally stable and
standardized calibration media having well-defined thermal properties as well as having a

repeatable protocol makes calibrating rc and validating thermal property determinations
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challenging.

The objectives of this study were to 1) identify a method for creating a repeatable
reference standard of air-free ice; 2) calibrate rc in air-free ice and compare it to that
calibrated in agar-stabilized water as well as to rphy using the ICPC and ILS models; 3)
validate the HPP estimation of thermal properties for ice and water.

2. THEORY

2.1  Heat transfer model

The ILS model is the most commonly applied theory for HPP simulation of
temperature change AT (°C) measured at the apparent distance rc (m) from the line-source
heater in a porous medium. It is based on the heat conduction equation with a short-duration
heat input, to (s), and infinite line source of heat, ' (W m™), propagating through a

homogeneous and isotropic medium (Bristow et al., 1994b), written as

’ 2
(-4 Ei - 0<t<t,
4mA 4xt
AT ={ €

q . TCZ . rCZ
L H{El [_ 4ic(t — to)l —E <_ 4Kt>} P>t

where t is the elapsed time (s) from the heat pulse application and Ei(z) is the exponential
function of argument z. The short-duration heat application used here for the ILS approach
(also referred to as Pulsed Infinite Line Source or PILS) is distinguished from the
continuous heat application method. A source of error for the ILS model is the assumption
that a heat pulse is instantaneously applied from a line-source heater with zero radius and
non-existent Cv. In reality, however, the finite physical and thermal properties of the rods
may alter the resulting temperature rise to some degree.

Knight et al. (2012) proposed a semi-analytical solution to the temperature rise
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function of time at the temperature-sensing-rod based on the Laplace transform referred to
as the identical-cylinders perfect-conductors (ICPC) model, written as

q,KO (,urc)

2mp {,uao [Kl(,uao) + <%) Ko(.uao)]}z

where p is the Laplace transform variable (s™!) and T, (p) is the Laplace transform of the
temperature at the temperature-sensing-rod, T-(t), for the case of continuous heating.

Also, Kn(z) is the modified Bessel function of the second kind of order n and argument z,
u = /p/k, aois the radius of the rod (m), fo = Co/Cv. The weighting average volumetric

heat capacity of the rod, Co, including stainless-steel and epoxy was calculated as:

2
E

di
CO=CE?+CSS 1_? (3)
0 0

where Ce and Css are volumetric heat capacities of rod-epoxy and -stainless-steel and dg
and d,, are the inner and outer diameter of the stainless-steel rod, respectively. Based on
the principle of superposition, the temperature increase from pulsed heating can be
calculated as:

AT (t) 0<t<t, @

AT(¢) = {
This solution accounts for the effect of a finite rod radius and the finite heat capacity of
both heater- and temperature-sensing-rod including the stainless-steel tubing and the
epoxy. The ICPC model becomes identical to the ILS model of Bristow et al. (1994) if the
radius of both heater- and temperature-sensing-rod become zero (ao = 0). The introduction

of finite rod radius (ao) and So accounts for the shift of heat-pulse arrival at the temperature-

sensing-rods relative to the ILS model, reducing the bias of thermal property estimation in
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materials with a varied range of thermal properties.

2.2 Accuracy and bias of thermal property estimations

The significance of the calibration for rc among rods Ta and Tb, as well as the
accuracy of thermal property estimates in air-free ice (—21°C) and agar-stabilized water
(21°C), was evaluated using Root Mean Square Error (RMSE) and Total Error (TE)

calculations, written as:

RMSE = w )

TE = /stdev? + MSE (6)

where Ae is the estimated rc or thermal property based on either the ILS (Eq. 1) or

the ICPC (Egs. 2 and 4) model and Ar is the measured rphy or reference thermal property

and n is the number of measurements. The TE accounts for the combination of both random

and systematic errors, which represents the square root of the sum of standard deviation

(stdev) and mean squared error (MSE = RMSE?). The significance of the errors was

expressed using TE and the ratio of TE to Ae is defined here as the Relative Error, RE (RE
= TE/A)).

3. MATERIALS AND METHODS

3.1 Heat Pulse Probe Construction and Measurements

Table 1 lists details of past and present HPP designs (Campbell et al., 1991; Ham
and Benson, 2004; Yang et al., 2013; Kamai et al., 2015; Peng et al., 2019), including rphy,
rod length, external and internal diameter, and Cy of stainless-steel, filling epoxy, and Co,

which was calculated using Eq. 3. The design of the HPP rods tends to be longer and thicker
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than the original HPP sensor (DHPPc) by Campbell et al. (1991). Peng et al. (2019)
demonstrated the THPPr combined with the TDR technique to have 1.75 times longer and
2.9 times thicker rods compared to the original DHPPc. Yang et al. (2011) applied the
PHPPy which had a heater-rod orthogologically surrounded by four thermistor-rods.
Kamai et al. (2015) used the conventional DHPP (C-DHPPk), which followed the design
by Tarara and Ham (1997), as well as the rigid DHPP (R-DHPP«k) with longer and thicker
rods than the C-DHPP«.
We constructed a THPP following the design used by Kamai et al. (2015) but used
thicker rods, which helped to increase Co from 3.68 MJ m~3°C™* for the R-DHPP« to 3.87
MJ m~3°C1 for our THPP. Three stainless steel rods (316 stainless steel, McMaster-Carr,
Douglasville, GA, USA) with the dimensions of 2.40 mm O.D. and 0.61 mm I.D. (wall
thickness = 0.90 mm) were used. Each of the two temperature-sensing-rods contained a
single thermistor (LOK3MCD1, BetaTherm Corp., Shrewsbury, MA, USA) positioned in
the middle of the exposed rod length. The heater-wire was made from a 40 gauge (diameter
= 0.0787 mm) enameled Nichrome resistance wire (Nichrome 80, Pelican Wire Co.,
Naples, FL, USA) with a constant resistance per wire length (221.9 Q m™'). The heater
wire was folded in half to create a loop at the distal end of the rod. Both the heater- and
thermistor-rods were filled with a thermally conductive epoxy (slow cure silver epoxy,
Arctic Silver Inc., Visalia, CA, USA). Figure 1 shows a cross-sectional image of our
THPP’s heater-rod sandwiched between the two thermistor-rods. Letters Ta and Tb
represent the two individual thermistor-rods that measure the temperature response from
the central heater-rod. A 39 mm diameter polycarbonate disk of 10 mm thickness was

drilled out to house the two thermistor-rods on either side of the heater-rod with a 7 mm
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center-to-center spacing between each rod pair. The heater- and thermistor- rod wires
protruding from the bottom of the disk were potted inside a 40-mm-1.D. ABS pipe using a
2-part potting epoxy (50-3100RBK-resin, CAT.150CL13-hardener, Epoxies, Etc.,
Cranston, RI, USA), where the polycarbonate disk was previously glued into the upper end
of the pipe. The outer wall of the ABS pipe had two groves machined at the upper end to
house O-rings for sealing against a 150 mm long, 57 mm 1.D. clear Lexan tube used to
contain the agar-stabilized water being measured. After assembling all the components for
the THPP, rpny at the top, middle, and base of each heater-thermistor-rod pair (center-to-
center) were measured by a digital caliper and the average rpny Spacing is presented in Table
1.

The heater wire of the THPP was connected in series with a 1-Q precision resistor
(= 1%, 2 W), the voltage across which was measured by a CR6 datalogger (Campbell
Scientific, Logan, UT, USA) for heating power calculation. The heating duration was 8 s
with an average heating rate of 50.1 + 0.32 W m™. Our heating rate was relatively smaller
than other HPP studies (i.e., Kamai et al., 2015) to avoid melting the ice, which would
create a testing material consisting both water and ice leading to substantial calibration
errors. The thermistors were measured directly through the differential channels on the
datalogger using the built-in 5-kQ resistor (£ 0.1%, 10 ppm °C™') to complete the bridge.
Thermistor temperatures were recorded for over 150 s, including 30 s prior to firing the
heater and a continuation for 120 s to capture the heating peak in air-free ice and agar-
stabilized water. The average pre-heating temperature collected for 5 seconds before the
heat pulse was determined as the initial temperature. The 120 s of heating and post-heating

temperature data were used to optimize thermal properties using ILS and ICPC models.
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Measurements were initiated every 15 minutes so that the sample’s temperature around the
THPP could cool back down to near ambient temperature after heating to avoid temperature
buildup or artificial thermal gradients. The temperature response and heating rate data were

recorded for post-analysis of rc and thermal properties.

3.2 Considerations for air-free ice creation

The creation of air-free ice is non-trivial and we found bartenders to be among the
most skilled creators of clear ice using a variety of empirical approaches. Obtaining air-
free ice can be challenging without understanding several principles associated with water
and the freezing process: 1) water contains dissolved gas and the solubility of gas increases
as temperature decreases; 2) dissolved air moves towards the ice-water interface during the
freezing process, which may lead to bubble nucleation, growth of bubbles, and
encapsulation (Lipp et al., 1987); 3) boiling or vacuuming the water temporarily reduces
gas concentration in water but may not significantly improve the quantity of air-free ice
because gas will diffuse back into the cooling water during the hours or days required for
freezing; 4) one way to allow the gas to escape as the liquid volume diminishes is by
freezing from the bottom of the water body upward (surface must remain unfrozen), which
is a method used by commercial ice makers, requiring specialized machinery; 5) the more
common and convenient approach for obtaining air-free ice is to freeze water in a
conventional freezer from the top down; 6) a limitation of top-down freezing is that only
about the top half of the total water depth will be air-free after complete freezing; 7) the
top-down approach requires an insulated container that minimizes freezing from the bottom
and sides of the container inward (i.e., in a non-insulated container, trapped air shows up

in the center of the ice body rather than at the bottom, e.g., ice cubes); 8) rotationally-
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molded coolers provide uniform insulation and thicker walls than conventional coolers,
thus potentially improving results of the top-down freezing approach; 9) to provide air-free
ice that fully encases the HPP rods for calibration and validation, the water depth in the
cooler should be approximately 3 to 4 times that of the rod length, assuming HPP rods are

suspended vertically downward into the water surface.

3.3 Liquid and Solid Reference Media

Agar-stabilized water provides a stable thermal property reference under room
temperature as agar minimizes convective thermal gradients within the gel-like state of the
water. We heated water mixed with 4 g L' agar (Bacto-agar, Difco Laboratories, Detroit,
MI, USA) to the boiling point to ensure that the agar was completely dissolved in the water.
The mixture was then cooled to around 50°C and then poured into a 10-cm long, 8-cm 1.D.
cylindrical plastic column to cool further. The THPP was centrally inserted facing
downward with the rods completely immersed in the agar-stabilized water column. The
THPP and column were then placed inside a styrofoam box to stabilize the temperature of
the column during the THPP measurements.

We used a medium-sized chest freezer with a rotationally-molded cooler placed at
the bottom of the freezer. The cooler lid was kept open and the cooler was water-filled to
a depth of 20 cm. The THPP rods were submerged into the water surface of the cooler,
suspended by a clamp and support system. The THPP sensor wires were run out of the
cooler to the datalogger for recording temperature rise data for thermal property
determination in ice. The freezer door was closed and we waited 3 days to ensure the entire
water body was frozen and the ice had reached an equilibrium temperature with the freezer

of —21°C. Figure 2 shows the THPP rods encased in the upper air-free portion of the ice
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body. We note that the final temperature of ice should be low enough to prevent ice near
the heater-rod from melting during the heat pulse as this melted water complicates the
temperature rise data if heat propagates through a combination of ice and meltwater. For
example, He et al. (2015) showed that ice melt during heating in frozen soil was eliminated
when the ambient temperature of the partially frozen soil was below —5°C. Therefore, it is
possible to calibrate THPP above —21°C (i.e., —10°C), although thermal properties in ice at
—10 or —20°C are not substantially different. We recommend setting the freezer
temperature at the minimum temperature setting to create stable temperature conditions in

ice and to avoid melting around the heater-rod.

3.4 Data processing of measured temperature rise for parameter estimation
The rc and thermal properties using the ILS and ICPC models were determined by
minimizing the objective function (OF);
n
OF = ) [ATy(t) = Tu(to DI’ @
i=1
where ATs(ti) is the temperature increase measurement by the thermistor-rod at time t;,
Twm(ti,p) is the temperature increase using the ILS and ICPC models, and p is a vector
containing optimized parameters. The parameter optimization was conducted using
MATLAB code from Kamai et al. (2015), which is a combination of the single point
method (Ren et al., 1999) and the entire temperature rise curve fitting method (Hopmans
et al., 2002). This hybrid approach allowed the model to fit temperature rise data = 5 s
before and after the peak temperature rise including the peak temperature value, which
provided 11 data points for the optimization. Late-time temperatures after the peak, i.e., all

120 s of data, were not included in the analysis based on the assumption that i) heat through
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the sensor body and ii) a finite test sample size both distort those late-time temperature
values (Kluitenberg et al., 1993; Kamai et al., 2015).

The rc calibration and thermal property estimation using both ILS and ICPC models
require a full dataset including temperature values, g, to, and additional parameters of ao
and Co for the ICPC model. We used p = (rc, A) for calibration in air-free ice at —21°C and
in agar-stabilized water at 21°C. Values of Cy for air-free ice and agar-stabilized water were
computed from temperature-dependent empirical polynomial functions we derived, which
are described in the results section. Thermal property optimization was conducted using p
= (4, Cv) with the calibrated rc values in air-free ice and agar-stabilized water as well as
with rphy. The third thermal property, «, was calculated using optimized A and Cv (x = A/Cv).

Each thermistor-rod provided triplicate temperature measurements under the target
temperature, which resulted in 3 datasets for the rc calibration from each thermistor-rod in
addition to the combined 6 data points (Ta + Tb) for the THPP-derived thermal properties
determination using both thermistor-rods.

4. RESULTS AND DISCUSSION

4.1 Reference temperature-dependent thermal properties of water and ice

The reference thermal properties (c, Cv, 4, and x) of ice and water at different
temperatures were empirically modeled and listed in Table 2 with r?> = 0.99 for all thermal
property functions. All data employed in Table 2 were entered with and fitted to five
significant digits for accuracy. We note the discontinuity in modeled data at 0°C where
thermal properties (c, Cv, A, and x) of ice and water at 0°C were: ¢ = 1.73 and 4.18 J g !
°C’!,Cy=1.60and 404 MIm3°C'! 1=216and 0.556 Wm'°C! and x = 1.12 and

0.132 mm? s7!, respectively. In comparing these thermal property values, the ¢ and Cy of
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water are more than double the values of ice, while 1 of water was one quarter 4 of ice and

finally x of water was an order of magnitude less than « of ice.

4.2 Temperature Rise Fitting in Water and Ice

Figure 3 presents the measured temperature rise recorded at one thermistor-rod, Ta,
compared with the ILS- and ICPC-fitted curves in both air-free ice (—21°C) and agar-
stabilized water (21°C). The Cy values of 1.79 and 4.18 MJ m~ °C™! were input for air-free
ice (—21°C) and agar-stabilized water (21°C), respectively, and were computed and applied
to determine rc using the corresponding equations and parameters presented in Table 3.
The temperature rise data at the other thermistor-rod, To, exhibited an almost identical
temperature rise response in agar-stabilized water while showing a slightly lower
temperature rise in air-free ice compared to Ta. The maximum measured discrepancy in
temperature between the two thermistor-rods was 0.05°C in air-free ice, which occurred 10
seconds after the heater firing, while for agar-stabilizer water the discrepancy was 0.002°C
at 21 s after the heater firing. We will discuss these measurement discrepancies in more
detail later.

The measured peak AT in air-free ice was about twice as much as the peak in agar-
stabilized water, and the time duration to reach the peak in air-free ice was only 16 s while
the duration in agar-stabilized water was about 79 s due to the combination of a smaller Cy
and a larger « of ice compared to those of water. The AT curve in air-free ice showed a
distinctive spike, and the temperature rise fitting range for parameter optimization was
between 0.39 and 0.47°C, in contrast to a flat curve in agar-stabilized water, with a much
smaller temperature rise fitting range between 0.2313 and 0.2319°C, occasionally

exhibiting a constant peak ranging over 2 to 3 s during measurements in agar-stabilized
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water. Since our heat input (¢’ = 50.1 W m™!) was one-third of the heat intensity of Kamai
etal. (2015), our peak value of AT in agar-stabilized water was also about one-third of their
measured values. In theory, ¢’ should not affect parameter optimization (Ham and Benson,
2004). However, the fluctuation in temperature measurements induced by the smaller ¢’
can amplify errors in parameter optimization using agar-stabilized water. On the other
hand, even with the small ¢, the temperature rise range of values in air-free ice was much
larger, i.e., 0.45°C of the peak temperature, which seems to be an advantage of using air-
free ice as a calibration media when minimizing ¢ .

The ICPC model showed slightly improved fitting during the early temperature rise
stage compared with the ILS model especially in agar-stabilized water, although the ICPC
model in air-free ice showed a slight overestimation at the peak temperature in Figure 3.
Kluitenberg et al. (1993) demonstrated that the ILS theory is not as applicable at late times
because the physical temperature measurements are affected by the finite length of the rods
and the sensor body, as well as by the sample container size. We compared different AT
data ranges for parameter optimization especially in ice using the ICPC model (data not
shown). The hybrid approach by Kamai et al. (2015), which only uses = 5 s around the
peak temperature, provided the smallest errors in estimating both rc and A compared with
a variety of pre- and post-peak data ranges. Although different fitting ranges provided
slightly different AT fitted curves near the peak and the hybrid approach showed slight
underestimations of the peak AT, different fitting ranges did not exhibit substantial changes
in the overall temperature rise curves. Therefore, the hybrid approach can also be

applicable for the rc calibration as well as the thermal property optimization.
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4.3 Apparent Rod Spacing Calibration in Ice and Water
Table 3 presents measured spacing, rphy, and calibrated spacing, rc, including the
average value and standard deviation (Std.) determined in air-free ice and agar-stabilized
water using the ILS and the ICPC models for a variety of rod configurations, which for our
THPP probe included spacing results from both thermistor-rods. The differences between
rc values determined in air-free ice and agar-stabilized water (r,; —1.,,) were also
presented. Note that the standard deviations for different geometries of HPP listed in Table
1, were calculated from multiple rods with the same probe configurations. The average rc
for THPP was calculated by separating each thermistor-rod Ta and Tb and reporting for
each thermistor-rod individually. We also present the measured thermal properties in air-
free ice at horizontal and vertical orientations to observe the possibility of altered rod
spacing from internal ice expansion.
One of the thermistor-rods, Ta, presented a 0.2 mm larger value of its average rc
than the other thermistor-rod, Tb, in air-free ice under vertical orientation. As expected, a
similar trend where Ta exhibited a larger average rc than Tu’s was also observed when the
rods were horizontally oriented in air-free ice. This rc difference between the two rods for
both ILS and ICPC analysis is not consistent with results for agar-stabilized water where
rc for Ta and Tp were identical for both ILS and ICPC models. It is not clear where the Ta
and Tp differences in rc for ice measurements resulted, but perhaps the sharp temperature
peak in air-free ice compared to the very broad peak in agar-stabilized water was a
contributor. Since the calibrated rc in each thermistor-rod exhibited different values, we
recommend the rc calibration be applied for each rod. The ILS model in air-free ice

produced overestimations of rc, relative to the estimated rc from the ICPC model. Previous



30
studies with various sensor geometries showed that the rc in agar-stabilized water using the
ILS model was somewhat close to the rphy, and Kamai et al. (2015) showed a slight increase
of rc using the ICPC model in agar-stabilized water. Our THPP also showed the average rc
using both ILS and ICPC models being close to the rpny.

The average rc using the ILS model in air-free ice increased by 0.45 mm compared
with the average rc in agar-stabilized water, in part, because the ILS model neglects the
rod’s diameter and Cy of the rod, and owing to the increase in Cy from 1.79 MI m=°C ! in
ice to 4.18 MJ m~ °C™! in water. This rc dependence using the ILS model was discussed
in Ham and Benson (2004). However, the ICPC model fitting in air-free ice resulted in
both a slight increase in Ta (0.05 mm) and a slight decrease in Tr (0.17 mm) in the average
re compared to the average rc in agar-stabilized water. This result is consistent with other
studies suggesting that the rc calibration using the ICPC model is less dependent on the rc

of the material’s Cy compared to the ILS model.

4.4  |ce Expansion Impact on rc

We wondered if a significant change in the physical or calibrated rod spacing in ice
would result from the freezing process. The density of ice at —20°C is 0.92 g cm™> (Haynes,
2016), suggesting the volume of ice expands by approximately 8% relative to a liquid state
at 20°C. This translates to approximately a 0.5 mm shift in the 7 mm rod spacing. To
evaluate freezing effects, we installed the THPP rods vertically and horizontally in the
freezing water to see if any difference in rc would be observed between the vertical- and
horizontal-orientation under freezing conditions. For vertical installation, the rods were
positioned at the center of the cooler in the top portion of the water body whereas, for the

horizontal setup, the rods were oriented horizontally and parallel to the surface of the water
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at the center of the cooler, but a few centimeters below the water surface. The rod spacing
for the vertically- and horizontally-oriented rods are compared in Table 3 where rc values
derived from both orientations revealed significant differences in the air-free ice relative
to agar-stabilized water using both ILS and ICPC models. Interestingly, consistent trends
in rc values were obtained for both vertical and horizontal orientations where both Ta and
Tb had larger rc values than in agar-stabilized water for ILS, even approaching the 0.5 mm
expected shift based on the 8% ice expansion. However, for ICPC, the difference between
re_iand rc_win Taand Tb exhibited inconsistent results and the rc values were more similar
to values of rc in water. Overall, the rc estimates for both thermistors, Ta and Tb did not
seem to be substantially affected by the rod orientation in ice. If the ice expands in all
directions from the center, the resulting impact on rc values would seem to be highly
variable depending on position relative to the center, rather than on orientation. More
detailed research is needed to fully address the ice expansion issue and to identify any

optimal positioning scenarios for the rods.

4.5 Thermal Property Estimation in Water and Ice

Table 4 presents the statistical analysis of THPP-derived thermal properties (4, Cv
and «), including their average (Avg.), standard deviation (Std.), RMSE, TE, and RE using
ILS and ICPC models with the rc calibrated in air-free ice (rc.i), the rc calibrated agar-
stabilized water (rc_w), and the measured physical spacing (rphy). As mentioned, the thermal
properties of ice and water were derived using the individually calibrated rc for each
thermistor-rod. In Table 4, we present the combined results using both thermistor-rods to
show the approximate error range of thermal property estimations by THPP. By inputting

rphy iNto ILS and ICPC models for thermal property calculation, the results are derived with
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no spacing calibration. The minimum TE values of thermal properties determined in both
agar-stabilized water and air-free ice are highlighted in bold text, suggesting the most
accurate and precise estimation among the 6 approaches. With one exception, i.e., the Cy
estimation using the ILS model, the smallest TE values for A and x were exhibited by the
ICPC model fitting with either rc_j or rpny in Table 4.

The ICPC model reduced the TE for all thermal properties especially for 4 in both
air-free ice and agar-stabilized water. The r¢ calibration in different media did not affect A
estimation using the ILS model, resulting in the same average, standard deviation, RMSE,
TE, and RE of 1 in air-free ice and agar-stabilized water. The effect of rc on 1 estimation
has been thoroughly discussed previously (Noborio et al., 1996; Kluitenberg et al., 2010).
We found that the ICPC model in both air-free ice and agar-stabilized water exhibited slight
changes in 2 among the three different spacing values, showing reduced TE and RE
compared to ILS model results. Regardless of the heat transfer model, applying the
uncalibrated rphy and the rc calibrated in media with different thermal properties than the
test media resulted in larger errors when estimating Cv. For example, estimating Cv of agar-
stabilized water with rc i using both ILS and ICPC models resulted in RE’s of 10% and
5%, respectively, and using rphy with both models gave RE’s of 2.3 and 1.4%, respectively.
These RE values were substantially greater than the RE values for Cv of agar-stabilized
water using rc_w, which were 0.5% and 0.6%, respectively. Both models provided equally
small TE and RE for Cy estimations in both air-free ice and agar-stabilized water as long
as the calibration was done in the test media. This suggests that the in-situ rc calibration
using the field Cv could improve thermal property estimation compared to using the rc

calibration performed in the laboratory with agar-stabilized water due to the discrepancy
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in thermal properties between bulk soil and water. In other words, when the material’s Cv
is substantially different from the Cy of the calibration material (e.g., wet soil vs. dry soil),
then the thermal property estimation can be biased by using a derived rc value from a
reference material that has dis-similar thermal properties. We note that the Cy of air-free
ice is closer to that of wet soil than the Cy of water, a potential advantage of using ice as
reference material. The « results were obtained using the computed « from fitted 1 and Cv
values and the ICPC model with r¢_i and rpny exhibited the minimum RE in air-free ice and
agar-stabilized water, respectively.

The temperature-dependent reference thermal property (4, x, and Cv) functions of
ice and water were plotted in Fig. 4 to compare how well the ICPC model performed using
the calibrated rc values in air-free ice (rc_i) to fit or compute 4, Cv, and « for both ice and
water. The standard deviation around the mean of each thermal property is presented by
error bars. These thermal properties derived using the ICPC model with calibrated rc i in
both agar-stabilized water and air-free ice show good agreement with the reference
empirical functions from Table 2, in a range between 0.60 and 2.4 W m~! °C™! for 4, 1.79
and 4.18 MJ m °C! for Cy, and 0.14 and 1.4 mm?s™! for «.

5. CONCLUSIONS

Using air-free ice as a standard for HPP rod spacing calibration was demonstrated
and compared to the traditional calibration medium of agar-stabilized water. Creating air-
free ice is non-trivial and requires three main components: 1) a freezer capable of
maintaining temperatures below —10°C and enclosing a medium-sized cooler, 2) a well-
insulated cooler to ensure top-down freezing (the rotationally-molded type is

recommended), and 3) the water depth in the cooler should be 3—4 times deeper than the
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THPP rod length to ensure air-free ice surrounds the HPP rods. Depending on the volume
of water used, the freezing of air-free ice may require substantially more time than making
agar-stabilized water. It was a concern that ice expansion may alter the physical probe
spacing and apparent significant differences were determined in rc between ice and water.
The resulting thermal property determination in ice, however, was closer to the expected
thermal properties of ice or more accurately determined than those of water. In addition to
providing another probe spacing calibration standard with substantially different thermal
properties compared to agar-stabilized water, air-free ice is also useful for verifying the
thermal property estimation of HPPs in general. The ICPC model significantly reduced RE
for thermal property estimations in both air-free ice and agar-stabilized water compared
with the ILS model. Since the ICPC model accounts for the finite diameter and Cy of the
HPP rods, the calibrated rc is closer to the rpny with less dependence on the calibration
medium Cy compared to the ILS model. However, simply applying the rpnhy in the ICPC
model without spacing calibration will likely yield non-negligible errors for thermal
property determination. Based on our calibration and thermal property analysis in ice and
water presented here, we find the application of the ICPC model in both liquid and solid

reference media to be a potential benefit for HPP applications in the future.
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Table 1. Comparison of rod dimensions and volumetric heat capacities of the

HPP components.

Stainless steel rod hVqumetr!c

eat capacity

HPP rohy  Length do de Css Ce Co

mm — MIm3°Cct—

THPP Ta 6.87 50 2.40 0.61 40 203 3.87

Tb (13 (13 (13 (13 (13 (13 (13
DHPPcT 6 28 0.819

DHPPHI 5.78 28

PHPPy8§ 6.5 28 1.271%
2.10%%

C-DHPPk]P 6.06 28 1.27 0.838 40 203 3.14

R-DHPPk] 7.14 35 2.38 0.959 40 203 3.68

7.13 40 “ “ “ “ “

7.14 45 «“ «“ «“ «“ «“

THPPp# 10 70 2.387+ 0.967+ 4.0 203 3.68

211 1.5%%

tCampbell et al. (1991); $Ham and Benson (2004); 8Yang et al. (2013); PEach rpny
is the average of three needles constructed by Kamai et al. (2015); #Peng et al.
(2019); +Temperature-sensing-rod; 1iHeater-rod.



Table 2. Thermal properties of ice and water as functions of temperature using
polynomial equations (all r>= 0.99) generated by curve fitting software (TableCurve
2D, Systat Software Inc.) and coefficients fitted to 10°C increment data presented by

Haynes (2016).
Water (0 to 100°C) Ice (-50 to 0°C)
Specific heat, c (J g °C™)
Iny =a+bT +cT? +dT3 + eT* + fT? y =a+ bT + cT?
a 1.4397 a 2.0982
b —7.6917x1074 b 7.4607x1073
c 2.3230x107° c 1.7857x10°°
d —3.4110x1077
e 2.6325x107°
f —7.8426x10 *2
Volumetric heat capacity, Cv (MJ m3°C™1)
y=a+bT*® + cT> y=a+bT +cT?
a 4.2194 a 1.9235
b —1.0600x1074 b 6.5317x10°°
C —7.2627x107° C 1.5232x107’
Thermal conductivity, A (W m™t°C™?)
y =a+ bT + cT*® y2 = a + bT + cT?
a 0.55546 a 4.6622
b 2.8702x10°3 b —4.2206x102
C —1.6512x1074 C 3.5874x10*
Thermal diffusivity, x (mm?s™)
y =a+ bT + cT*> y =a+bT + cT?
a 0.13183 a 1.1231
b 7.2856x1074 b —8.7149x10°2
C —3.7120x107° C 6.9886x10°

41
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Table 3. Physical rod spacing (rpny) and the average calibrated spacing (rc) and
standard deviation (Std.) are presented for air-free ice and agar-stabilized water. The
difference between rc of ice and water (1. ; — 1. ,,) is also presented. Data were
analyzed using the infite line source- (ILS) and identical-cylinders perfect-conductors-
(ICPC) models with various heat pulse probe (HPP) configurations. See Table 1 for
sensor references.

Air-free ice (—21°C)

Probe Orientation Model Fohy re Std. Tei—Tew
mm
THPP ILS T, 6.87 7.37 0.001 0.45
Vertical “ T, 6.94 7.15 0 0.23

ICPC Ta. 6.87 7.01 0.001 0.05

« Ty 6.94 6.79 0 -0.17
THPP ILS Ta 6.87 7.34 0.003 0.42
Horizontal “ T, 6.94 7.13 0.003 0.21

ICPC Ta 687 7 0.003 0.04

“ Tp, 6.94 6.79 0.003 —0.17
Agar-stabilized water (21°C)
Probe Orientation Model Fphy re Std.
mm
THPP ILS Ta. 6.87 6.92 0.015
Vertical “ T 694 6.92 0.018

ICPC Ta 6.87 6.96 0.015
“ T 6.94 6.96 0.018

DHPPc ILS 6 588
DHPPy “ 5.78 5.67 <0.02
PHPPy “ 6.5 6.26 0.003
C-DHPPk ILS 6.06 6.11 0.023
ICPC “ 614 0.022
R-DHPPt ILS 7.14 7.03 0.068
ICPC “ 7.08 0.068
ILS 713 7 0.06
ICPC “ 7.06 0.059
ILS 7.14 7.05 0.095
ICPC “ 7.1 0.094

1 Average and standard deviation for rphy and rc are average values from three needles
with the same two-needle configuration as Kamai et al. (2015).



Table 4. Computed average, standard deviation, RMSE, TE, and RE to the reference thermal properties of ice and water with
different rc using the ILS and ICPC model. Bold numbers represent the minimal TE of each thermal property estimates.

Thermal conductivity, 4

Water (21°C) Reference: 2 = 0.600 Ice (—21°C) Reference: 1 = 2.39
Avg. Std. RMSE TE RE | Avg. Std. RMSE TE RE
——Wm?toct— % ——Wmtctl— %

ILS r.; 0670 0.005 0.071 0071 12 | 2306 0.029 0.088 0.093 3.9

rw 0.670 0.005 0.071 0.071 12 | 2306 0.029 0.088 0.093 3.9

rony 0.670 0.005 0.071 0.071 12 | 2.306 0.029 0.088 0.093 3.9

ICPC r.; 0619 0005 0.021 0022 36| 2414 0.023 0.039 0.045 1.9

rw 0.622 0.004 0023 0.023 38| 2425 0.039 0061 0.073 3.0

reny 0620 0.004 0.020 0.021 35| 2416 0.044 0.061 0.075 3.2
Volumetric heat capacity, Cy

Water (21°C) Reference: Cy=4.18 Ice (—21°C) Reference: C, = 1.79
Avg. Std. RMSE TE RE | Avg. Std. RMSE TE RE
—— MIm?3°ct— % —MIm3°Cct— %

ILS rc; 3797 0.098 039 0408 10 | 1.788 0.000 0.001 0.001 0.0

rrw 4176 0015 0017 0022 05| 1967 0.048 0189 0.195 11

rohy 4.248 0038 0.089 0.097 23| 1976 0.065 0.204 0215 12

ICPC rc; 4261 0130 0.174 0217 5.2 | 1787 0.000 0.001 0.001 0.0

rew 4177 0017 0019 0025 06 | 1.753 0.052 0.072 0.089 5.0

frohy 4192 0033 0.049 0.059 14| 178 0.071 008 0.111 6.2
Thermal diffusivity, « (=A/Cy)

Water (21°C) Reference: x = 0.144 Ice (—21°C) Reference: k = 1.34
Avg. Std. RMSE TE RE | Avg. Std. RMSE TE RE
——mm?st— % ——mm?st— %

ILS rc; 0177 0.004 0.034 0034 24 | 1290 0.016 0.049 0.052 3.9
rw 0161 0.001 0.017 0.017 12 | 1174 0.044 0170 0175 13
roy 0.160 0.001 0.016 0.017 12 | 1.170 0.053 0.177 0.185 14
ICPC r.; 0146 0.005 0.007 0009 6.0 1351 0.013 0.022 0.026 1.9
rrw 0149 0.000 0.005 0.005 38| 138 0.064 0.093 0113 84
reny 0146 0.002 0.003 0.003 23] 1359 0.078 0.098 0125 94

ey
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Fig. 1. The cross-section of a Tri-needle Heat Pulse Probe (THPP) with two
thermistor-rods (Ta and Tb) and one heater-rod.
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Fig. 2. Ice block showing air-free and air-entrained sections with THPP rods (the
heater-rod and two thermistor-rods, Ta and Tb) in the air-free portion.
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Fig. 3. Comparison of the measured temperature rise at one thermistor-rod, Ta, and the

fitted temperature rise as a function of time in air-free ice (—21°C) and agar-stabilized

water (21°C).
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Fig. 4. Thermal-conductivity (1) and volumetric heat capacity (Cv) from THPP
estimates with the calibrated rc in air-free ice (—21°C) using the ICPC model, and
resulting computed thermal diffusivity (xk=A4/Cy) (symbols). Lines illustrate the
modeled reference values presented as functions of temperature.
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CHAPTER III

THERMAL PROPERTY STANDARDS USING GRANULAR MEDIA WITH AIR-

PLUVIATION AND HEAT PULSE PROBE MEASUREMENTS

ABSTRACT

The fundamental thermal properties of soils and granular media include volumetric
heat capacity (Cv), thermal conductivity (1) and thermal diffusivity (x), which play key
roles in the transfer and maintenance of heat in the environment. Thermal properties are
highly dependent upon the granular medium volumetric water content (6w), and thus
thermal property functions are critical for modeling soil and land surface thermal processes.
However, few available standard granular materials provide a source of ‘known’ thermal
property values, perhaps foremost because of the difficulty in achieving a repeatable bulk
density (pn) value in addition to other packing and wetting complications. Our objectives
were to identify and evaluate a range of readily available granular media that could be used
to calibrate and validate thermal property measurements (i.e., Heat Pulse Probes, HPP) and
to establish packing and wetting/draining methods that result in repeatable granular media
conditions for thermal property determinations. We identified and tested a variety of
granular media including spherical- (quartz sand, glass beads), angular- (crushed media)
and aggregated- materials. Thermal property values were determined under uniform 6w of
oven-dried, saturated conditions and the drained-water content at —5.9 m suction using
combined methods of HPP measurements for thermal property estimations and the multiple

sieving pluviation (MSP) method, yielding highly repeatable pp in coarse granular media.
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Overall, thermal property values ranged from 0.51 to 3.68 MJ m K™! for Cy, 0.13 t0 3.73
W m™' K for Aand 0.17 to 1.5 mm? s™! for x. Optimized parameters were presented for
selected Cv(6w) and A(6w) thermal property models. We demonstrated that with the MSP
method, it was possible to achieve highly repeatable pb values and thermal property values
for several commercially available granular materials. We recommend this approach as a
standard calibration method based on 1) repeatable granular media packing and 2)
standardized thermal property values for coarse granular media at targeted uniform 6w
distributions.
1. INTRODUCTION
Thermal properties, including volumetric heat capacity (Cv), thermal conductivity
(4), and thermal diffusivity (x), are fundamental physical parameters. These properties are
critical for understanding the Earth’s energy balance, which affects vadose zone
temperature-dependent processes such as microbial activity, redox potential, plant root
uptake of water and nutrients, freezing and thawing processes as well as the transport of
gases, nutrients and water. Thermal properties in granular media vary with temperature,
water content, pressure and mineral type (Farouki, 1981) as well as particle structural
characteristics including aggregation, bulk density (pb), particle size distribution and
particle shape (Dai et al., 2019). Therefore several thermal property models have been
developed to characterize thermal properties by accounting for variable conditions. The
mixing models developed by de Vries (1963) consider granular media as a constituent of
solid, water, gas and organic matter, and the models are extensively used to characterize
both Cv and 4 at variable volumetric water contents (6w). Although the mixing model

describing Cy is relatively straightforward and widely used, models describing 4 continue
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to be developed to adequately describe the complexity of thermal conductance in three
phases (i.e., solid, water and air). Several 2 models including the mixing model (Campbell
etal., 1994; de Vries, 1963), empirical models (Campbell, 1985; Chung and Horton, 1987),
the conceptual model (Lu and Dong, 2015) and the theoretical model (Ghanbarian and
Daigle, 2016) are available with limitations for certain soil types and conditions. These
models are often compared to thermal property measurements in field soils, while the
application of thermal property models to readily available media is limited to quartz sand.
The availability of standardized granular materials with well-characterized thermal
property values (Cv, A and x) and the fitted parameters for available models can improve
thermal property sensor calibration and performance and advance the development and
validation of heat transfer models and their simulation capabilities.

The Dual-rod Heat Pulse (DHP) technique employed using Heat Pulse Probes
(HPPs) is widely employed in science and engineering fields for determining thermal
property values (Bilskie et al., 1998; Bristow et al., 1994) and a variety of surrogate
properties and processes such as water flux (Hopmans et al., 2002; Knight et al., 2012;
Yang et al., 2013), subsurface evaporation rate (Heitman et al., 2008), heat flux (Cobos
and Baker, 2003) and heat storage (Ochsner et al., 2007). The HPP consists of a line source
heater rod and at least one parallel temperature sensing rod. The measured and
subsequently modeled temporal temperature rise generally yields all three available
thermal property values via model fitting (i.e., Cv, x and 1). However, accuracy relies
heavily on the determination of the center-to-center spacing, rc, between the temperature
sensing rod(s) and the adjacent heater rod.

A widely used conventional model employed in HPPs considers the heater rod as
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an infinite line source (ILS) that outputs instantaneous heat (Campbell et al., 1991) or
creates heat during a finite time interval (Bristow et al., 1994). This ILS model has been
used as a standard method to measure thermal conductivity (ASTM International.
Subcommittee D18. 12 on Rock Mechanic, 2008). However, the ILS model yields biased
thermal property determination associated with the finite size and contrasting thermal
properties of the heater- and temperature-sensing- rods (Guaraglia and Pousa, 1999;
Hopmans et al., 2002). Additionally, recent designs of the HPP include thickened stainless-
steel rods to minimize rod deflections, resulting in reduced thermal property value errors
associated with rod spacing errors. Therefore, Knight et al. (2012) developed a model that
includes the physical dimensions and the heat capacity of rod materials including stainless
steel and filling epoxy. This semi-analytical model is called the “Identical Cylindrical
Perfect Conductors (ICPC)” model and provides better estimations of thermal property
values compared to those estimated by the ILS model for agar-stabilized water and air-free
ice (Naruke et al., 2021) as well as for selected soil materials (i.e., sand and loam) (Peng et
al., 2021) with known thermal properties.

Despite the wide application and development of HPPs, thermal property standards
and measurement protocols using globally-available granular media have not been
established. In-situ HPP calibration is traditionally conducted in agar-stabilized water,
while Naruke et al. (2021) established the calibration protocol using air-free ice to provide
additional standard properties. Various studies (Liu et al., 2013; Zhang et al., 2020) also
explored on-site HPP calibration in the field. However, there is a gap between in-situ
calibration in non-porous media and on-site calibration in heterogeneous field soils, and

targeting commercially available granular media as standard calibration options can
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advance the development of thermal property sensors. Most manufacturers of granular
media provide a single value of A or sometimes include a range of 1 values across a 6w
range from dry to wet, however, a reliably measured suite including all three fundamental
thermal properties (Cy, 1 and «) is to our knowledge unavailable. A major challenge of
developing a standardized in-situ method using granular media has included establishing
and maintaining a repeatably- and accurately-packed material at different 6w conditions.
Because pb variation directly impacts solid- and pore space- configuration, it consequently
impacts thermal properties. Suggesting a variety of readily-available granular media
exhibiting different mineral types (e.g., quartz and aluminum oxide), particle shapes (e.g.,
spherical and angular) and particle structures (e.g., aggregated and non-aggregated), may
enable the advancement of our understanding of heat transport mechanism through
different constituent phases (i.e., solid, water and air).

Traditionally, pluviation, tamping and vibration methods under dry- or wet-
conditions have been widely used to prepare granular media in laboratory testing and field
engineering studies and applications (Shi et al., 2021; Tabaroei et al., 2017). Air-pluviation
uses a funnel to channel granular media at maintained velocity from a certain height
(ASTM Committee D-18 on Soil and Rock., 2006) and is widely used to provide repeatable
pb (Kodicherla et al., 2018; Shi et al., 2021; Tabaroei et al., 2017). The early work by Miura
and Toki (1982) first demonstrated air-pluviation using a screen column, called the
“Multiple Sieving Pluviation (MSP)” method, allowing particles to scatter randomly while
pouring media into a column, preventing particle segregation. Shi et al. (2021) evaluated
the homogeneity and microstructure of granular media prepared by air- and water- MSP

methods and moist- and dry- tamping methods of coarse calcareous sand and showed that
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the air-MSP method provided the highest homogeneity. Both tamping and vibration are
often combined with the MSP method, and Yu et al., (2006) demonstrated that properly
controlled vibration results in disordered to ordered packing and the highest p». However,
the denser packing using the vibration method for ellipsoidal-shaped particles can alter
particle orientation (e.g., horizontal or vertical) and exhibit a wall effect (Gan and Yu,
2020), meaning that the vibration method alters particle contact and the contact between
HPP rods and ellipsoidal-shaped particles. Given the theoretical assumptions for heat
transport in homogeneously packed granular media, we find the air-MSP method to be a
critical standard preparation method for HPP calibration measurements for repeatable
thermal property measurements in coarse granular packed media.

Our objectives were to 1) determine the repeatability of coarse granular media
packing density using the MSP method, 2) to determine the HPP-based thermal properties
of these media using the ICPC model at oven-dried-, saturated- and drained- 6w conditions,
and 3) to determine model parameter values describing Gw-dependent Cy and /4 values of
these media based on fitted data.

2. THEORY

2.1 ICPC model
Knight et al. (2012) presented the ICPC model, which is a semi-analytical solution
of the temperature rise with time, AT (t) at a known distance from the line-source heater,
re (m), as the heat propagates through a homogeneous and isotropic medium. The Laplace

transform solution of this process is written as:

T-v (p) — q’Ko(IiTc) (1)
¢ 2n/1p{ua0 [K1(Mao)+(#agﬁ0)1<o(Hao)]}z
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where ¢' represents the heat input (W m™'), p is the Laplace transform variable (s™!) and
Tc(p) is the Laplace transform of the temperature arriving at the sensing rod, Tc(t), for the

case of continuous heating. Also, Kna(z) is the modified Bessel function of the second kind
of order n and argument z, u = \/p/k, ao is the radius of the rod (m), fo = Co/Cv. The

weighted average volumetric heat capacity of the rod, Co, including stainless steel and

epoxy was calculated as:

COZCEd_§+CSS( _d_(z)) (2)
where Ce and Css are volumetric heat capacities of rod-epoxy and -stainless-steel and dg
and d,, are the inner and outer diameters of the stainless-steel rod, respectively. Based on
the principle of superposition, the temperature increase from a heating pulse can be

calculated as:

AT (t) 0<t<t 3)
ATc(t) — AT (t—ty) t>¢

AT () = {
where t is the elapsed time (S) and to is a short duration of heat input (s), which
conventionally is 8 s. This solution accounts for a finite rod radius and the finite heat
capacity of both heater- and temperature-sensing-rods, including the stainless-steel tubing
and the epoxy. The ICPC model becomes identical to the traditional line-heat source (ILS)
model (also referred to as Pulsed Infinite Line Source or PILS) developed by Bristow et al.
(1994) if the radius of both heater- and temperature-sensing-rod become zero (ao = 0). The
introduction of finite rod radius (ao) and fo accounts for the shift of heat-pulse arrival at

the temperature-sensing-rods relative to the ILS model, reducing the bias of thermal

property estimation in materials with a varied range of thermal properties.
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2.2 Thermal Property Models
2.2.1. Volumetric heat capacity
The volumetric heat capacity of granular materials characterizes the amount of heat
stored in a unit volume of media, which is an important characteristic determining the
magnitude of annual and diurnal variations in heat storage impacting various processes.
Since granular media primarily consists of minerals, water, air, and organic matter, Cv can
be estimated from constituent-mass fractions and -specific heat capacities as follows
(Campbell, 1985; de Vries, 1963):

Cy = X PxCxby (4)
where px is constituent density (kg m™3), cx is constituent specific heat capacity (MJ kg™
°C7!) and 6y, is constituent volume fraction (m® m~3). The subscript x specifies the mixture
constituency where s, w, a, and om refer to solid, water, air, and organic matter,
respectively. The solid-phase term may include multiple minerals such as quartz (q) and
other minerals (m), and 6 is the sum of the volume fraction weighted heat capacities of all
identified minerals (i.e., s = 6q + 6m). Equation 4 can be simplified if the air and organic
matter terms are ignored due to their small heat capacity and small volume fraction,
respectively (Bristow, 1998; Campbell, 1985).

2.2.2 Thermal conductivity

Thermal conductivity is the amount of heat transmitted through a unit area in a unit
of time under a unit temperature gradient, which varies with pore structure, temperature,
water content, and mineral type in granular materials. Various 4 functions of 6w have been
proposed to characterize heat transfer through granular media, as Dong et al. (2015)

discussed.
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2.2.3. Mixing model
The ‘mixing model’ computes A of a granular medium as a weighted sum of the

thermal conductivities of material constituents (Campbell et al., 1994; de Vries, 1963):

Z kxgx)'x
A(6y) = S (5)

where again x specifies the mixture constituency and kx is a constituent weighting factor.
The organic matter component in Eg. 5 is normally combined with the solid phase for
simplicity (de Vries, 1963), and if that is the case, the solid phase term in the equation is a
comprehensive term that includes minerals and organic matter (i.e., s =q + m+ om). The
solid phase thermal conductivity term (/s) may include multiple minerals, e.g., quartz,
mica, and others, which may require additional A and k inputs for mixing models of Cy (Eq.

4) and / (Eq. 5). The weighting factor, kx, can be calculated as:

2 + 1
1+ga(Ax/Af—1) 1+g.(Ax/As—1)

ke =5 (6)
where ga and gc are shape factors, and As is fluid thermal conductivity. Shape factors, ga and
gc can be expressed as ga = 0.088 for mineral sand (Bittelli et al., 2015) and gc = 1 — 2 Qa,
respectively. The thermal conductivity of air (1a) is the sum of the conductivity of dry air
(Ada = 0.025 W m! °C™!, de Vries (1963)) and a vapor component associated with latent
heat transfer. Campbell et al. (1994) introduced Ar and an empirical function of water
content, fw, to simplify the kx calculation in each constituent:
A = Ao + fw(Aw — 2a) (7)

1
he = Surea ®)

where 6o and q are material properties that affect the slope of the 4 function, especially

during the transition from the air- to the water-dominated stage. Bittelli et al. (2015)
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established linear regression models, 6o = 0.336: + 0.078 and q = 7.256c + 2.52, both of
which are highly related to the clay content (8c). In this study, we assumed 6c = 0 because
our testing media were coarse-textured, therefore both parameters were constants with o
=0.078 and q =2.52, respectively.

2.2.4. Campbell (1985) model
The following empirical A(6w) model was developed by Campbell (1985):
A(6,,) = A+ BO,, — (A — D) exp[—(CO,,)E] (9)
where A, B, C, D and E are coefficients that can be determined by fitting Eqg. 9 to the
measured 4 as a function of 6w or computed using the volume fraction constituents such as

solid (s), quartz (q), other mineral (m) and clay (c) as follows.

_ 0.57+1.7364+0.936m _ _
A= 1-0.746,-0.496 2.865(1 - 6,), B = 2.86,

C=1+4+266.""D=0.03+0.70% E = 4 (10)
The 2 value at saturation (fsa) can be calculated as A(6sat) = A + Bésa, and we determined
the A and B values by fitting Eq. 10 to 4 measurements. The coefficient C determines how
the curve rapidly increases in the lower range of 6w. Although our coarse granular media
did not include clay, C = 1 led to a linear A function of 6w with no transition point.
Therefore, we set C = 83, representing a very small clay content, 6c = 0.001. The D value
represents the A value when 6w = 0, therefore and D was computed as an average of oven-
dry 2 measurements.
2.2.5. Chung and Horton (1987) model
An empirical model developed by Chung and Horton (1987) is described as
A(8,,) = by + b,0,, + b36%° (11)

where bz, b2 and bs are empirical parameters determined for specific soils. The parameter,
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b1 refers to the oven-dry 1 (Adry) when 6w = 0. Chung and Horton (1987) reported parameters
b1, b2 and bs for three soil types (i.e., sand, silt and clay).

2.2.6. Lu and Dong (2015) model

Lu and Dong (2015) developed a A(6w) model similar to the sigmoidal function of
the water retention curve developed by van Genuchten (1980), the retention curve being
the relationship between 6w and the matric potential of the media. The Lu and Dong (2015)
model included an onset of the thermal conductivity function 6w and a fluid network

connectivity parameter, m.
1/m-1
A(Qw)_/ldry [ ( ) ]
Asat_/ldry 1+ ewf (12)
2.2.7. Ghanbarian and Daigle (2016) model
Ghanbarian and Daigle (2016) developed a theoretical A model using the
percolation-based effective-medium approximation:

Al/tS_)Ll/tS Al/tS ,‘{1/ts

7] + 0, =0 13
( sat = W) tli{,tys+[(95at Owe)/OwclAt/ts ;éis+[(95at_9wc)/9wc]/11/t5 ( )

where ts is the scaling factor. The critical water content, fwc, is the volumetric water content
at which the liquid phase first forms a continuous path through the porous medium.
Ghanbarian and Daigle, (2016) described the Guc value as analogous to the parameter Gws in
the Lu and Dong (2015) model. The Ghanbarian and Daigle (2016) model is especially
flexible to fit a variety of porous media, especially fine-textured soils, and Sadeghi et al.
(2018) suggested various existing models are special cases of Ghanbarian and Daigle
(2016). While Eqg. 12 is an implicit 4 function, Sadeghi et al. (2018) derived an explicit 4

form as follows:
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ts
A(64) = [ + az0, + sgn (t,)az\/bs + 2b,b;76,, + 03 (14)

t t t t
0 = —Bcﬂ;éts'i‘(asat_ewc)/l;{«ys a4, = /‘L;c/lts_/l;{‘;
1 2(8sat—Owe) "2 2(Bsar—bwe)
¢ te1? t t
[awc/‘l;/lts_(esat_gwc)lg‘;] +46WC(95at—9WC)’1;c/ztsﬂzli{"yS
2, = (15)

(stiz=2ils)

where sgn is the sign function (i.e., sgn(x > 0) = 1, sgn(x < 0) = -1).
2.3 Accuracy of Thermal Property Estimations
The accuracy of thermal property estimates in granular media was evaluated using
Root Mean Square Error (RMSE), which is often used in thermal properties analysis (He

etal., 2017; Lu et al., 2019, 2014; Peng et al., 2019; Tian et al., 2016) written as:

2
RMSE = [2Wcal=4rer)” (16)
n

where A is the thermal property with lowercase “cal” and “ref” representing the calculated
values using the listed models (Egs. 4-15) and the estimated values by fitting the ICPC
model (Egs. 1-3) to HPP temperature rise with time measurements. The parameter n is the
number of measurements. The RMSE provides knowledge of how far/close calculated
thermal property values (Aca) are from the estimated thermal property values (Arer) based
on measurements.

3. MATERIALS AND METHODS

3.1 Heat Pulse Probe Construction
A three-rod Heat Pulse Probe (THPP) was constructed following the description of

Naruke et al. (2021). The THPP consisted of three stainless steel rods (316 stainless steel,
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McMaster-Carr, Douglasville, GA, USA). Each of the two temperature-sensing-rods, Ta
and Ty, contained a single thermistor (LOK3MCD1, BetaTherm Corp., Shrewsbury, MA,
USA) positioned at the rod’s mid-length. The heater rod, positioned between the
temperature rods, contained heater wire made from 40-gauge enameled Nichrome
resistance wire (Nichrome 80, Pelican Wire Co., Naples, FL, USA) with a constant
resistance per wire length (221.9 Q m™!). The heater wire was folded in half to create a
loop at the distal end of the rod. The heater- and thermistor- rods were filled with a
thermally conductive epoxy (slow cure silver epoxy, Arctic Silver Inc., Visalia, CA, USA).
Error! Reference source not found.a shows a THPP with rods extending from the

THPP base, and Error! Reference source not found.b shows the cross-section of the
THPP. Table 2 describes the stainless-steel rod dimensions, including the physical rod
spacing (rphy) between each thermistor-rod and the heater-rod, the length of rods (L) and
outer- and inner- diameters of the rods, do and de, respectively. In Error! Reference source
not found.a, a 39 mm diameter polycarbonate disk of 10 mm thickness was drilled out to
house the two thermistor-rods on either side of the heater-rod with a 7 mm center-to-center
spacing between each rod pair. The plastic disk with a relatively small 2 was used to avoid
non-granular media-related heat transfer between rods, which could result in thermal
property errors. A hole with a diameter of 1.5 cm was also drilled on the disk to attach a
sintered stainless-steel plate connected to plastic tubing to infuse/withdraw water in the
testing media. The heater- and thermistor- rod wires protruding from the bottom of the
disk, as well as the tubing connected to the sintered stainless-steel disk, were potted inside
of a 40 mm-i.d. ABS pipe using a two-part potting epoxy (50-3100RBK-resin,

CAT.150CL13-hardener, Epoxies, Etc., Cranston, Rl, USA), where the polycarbonate disk



60
was previously glued into the upper end of the pipe. The outer wall of the ABS pipe had
two groves machined at the upper end to house O-rings for sealing against a 150 mm long,
57 mm i.d. clear Lexan tube used to contain the granular media. The distance between each
thermistor-rod and the tube wall should exceed more than the rpny value (i.e., 7 mm) to
prevent the effect of different thermal property interfaces (i.e., granular media and air)
(Kluitenberg and Philip, 1999). Our measurement system provided a sufficient distance
(i.e., 18 mm) between the thermistor-rod and the wall. The heater wire of the THPP was
connected in series with a 1-Q precision resistor (1%, 2 W), the voltage across which was
measured by a CR6 datalogger (Campbell Scientific, Logan, UT, USA) for heating power
calculation. The heating duration was 8 s with an average heating rate of 50.1 £ 0.32 W
m~!. The thermistors were measured directly through the differential channels on the
datalogger using the built-in 5-kQ resistor (£0.1%, 10 ppm °C™!) to complete the bridge.
Thermistor temperatures were recorded for over 150 (or 270) s, including 30 s prior to
firing the heater, and a continuation for 120 (or 240) s to capture the heating peak,
especially in dry granular media. Due to the large porosity and small A of oven-dried
pumice, a 30 + 240 s temperature rise with time data collection was needed to capture the
temperature rise peak. The average pre-heating temperature for 5 seconds before the heat
pulse initiation was used as the initial temperature. The 120 (or 240) s of heating and post-
heating temperature data were used to optimize thermal properties using the ICPC model.
Measurements were initiated every 20 minutes so the sample’s temperature around the
THPP could cool back down to near ambient temperature after heating to avoid temperature
buildup or artificial thermal gradients. The temperature response and heating rate data were

recorded for post-analysis of rc and thermal properties.
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3.2 Granular Materials as Reference Media

Granular materials were selected to provide a wide range of thermal and physical
properties as reference standards for HPP calibration and validation. The granular media
included (a) spherical granular media: fine sand (C778) (C778 ASTM graded silica sand,
US Silica, Ottawa, IL, USA), Wedron sand (Wed) (Wedron silica Co., Wedron, IL), soda-
lime glass beads (Sod) (GL0191B4/425-600, Mo-sci Specialty Products, L.L.C., Rolla,
MO), (b) angular granular media: coarse angular sand (Ang) (2075, Industrial Quarts,
Unimin Corp., Emmett, ID), aluminum oxide (Alu) (BLASTITE, Washington Mills, North
Grafton, MA), coal slag (Coa) (BLACK BEAUTY Abrasives EXTRA FINE, Harsco Co.,
Mechanicsburg, PA), garnet (Gar) (#100/120 Grit, Blastline USA) and (c) aggregated
media: Profile (Pro) (Profile Products LLC, Buffalo Grove, IL), pumice (Pum) (1/8” —
1/32” pumice, Scenic Hill Farm, Oregon, WA). Table 1 shows the physical properties of
the selected granular materials. For additional details about the granular materials, see the
product datasheet of each media (Mo-sci Co., 2020; Profile, 2020; U.S. Silica, 2020;
Unimin, 2020; Washington Mills, 2020; Black Beauty, 2019).
The particle size distribution of each granular medium was measured by sieving samples
for 15 minutes using a sieve shaker (CE Tyler RX-24, Combustion Engineering, New
York, NY) and then weighing the material remaining on the series of sieves with opening
sizes of 2.00, 1.70, 1.18, 1.00, 0.850, 0.710, 0.600, 0.500, 0.425, 0.355, 0.250, 0.212, 0.150,
0.125 and 0.053 mm based on the ASTM sieve size. The ps of each granular medium were

determined using the water displacement method (Dane and Topp, 2002).

3.3 Packing the Granular Media

A difficulty in using granular media is to establish and maintain a repeatable
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packing pb. Packaging these media at various controlled 6w values is further challenging.
Packing dry particles eliminates the effects of wet media packing. Packing in water to
saturate the media can lead to particle segregation and unintended layering of the media.
We employed the MSP method (Miura and Toki, 1982) to achieve a uniform dry granular
medium pp around the THPP. All samples were oven-dried at 105°C for at least 24 hours
and stored in sealed plastic bags to cool down and to begin measurements. A small diameter
(0.25”) funnel was positioned above a screen column as a hopper to maintain a uniform
material flow. The stream of particles from the funnel was applied at a constant rate into a
220 mm long Lexan screen column (57 mm o.d., 51 mm i.d.) illustrated in Fig. 1a,
containing five layers of steel wire screen (5 mm square openings), each layer 35 mm apart.
The screen column was created by cutting 30 mm sections of the column and a 30 x 30
mm square screen and sandwiching the heated screen (using a torch) between two column
sections, effectively melting the wire into the column ends that also melted together. The
completed screen column was connected to the top of the THPP column with a sleeve so
that particles poured into the screen column would randomly scatter as they descended into
the THPP column and effectively pummel the deposited material surface as a means of
settling that surface to a consistent, repeatable density. We found this method avoids the
unintended compaction around rods resulting from insertion into prepacked material. The
dry pv values in repeated packing trials of each material were virtually identical using this
approach, as demonstrated in Table 1, with the largest standard deviation being just 0.6%
of the mean dry pp value for Profile (Pro). The screen column was removed, and the packed
column was ready for the first heat pulse measurements.

After obtaining measurements on the dry media, the same packed material was
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saturated by injecting DI water into the media through the 1 cm diameter sintered stainless
steel plate in the THPP base. The underside of the plate was glued to a barbed fitting and a
small diameter tube that exited the lower pipe wall. The tube was useful for both adding
and removing water from a sample. The Lexan column was sealed at the top using an O-
ring adorned plug with a vacuum line connector exiting the top of the plug. We put the
THPP column under a vacuum during water filling to minimize air entrapment in the
granular medium. The total porosity (= 1 — pb / ps) of each packing was computed from pb
and ps and used to determine the amount of water to inject to saturate the packed pore
volume. After obtaining water-saturated measurements of the thermal properties, we
connected a laboratory vacuum line, which maintained a static suction of —5.9 m and
removed free water from the sintered stainless-steel plate (previous water inlet) with air.
After 60 minutes of the de-watering process, thermal property values at the quasi-
equilibrium 6w (drained 6w) were obtained. Water additions and removals from each sample
were verified by measuring changes in total column mass with a balance. Following the
drained 6w measurements, the 6w of the packed samples were determined using the oven-
drying method (Dane and Topp, 2002). The granular media packing method described here
provides (1) oven-dried-, (2) saturated- and (3) drained- 6w determinations of thermal

property values in each granular material.

3.4 Data Processing of Temperature Rise Data for Thermal Property Determinations
Thermal property (4 and Cv) values were estimated using a MATLAB program to
fit the ICPC model (Egs. 1-3) to the measured temperature rise with time data. The
apparent rod spacing value (rc) was based on measurements in agar-stabilized water

reported by Naruke et al. (2021) as shown in Table 2. Naruke et al. (2021) also reported
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the rc values calibrated in air-free ice, and air-free ice could equally serve as calibration
material for agar-stabilized water. Table 2 lists THPP rod configurations and input values,
including the calibrated rc and volumetric heat capacity for stainless steel and epoxy used
in the ICPC model. Thermal diffusivity, «, (= 2//Cv), was obtained using the fitted values of
/. and Cy. Estimated Cyv and 4 at various 6w conditions were used to determine parameter
values for selected models of Cv (Eq. 4) and A (Egs. 5-15) for a 6w range from oven-dry to
saturation.

4. RESULTS AND DISCUSSION

4.1 Granular Media as Reference Standards

The particle size distribution of each testing media was characterized in Fig. 2 and
Table 3 as the particle diameter (mm) through which x % of a test granular medium passed
as well as the fine particle content, which passed through the 53 um sieve. In most cases,
diameters were greater than 53 pm, correlating with a sandy texture. The finest medium
was aluminum oxide (Alu) and garnet (Gar), and the coarsest was pumice (Pum). Most of
the particles in pumice (Pum) were larger than 1 mm, however, the sieving process broke
particles down into smaller fractions in some of the weaker aggregated media, making
particle diameter determination challenging. Soda-lime glass beads (Sod) showed a very
narrow distribution, while Wedron sand (Wed) exhibited a relatively wide distribution. In
addition to Wedron sand (Wed), both aluminum oxide (Alu) and garnet (Gar) exhibited
similar effective particle size distributions. Coarse angular sand (Ang), Wedron sand
(Wed), and fine silica sand (C778) had high quartz content (>90%), and these three
materials presented similar particle size distributions. Each granular medium was carefully

packed using the MSP method, which worked well for most granular media. However,
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finer particles such as aluminum oxide (Alu) and garnet (Gar) passed through the screens
and were less effectively scattered, leading to a cone-shaped surface rather than a flat
surface during packing. A smaller mesh opening size may increase particle scattering for

finer materials and be used as additional standard granular media.

4.2  Thermal Property Estimation in Granular Media

4.2.1 Thermal property determination using the air-MSP method

As shown in Table 1, the air-MSP method resulted in consistent p» values for the
different test media. Pumice (Pum) showed a relatively larger standard deviation of p, value
of 1.17 kg m3 with a mean po» value of 488 kg m= and we triplicated pumice trial to provide
the likelihood of errors in estimated thermal property values. Thermal property (4, Cv and
k) estimations using THPP measurements with two thermistor rod, Ta and Tb, with a
triplicated air-MSP trial in oven-dried pumice showed small standard deviations of
1.8x10°Wm ' K'in 4, 1.6x102MJm>3 K !in Cvand 1.0x10 2 mm? s ! in x, and each
standard deviation value had less than 1, 3 and 4% in each of mean thermal properties (data
not shown). Therefore, THPP measurements combined with the air-MSP method provided
reproducible thermal property estimations in granular media.

4.2.2 Thermal property estimation at different water contents

Table 4 lists the averages and standard deviations (Stdev) of thermal property
values estimated by fitting the ICPC model to triplicated measurements of temperature rise
with time in both thermistor-rods, Ta and Tb, therefore six data sets, at oven-dry, saturated-
and drained- 6w conditions. We combined thermal property results from Ta and Tb to
provide a range of errors in estimating each thermal property value. Estimated thermal

property values exhibited ranges in Cv 0of 0.52t0 3.5 MIm> K !, in10f0.13t0 3.6 Wm™!
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K™, and inx 0f 0.17 to 1.4 mm?s~!. Most of the media showed minimal standard deviations
at the oven-dry condition and larger standard deviations at drained- and saturation- 6w
conditions. The larger standard deviations at drained- and saturation- 6w conditions in fine-
textured granular media, such as fine sand (C778), Wedron sand (Wed), aluminum oxide
(Alu) and garnet (Gar), might be due in part to trapped air between particles creating non-
homogeneous conditions. The saturated 6w value in these media during the infusion process
was smaller than the porosity value. Dane and Hopmans (2002) reported that 6w value at
saturation during the wetting process is commonly about 85% of saturation Aw at the
complete saturation condition. While the dry and saturated media are considered to possess
uniform properties and resulting repeatable thermal properties, the partially wetted media
also showed small deviations in their thermal property determinations as result, indicating
that the water distribution in the column at the drained 6w was also relatively uniform.
Thermal properties (Cv, A and «) at our three target 6w conditions represented different
combinations of the three solid, water and air phases within the testing media. For the oven-
dry condition, thermal properties depended only on the solid and air phases, while all three
phases affected thermal properties for saturated- and for drained-conditions. The Cv
measurements at the three different 6w conditions presented increasing Cv as 6w increased.
The two aggregated media (Pro and Pum) had oven-dried Cy values at around half of the
rest of the granular media tested, due to the lower pp values (higher air content). Oven-dry
Z measurements in Table 4 exhibited a narrow range from 0.13 to 0.40 W m™! K1, while
saturated A had a much larger range from 0.61 to 3.71 W m™! K1, The three different quartz
sands (C778, Wed and Ang) exhibited the highest oven-dry 4 values ranging between 0.36

and 0.40 W m™! K™, while the two aggregated media (Pro and Pum) exhibited the lowest
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oven-dry A values of 0.17 and 0.13 W m™! K™!, respectively, due to the lower pp values.
Although particle shape (e.g., spherical and ellipsoidal) and packing method (e.g., random
packing vs. vibration) affect ppb and contact between particle to particle and particle to a
different phase(s) (Dai et al., 2019), our thermal property measurements using THPP did
not show substantial difference among three different categories (spherical, angular and
aggregated) except for aggregated- and non-aggregated- media.

Some of these test media exhibited a rapid increase in A when 6w increased from
oven-dry to the drained condition, followed by a more moderate increase in A after 6w
increased between the drained condition and saturation (e.g., Ang, C778, Wed and Gar).
Other media exhibited a gradual monotonic increase in A for the entire 6w range (e.g., Sod,
Coa, Pro, and Pum). The rapid increase of 4 in the relatively dry condition was caused by
growing pendular rings (also called capillary bridges) (de Bisschop and Rigole, 1982;
Rose, 1958) which increased the contact area, and thus, the heat transfer between solid
particles. This occurred until the effect of water became insignificant when 6w was high.
Among the three 4 functions of quartz sand (Ang, C778 and Wed), the fine sand (C778)
with the highest pb (1829 kg m~) had the largest A function, while Ang with the lowest pb
(1607 kg m) presented the lowest values of thermal conductivity. Soda-line glass beads
(Sod) and coal slag (Coa) had similar A functions, explained by similar quartz content and
pb. Aggregated media such as Profile (Pro) and pumice (Pum) had relatively small 1 across
a wide range of 6w. Because both Profile and pumice had internal aggregation, intra-
aggregate entrapped air had a large effect on A, while water mainly filled most of the
external aggregate pores and internal aggregate pores were filled mostly with air. Thermal

diffusivity (x) measurements showed the largest « at the drained 6w in all media except for
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pumice (Pum). Since x was calculated as « = Cv/ 4, moderate increases in 4 for 6w beyond
the drained condition to saturation led to decreasing x toward the saturated condition.
These coarse granular media presented distinct wetting/drying fronts when water
was pushed into or drained from the column. The ICPC model assumed a uniform
distribution of materials including water and solid phases, therefore, our thermal property
measurements were limited at the three target 6w conditions for our vertical rod orientation.
The vertical orientation was also advantageous to provide repeatable bulk packing density

in the granular media using the air-MSP method.

4.3  Thermal Property Models

In Fig. 3, the average- and standard deviation values of Cy versus 6w for the eight
granular media listed in Table 4 were plotted as circle symbols and black solid bars. The
optimized mixing model of Cyv (Eqg. 4) using the fitted parameter, c¢s listed in Error!
Reference source not found. for each media is exhibited as the solid line. Since the fitted
parameter was only cs, which determined the offset value of the Cy function, the slope of
all lines was determined by 6w multiplied by the volumetric heat capacity of water (Cw =
pw X Cw = 4.18 MJ m~ K™1). The Cy function of aggregated media, Profile and pumice as
shown as black- and gray- circles showed lower trends than for other media due to lower
pb values of 693 and 488 kg m™3, respectively

Estimated c; in testing media (Error! Reference source not found.) showed that soda-lime
glass beads (Sod) and pumice (Pum) had the highest- and lowest- ¢s of 846 and 652 ] kg-1
K-1, respectively. The average estimated c; values for three different quartz sands (Ang,
C778, Wed) was 781 ] kg-! K-t with highest- and lowest- ¢; values of 820 and 761 ] kg-1 K-1,
in Wedron sand (Wed) and C778, respectively. Reported cs values in soda-lime glass beads
(Ham and Benson, 2004; Tarara and Ham, 1997) and quartz sand (Bristow et al., 1994)
were 794 and 802 ] kg-1 K-1, respectively. Although our estimated c; value in soda-lime glass
beads (Sod) was greater than the reported values, our ¢ in quartz sands (Ang, C778, Wed)
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followed literature values. Thermal conductivity functions using the mixing model (Eqgs. 5-
8), Campbell (1985) model (Egs. 9 and 10), Chung and Horton (1987) model (Eq. 11), Lu
and Dong (2015) model (Eq. 12) and Ghanbarian and Daigle (2016) model (Egs. 13-15)
were compared with THPP determined A values in
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Fig. 4a—4e, and optimized model parameters are presented in Error! Reference
source not found.. With only three 2 measurement points at three different 6w conditions
(i.e., oven-dry, saturated and drained) in coarse granular media, it was challenging to
predict the transition point in the existing 4 functions because of the lack of measurements
at additional low 6w. The model fitting could be improved if additional measurements of A
at low 6w values were available.

In
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Fig. 4a, the mixing model agreed well with A at the oven-dry condition in all media,
however, the mixing model showed an underestimation of A values at the drained 6, while
overestimating 4 values at saturation. The Campbell (1985) model exhibited an earlier / transition
point at the 6y value of around 0.04 cm® cm because the parameter, C, in the model was the only
parameter to determine the transition point, and we assumed C = 83 due to the coarse texture of
our media (see Error! Reference source not found.) as discussed earlier. Parameters presented
in Error! Reference source not found. and were used to inform the empirical Campbell (1985)
model shown in
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Fig. 4b. The empirical Chung and Horton (1987) model showed a smooth increase
in / at lower- 6w ranges, unlike the Campbell (1985) model. The Chung and Horton (1987)
model parameters, b1, b2 and b3 were presented in Error! Reference source not found.,
and b1 determined the Adry was the same value in all media as parameter D in the Campbell
(1985) model. The conceptual Lu and Dong (2015) model created a sigmoidal function in
most media except for coal slag (Coa), garnet (Gar) and pumice (Pum). The model used
the parameters of Zdary and Asat as shown in Table 5 to set a lower- and higher- end of the
model with curve shape parameters ¢rand m, therefore the Lu and Dong (2015) model
exhibited a plateau at higher 6w values. Lu and Dong (2015) provided the relationship

between water retention characteristics and their curve shape parameters 65, which might
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increase the accuracy of the model prediction if these water retention parameters were
available. For example, Profile has almost 1:1 fraction of dual porosity structure described
as inter-aggregate (0.37) and intra-aggregate pores (0.37) where water held in macro pores
drain at the matric potential around —25 cm (Heinse et al., 2007). The 6 value of Profile
(Pro) in the Lu and Dong (2015) model was 0.42 cm® cm~3, which was close to the threshold
6w (0.37 cm® cm~®) of the dual porosity structure. The theoretical Ghanbarian and Daigle
(2016) model produced a variety of 1(6w) curves where the curve exhibited a monotonic
increase in Pum (gray) due to a larger ts value (ts = 2). The Ghanbarian and Daigle (2016)
model also showed a curve similar to a step-function when ts was close to 0, where A
showed a substantial increase at 6w = 6cw as shown in Error! Reference source not found..

Unlike the sigmoid function by the Lu and Dong (2015) model, the Ghanbarian and
Daigle (2016) still exhibited a monotonic increase after A showed a substantial increase (6w
> Owc) in some media (e.g., C778). The Ghanbarian and Daigle (2016) model in Profile
(Pro) also showed a A curve which was similar to the A curve using the Lu and Dong (2015)
model. Although the Owc optimization in Profile (Pro) showed a potential to relate the
media’s water retention characters and the Gwc value, the 6wc values optimized for finer
granular media (e.g., aluminum oxide (Alu) and garnet (Gar)) could be poorly described
due to our limited data. Since both aluminum oxide (Alu) and garnet (Gar) had finer particle
sizes, the expected Owc values may be much greater than the optimized 6wc values.

The accuracy of Cv and A models in test media was evaluated by calculating RMSE
(Eg. 15), and values are presented in Table 6. The Cv mixing model showed consistent
RMSE values with a minimum RMSE of 0.11 MJ m~3 K™ in coarse angular sand (Ang)

and a maximum RMSE of 0.29 MJ m~3 K™ in garnet (Gar). Garnet (Gar) exhibited
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relatively large fluctuations in THPP Cv determinations, which increased RMSE in the Cv
model fitting. Four of the five 2 models (the mixing model was an exception) showed
almost the same RMSE value in each test media. The 2 mixing model RMSE values were
more than double the values of the other media, and therefore we do not recommend the
application of the mixing model of A unless the model is well optimized with A
measurements at lower 6w conditions.

Finally, Fig. 5 presents the THPP-determined Cv and 4 values and the resulting
values of « (x = A/Cy) for coarse angular sand (Ang) at the oven-dried-, saturated- and
drained- 6w conditions. Fig. 5a-5e also includes the optimized mixing model results for Cy
as blue lines, while each black curve represents the optimized 4 model using (a) mixing
model, (b) Campbell (1985) model, (c) Chung and Horton (1987) model, (d) Lu and Dong
(2015) model and (e) Ghanbarian and Daigle (2016) model, respectively. The red curves
represent x values computed from the optimized models of Cyv and 4 as (x = A/Cy). The A
model selection directly affects x values. For example, the computed « using the mixing
model of Cv and A showed underestimations in the drained water values due to the
underestimation of A with the mixing model (Fig. 5a). Thermal property values at the water
content lower than the drained water content values are especially important for simulating
the transport of water, gas and energy under dry conditions, therefore selecting the most
representative thermal conductivity model is important for an accurate representation of «.

5. CONCLUSIONS

This study presented concepts for standardized estimated thermal properties of nine

commercially available coarse granular media at different volumetric water content (6w)

conditions using a Three-rod Heat Pulse Probe (THPP). Commercially available granular
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media included spherical-, angular- and aggregated- materials. We reported particle size
distribution for each media, and the particle density (ps) values ranged from 1718 to 4019
kg m3 The Multiple Sieving Pluviation (MSP) method provided highly repeatable
packing represented by bulk density (pb) values ranging from 488 to 2205 kg m™ in these
granular materials within 0.6 % of standard deviation. The Identical Cylindrical Perfect
Conductors (ICPC) model was applied to the THPP temperature rise measurements to
determine the thermal property values of each granular material at three different 6w values.
Oven-dry granular media exhibited thermal property values ranging from 0.52 to 1.6 MJ
m~3 K™ for volumetric heat capacity (Cv), 0.13 to 0.4 W m™* K™ for thermal conductivity
(A) and 0.17 to 0.29 mm? s~* for thermal diffusivity (x), and the thermal property values of
saturated media ranged from 2.7 to 3.5 MJ m3 K* for Cy, 0.59 to 3.6 W m™* K™* for / and
0.19 to 1.2 mm? s7* for x. Estimated thermal properties (Cv, A and x) with a wide range of
6w (i.e., from oven-dry to saturation) at highly repeatable pb in various granular media
improve thermal property sensor development and could also serve as additional
calibration media. We also provided optimized parameters for existing thermal property
(Cv and 1) models based on our granular media measurements. The Cv mixing model well
described the THPP-determined Cv values as well as a linear model in all media. The A
mixing model showed more than double RMSE values in all media compared to the other
four models including two empirical A models by Campbell (1985) and Chung and Horton
(1987), the conceptual A model developed by Lu and Dong (2015), as well as the theoretical
model developed by Ghanbarian and Daigle (2016). These four models showed more
flexibility in characterizing THPP-determined / values compared to the A mixing model,

however, insufficient 1 data at low-range 6w conditions leaves some uncertainty in the
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optimal shape of the 1 function. As mentioned, a limitation of this approach is the lack of
THPP measurements at low-range 6w conditions and additional information (e.g., soil
hydraulic properties) of testing media could also improve the parameter optimization for A

models.
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Table 1. Particle- and bulk densities (ps and pb), porosity and quartz (SiO2) fraction
of granular media.

Name Code ps pb Porosity  SiO2fraction
kgm™ kgm3

Spherical granular media
Fine sand C778 2653+8.55  1829+1.77 0.31 0.95-0.99:1%
Wedron sand Wed  2674+17.3 1744+1.24 0.35 0.998

Soda-lime glass

beads Sod 25007 1556+1.78 0.38 0.65-0.757

Angular granular media

Coarse angular

sand Ang  2637+11.0 1607+0.84 0.39 0.9%
Aluminum a1 40104168 1995:227 050 0007
Oxide (Al20s 0.96)#
Coal slag Coa 2776456  1616%1.65 0.42 0.41 - 0.53F7
Garnet Gar  3900+£8.67  2205+1.30 0.43 n/a
Aggregated granular media
Profile Pro  2525+12.1  693+4.18 0.73 0.74p
Pumice Pum  1718+28.3 488.3+1.17 0.72 n/a

T Mo-sci (2020): https://mo-sci.com/wp-content/uploads/product-docs/glass-
microspheres/GL0191-Data-Sheet.pdf; £ Unimin (2020):
https://www.coviacorp.com/media/dquhr5ed/granusil_tds_emmett 026 0719 bld
_eng.pdf#search=granusil%202075; 8Wedron Silica (2020): https://www.smooth-
on.com/tb/files/WedronSilica.pdf; PProfile (2020):
http://www.profileevs.com/resources/article/greens-grade-emerald-standard-
specifications; #Washintonmills (2020):
https://www.washingtonmills.com/products/brown-fused-aluminum-oxide;
t1Blackbeauty (2020):
https://www.blackbeautyabrasives.com/application/files/2015/8644/1909/SDS__ O
riginal_BLACK_BEAUTY _Jan_2020.pdf; £1US Silica (2020):
https://www.ussilica.com/support/guides-working-safely
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Table 2. Calibrated apparent rod spacing in agar-stabilized water (rc) and
thermistor rod dimensions and volumetric heat capacities of the THPP
components (after Naruke et al. (2021)).

Volumetric heat

Calibration Thermistor rod dimension capacity
re Iphy L do de Css Ce Co
mm MIm3 K™
Ta 6.96 6.87 50 2.4 0.61 4 203  3.87
Th 6.96 6.94 " " " " " "

Table 3. Diameters through which, respectively, 90%, 50% and 10%
of the selected granular media passed. (% Fines is the mass of
particles passing the 0.053 mm sieve)

Granular

media doo dso d1o Fines
mm %
C778 0.500 0.425 0.355 0
Wed 0.400 0.250 0.150 2.7
Sod 0.600 0.500 0.425 0
Ang 1.18 0.850 0.600 0
Alu 0.212 0.150 0.125 0.3
Coa 0.600 0.400 0.355 0.1
Gar 0.212 0.150 0.125 1.2
Pro 0.710 0.600 0.425 0

Pum 2.00 1.70 1.00
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Table 4. Average and standard deviation (Stdev) of estimated Cv and 4,
calculated x (= Cv / 1) in granular media at oven-dry, saturated- and drained-
water content (6w) conditions using the THPP measurements.

Granular -
media Ow Cv A K (— Cv/ﬂ)
Average Stdev  Average Stdev  Average  Stdev
3
ccrrr?* MIm3 K1 WmtK1 mm? st
C778 0 1.3 0.019 0.39 0.0036 0.29 0.0046

0.21 2.3 0.16 3.2 0.053 1.4 0.11
0.31 2.7 0.15 3.3 0.061 1.2 0.092
Wed 0 1.4 0.046 0.40 0.014 0.28 0.0060
0.18 2.1 0.11 2.5 0.043 1.2 0.080
0.36 2.7 0.25 2.8 0.065 1.0 0.071
Sod 0 1.5 0.072 0.27 0.015 0.18 0.004
0.095 1.7 0.024 0.68 0.0018 0.39 0.0056
0.38 2.8 0.0077 0.87 0.0022 0.32  0.00022
Ang 0 1.3 0.011 0.36 0.0041 0.28  0.00093
0.12 1.8 0.051 0.91 0.054 11 0.057
0.40 2.7 0.0016 2.3 0.0022 0.85  0.00030
Alu 0 1.5 0.061 0.31 0.014 0.20 0.0011
0.40 3.2 0.16 3.5 0.19 1.1 0.11
0.50 3.5 0.20 3.6 0.10 1.0 0.087
Coa 0 1.3 0.034 0.25 0.0062 0.20 0.0067
0.16 2.0 0.067 0.41 0.0075 0.36 0.0082
0.43 2.9 0.011 0.87 0.0043 0.31 0.0023
Gar 0 1.6 0.080 0.28 0.018 0.17 0.0038
0.18 2.5 0.15 1.5 0.042 0.61 0.025
0.43 3.0 0.17 1.6 0.059 0.55 0.029
Pro 0 0.63 0.013 0.17 0.0026 0.27 0.0094
0.48 2.6 0.012 0.73 0.0035 0.29 0.0025
0.73 3.5 0.035 0.89 0.0042 0.25 0.0037
Pum 0 0.52 0.015 0.13 0.0022 0.25 0.011
0.40 2.0 0.096 0.47 0.0093 0.23 0.0066
0.71 3.1 0.033 0.59 0.0090 0.19 0.0024




Table 5. Estimated thermal parameters for thermal property functions.

C778 Wed Sod Ang Alu Coa Gar Pro Pum
Cv — mixing model
cs(J kg ' K 761 820 846 761 743 739 685 781 652
2 —mixing model
As(Wm K™ 7.1 6.3 1.2 5.4 27 1.2 3.7 2.3 0.83
/. — Campbell (1985) model

A 3.2 25 069 18 33 071 15 051 031

B 017 091 041 13 062 035 033 048 0.38

C 83 83 83 83 83 83 83 83 83

D 039 040 027 036 031 025 028 017 025

E 4 4 4 4 4 4 4 4 4
A — Chung and Horton (1987) model

b1 039 040 027 036 031 025 028 017 025

b2 -1 -73 -18 53 60 -14 -40 -0.094 0.26

b3 11 8.4 2.1 6.5 8.9 1.8 4.7 0.88 0.18

A —Lu and Dong (2015) model

Jay(WmTK?' 039 040 027 036 031 025 028 017 025
Jsat(WmTKT) 32 28 087 23 36 08 16 0.85 0.58
Oui(cm®cm™) 012 0.12 0066 0.087 0.33 0.010 0.010 0.42 0.010

m 11 7.9 5.4 6.0 22 2.0 2.0 14 2.0

A — Ghanbarian and Daigle (2016) model

Jay(WmTKT 039 040 027 036 031 025 028 017 025

Jsat(WmTKT) 32 28 087 23 36 08 16 0.85 0.58
Ouc(cm®cm™>)  0.092 0.089 0.062 0.11 0033 0.15 0.026 0.46 0
ts 0.059 0.057 0.063 0.055 0.071 0.038 0.053 0.053 2.0
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Table 6. RMSE and bias of thermal property functions in various testing media.

C778 Wed Sod Ang Alu Coa  Gar Pro Pum
Cv — mixing model

0.13 0.18 0.17 0.11 0.15 0.14 0.29 0.12 0.19
A — mixing model

0.30 0.36 0.13 0.34 0.29 0.095 0.25 0.10 0.12

/. — Campbell (1985) model
0.043 0.057 0.032 0.029 0.12 0.040 0.039 0.022 0.015
A — Chung and Horton (1987) model
0.043 0.057 0.022 0.029 0.12 0.040 0.039 0.022 0.015
/. —Lu and Dong (2015) model
0.043 0.057 0.0092 0.029 0.12 0.052 0.043 0.022 0.066
A — Ghanbarian and Daigle (2016) model
0.073 0.057 0.0092 0.029 0.14 0.040 0.039 0.022 0.031
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Fig. 3 The volumetric heat capacity (Cv) function of water content determined by
THPP (symbols) and the mixing model (lines) using the fitted parameter shown in
Table 4. The standard deviation of estimated Cv by THPP measurements was shown
as solid black bars.
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diffusivity (x = 2/Cv) in coarse angular sand (symbols). The blue line represents the optimized mixing model of Cyv and each black
lines represents A models using (a) mixing model, (b) Campbell (1985), (c) Chung and Horton (1987), (d) Lu and Dong (2015) and
(e) Ghanbarian and Daigle (2016) model. The red line illustrates the computed « using the Cv mixing model and optimized A
model.
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CHAPTER IV

AUTOMATED HANGING WATER COLUMN FOR CHARACTERIZING WATER

RETENTION AND HYSTERESIS OF COARSE-TEXTURED POROUS MEDIA

ABSTRACT

Modeling and characterizing hysteretic water retention is critical for predicting
hydrodynamic behavior in porous media. This is especially true in coarse-textured media
used in geotechnical engineering-, greenhouse- and landscape-industries, where subtle
changes in water status may lead to plant stress. However, based on the traditional hanging
water column method, water retention measurements are laborious and time-consuming
because of the stepwise manual water potential adjustments and wait-time requirements
for equilibrium conditions to develop. Therefore, we designed and fabricated an automated
system to collect wetting- and drying-water retention data from coarse porous media. The
basic system consisted of 1) a compound pressure transducer (£70 cm range) providing
both the porous medium's volumetric water content (6) and matric potential (h)
determinations, 2) a 70 cm linear actuator to vertically position a 50 ml burette, and 3) a
diffuse laser distance sensor positioned by a 10 cm linear actuator to monitor the burette's
vertical position relative to the sample position. This automated system determined the
initial drying process beginning with a fully saturated sample (h = 0 cm) and determined
subsequent wetting- and drying-water retention curves. Our automated water retention
measurements in quartz sand (ASTM-C778) exhibited maximum- and minimum-standard

deviation in @ of 0.013 and 0.00044 cm?® cm~3, respectively. Parameters of the hysteretic
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water retention model of quartz sand were characterized using repeated measurements.
Results of this research included the creation of an automated water retention system and
the well-characterized hydraulic parameters for the original well-graded- and narrowly
sieved particle sizes of quartz sand.

1. INTRODUCTION

The porous medium's water retention relates a material’s (i.e., soil) hydraulic energy
state or matric potential (h) in saturated and unsaturated conditions with its volumetric
water content (6). This relationship depends on the pore size distribution of the porous
medium and the properties of air, water and solid interfaces (Hillel, 1998). Water retention
plays essential roles in soil-physics, -biology, -chemistry and beyond, and it is used for
simulating the fundamental mass and transport of water, solute and gas through porous
media. In addition, understanding the water retention character of porous media is critical
for understanding processes, including evapotranspiration, surface energy balance, plant
growth and microbial activities for both in-situ field- and laboratory-experiments. An
important concept of water retention is hysteresis, defined by the Glossary of the SSSA
Terms as "A nonunique relationship between two variables, wherein the curves depend on
the sequences or starting point used to observe the variables. Examples include the
relationships (i) between soil-water content and soil-water matric potential,...”. Pham et
al. (2005) thoroughly reviewed the hysteretic character of water retention. The mechanisms
of hysteretic water retention character have been identified as 1) the "ink bottle" effect, 2)
different liquid-solid contact angles for advancing/receding water menisci, 3) air-
entrapment within the porous media, 4) swelling and shrinking of the media, creating

different pathways of water held in the pore structure during the drying- and wetting-
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processes (Philip, 1964; Poulovassilis, 1970; Stonestrom and Rubin, 1989; Lehmann et al.,
1998; Likos et al., 2004). The hysteretic water retention consists of a) the initial (or
primary) drying process, b) the main (or secondary) drying- and wetting-processes and c)
potential intermediate scanning branches. The initial drying process starts with theoretical
complete saturation, followed by the drying process to an arbitrary lower h condition. The
wetting process is then facilitated by the existing hydraulic connection from the initial
drying process and refills the air-filled pore space as h approaches zero (saturation). The
main drying process may start from the same 6 value as the initial drying at saturation (a
complete hysteresis loop), however, the media likely entrains air during the wetting
process, leading to a reduced 'saturated ' value (Haines, 1930). When the main drying (or
wetting) process is reversed abruptly before completing its process from the saturation to
residual @ condition, the water retention diverges to follow a wetting (or drying) scanning
process, which generally scales between the main drying- and wetting-water retention
curves. These effects of hysteresis on water retention behavior have been recognized as
critical for accurately modeling hydrodynamics in all types of porous media, which relates
to infiltration, solute transport and multiphase flow (Kool and Parker, 1987; Parker and
Lenhard, 1987).

The water retention is characterized by pairing correlated 8 and h measurements at
the hydraulic equilibration state during both the drying- and wetting-processes (Dane and
Hopmans, 2018). For example, Haines (1930) demonstrated the hanging water column,
which uses a fritted Buchner funnel connected to a burette via water-filled tubing to create
a hydraulic connection between the burette and the funnel. The system induces a suction

(negative potential, h) at the base of the test sample on the funnel's frit, as the burette is
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incrementally lowered in small steps relative to the sample position. After the water in the
burette reaches equilibrium, the water level is used to compute the test media's 6 and h
values. Various steady-state measurements have been demonstrated for characterizing
water retention with an h range limited by the method chosen. These include hanging water
columns (h > -2 m), pressure cells (h > -8.5 m) and pressure plate systems (-5 > h > -150
m) (Dane and Hopmans, 2018). The measurement time is highly variable in each method,
and a longer equilibration time is required as h becomes smaller (i.e., more negative).
However, there is no single method to characterize a continuous water retention process
across the full range of h (Assouline, 2021).

Ongoing advances in technology have allowed us to reduce human-error and -labor
by automating systems. Automations range from simple data collection to integrated
analysis, such as image recognition and machine learning. Raeesi et al. (2014)
demonstrated an automated multistep inflow-outflow apparatus to provide hysteretic water
retention measurements for consolidated porous media. Our objective was to demonstrate
repeatable hysteretic water retention measurements in quartz sand using our developed
automated hanging water column system.

2. THEORETICAL

2.1 Water Retention Model
The widely used continuous water retention model developed by van Genuchten
(1980) (hereafter the VG model) is expressed as:
6 =06, +(6; —6)[1+ (alhD"]™ 1)
where 6r and 6s are the residual- and saturated-water content (cm® cm™3), respectively, and

the parameter « (cm™) affects the curve shape and is commonly considered equivalent to
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the reciprocal of the air-entry potential of the porous medium. Coarse-textured materials
are typically characterized by a low air-entry value, leading to a greater value of . Two
other curve shape parameters, m and n, are related to the pore size distribution, and m is
often written in terms of n as m = 1 — 1/n. Porous media with a narrow particle size
distribution also exhibit drainage/absorption over a commensurately narrow h range. This
step-like water retention model is characteristic of larger values of n. The hysteretic nature
of water retention in porous media can be characterized using Equation (1) with
superscripted parameters where the superscripts dO, d and w represent the initial drying,
the main drying and the main wetting processes, respectively. For example, ;%, 6%, o,
n% represent the initial drying parameters, and 6%, 6%, o9, n® and 6/, 65", ", n" represent
the main drying and the main wetting parameters, respectively.

3. MATERIALS AND METHODS

3.1 Automated Hanging Water Column Measurements

FIGURE 1a presents the automated water retention measurement system, which
primarily consists of 1) a custom-configured compound £1 psi (£ 70 cm w.c.; +5 vdc
output) pressure transducer (Item Number: MMCGO001BIV5P3A2T1ALl; Omega
Engineering Inc., Norwark, CT), 2) a diffuse laser (OPT2011, Wenglor, Munich, Germany)
mounted on a 10 cm linear actuator (10 cm stroke-linear stage actuator, Twowin,
Amazon.com; Sful402 Nemal7 Stepper Motor), 3) a 50 ml burette (Pyrex # 2124, Corning
Inc., Glendale AZ) attached to a 70 cm linear actuator (Liukouuu8ty26hzdc-05; Liukouu,
Amazon.com; 12 vdc; 1500 N load; stroke 20—75 cm), 4) a 350 ml fritted Buchner funnel
(Pyrex #36060, Corning Inc., Glendale AZ) and 5) a 2" T-slot-based outer aluminum

frame, which secured the position of the various components as well as the control panel.
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The panel contained a datalogger (CR1000, Campbell Scientific Inc., Logan UT), a relay
driver (A6REL-12, Campbell Scientific Inc., Logan UT) and three DC power supplies of
12-, 24-, and 28-VDC. FIGURE 1b shows the enlarged view for the water retention
measurement system showing the porous media (1 cm height) placed in the Buchner funnel
(i.d. 7.5 cm) with a 10-15 pm fritted porous disk with a hydraulic connection through
tubing to the burette and the pressure transducer. The pressure transducer provided a 0.056
cm resolution of the h value measured at the porous medium sample base. The 70 cm linear
actuator at the left side of the aluminum frame in FIGURE 1a moved the 50 ml burette
up/down to induce a positive/negative h gradient within the porous media based on the
adjusted vertical position between the varied water level in the burette (z») and the sample
base (reference, zo). The 10 cm linear actuator mounted at the top of the frame moved the
diffuse laser sensor horizontally. The laser sensor provided a 0.1 cm resolution of two
vertical distance measurements from the laser to zo and z», respectively. The horizontal
movement using the 10 cm linear actuator was calibrated and programmed in the CR-Basic
language of the datalogger, to estimate these two vertical positions. These vertical distance
measurements were used to validate the positioning of system components as well as to
calculate the volume of outflow water in the burette (Vout = 0.88 x (h — zb — 20)), where 0.88
was the calibration coefficient to convert the height in the burette into the volume via the
internal cross-sectional area. The computed Vout value was used to calculate the change of
6 in the test media. The combination of the compound pressure transducer and the diffuse
laser distance sensor provided a water estimate resolution of £0.13 ml for the Vout, which
corresponded to a resolution of +0.0021 c¢cm® cm™ for detecting subtle changes in the

sample's 6.
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3.2 Automated Measurement Protocol
The automated system was controlled by a CR-Basic program written using
LoggerNet software (Campbell Scientific Inc., Logan UT), and that program is provided
in the supplemental material section. FIGURE 2 lays out and describes the program and
function of the automated system. The system started by measuring the initial drying
process within a completely saturated sample, where the sample base’s h value was near
zero. The h value was monitored using the pressure transducer every second to compute
the moving average of h (haw), which was used to determine the equilibrium state. When
the have value was maintained within the resolution of the pressure transducer, i.e., 0.056
cm, for 5 minutes, the program concluded that the sample reached the target equilibrium
condition. The 10 cm linear actuator mounted at the top of the frame then moved the diffuse
laser distance sensor horizontally to measure the two vertical positions of the sample
reference and the burette, zo and z», respectively. The new sample 9 value was computed
using Vout with measured h, zo and zb (Vout = 0.88 % (h — z» — 20)) and subtracted from the
initial estimate of the saturated water content (&ini, in this case, 0.4 cm® cm=) for the first
set of measurements. The computed sample & was used for the next @ calculation at the
new h. This cyclical process described the measurements involved in the automated system
that recorded pairs of h and 6, leading to the water retention data during both the drying-
and wetting-processes. The automated system repeated the main measurements under the
drying process by moving the burette's vertical position downward with the 70 cm linear
actuator to decrease h stepwise. The increment of the burette’s repositioning was initially
setas 5 cm for the drying- and wetting-processes. Note that the 5 cm change in the burette’s

vertical position generally resulted in a smaller change in the internal water column height
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(Ah) due to in/out flows from/to the sample. However, the increment value can be manually
adjusted in the program. This process was repeated until the burette position reached the
maximum of 70 cm (maximum length of the 70 cm linear actuator), or the change of
recorded 6 was negligibly small (A@ < 0.005) within any three consecutive measurement
sets. If A@ < 0.005 cm?® cm™ in three consecutive measurements (total h change of —15 cm),
the program diagnosed the sample & reached the residual water content condition, and the
drying process was switched from the drying process to the wetting process before reaching
to the maximum burette position of 70 cm. The wetting process of water retention data
measurements followed the same procedure described, except the measurements started
from the driest condition (the lowest burette level) to near-saturation (the initial burette
level). The Vout was again used to calculate 8 as h values became less negative. These
drying and wetting cycles were triplicated with an additional drying process to stop the
system at the lowest burette level. After completing the final drying cycle, the sample was
removed from the Buchner funnel to compute the final # by oven-drying at 105°C for 24

hours. All 8 values were then corrected based on the oven-dried & value.

3.3 System Cleaning

Our automated measurement system was programmed to conduct the hysteretic
water retention with incremental changes in h using a minimum resolution of 1 cm and to
provide repeated measurements. When water flow in the system was substantially reduced,
i.e., to less than 0.01 cm min~! for 5 minutes or more in our system, the automated control
algorithm assumed the equilibration condition had been reached. Biofilm caused by
bacteria/algae growth in water-based systems may lead to reduced flows, which was

reported by Eching and Hopmans (1993). Biofilm build-up in water tubes, the Buchner
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funnel's fritted disk and test media, could lead to erroneous determination of the
equilibrium condition based on these criteria, especially when measurement cycles result
in lengthy experiments. Hydrogen peroxide is the most common reagent for removing
organic matter and biofilm (Mickelson et al., 1989; Christensen et al., 2009). After
removing the test media from the Buchner funnel, the ceramic plate in the funnel and tubing
connected to the burette were thoroughly cleaned with 30% hydrogen peroxide and

distilled water.

3.4 Media Preparation

Coarse-textured quartz sand (C778 ASTM graded silica sand, US Silica, Ottawa,
IL, USA) was selected as a well-characterized ("ASTM C778-21, Standard Specification
for Standard Sand," 2021) and readily available granular porous media. This graded sand
exhibits uniform spherical-shaped grains and adheres to the specified particle size
distribution ranging from 150- to 1180-um. The detailed cumulative particle size
distribution of the graded sand characterized by Dixon et al. (2023) is compared to the
manufacturer-provided data (US Silica, 2021) in FIGURE 3. The fine-incremented sieve
determinations by Dixon et al. (2023) are highly correlated to the manufacturer-provided
particle size distribution (US Silica, 2021). The original graded sand along with narrow
sieved fractions separated at 850-, 710-, 600-, 500-, 425-, 355-, 250- and 212-pum were
used in our study. We did not use particles greater than 850 pum and smaller than 212 pum
due to the lack of sample volume (> 60 cm®) collected from these sieve sizes for
measurements. TABLE 1 lists the particle size range, the difference between the minimum
and maximum particle size, particle density (ps), bulk density (pb) and computed porosity

(» =1 — pulps) values in each test media determined prior to water retention measurements.
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The ps of quartz sand was determined using the water displacement method (Dane and
Topp, 2002). Each sample tested was packed into a 200 ml column (i.d. = 7.4 cm) using
the multiple sieving pluviation (MSP) method described in Dixon et al. (2023) in order to
determine packing pb, with results presented in TABLE 1. The MSP method used a five-
layer screen column with square opening sizes of 1 x 1 cm. A funnel (opening diameter of
0.5 cm) was mounted above the top screen within the column, to aid in pouring sand and
to maintain a consistent input of sand to ensure random scattering at the base of the screen
column. The MSP method provided highly reproducible p» values for the granular media
shown in TABLE 1 (Miura and Toki, 1982; Dixon et al., 2023).

A 1 cm depth of each test media sample was packed into the Buchner funnel using
the MSP method, resulting in "assumed p» values™ presented in TABLE 1. The Buchner
funnel was in hydrological contact with the 50 ml burette filled with water during the
sample preparation, which increased the 6 value of the sample by wicking the bulk water
while packing. After packing, water was slowly injected from the three-way valve attached
to the tubing to saturate the test media in the Buchner funnel for at least 24 hours to ensure
complete saturation. After 24 hours of saturation, the excess water was removed from the
three-way valve, and the h = 0 cm condition at the bottom was maintained before initiating

the automated measurements.

3.5 Data Correction on Water Retention Curve Measurements

Although the Buchner funnel containing the test sample was covered by parafilm
to minimize surface evaporation during measurements, ignoring water losses may create a
bias in measured h and computed 6 values, leading to altered hysteretic water retention

character. During measurements, we observed a linear decrease in the maximum water
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drainage volume in the burette at the lowest h setting, resulting from minor evaporative
water losses from the media's surface and tubing surfaces (Dane and Hopmans, 2018). The
actual water loss by evaporation from the sand surface was assumed to be at a constant
rate, and it was determined by comparing the initial drainage volume from the test media
and subsequent drained volume in each cycle. The & values were then reconciled by
accounting for the estimated temporal water loss through evaporation.

As mentioned earlier, hanging water column measurements assume the sample is
at hydrostatic equilibrium when collecting the pair of h and 4, where both h and & represent
the average property within the sample profile. However, correction is recommended when
the sample’s maximum pore size and sample height exceed critical thresholds (Jalbert and
Dane, 2001). The sample’s non-uniform water content distribution can induce bias in
estimating the sample's water retention character as sample height increases. We evaluated
if there was a need for sample height correction based on criteria outlined in Jalbert and
Dane (2001), which computes a critical pore radius at a known sample height as a necessary
correction. The computed critical pore radius for a sample with a 1 cm height was
determined to be 3 mm (3000 pm). With a maximum particle diameter for our largest sand
sample (TABLE 1) of 1180 um (approximating pore size between 0.33 and 0.25 of the
particle size), no correction is needed for any of our samples based on the critical pore

radius and 1 cm height criteria.

3.6 Hydraulic Parameter Fitting
The VG model parameters, &r and 6s (Equation (1)), which represent the residual-
and saturated-6 values, respectively, were computed as the average value of repeated

automated measurements during the main drying- and main wetting-processes. Since the
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initial drying process did not have repeated data, a single set of 6r and 6s values was used.
The other two water retention parameters, o and n (m = 1-1/n) in the initial drying-, main
drying- and main wetting-processes, were optimized using the measured 6r and 6s values.
The parameter optimization for « and n was conducted by minimizing the objective
function (OF) as follows;

OF = X[6m — 6] ()
where 6 is the volumetric water content during the automated measurements, and 4 is the
computed volumetric water content using Equation (1).

4. RESULTS AND DISCUSSION

4.1 Hysteretic Water Retention Measurements

TABLE 1 presents the particle size range, ps, pb, and the computed ¢ (= 1 — po/ps)
of the graded sand and other particle size ranges. The MSP method yielded p» values of
1.85 + 0.0054 g cm? in the graded sand while values for the sieved media expressed
generally decreasing values from 1.89 to 1.79 g cm™, moving from the coarser particles
(20/25, 710-850 um) to the finer particle sizes (60/70, 212—-250 um). Potential reasons for
this decreasing trend may arise from the overall complexity of particle packing in addition
to a reduction in kinetic energy of the air-pluviation packing method as particle size
decreases (Vaid and Negussey, 1984). There is also an impact of generally reducing
particle size range for smaller size classes, e.g., 140 pum for 20/25 vs. 38 um for 60/70.

FIGURE 4 shows hysteretic water retention measurements from three individual
graded sand (graded sand (1), graded sand (2) and graded sand (3)), each including an
initial drying-, five repeated drying- and five repeated wetting-processes. Squares and

circles represent drying- and wetting-measurements with the label graded sand (1),
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respectively, and black crosses represent graded sand (2) and gray triangles for graded sand
(3). The numbers on the labels in graded sand (1) represent the repetitions of the drying-
and wetting-processes. We highlighted the water retention measurements migration as the
drying- and wetting- processes repeated. For example, the measurements initiated from the
drying process and the label dO (red squares) represent the initial drying measurements.
The automated system then switched from drying to wetting, and the label, w1l (yellow
circles), represents the first wetting measurements. Different colored symbols represent
half cycles of repeated water retention measurements from the six drying- and five wetting-
processes. The initial drying process (d0) exhibited the highest 6 at saturation, while
repeated drying measurements (d1, d2, ... and d5) exhibited lower ‘saturated’ & because
the re-wetting process entrained air into the wetting media. Air entrainment is a common
phenomenon during hysteretic water retention measurements (Pham et al., 2005). As the
drying- and wetting- processes repeated, part of the water initially filling the media’s
porosity was replaced with entrained air, and the excess water remained in the 50 ml
burette, leading to a slightly positive potential at the bottom of the sample at saturation.
The average hourly system evaporation loss was estimated at 0.015 cm?® h™*, equivalent to
the reduction in 6 of 0.00025 cm® cm™ h™L. The initial drying measurements exhibited
substantially greater @ in both saturated and unsaturated conditions compared to the 6
values from each repeated drying measurement within an h range from —30 to 0 cm, while
6 values from the initial drying measurements merged with 6 values of the repeated drying
measurements for h <—30 cm. All three datasets of water retention measurements (graded
sand (1), graded sand (2) and graded sand (3)) in FIGURE 4 include an initial drying cycle

from saturation and five repetitions of drying and wetting processes that do not reach
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saturation due to air entrapment during the re-wetting cycles. All three datasets presented
small variations in @ at the wet end (h > —14 cm) and at the dry end (h < -35 cm) while
exhibiting greater fluctuations in between, around h = —-20 cm, which corresponded to the
approximate peak value of the water retention curve’s slope (dé/dh). For example, graded
sand (1), graded sand (2) and graded sand (3) exhibited the largest standard deviation
values in 6 of 0.013, 0.0084 and 0.0062 cm® cm™ at h values between —16 and —19 cm,
respectively, while the smallest standard deviation values in 6 of 0.0010, 0.0014 and
0.00044 cm?® cm~3 occurred at h values between —41 and —42 cm, respectively. Repeated
drying- and wetting-measurements in graded sand (3) in FIGURE 4 exhibited the most
stable main drying- and wetting-water retention, yielding standard deviations of 0.00044
and 0.0062 cm® cm3, respectively. The repeated wetting water retention measurements
showed less fluctuation in @ than the repeated drying measurements. The repeated drying
water retention measurements in graded sand (1) showed a gradual decrease in the apparent
65 value from 0.28 to 0.27 cm® cm~ and a more substantial decrease in the 8 value under
unsaturated conditions. For example, repeated drying measurements from d1 (yellow
squares) to d5 (blue squares) showed the largest decrease in @ from 0.20 to 0.18 cm® cm™®
at around an h value of —19 cm. A minor gradual decrease in € was also observed in graded
sand (2) and graded sand (3). On the other hand, the repeated wetting water retention
measurements showed almost stable water retention with a slight increase in 6. This 6
migration led to a shift in the water retention measured data, especially in the main drying
process.

We observed increasingly elongated measurement times to complete each drying

and wetting cycle. This was likely due to gradual pore-clogging in the porous plate,
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reducing water flow. Pore-clogging was easily cleaned with a hydrogen peroxide solution;
however, we did not find an effective way to prevent the porous plate from clogging while
conducting the measurements. The automated measurements required about 10 hours to
complete one measurement cycle of the drying- and wetting-process. The time required to
obtain a pair of # and h was related to the measurement increment of h to create the pressure
gradient at the bottom of the media and the media’s water retention and hydraulic
conductivity, which were critically related to the particle size distribution and its range. For
example, all media showed a peak time at the intermediate ¢ condition during the drying-
and wetting-processes where the water retention curve shape showed a drastic change
(greater d@/dh), inducing a greater water volume change in the test media. This
demonstration of the automated hanging water column measurement system used coarse-
textured sand with an h range between -50 < h < 0 cm. We acknowledge that it is possible
to extend the h range below —50 cm using a longer linear actuator, however, the compound
pressure transducer may require a commensurate pressure range increase and a finer pore-
sized fritted plate in the Buchner funnel, ultimately leading to slower response times at the
dry end. Application of finer textured media with lower hydraulic conductivity would also
be possible, however, an extended measurement time requirement is expected, and the finer
particles could induce pore clogging of the fritted plate, further extending the measurement

time.

4.2 Hysteretic Water Retention Parameters
FIGURE 5 shows the optimized water retention curves using the VG model
(Equation (1)) of the eight quartz sand size classes described in TABLE 1. The initial

drying, main drying and main wetting process are presented as dotted-, solid- and dashed-
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lines, respectively. The cross-, square- and circle-symbols represent automated
measurements of initial drying-, the average of repeated drying-, and the average of
repeated wetting-processes, respectively. Bars in the symbols represent the standard
deviation values from triplicated measurements. The graded sand (FIGURE 5a) and
coarser-textured sand such as 20/25 (FIGURE 5b), 25/30 (FIGURE 5c), 30/35 (FIGURE
5d), and 35/40 (FIGURE 5e) exhibited distinct initial drying (black dotted line), which
showed substantially greater & values in a relatively wet condition compared to the main
drying process (solid red line). Although the VG model describes an almost constant
value from saturation to the air-entry value, all media in the initial drying-, main drying-
and main wetting-processes showed a gradual decrease in 6 from saturation to the air-entry
value. Therefore, modeled & values were overestimated near the saturation condition.

TABLE 2 lists all fitted VG model parameters, including 6, 6s, o and n, describing
the initial drying (do)-, main drying (d)- and main wetting (w)-processes. The 6r and 6s
values ranged from 0.012 to 0.064 and between 0.26 to 0.35 cm® cm™3, respectively. We
note that 6r and 6s parameters demonstrated sensitivity to the value of p», where lower pb
values in finer particles (TABLE 1) yielded greater 8 and 65 values. Values of 6s% in most
samples were greater than 6s¢ and 6s". Although 6s values were similar to the computed ¢
values in TABLE 1, media with finer particle size (e.g., 45/60) presented greater values of
0s than of the value of . The parameter o exhibited a range from 0.031 to 0.18 cm™2, which
is correlated to the air-entry value and the particle size range and its distribution. Samples
with a finer particle size exhibited smaller « values due to smaller pore sizes, leading to
more negative air-entry pressures. The parameter n, which is correlated to the slope of the

water retention curve, i.e., resulting from particle size distribution, exhibited a range of
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values from 3.0 to 13. Values of n for the drying process were slightly greater than for the
wetting processes

We compared our optimized parameters listed in TABLE 2 with reported
parameters (6, 6s, a and n) of spherical quartz sand (Accusand, Unimin Corporation, Le
Sueur, MN) reported by Schroth et al. (1996), and reproduced here in TABLE 3. Their
work included determining the sand’s drying water retention with somewhat broader sieve
(particle) size ranges of 12/20 (850-1700 um), 20/30 (600—-850 um), 30/40 (425-600 pm)
and 40/50 (300—425 um). The 6r values were smaller and with a narrower range between
0.012 and 0.02 cm? cm3, while all media exhibited 6s value of 0.35 cm® cm, which was
equal to the maximum value of our optimized 6s value. Although Schroth et al. (1996) also
applied a packing method similar to the MSP method we used, their p» values may have
been smaller than our pv values, inducing greater s values. Their a values exhibited a
narrower range from 0.045 to 0.15 cm™, compared to our optimized values, while their n
values ranged from 7.4 to 13, slightly greater than our optimized n values. Our work also
extended the hysteretic water retention model parameterization and included a wider
particle size range.

5. CONCLUSIONS

We designed, fabricated and demonstrated an automated hanging water column
measurement system driven by our need for more accurate and efficient retention data
collection. The system consists of a compound pressure transducer and provides both
porous medium matric potential (h) and volumetric water content (¢) determinations in
combination with a 50 ml burette. A 70 cm linear actuator was used to position the burette

and a diffuse laser distance sensor, positioned by a 10 cm horizontal linear actuator,
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facilitated monitoring of the burette's vertical position relative to the sample reference
elevation. Beginning with a fully saturated sample (h = 0 cm), the automated system
determined the initial drying water retention data and the subsequent wetting- and drying-
water retention measurements within a minimum h of —-50 cm. The repeated drying- and
wetting-processes of water retention measurements were critical to characterizing
hysteretic water retention behavior, such as the initial drying-, main drying- and main
wetting-processes. The automated measurements using ASTM-graded sand provided an
initial drying process and five repeated main drying- and wetting-data sets with the largest
standard deviation of 0.013 cm® cm™ in @ at an h value of —19 cm and the minimum
standard deviation value of 0.00044 cm® cm=2 in @ at the dry end (h = —41 cm). However,
in one of three data sets, we observed drifting & values over the five repeated drying- and
wetting-measurement cycles, leading to a shift in water retention data. Air entrapment in
the test media usually resulted in a decrease in 6s values for repeated measurement cycles.
We also observed increasing times to complete automated measurement cycles, likely due
to pore-clogging by bacterial growth. The graded sand was sieved into seven different
particle size ranges and was used to obtain detailed water retention measurements for these
size ranges. The van Genuchten (1980) water retention model parameters (6r, s, o and n)
were optimized and compared to values from earlier work by Schroth et al. (1996). Our
automated hanging water column apparatus reduced manual labor requirements, expedited
the measurement process and resulted in highly repeatable water retention data through as

many as five wetting and drying cycles.
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TABLE 1. Particle size range, particle density (ps), bulk density (ob) and computed
porosity (¢ = 1 — pvlps) of quartz sand.

Sizerange Difference ps o ®

um um gcm gcm
Graded sand < 1180 2.65% 1.85+0.0054 0.303
20/25 710-850 140 2.65% 1.89+0.0074 0.286
25/30 600-710 110 2.65% 1.87+0.0035 0.294
30/35 500-600 100 2.65° 1.85+0.0036 0.301
35/40 425-500 75 2.652 1.84+0.0074 0.307
40/45 355-425 70 2.65% 1.7940.0035 0.325
45/60 250-355 105 2.65% 1.77+0.0067 0.333
60/70 212-250 38 2.65% 1.79+0.0084 0.323

4Dixon et al. (2023)



TABLE 2. Hysteretic water retention parameters (van Genuchten, 1980) for the initial drying (d0)-,
main drying (d)- and main wetting (w)-curves of quartz sand.

Particle size range by sieve number
Graded sand  20/25 25/30 30/35 35/40 40/45 45/60  60/70

Particle size range (um)
710- 600- 500- 425- 355- 250- 212-
<1180 850 710 600 500 425 355 250

Initial drying process (d0)
6% cmdcm® 0.019 0.022 0.013 0.013 0.020 0.022 0.036 0.064

g0 cm®em 0.30 0.27 0.28 0.28 0.29 0.32 0.35 0.33
o  cmt 0.047 0.086 0.088 0.079 0.058 0.051 0.040 0.031
ndo 6.0 11 9.6 8.6 9.8 7.7 8.3 13

Main drying process (d)
Y cmcm” . . . . . . : :
O Scm3 0.019 0.022 0.012 0.014 0.020 0.026 0.037 0.057

gd  cm’em? 0.29 0.26 0.27 0.26 0.28 0.32 0.34 0.33
o cmt 0.058 0.091 0.093 0.099 0.063 0056 0.044 0.033
nd 4.4 8.7 7.7 4.9 7.2 5.7 6.5 8.5

Main wetting process (w)
gw cmPem 0.019 0.021 0.012 0.014 0.020 0.024 0.036 0.044

gw cmem 0.29 0.26 0.27 0.26 0.28 0.32 0.34 0.33
o'  cmt 0.11 0.15 0.15 0.18 0.10 0091 0.072 0.054
nw 3.0 6.4 6.2 4.0 6.4 4.1 45 5.0

oTT



TABLE 3. Water retention parameters (van Genuchten, 1980) for
quartz sand (Accusand) (after Schroth et al. (1996)).

Particle size range by sieve number

12/20 20/30 30/40 40/50

Particle size range (um)

850-1700 600-850 425-600 300425

O cmicm= 0.012 0.016 0.018 0.02
6s cmicm= 0.35 0.35 0.35 0.35
o cmt 0.15 0.10 0.068 0.045

n 7.4 11 13 12

117
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FIGURE 1. (a) Automated water retention measurement system consisting of a
compound pressure transducer, a diffuse laser mounted on a 10 cm linear actuator, a
50 ml burette attached to a 70 cm linear actuator, a fritted Buchner funnel, a T-slot-
based outer aluminum frame and the control panel and (b) a magnified picture of the
coarse-textured porous medium water retention measurement system. The laser read
two vertical distances of the reference height (zo) and the burette position (zv). The
pressure transducer output h values at the base of the test media, and the

outflow/inflow of the porous media (Vout) was then computed using measurements of
h, zo and zo.
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FIGURE 4. Triplicated measurements of the automated hysteretic water retention in
graded sand. Colored squares and circles represent the first set of “graded sand (1)”
measurements illustrating some drift in the data. Black crosses and gray triangles
labeled “graded sand (2)” and “graded sand (3)”, represent the second and the third
measurement sets. Drying cycle measurements included the fully saturated sample’s
initial drying cycle labeled “d0” (graded sand (1)) with adjacent graded sand (2) and
graded sand (3) data also presented.
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FIGURE 5. Hysteretic water retention measurements and fitted van Genuchten (1980)
(VG) water retention models describing (a) C778 graded- and (b)—(h) sieved-quartz
sand (ASTM-C778). Optimized VG model parameters are presented in Table 2.
Vertical- and horizontal- bars represented standard deviation values for each symbol
from triplicate measurements.
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CHAPTER V

CHARACTERIZING HYSTERETIC WATER RETENTION OF SYNTHETIC- AND

NATURAL-FIBERS AS CANDIDATE PLANT GROWTH MEDIA

Abstract

Water retention in granular growth media has been extensively studied, however,
limited research has explored the water retention of fibrous materials as candidate plant
growth media. This study investigates the physical properties and hysteretic water retention
characteristics of various lightweight fibrous media as potential candidates for supporting
plant growth. The research encompasses both synthetic fibers, including woven
microfibers and a non-woven capillary mat, and natural fibers such as peat moss, jute,
linen, and a cellulosic sponge. Utilizing an automated hanging water column apparatus,
water retention measurements were conducted over a matric potential (h) range of 0 < h <
—50 cm, focusing on fabric media usage in plant growth systems. The hysteretic water
retention curves of synthetic and natural fibers resembled decreasing hyperbolic functions
observed in typical plant growth media, with natural fibers exhibiting drastic water
retention curves from saturation (6s) to residual water content (6r) within the h range
between —20 and O cm. Conversely, synthetic fibers displayed reduced 6&s values,
potentially due to larger pores between weaving structures compacted near-saturation.
Additionally, certain woven synthetic fibers demonstrated significant volume changes
during drying and wetting processes, emphasizing the need for corrections in water

retention measurements. The study also demonstrates the feasibility of plant growth in
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woven synthetic fibers, particularly microfibers, highlighting their potential as viable
alternatives for plant growth media. Further optimization is recommended to determine the
ideal water status, container geometry, and bulk density (pb) to enhance containerized plant
cultivation using fabric media. Overall, this research provides valuable insights for
designing fabric-based plant growth media, offering opportunities to tailor media
formulations to specific plant requirements for more efficient and sustainable agricultural
practices.

1. Introduction

Climate change poses a significant threat to global agriculture by disrupting
seasonal precipitation and temperature patterns, resulting in events such as flooding and
drought (Malhi et al., 2021). Amidst these challenges and the increasing demand for food
and water security, there is growing interest in crop production within controlled
environments such as greenhouses and households, using containerized porous growth
media (also called substrate), particularly as an alternative to conventional field-grown
methods (Fields et al., 2021). Furthermore, containerized crop production has garnered
attention for its potential application in reduced gravity conditions, aiming to support
astronauts' dietary and mental well-being (Haeuplik-Meusburger et al., 2014).

Soilless media, characterized by their lightweight coarse-textured porous nature
and sterilizability, have gained traction in both commercial and residential settings (Caron
et al., 2015). Peat moss, a staple in horticulture due to its high porosity (¢) and cation
exchange capacity, has traditionally been widely used. However, concerns about its
environmental impact, including greenhouse gas emissions associated with peat bog

extraction, have led to a search for sustainable alternatives (Yu et al., 2010; IUCN, 2023).
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Consequently, there has been a surge of interest in exploring various alternative soilless
media, with fabric media emerging as a particularly promising option.

Fabric media, characterized by their lightweight, affordability, availability, and
porous structure, offer several advantages as soilless growth media. For instance, mineral
wool, hemp fiber storck mats (Dirkes et al., 2021), and knitted fabrics (Storck et al., 2019;
Dirkes et al., 2021) are being explored for low-cost vertical farming, including hydroponic,
aeroponic, and aquaponic systems. Studies have demonstrated the applicability of materials
like sponges (Kyriacou et al., 2020; Paradiso et al., 2020; Zhao et al., 2022) and 3D-printed
foams (Takeuchi, 2019) for cultivating a variety of crops in a controlled environment.
Additionally, both woven and non-woven fabrics have been utilized as growth media for
uniform water distribution, aiming for sustainable crop production under reduced gravity
conditions, such as the Svet Space Greenhouse (Bingham et al., 2000) and VEGGIE
(Massa et al., 2017).

With the growing interest in various fibrous media, understanding their hydraulic
properties, particularly their hysteretic water retention characteristics, is essential for
designing and optimizing plant growth systems. Studies also revealed that the different
weave structures and fabric densities affect the water absorption in fibrous media (e.g.,
Tang et al., 2005; Nyoni and Brook, 2006; Mhetre and Parachuru, 2010; Magsood et al.,
2016). Water retention in porous media relates to the media’s volumetric water content (6)
and the hydraulic energy state, namely matric potential (h) in saturated and unsaturated
conditions. Hysteretic water retention behavior, which involves different pathways of
water held in the pore structure during drying and wetting processes, is influenced by

phenomena such as the ink bottle effect, varying liquid-solid contact angles, air entrapment,
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and volume changes due to swelling/shrinking of the porous media (Pham et al., 2005).
This understanding is crucial as evapotranspiration and irrigation subject the porous media
to alternating drying and wetting processes. Inadequate comprehension of the hysteretic
water retention in growth media can lead to errors in estimating root zone water- and air-
filled porosity, potentially resulting in hypoxia or drought stress. Thus, there is a pressing
need to characterize the hydraulic properties, especially hysteretic water retention
characteristics of various growth media.

Past studies explored the mechanism and the characterization of hydraulic
properties in fibrous media, laying the groundwork for our research (e.g., Preston and
Nimkar, 1949; Hollies et al., 1957; Morton and Hearle, 2008; Azeem et al., 2017). While
existing methods (ASTM International, 2018, 2021) provide valuable insights into water
retention characteristics of fabric media, they fall short in capturing the hydraulic properties
within an ideal and practical h range for plant growth (i.e., =100 < h < 0 cm) (Pecanha et
al., 2021; Heiskanen, 1995). Preston and Nimkar (1949) introduced the hanging water
column experiment which was originally demonstrated by Haines’s (1930) for
characterizing water retention in mineral soils, however, their study was applied in limited
fabric media including cotton. Dixon et al. (2023) demonstrated an automated water
retention measurement system based on the traditional hanging water column method
initially introduced by Haines (1930). The system comprises 1) a compound pressure
transducer for media’s @ and h determinations, 2) linear actuators, 3) a burette, and 4) a
diffuse laser distance sensor. This automated water retention system offers repeatable data
for coarse-textured media with a higher h range between 0 and —50 c¢m for both drying and

wetting processes.
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In this study, we focus on characterizing fabric plant growth media, classifying
them into two main categories: synthetic fibers and natural fibers. Synthetic fibers include
woven fabric (e.g., microfiber) and non-woven fibers, while natural fibers encompass
traditional indoor plant growth media like peat moss and traditional woven plant fibers
such as jute and linen, as well as non-woven materials like cellulosic sponge. Together,
these fall under the broader category of candidate plant growth fibrous media. The primary
objective of this research was to characterize the hysteretic water retention of various
fibrous media, including both synthetic and natural fibers with a focus on evaluating
physical and hydraulic properties for containerized crop production. In addition to
characterizing the physical and hydraulic properties of various fibrous media, this study
also included a subset of plant growth experiments to demonstrate plant growth in woven
synthetic fibers. While the primary focus remains on assessing the suitability of these
media for containerized crop production, the plant growth experiments serve as a practical
demonstration of their potential applications in containerized horticulture. By examining
both the physical properties and growth outcomes, this study aims to provide a
comprehensive understanding of the role of fabric media in sustainable agricultural
practices.

2. THEORETICAL

2.1 Physical Properties

We outline fundamental physical properties commonly used in horticulture and soil
science, including material density (ps in g cm=3), bulk density (pb in g cm=2), and porosity
(p) as follows

Ps = MS/VS1 Pp = Ms/Vt (l)
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where M and V represent the mass and the volume, and subscripts of s and t represent the
material and the total bulk media. The term V: is the sum of the volume of air (Va), water
(Vw), and material (Vs). The term ps refers to the density of the material itself, while po
encompasses the bulk porous media, accounting for the total volume including the fabric
medium and pore space. The ¢ is defined as the ratio of pore space volume to the bulk
volume of the media and is commonly calculated as ¢ = 1 — ps/pp. Additionally, we
introduce the concept used in the textile industry, Grams per Square Meter (GSM in g m2,
also called fabric aerial density) which describes the fabric dry mass of fabric per square
meter of sheet. The term GSM is a common physical property used in textile fields to
characterize the density of fabric media (e.g., Iftikhar et al., 2020). It is important to note

that while pp is a volumetric concept, GSM is associated with area measurements.

2.2 Water Retention Model

The widely spread model for describing continuous water retention of porous

media, #(h), is developed by van Genuchten (1980):

,  m
0(h) = 0, + (05 = 0) | 5] (2)

where 6s and 6r are the volumetric water content values (cm® cm) at the saturation-
and residual-condition, respectively. The parameter, o (cm™) influences the curve shape
and is often interpreted as the reciprocal of the air-entry potential (cm) of the media. Two
dimensionless curve shape parameters, m and n, are related to the pore size distribution
with m often calculated as m = 1 — 1/n. The hysteretic water retention encompasses the
initial (or primary) drying process, the main (or secondary) drying and wetting processes,

and potential intermediate scanning branches. The common approach to characterize the

hysteretic water retention of the main drying and the main wetting processes is to apply
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individual parameters of the water retention model (Equation (1)) in each process (Pham
et al., 2005). For example, parameters such as 6%, 6s%, a9, n9, and md represent the main
drying parameters, while 6/, 65", o, n", and m" represent the main wetting parameters.

3. MATERIALS AND METHODS

3.1 Candidate Growth Media Selection

We selected ten fibrous media, categorized into two groups: a) synthetic fibers and
b) natural fibers as presented in Figure 1. Synthetic fibers included five microfibers with
various weave structures from The Rag Company, Boise, ID, namely Spa and Yoga (SY),
The Gauntlet (GA), Creature Edgeless (CR), Platinum Pluffle (PL), and Dry Me A River
(DR), along with the capillary mat (CA) (CapMat |1, Phytotronics Inc., Earth City, MO).
Natural fibers consisted of jute (JU) (Natural Burlap Ribbon, LWR CRAFTS,
http://www.lwrcrafts.com/), linen (LI) (Linen Fabric Ribbon, Firefly Imports), a cellulosic
sponge (CE) (3M, Saint Paul, MN), and coarse peat moss (PE) (Sunterra Horticulture,
Winnipeg, Manitoba, Canada).

Table 1 presents the chemical composition of each fabric, the manufacturer-
provided GSM value, and the pile/weave structure. Pile refers to the elevated surface
composed of upright loops or strands of yarn, while weave describes how the yarn on the
surface is oriented to create woven fabric. Synthetic fibers exhibit various weave structures
including terry, twist loop, plush, waffle, and plain, with the GSM value in synthetic fiber
ranging from 365 to 900 g m. In contrast, both jute and linen display a plain weave
pattern, indicating a visible pore size of approximately 1 mm in jute, which may influence

water retention near saturation. The cellulosic sponge also features large pores exceeding
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5 mm, suggesting a reduced @ value near saturation.

The major components of synthetic and natural fibers were polyester and cellulose,
respectively, as detailed in Table 1. While each bundle of synthetic fibers often exhibits
hydrophobicity due to a high contact angle (> 90°) (Parvinzadeh Gashti, 2012), synthetic
fibers often display hydrophilicity by reducing fiber thickness and altering the cross-
sectional shape of the fiber during the manufacturing process (Park et al., 2001). In
contrast, natural fibers containing cellulose intrinsically exhibit hydrophilicity due to small
contact angles (Kontturi et al., 2011; Monteiro et al., 2011; Schellbach et al., 2016).
Various chemical and thermal treatments can also modify the contact angle and alter water
absorbency in both synthetic and natural fibers (Cameron et al., 1997; Li et al., 2007;
Ferrero and Periolatto, 2015), however, due to the challenge of defining treatments for each
commercially available fabric, all fabrics were rinsed with water and air-dried for at least

24 hours before the experiment.

3.2 Physical Property Measurements

The ps value of fibrous media was determined using the water displacement method
with 100 ml volumetric flasks (Flint and Flint, 2018). Air-dried fabric strips weighing
between 4 and 9 g were added to each flask and triplicated measurements were conducted
to obtain average mean and standard deviation values. The p» value was calculated based
on the oven-dried mass at 80°C divided by the volume of the fibrous media used for water
retention measurements. The ¢ values were then computed using measured ps and pb values
(9 =1 — polps).

The particle size distribution of peat moss was determined by sieving three sets of
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50g air-dried samples with an averaged gravimetric water content of 1.1 g g*. Eight sieves
with descending opening sizes (8.00-, 6.35-, 4.75-, 2.00-, 0.85-, 0.425-, 0.250-, 0.150-mm)
based on ASTM mesh sizes were used. Initial hand sieving was conducted using two
stacked sieves with coarser mesh sizes (8.00- and 6.35 mm), and particles passing through
the 6.35 mm sieve were collected and sieved with finer meshes. A sieve shaker (CE Tyler
RX-24, Combustion Engineering, New York, NY) was employed to sieve each sample for
15 minutes with stacked sieves with descending opening sizes (4.75-, 2.00-, 0.85-, 0.425-,
0.250-, 0.150-mm). The particles remaining on each sieve and those collected in the pan
(< 0.150 mm) were oven-dried at 80°C for 24 hours and weighed to compute particle size
distribution. Triplicated measurements were performed to obtain average and standard

deviation values.

3.3 Water Retention Measurements

The automated hanging water column measurement, as demonstrated by Dixon et
al. (2023), was employed to measure the hysteretic water retention of all fibrous media.
This method involves monitoring and collecting data on the fibrous media’s h and @ at
different h conditions. The automated system utilized a high-precision pressure transducer,
a diffuse laser, two linear actuators, a 50 ml burette, and a 350 ml fritted Buchner funnel
(inner diameter = 7.4 cm). Data monitoring and collection were programmed and
controlled using a datalogger (CR1000, Campbell Scientific Inc., Logan UT). Further
details of the automated hanging water column measurements, including the algorithm and
the code written in the CR-Basic program, can be found in Dixon et al. (2023).

The automated measurements involved an initial drying water retention starting
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from fully saturated media, followed by repeatable drying and wetting water retention
within a h range between —50 and 0 cm (saturation). Before initiating the measurements,
hydraulic connections were ensured from the testing media through the Buchner funnel, all
water lines, and the pressure transducer. All testing media, except for the cellulosic sponge,
were cut into a disk shape (diameter of 7.4 cm) to fit the sample and make good contact
with the fritted ceramic plate in the funnel. To ensure the sample height of 1 cm at
saturation, stacking of fabric media was carried out for those fabrics with a single layer
thickness of less than 1 cm. Refer to Table 1 for information on the total thickness of each
medium and the number of layers used for water retention measurements. The cellulosic
sponge was cut into a square sheet (3.0x3.0x1.0 cm) and placed on the ceramic plate.

Saturating each medium in the Buchner funnel for a minimum of 12 hours was
essential to ensure complete saturation. The cellulosic sponge, due to its large-trapped air
during saturation, required manual squeezing to remove trapped air slowly. After
saturation, excess water was removed from the three-way stop-cock, and the h value was
set to h = 0 cm at the bottom before commencing the automated measurements.

The automated measurements provided initial drying water retention, followed by
triplicated main drying- and main wetting-water retention. Following the completion of the
automated measurements at the lowest h value (h <50 cm), the sample was removed from
the Buchner funnel. The final 6 of the sample was computed by oven-drying at 80°C for

24 hours. All 8 values were then corrected based on the oven-dried 8 value.

3.4 Parameter Optimization for Hysteretic Water Retention Model

Water retention parameters (6r, 6s, a, and n) for initial drying, main drying, and



133

main wetting processes were individually determined through automated measurements.
This separation was employed because the main drying process might exhibit discrepancies
from the initial drying process due to air entrainment in the media (Dixon et al., 2023). The
final & measurement and the computed ¢ value in Table 3 of each medium served as initial
guess values for each process. Parameters for each process were then simultaneously
optimized by minimizing the objective function (OF) given by:

OF = X[6m — 0] ©)

where 6nm is the volumetric water content from the automated measurements, and 4 is the

computed volumetric water content using Equation (1).

3.5 Plant Growth Experiments in Synthetic Fibers

We demonstrated the in-situ 30-day plant growth experiment using a subset of
tested synthetic fibers, including Spa and Yoga (SY), The Gauntlet (GA), Creature
Edgeless (CR), Platinum Pluffle (PL) and Dry Me A River (DR). Figure 2a shows the plant
growth experiment on day 2 in Spa and Yoga. Each fabric medium was packed into a
plastic column with a diameter of 10.8 cm and a height of 10 cm. Each medium was packed
with the pn value in Table 3. Air-dried fabric strips were rolled to accommodate the air
stone, which was positioned at the center of the medium. This air stone served as a
subsurface irrigation emitter, delivering water from the middle of the medium. Each
container's air stone was connected to a pressure-regulating check valve (details) and a
Mariotte bottle (McCarthy, 1934; Holden, 2004) filled with Hoagland nutrient solution
(solution electrical conductivity of 1 dS m™). This irrigation system maintained

unsaturated conditions in each fabric medium during the growth period by regulating the h
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value in the middle of the medium at h = -5 cm. A pressure transducer installed between
the check valve and the air stone, along with a three-way stop-cock, validated the h value
in the growth medium. Pressure transducers were connected to a datalogger CR1000X
(Campbell Scientific, Logan UT), recording measurements every 10 seconds and
calculating the 1-minute moving average of measurements.

As shown in Figure 2a, the container’s surface was covered by a disk with two
holes (diameter of 3 cm) to prevent salt precipitation from the nutrient solution due to
evaporation. The light source provided a 16-hour photoperiod with the photosynthetic
photon flux density (PPFD) of 300 umol m=2 s at the surface of plant leaves, followed by
the 8-hour dark period. The distance between the light source to the surface of the leaves
was adjusted as plants grew to maintain a distance of at least 10 cm between the light source
and the leaf surface.

Before sowing, all fibrous media were initially saturated with the nutrient solution
and then drained to h = —5¢m. Three Romaine Lettuce (‘Outrageous’) seeds were sown on
the exposed fabric surface where the hole was made. After germination, each containerized
medium selected two seedlings. Thirty days after sowing, lettuce shoot mass was collected,
and the shoots were oven-dried at 80°C for 2 days after harvesting. The dry shoot mass of
each container was measured, and the average and standard deviation values were
calculated. The experiment was designed in a completely randomized design with three
replications for each fabric medium.

4. RESULTS

4.1 Physical Properties of Fibrous Media
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Table 3 presents the measured values of ps and pb, along with the computed porosity
(¢ = 1 — polps) of fibrous media. While typical ps values for polyester and polyamide are
reported as 1.39 and 1.38 g cm~3, respectively (Deopura and Padaki, 2015), and plant fibers
generally range from 1.4 to 1.5 g cm~3 (Chakravarty, 1961; Mwaikambo and Ansell, 2001),
our measurements exhibited slightly smaller values. For instance, synthetic fibers showed
ps values ranging between 1.26 and 1.4 g cm~3, while jute and linen exhibited ps values of
1.36 and 1.45 g cm™3, respectively. All fibrous media demonstrated p» values significantly
smaller than the typical pp value in mineral soils (e.g., 1.25 g cm™ in quartz sand), with
minimum and maximum po values of 0.039 and 0.13 g cm=. Consequently, these
lightweight fibrous media resulted in higher ¢ values, ranging from 0.91 in Dry Me A
River, CapMatll and jute to 0.96 in Creature Edgeless, Platinum Pluffle, and the cellulose
sponge.

Table 2 displays the average and standard deviation values of the effective particle
size distribution of peat moss. The particle size distribution revealed a bimodal structure,
including 30.9+£5.1% of peat moss particles ranging from 0.425 to 0.850 mm, while
13.5+3.6% of particles did not pass the 8.00 mm mesh sieve. Particles passing through the
2.00 mm mesh primarily consisted of peat moss fibers, while most lightly decomposed tree
branches or roots and large peat moss aggregates remained above 2.00 mm. This
composition may contribute to a lower pb value of 0.09 g cm= and a higher ¢ value of 0.93

(refer to Table 3).

4.2 Hysteretic Water Retention Measurements

Figure 3a—3j display the measurements of hysteretic water retention for various
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fibrous media, including synthetic and natural fibers (symbols), along with modeled water
retention curves (lines). The determined hysteretic water retention parameters for each
medium in the initial drying (d0), main drying (d), and main wetting (w) processes are
listed in Table 4.

In all fibrous media, except for the drying processes of Capmat Il (Figure 3f), the
water retention measurements resembled a decreasing hyperbolic function, as typical in
soilless media, as described in (Wallach, 2008). This was characterized by a gradual
decrease in 6 from saturation (h = 0 cm) to the unsaturated condition (h = =50 cm), with
the air-entry matric potential approaching near saturation or being hardly visible.

The primary distinction in water retention between synthetic fibers (Figure 3a—3e)
and peat moss (Figure 3j) was observed in the lower 0 values (6 < 0.8 cm® cm™) at
saturation for synthetic fibers, while peat moss approached ¢ = 1.0 cm® cm=3. Synthetic
fibers, such as Spa and Yoga, The Gauntlet, Creature Edgeless, Platinum Pluffle, and Dry
Me A River, retained less water in the media at saturation compared to other fibrous media.

The initial drying (black crosses) and main drying (red circles) processes of Capmat
Il in Figure 3f revealed an air-entry matric potential value around h = —-12 cm, with a
substantial discrepancy in the main wetting water retention (blue circles). For instance, the
main drying process showed # = 0.82 cm® cm= at h = —12 c¢m, while the main wetting
process exhibited 6 = 0.34 cm® cm~. The main wetting process of Capmat I showed almost
no increase in the ¢ value at 0.35 cm® cm™ despite the h increase up to —7 cm. Then, the 4
value drastically increased from 0.35 to 0.90 cm® cm within the h range of -7 <h < -1
cm. Ignoring this discrepancy between drying and wetting water retention characteristics

could lead to failure in determining the optimal water- and air-filled porosities of Capmat
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Natural fibers, such as jute (Figure 3g) and the cellulosic sponge (Figure 3i),
exhibited similar water retention for all processes, with the § value substantially dropping
from 0.9 cm® cm3 (saturation) to the residual @ value within the h value of —10 cm. In
contrast, linen (Figure 3h) showed water retention curves similar to synthetic fibers (Figure
3a—3e). The larger pore size in the jute and the cellulosic sponge (Figure 1) contributed to
the higher 65 values with drastic water retention slopes. Conversely, the relatively smaller
pore size in linen (Figure 1) compared to jute and the cellulosic sponge provided a gradual

water retention slope for all processes.

4.3 Water Retention Parameters

In Table 4, most fibrous media exhibited a zero value for 6r, except for Capmat I,
jute, the cellulosic sponge, and peat moss. While our study focused on characterizing water
retention within the h range of -50 < h < 0 cm, additional measurements for the lower h
range (e.g., Tempe cells, pressure plate, or WP4) could reveal non-zero values in the 6r
parameter, offering reliable water retention parameters in drier conditions.

The maximum value of &s was observed in the initial drying process for all fibrous
media, while reduced 6s values in the main drying and main wetting processes were
influenced by air entrainment in the media (Pham et al., 2005). The large pore space in
certain media (e.g., jute and the cellulosic sponge) did not contribute to retaining water at
saturation. Natural fibers, such as jute, linen, the cellulosic sponge, and peat moss,
exhibited higher 65 values in all processes, ranging from 0.76 to 0.99 cm® cm3, while

synthetic fibers, except for Capmat 11, showed smaller 6s values ranging from 0.59 to 0.75
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cm?® cm3. Although the ¢ values for all fibrous media were above 0.9 (Table 3), the pore
space in the lightweight synthetic fibers could collapse or expand, altering its volume
during wetting and drying processes, leading to a decrease in 0s values.

Changes in the media height in fibrous media, especially in synthetic woven fibrous
were observed. Especially the medium with a longer pile (refer to Table 1 and Figure 1),
Creature Edgeless and Pluffle, exhibited a substantial change in sample height, altering the
sample volume. However, natural fibers, such as jute, cellulosic sponge, and peat moss,
did not show a substantial height change during water retention measurements. Non-linear
height decreases were observed during the drying process, while height increases were
observed during the wetting process. Volume changes, such as shrinking and swelling, are
common phenomena in textiles (Suh, 1967) and organic fibrous media (Seidel et al., 2023).
Specifically, an increase in the ¢ value during the drying process was attributed to
shrinkage, while a decrease in the 4 value during the wetting process was the consequence
of swelling as water enters and leaves the pore space. Although we implemented distance
measurements from the laser sensor to the medium surface, the laser sensor's resolution of
+0.1 cm exhibited noise in height measurements (data not shown). This noise could also
be attributed to the surface roughness of the media, especially the fibrous media with a
long pile structure in Platinum Pluffle, showing inconsistent changes in sample height. Due
to the poor resolution and inconsistency in height measurements, we did not correct the
volume change in fibrous media for water retention measurements. Employing high-
resolution sample height measurements during water retention measurements would
provide a better understanding of the dynamics of the volume fraction of solid, water, and

air in fibrous media.
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4.4  Plant Growth Experiment in Synthetic Fibers

Table 5 presents the average value of h measurements over the 30-day growth
experiment period. It's noteworthy that certain containers experienced flooding during the
first and second weeks due to leakage in the Mariotte bottle. Consequently, the average h
values for Platinum Pluffle were influenced by the elevated h levels during these flooding
incidents. The h measurements also exhibited diurnal fluctuations ranging from 0.9 to 1.9
cm (Table 5) likely due to the combination of evapotranspiration and fluid redistribution,
as well as the variation of the opening pressure value of individual check valves.

The average and standard deviation values of dry lettuce shoot yield are
summarized in Table 5. Despite the challenges encountered during the plant growth
experiment, all synthetic fibers displayed similar yields, ranging from 0.022 to 0.053 g cm™
2. However, it’s essential to acknowledge the relatively high standard deviation values
observed, ranging from 0.013 to 0.040 g cm, which may indicate variability in growth
performance within each medium type.

Figure 2b provides visual insights into the post-harvest condition of the
containerized medium, focusing on Spa and Yoga. The image reveals air gaps between the
container wall and the fabric, as well as between fabric layers, a phenomenon observed
across all synthetic fibers. Additionally, the surface of the media exhibited green and black
spots, indicative of bacterial or/and fungal growth. Notably, synthetic fibers with longer
loop structures, such as Creature Edgeless and Platinum Pluffle (refer to Figure 1),

exhibited noticeable changes in height during the experiment.
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5. DISCUSSION

5.1 Hysteretic Water Retention of Fibrous Media

Understanding water retention dynamics in fabric media involves nuanced
considerations of factors such as media composition, surface treatments, and pore structure
geometry. Our study focused on a larger h range (-50 < h <0 cm), where water retention
primarily occurs due to capillarity rather than water absorption and diffusion within
individual fibers. While surface hydrophilicity and hydrophobicity of fibers (e.g., cellulose
and polymer) play a role, they may not fully account for the observed differences in 6s
values between natural fibers (composed of cellulose) and synthetic fibers (composed of
polymer). These surface properties are more influential in drier conditions where water
absorption becomes dominant (Das et al., 2009). As previously mentioned, water retention
measurements using Tempe Cells, pressure plate apparatus, and WP4 could provide
insightful information determining water retention characteristics at relatively small h
ranges.

The variations in s values among different fabric media could be attributed to
weaving structure as well as pore size range, pore size distribution, and p». These physical
properties similarly alter the water retention of granular porous media. Fibrous media
containing larger pore structures, such as jute, the cellulosic sponge, and peat moss
exhibited higher 6s values. Despite synthetic fibers demonstrating the computed ¢ values
of at least 0.9 (refer to Table 3), they retained less water at saturation compared to natural
fibers and the non-woven synthetic fiber (e.g., Capmat I1). The impact of weaving structure

on water retention characteristics in synthetic fibers remains unclear, however, it’s
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speculated that larger pore structures between coarse weavings may remain empty under
near-saturation conditions due to gravitational potential overcoming capillarity.

Our 8 measurements were also influenced by volume changes in the media during
the drying and wetting cycles. Synthetic fibers with longer-loop structures, such as
Creature Edgeless and Platinum Pluffle, exhibited alterations in pore structure as they
expanded and collapsed during these processes. While we monitored media height using a
diffuse laser sensor during water retention measurements, inconsistent volume changes
were observed. This inconsistency, likely due to individual fiber collapse during drying
and expansion near saturation, was not corrected due to fluctuations in the laser sensor's
resolution.

Most of the fibrous media showed similar water retention characteristics during the
drying- and wetting-processes except for CapMat Il. Daily evapotranspiration and
irrigation practice induce the water retention characteristics to shift to the scanning branch
of the water retention, which falls between the main wetting- and drying-water retention
characteristics. The irrigation design should incorporate the hysteretic behavior of water
retention, especially using media with substantial differences in hysteretic water retention
characteristics such as CapMat I1. Jones et al. (2012) addressed that the h value in the media
is preferably used to control the irrigation rather than controlled by the 8 value because
plant root water and nutrient uptake are mainly driven by the potential gradient between
the plant root surface and the growth media.

During water retention measurements, we maintained a media thickness between
0.7 and 1.2 cm (as detailed in Table 1), following the recommendation by Dixon et al.

(2023), to mitigate the influence of gravitational potential gradient on water distribution
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within the media. However, variations in fabric resulted in discrepancies in the number of
layers present, such as a single layer in The Gauntlet versus ten layers in linen. This
discrepancy in layering may introduce bias in the pore structure between layers, potentially
impacting water retention characteristics. Moreover, the orientation of layering, whether
horizontal or vertical relative to the direction of water movement during drying and wetting

cycles should also be considered.

5.2 Exploring Candidate Plant Growth Fibrous Media

While our study did not explore the mechanical or chemical treatments applied to
the surface of the fibrous media, it is important to acknowledge that natural fibers such as
jute, linen, and cellulosic sponge are often subjected to various chemical treatments and
surface modifications (Li et al., 2007). These treatments are typically employed due to the
inherent susceptibility of cellulose-based materials to degradation (Li et al., 2007).
However, obtaining detailed information about the specific treatment applications on fabric
posed a challenge, especially for imported fabrics.

Despite our initial attempts to conduct plant growth tests on natural fibers like jute,
linen, and cellulosic sponge (data not shown), these media failed to support plant growth.
This could potentially be attributed to the combined effects of the hydraulic properties of
the fabric, which we will address later, and chemical treatments on the fabric. One potential
solution to support plant growth in natural fibers could be to source the media labeled as
food-grade or medical-grade, as these are likely to have undergone fewer chemical
treatments, thereby reducing the risk of exposure to potentially toxic substances.

Furthermore, during the plant growth experiment, we observed bacterial and/or
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microbial growth on synthetic fabrics. Although our plant growth experiments did not
focus on the effect of bacterial and/or microbial growth on fabric on plant growth, it's worth
considering fabric media with anti-bacterial or anti-microbial properties, such as silver
nanoparticle-coated fabrics (Li et al., 2013), which could potentially improve food safety
aspects in plant cultivation practices. Future research could also explore the long-term
effects of fabric media’s water retention characteristics on plant growth and the root zone
fauna, considering factors such as microbial activity, nutrient cycling, and root

development.

5.3 Designing Plant Growth System using Fibrous Media Water Retention

In our study, we demonstrated successful plant growth in five readily available
synthetic fibers. Our approach maintained the h value close to -5 cm in the middle of each
growth medium container (10 cm height) using a pressure-regulating inline check valve
and a Mariotte bottle. While we exhibited successful plant growth in five different media,
it is also important to note that we also observed no plant growth in three media, jute, linen
and cellulosic sponge. The water retention curve in both jute and cellulosic sponge (Figures
3g and 3i) exhibited a fairly steep slope from saturation to the residual & condition within
the h value between 0 and —10 cm. These steep water retention curves in jute and cellulosic
sponge exhibited substantial change in the vertical distribution of & within a container, for
example, most of the water remains bottom half of the container and very little water is
available near the surface for seedlings to take water and nutrients when the plants are
small. Our five synthetic fibers which showed plant growth, did not exhibit such a steep

water retention curve. Instead, synthetic fiber showed gradual vertical distribution of the 6
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value, where the estimated saturation value near the surface in these synthetic fibers
exceeded at least 0.41, whereas the estimated saturation in jute and cellulosic sponge was
only 0.25 and 0.10, respectively. Gradual distribution of water- and air-filled porosity in
the media provided flexibility in the irrigation management for the 10 cm tall container.
On the other hand, a shallower container (< 10 cm) can be used for plant cultivation in the
media with a steep water retention slope due to the narrow control range of h and & values.
Further research can address the plant yield altered by the water retention slope and the
container height in the growth medium.

The target h value within the container could be further optimized based on the
hysteretic water retention characteristics of each medium and the specific water
requirements of different plant varieties. While we set h = -5 ¢cm in the middle of the
container in this study, it is important to note that this condition induced saturation (h =0
cm) at the bottom of the containers, potentially leading to hypoxia due to oxygen
deprivation and the reduced root zone volume for water and nutrient uptake.

Managing the h value of media is emphasized as a key aspect for improving plant
growth and yield. The environmental conditions including the container geometry and
irrigation (and drainage) method also influence the control range of h in the media. As
noted by Jones and Or (1998), the control range of h in the plant growth media is
determined not only by the growth media’s hydraulic properties but also by the properties
of irrigation interfaces. For example, the air-entry potential value in the subsurface
irrigation emitter used in this study was —60 * 6.5 cm, therefore inducing a lower h value
than —60 cm in the growth media induces air entry in the irrigation emitter and hydraulic

discontinuity between the emitter and the growth medium, which could alter water
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distribution.

The container geometry, including the volume and height, also affects the water
and air storage in the porous media (Bilderback and Fonteno, 1987; Caron et al., 2015).
Understanding the water retention characteristics helps comprehend the water distribution
across the growth media. The fibrous media we tested showed the o value in the van
Genuchten’s (1980) water retention parameter (Equation (2)) ranging between 0.049 and
5.33 (cm™), which resulted in the air-entry potential value ranging between —25 and —0.19
cm. Although the upper end of the ideal and practical matric potential value for plant
cultivation under controlled environments is h =10 cm (Pecanha et al., 2021; Heiskanen,
1995), the ideal matric potential range can be adjusted based on the selection of growth
media.

Our findings have implications beyond agronomy and soil science, with potential
applications in materials engineering and textile manufacturing. As demonstrated by
Takeuchi (2019) in the fabrication of 3D-printed porous growth media for hydroponic
systems, engineering ideal fibrous materials and weaving structures for containerized crop
production could enhance sustainable crop production.

6. CONCLUSIONS

In this study, we introduced the physical property measurements and determination
of hysteretic water retention characteristics in various lightweight fibrous media as
candidate plant growth media. Our research encompassed a) synthetic fibers including
woven microfibers and a non-woven capillary mat, as well as b) natural fibers including a
traditional horticultural growth medium, peat moss, and traditional woven plant fibers such

as jute and linen, as well as a cellulosic sponge.
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Employing an automated hanging water column apparatus enabled efficient
measurement of water retention data and estimation of van Genuchten model parameters
describing the drying and wetting water retention within a relatively large h range of 0 < h
< -50 cm, with a specific emphasis on fibrous media usage in plant growth systems. The
water retention curves in synthetic and natural fibers (e.g., linen) resembled a decreasing
hyperbolic function observed in typical plant growth media, such as peat moss. Notably,
large pore structures present in natural fibers, particularly jute, and the cellulosic sponge,
exhibited a rapid drying process from saturation (&s) to residual water content (6r) within a
h range between —20 and 0 cm in the water retention curve. In contrast, synthetic fibers
exhibited reduced 0s values, possibly due to the presence of the larger pores between the
weaving structures, likely compressed and of limited contribution to the increase in 6s
values. Further investigation of water retention characteristics at lower h range as well as
the impact of fabric layers and orientation of the fabric media provides a better
understanding of the hydraulic properties of fabric media.

Furthermore, our study also demonstrated the feasibility of plant growth in woven
synthetic fibers, particularly readily available microfibers, as viable alternatives for plant
growth media. Gradual water retention slope in synthetic fiber maintained a minimum
saturation value of 0.41 near the surface, promoting germination and plant growth.
However, further optimization is required in determining ideal water status, container
geometry and the pp value accounted for hysteretic water retention characteristics to
enhance containerized plant cultivation using fibrous media.

This study provides valuable insights for designing fabric-based plant growth

media, with a focus on optimizing water retention characteristics to support plant growth.
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By understanding how different fiber types and treatments influence water retention
characteristics, we can tailor media formulations to specific plant requirements, leading to

more efficient and sustainable agricultural practices.
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Table 1. Fibrous media’s compositions, structure, GSM, thickness and number of
layers used for the automated water retention measurements.

Composition(s) Weave GSM  Thickness L '
ayers
gm? cm
a) Synthetic fiber
Spa and 80% Polyester, Terry 365 0.4 3
Yoga (SY)  20% Polyamide
The 70% Polyester, Twist Loop 900 1 1
Gauntlet 30% Polyamide
(GA)
Creature 70% Polyester, Dual Pile 420 0.7 1
Edgeless 30% Polyamide (long fibers/
(CR) tighter terry weave)
Platinum 70% Polyester, Hybrid Weave 480 0.8 1
Pluffle (PL)  30% Polyamide (half plush/
half waffle)
Dry Me A 70% Polyester, Waffle 390 0.4 3
River (DR)  30% Polyamide
Capilally Polypropylene, 0.2 5
Mat (CA) polyester and
rayon
b) Natural fiber
Jute (JU) Cellulose Plain 0.4 2
Linen (LI) Cellulose Plain 0.1 10
Cellulosic Cellulose 1.1 1

sponge (CE)
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Table 2. Mean and standard error values of
effective particle size distribution of peat

mOSS.
Opening size Mean Standard
error
mm %

8.00 < 135 3.6
6.35-8.00 8.1 0.70
4.75-6.35 4.8 2.2
2.00-4.75 13.3 1.7
0.850-2.00 19.7 1.4

0.425-0.850 30.9 5.1
0.250-0.425 6.7 3.8
0.150-0.250 1.7 0.90

<0.150 1.2 0.68

Table 3. Physical properties including material density (ps), bulk
density (pp) and computed porosity (¢ =1 — ps /pb).

ps po 9
gcm®
a) Synthetic fiber
Spa and Yoga (SY) 1.26 0.083 0.93
The Gauntlet (GA) 1.28 0.10 0.92
Creature Edgeless (CR) 1.26 0.052 0.96
Platinum Pluffle (PL) 1.33 0.056 0.96
Dry Me A River (DR) 1.31 0.12 0.91
Capilally Mat (CA) 1.4 0.13 0.91
b) Natural fiber

Jute (JU) 1.36 0.12 0.91
Linen (LI) 1.47 0.10 0.93
Cellulosic sponge (CE) 1.457 0.039 0.96
Peat moss (PE) 1.45 0.09 0.93

"Ramamoorthy et al. (2015)
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Table 4. Water retention parameters of the van Genuchten (1980) model
for the initial drying (d0)-, main drying (d)- and main wetting (w)-
processes.

Or Os o n

cmiem™ cmt
a) Synthetic fibers

Spa and Yoga Initial drying (dO) 0 0.73 0.094 1.9
(SY) Main drying (d) 0 0.68 0.133 1.7
Main wetting (w) 0 0.68 0.604 1.4
The Gauntlet Initial drying (d0O) 0 0.75 0.19 1.5
(GA) Main drying (d) 0 069 0.37 1.3
Main wetting (w) 0 0.69 149 1.2
Creature Edgeless Initial drying (d0) 0 0.75 0.048 24
(CE) Main drying (d) 0 0.68 0.071 1.9
Main wetting (w) 0 0.74 0993 1.3
Platinum Pluffle Initial drying (d0) 0 0.75 037 1.5
(PL) Main drying (d) 0 0.68 1.1 1.3
Main wetting (w) 0 0.70 14 1.2
Dry Me A River Initial drying (d0) 0 065 0.14 1.4
(DR) Main drying (d) 0 0.61 0.50 1.2
Main wetting (w) 0 0.59 2.2 1.1
Capmat Il Initial drying (d0) 0.32 0.97 0.060 6.8
(CA) Main drying (d) 027 091 0.054 49
Main wetting (w) 0.33 091 0.46 3.0

b) Natural fibers
Jute Initial drying (d0) 0.19 095 0.61 2.4
JU) Maindrying (d) 017 085 074 20
Main wetting (w) 0.075 0.80 4.0 1.4
Linen Initial drying (d0) 0 0.90 0.083 21
n Main drying (d) 0 0.76 0.095 138
Main wetting (w) 0 0.76  0.23 1.5
Cellulosic sponge  Initial drying (d0) 0.11 089 026 5.0
(CE) Maindrying (d) 0.090 0.81 0.37 3.1
Main wetting (w) 0.039 087 24 1.7
Peat moss Initial drying (d0) 0.34 099 015 24
(PE) Maindrying (d) 033 097 017 22
Main wetting (w) 0.30 0.95 0.35 1.8




Table 5. The average and standard deviation values of
triplicated h measurements and the plant dry shoot mass per
unit area (g cm) in synthetic woven fibers. The surface area

of the container was 86.6 cm?.

Daily average h Dry shoot
cm gcm?
Spa and Yoga (SY) —6.5+1.7 0.022+0.022
The Gauntlet (GA) -5.8+1.9 0.042+0.034
Creature Edgeless (CR) -5.9+1.9 0.043+0.013
Platinum Pluffle (PL) -3.9+0.9 0.043+0.022
Dry Me A River (DR) -6.7£1.7 0.053£0.040

158
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a) Synthetic fibers

SY

b) Natural fibers

LI CE

Figure 1. Soilless media (left to right) including (a) synthetic fibers: Spa and Yoga
(SY), The gauntlet (GA), Creature Edgeless (CR), Platinum Pluffle (PL), Dry Me A
River (DR), CapMat Il (CA) and (b) natural fibers: jute (JU), linen (L1), cellulosic
sponge (CE) and peat moss (PE).
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Connected to
a Mariotte bottle

Figure 2. (a) Initial setup and (b) post-harvesting plant growth media, Spa and Yoga.
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Figure 3. Hysteretic water retention measurements (symbols) including the first drying process (d0) and repeated drying
(d-repeat)- and repeated wetting (w-repeat)-processes as well as fitted van Genuchten (1980) water retention models
(lines) describing (a)—(f) Synthetic fibers and (g)—(i) natural fibers. Optimized water retention parameters are presented in
Error! Reference source not found.. Vertical- and horizontal- bars represented standard deviation values for each
symbol from triplicated measurements.
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CHAPTER VI

A PLANT-OPTIMAL IRRIGATION SYSTEM FOR REDUCED GRAVITY

CONDITIONS

ABSTRACT

Containerized plant production under reduced gravity conditions (i.e., 0g) is crucial
for sustaining astronauts’ well-being during extended space exploration. However,
previous plant cultivation studies in space yielded mixed results, highlighting challenges
in understanding porous media hydraulic properties (water retention characteristics) and
fluid transport mechanisms (matric potential and gravitational potential) under reduced
gravity. These challenges hinder precise fluid delivery through the root zone. This study
addresses challenges, particularly over-irrigation in the root zone, faced by past plant
cultivation in reduced gravity. Notably, the VEGGIE system in orbit, which pioneered the
non-powered passive capillary-driven irrigation system, encountered these challenges. We
presented a potential solution, the plant-optimal irrigation system incorporating the
determination of target water status based on the hysteretic water retention characteristics
of growth porous media. The plant-optimal irrigation system comprised key components,
including 1) hydraulic potential regulation using a check valve connected to 2) a water
reservoir with a Mariotte bottle and 3) containerized porous media with three different
particle size ranges of aggregated calcined clay: Profile (0.25-1.0 mm), Turface (1.0-2.0
mm) and Mix (0.25-2.0 mm). Target matric potential (ht) values of ht = -9.1, -5.1 and —

9.8 cm, based on the hysteretic water retention characteristics of each porous medium, were
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determined to achieve 60% effective saturation (0.6Se) during a total of 60 days of
consecutive plant cultivation experiments with romaine lettuce (‘Outrageous’). The
proposed innovation introduced a check valve to the irrigation system, creating an
automated 'plant-optimal’ mechanism that adapts to reduced gravity, preventing over-
irrigation challenges while compensating for the lack of gravitational potential in the
Mariotte bottle under Earth gravity conditions. While this work established the foundation
for plant-optimal irrigation, further validation and exploration of check valve
characteristics were recommended for practical long-term plant production both on Earth

and in reduced gravity conditions.

1. INTRODUCTION

Extraterrestrial containerized plant production holds significant promise for
supporting astronauts' dietary and mental well-being during long-term space exploration
(Haeuplik-Meusburger et al., 2014). NASA's initiation of the Ohalo Il Crop Production
System in 2019 aims to prototype crop production systems for extended space missions,
specifically testing water delivery systems and volume optimization concepts under
reduced gravity conditions (i.e., 0g) (Johnson et al., 2021). Simultaneously, containerized
plant production on Earth (at 1g) within controlled environments, such as greenhouses and
residential households, is gaining traction due to increasing concerns related to food and
water security (Fields et al., 2021).

Advancements in containerized crop production systems, both on Earth and in orbit,
involve automation in managing canopy environments (light, humidity, temperature) and
root zone fluid delivery (water, oxygen, nutrients) with a focus on reducing labor time and

resources. Recent advancements in plant growth modules aboard the International Space
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Station (ISS), including the Advanced Plant Habitat (APH) system (Monje et al., 2020)
and the VEGGIE system (Massa et al., 2017), range from active pumping systems and
passive capillary-driven systems. The APH system employed a similar irrigation approach
used in past plant cultivation experiments, including ADVASC (Link et al., 2003) and BPS
(Morrow and Crabb, 2000), utilizing an active pumping system while monitoring the root
zone water status for scheduled or manually operated irrigation. The VEGGIE system was
the first to employ a non-powered, passive capillary-driven irrigation approach. It utilized
a root pillow filled with a porous medium, which had one side interfacing with a water
reservoir through a wicking material (Massa et al., 2017). However, the VEGGIE system
faced challenges with excess water and poor root zone aeration (Massa et al., 2017; Monje
et al., 2020).

The capillary-driven irrigation system is a simple and traditional approach to
maintaining water status in the root zone under Earth’s gravity conditions. For example, a
prototype of the VEGGIE system under Earth gravity by Stutte et al. (2011) successfully
demonstrated plant cultivation. However, understanding the hydrodynamics within porous
media becomes imperative, especially when transitioning between Earth's gravity and
reduced gravity conditions. Hydrodynamics in porous media is influenced by surface and
capillary forces acting against Earth's gravitational force, while surface and capillary forces
are dominant under reduced gravity. To illustrate this concept, consider how tissue paper
absorbs water after being submerged in water. The wetting front travels upward through
the paper fiber matrix in response to capillarity, which diminishes as the water climbs
higher above the water surface. The balancing act between Earth’s gravity force and the

capillary and surface forces of the tissue paper matrix eventually limits the height to which
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water climbs, resulting in a partially saturated tissue. However, under reduced gravity,
water imbibition into tissue paper is not restrained by gravity, resulting in saturated tissue
paper. This same phenomenon may explain variations in hydrodynamics leading to excess
water levels using the capillary-driven irrigation system under reduced gravity conditions.

The hydraulic properties of porous media, especially the water retention
characteristics, also play a crucial role in hydrodynamics. The water retention character is
essential in various disciplines such as soil science, hydrology and engineering, because it
defines the porous media’s volumetric water content (d) and hydraulic energy state, namely
matric potential (h), under both saturated and unsaturated conditions. The water retention
characteristic depends on the pore size distribution of the porous medium and the properties
of air, water and solid interfaces (Hillel, 1998). The hysteretic water retention character,
which manifests differently during drying and wetting processes (Pham et al., 2005), is
particularly essential in plant production. This understanding becomes crucial as
evapotranspiration and irrigation subject the porous media to alternating drying and wetting
processes. Studies have shown that the hysteretic water retention character of porous media
on Earth applies similarly under reduced gravity conditions (Heinse et al., 2005, 2007,
2015).

This research proposed and evaluated a simple passive water status management
approach for reduced gravity to achieve target volumetric water content (6:) and/or target
matric potential (h:) values in plant growth media. Those target values were based on the
hysteretic water retention character of the growth medium. The proposed innovation
involves the installation of a spring-loaded check valve connected between the water

reservoir and the porous medium, creating an automated 'plant-optimal’ irrigation system.
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The check valve installation under Earth’s gravity was previously implemented by Jones
and Or (1998a), maintaining negative h within a containerized sand while growing wheat.
This system operates without sensing the water status (i.e., moisture sensor) or actively
pumping water into the porous media. A check valve enables one-way fluid transport based
on the pressure gradient between the inlet and outlet. This threshold pressure in the check
valve compensates for the lack of gravitational potential under reduced gravity conditions,
which should prevent over-irrigating the root zone. Additionally, by choosing check valves
with different opening pressures, each container of growth medium can be operated at
different matric potential control points, even if connected to the same reservoir. This
variability can be tailored to match each porous medium’s hydraulic properties and
potentially the plant’s water requirements. Our research objective was to demonstrate plant
cultivation using the plant-optimal irrigation system under Earth’s gravity conditions.
Further discussions address the potential application of this system under reduced gravity

conditions.

2. THEORETICAL

2.1 Hydraulic Potential Components

The foundational hydrodynamics of porous media involve key components:
volumetric water content (6 in cm® cm), matric potential (h in cm), pressure potential (p
in cm), gravitational potential (z in cm) and hydraulic potential (H in cm). Water in porous
media experiences combined potential energies known as hydraulic potential, denoted as
H =h + p + z (cm). This encompasses matric, pressure and gravitational potentials. Note
that the terms h and p are mutually exclusive, and a negative value of h represents the

unsaturated condition in the porous media, while a positive value of p represents saturated
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porous media. The z term varies based on the vertical position relative to the reference
position (z = 0 cm), which is often set at the surface or bottom of the porous media
container. In this study, we set the reference z = 0 cm at the bottom of the porous media

container.

2.2  Water Retention Model

The water retention and unsaturated hydraulic conductivity models, initially
derived on Earth, can also be applied to reduced gravity conditions (Heinse et al., 2005,
2007, 2015). These models can be mathematically computed using the widely adopted

models developed by van Genuchten (1980):

_ (-6, _ 1 m
Se = 0s—6r [1+(a|h|)n] @)
K(h) = KySk[1— (1 - Sel/’")m]2 )

where Se is the effective saturation (-), 6s and &r are the volumetric water content values
(cm® cm™3) at saturation and residual condition, respectively. The parameter « influences
both water retention and unsaturated hydraulic conductivity curve shape and is commonly
considered equivalent to the reciprocal of the air-entry potential of the porous medium.
Two other curve shape parameters, m and n, are related to the pore size distribution, with
m often calculated as m = 1 — 1/n. The Ks parameter represents the saturated hydraulic
conductivity (cm d™), and the term | is a pore connectivity parameter (-), typically
estimated as | = 0.5 by Mualem, (1976). The initial setup of the plant cultivation
experiments involved a drying process, and the calculation to obtain the target matric

potential (ht) and volumetric water content (6t) represented this drying process.
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3. MATERIALS AND METHODS

3.1 Porous Media Selection and Preparation

In the context of reduced gravity, coarse-textured granular porous media, namely
aggregated calcined clay have been employed as the traditional porous media (Heinse et
al., 2015). Calcined clay can be autoclaved to minimize the risk of bacteria and fungus
growth (Yendler, 1998). These materials generally have a coarse and narrow particle size
range, thus facilitating a managed @ at a relatively small h range (Jones et al., 2012).
Calcined clay from Profile Products LLC, Buffalo Grove, IL has been used as the plant
growth porous medium for a number of space-based applications (Morrow and Crabb,
2000; Link et al., 2003; Heinse et al., 2005, 2007, 2015; Massa et al., 2017; Monje et al.,
2020). Three different particle size ranges have been targeted: Profile (0.25-1 mm),
Turface (1-2 mm), and a mixture of Profile and Turface, Mix (0.25-2 mm, Turface: Profile
= 1v: 1v) as shown in Figure 1. The physical properties including particle density (ps), bulk
density (pb) and porosity (¢ = 1 — po/ ps) along with the hysteretic water retention
parameters, have been comprehensively studied (Heinse et al., 2007; Dixon et al., 2023),
and are listed in Table 1. Calcined clay exhibits two primary pore structures: inter-
aggregate and intra-aggregate pores. Given the necessity for a larger control range of h to
prevent plant root drought stress in controlled environments (Lieth and Oki, 2019), our
study focused on the hydraulic properties within the inter-aggregate pore region,
corresponding to the h range of —25 <h <0 cm.

Error! Reference source not found.c illustrates the experimental setup of the
plant-optimal irrigation system. Each porous medium (Profile, Turface, and Mix) was

packed into a plastic column with a diameter of 10.8 cm and a height of 10 cm (volume of
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916 cm3). The bottom of each column was glued to a corrugated plastic sheet. The reference
elevation (z = 0 cm) was set at the bottom of the containerized growth media. The center
of the cylindrical porous cup was placed in the middle of the porous media (z =5 cm), and
it was used to supply water (+nutrient solution) to each porous medium. A pressure
transducer (PX-40-50GHG5V, +/- 67 cm, Omega Engineering) was installed between the
check valve and the porous cup with a 3-way stopcock to monitor the h value in the middle
of the porous media. The pressure transducers provided £0.1 cm of precision measurements
in the porous media’s h. Error! Reference source not found.a exhibited the top-down
view of the setup of containerized porous media, showing the pressure transducer
installation.

Air-dried Turface, Profile, and Mix were packed into containers with each p» value
shown in Table 1, using the air-Multiple Sieve Pluviation (MSP) method discussed in
Dixon et al. (2023). The MSP method facilitated random particle scattering to provide a
consistent p» value (Miura and Toki, 1982), providing high reproducibility of pn of the
coarse-textured granulated porous media. A major difference between the air-MSP method
described in Dixon et al. (2023) and our study was the use of a larger diameter funnel of
10.2 cm to facilitate particle scattering in a larger packing column (i.e., 10.8 cm), which
was twice as large as the diameter of the column (i.d. =5.1 cm) used in Dixon et al. (2023).
We packed the granular porous media to fill about 4 cm in height of the container and then
installed the air stone to position the center of the air stone at 5 cm height in the center of
the container. After installing the air stone, the same packing method was used to fill the

gap between the container wall and the air stone.

3.2 Plant-Optimal Irrigation System
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The essential components of the plant-optimal irrigation system in Error!
Reference source not found.c included 1) an irrigation reservoir filled with the modified
Hoagland nutrient solution (solution EC of 1 dS m™), which consisted of two tubing as an
air-inlet and a siphon through an air-tight rubber stopper, acting as a Mariotte bottle
(Mccarthy, 1934; Holden, 2004), 2) a spring-loaded in-line check valve (SCV08053,
Nordson Medical) with air-entry hydraulic potential (Hev) of Hev = 9.1£0.8 cm, and 3) a
porous cup (Air Stone Cylinder, Pawfly) with a diameter of 1.5 cm and a height of 2.5 cm,
as a subsurface irrigation emitter with the air-entry potential value of 60 £ 6.5 cm installed
in the middle of porous media (z = 5 cm) with an elbow fitting. These components were
connected with black tubing filled with the nutrient solution. The black tubing prevented
algae growth in the tubing by minimizing light exposure. The air-inlet tubing in the
Mariotte bottle was at constant atmospheric pressure (h = 0 cm), creating a constant
hydraulic potential between the Mariotte bottle and the inlet of the check valve. The end of
the siphon was hydraulically connected to the check valve and the pressure transducer and
terminated with the air stone. One water reservoir was connected to six containers of Profile
and Mix, and another water reservoir was connected to three containers consisting of

Turface.

3.3 Check Valve Characterization

Error! Reference source not found.d illustrates an enlarged illustration of the
check valve and its mechanism of opening/closing. The check valve consists of a disk and
a spring, allowing water to flow one way (i.e., left to right, in Error! Reference source
not found.d) through the valve. Blue- and red-solid lines represent the inlet- and outlet-

pressure of the check valve, Hi and Ho, respectively. Blue dashed lines represent the
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threshold hydraulic potential of opening the valve (Hcv), countered by the difference
between Hi and Ho. The Hi value was set as a constant value adjusted by the position of the
air inlet level in Mariotte’s bottle; therefore, the Hi value can be negative or positive. The
Ho value, however, was maintained at a negative value to create the unsaturated condition
for the experiment.

To open the valve and allow water to flow through the check valve, the potential
difference between the inlet- and outlet-valve, Hi — Ho, has to overcome the spring force of
the check valve, Hey, i.e., Hi — Ho > Hcy, as shown in the upper image in Error! Reference
source not found.d. The Hi — Ho value diminishes once the valve opens, and when the
valve falls below Hev (i.e., Hi — Ho < Hcv), the spring closes the valve. Before the plant
cultivation experiments, we determined the Hcv value in all check valves by creating a
positive pressure gradient between the inlet and outlet of the check valves with Mariotte’s

bottle.

3.4 Target Water Content and Matric Potential Values for Plant Cultivation Experiment
We aimed to maintain both adequate water transport and adequate gas exchange,
settling on 60% of the effective saturation condition (0.6Se) in the middle of the porous

media during the plant cultivation experiment. The target volumetric water content (6) was

solved by taking the left side of van Genuchten’s model (Equation S, = % =
1 m .
[1+(a|h|)"] (1) as 0.6Se. The target matric

9(h)—9r=[ 1 ]m

potential (ht) value was computed by rearranging Equation S, = - TG

(1 for h and substituting the 6 value. Computed 6

and ht values in each porous medium are listed in Table 1. Since we prepared for the
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saturated porous media and drained to achieve the 6: and ht values, we used the drying
process water retention as the primary water retention character to compute Se, &, and ht
values. However, we also demonstrated the @, and h: values using the wetting process of

water retention characteristics in Table 1.

3.5 Gravimetric Potential of the Mariotte Bottle Outlet for the Plant-Optimal Irrigation
System

We combined hydraulic potential components (i.e., z, h, p) of the plant-optimal
irrigation system including porous media, check valve and the water reservoir to determine
the air-inlet elevation position of the Mariotte bottle, which corresponded to the z value in
the water reservoir since the air-inlet is exposed to the atmospheric condition (h = 0 cm).
Table 2Error! Reference source not found. shows example values of potential
components in the plant-optimal irrigation system under Earth gravity conditions. All
gravitational potentials were referenced to the bottom of the containerized growth media
(z=0cm). The porous cup positioned in the middle of the porous media (i.e., Profile) (z =
5 cm) was aimed to provide the ht value (i.e., ht = —9.8 cm, Table 1). The check valve was
positioned at the top of the container (z = 10 cm) with hydraulic contact to the porous
media, therefore the outlet of the check valve should maintain a matric potential (ho) value
of —14.8 cm. Since the system is a quasi-hydrostatic condition, both H values in the middle
of the porous media and the outlet of the check valve should be the same value at Ho = —
4.8 cm. However, the Hcy value of 9.1 cm regulates the hydraulic potential gradient between
the inlet and outlet; therefore, the inlet of the check valve exhibited Hi = Ho + Hey = —4.8 +
9.1 = 4.3 cm, which led to hi = -5.7 cm. Again, the Hi values and the Mariotte bottle must

be equal under hydrostatic conditions and the h value at the air-inlet tube is at the
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atmospheric pressure (h = 0 cm). Finally, the vertical position of the air-inlet tube in the
Mariotte bottle was equivalent to the Mariotte bottle gravitational potential (zm) value of zm
= 4.3 cm. Here we simplified the calculation of zm as follows:

Zm == ht + Zt + HCU (3)

where z: represents the gravitational potential of the porous cup in the porous media (z: =5
cm). We computed the zm value of each porous medium based on ht and Hev values and

listed those in Table 2Error! Reference source not found..

3.6  Plant Cultivation Experiment

As shown in Error! Reference source not found.a, the surface of the container
was covered by a disk with two holes (diameter of 3 cm) to prevent mineral precipitation
buildup from nutrient solution due to evaporation. All porous media were initially
saturated with Hoagland nutrient solution (EC = 1 dS m™) and then drained using an
external stainless-steel tube vertically inserted along the side of the container wall. A rapid
drainage stopped when the measured h values in the middle of the container approached h
= -5 cm. This corresponded to the hydrostatic equilibrium condition where the bottom of
the container showed saturation (h = 0 cm) and the h value showed a linear decrease as the
gravitational potential increased towards the surface of the container. This procedure was
conducted before placing seeds in the porous media on Day 0 and Day 30, providing the
same initial water distribution in the containers for two consecutive cultivation
experiments.

Three red Romaine lettuce seeds (cv. ‘Outrageous’) were placed on the surface of
the growth media where the holes in the surface disk were located (Error! Reference

source not found.). Each container had two holes at the surface, therefore a total of six
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lettuce seeds were sown in each porous media. After the emergence of the first leaves, a
seedling in each hole (two seedlings per container) was selected for the growth experiment.
If the seedlings were too small or did not emerge, new seedlings separately sown on a wet
paper towel on the same sowing day were transplanted.

The light source provided 227+7.3 pmol m2 s! of photosynthetic photon flux
density (PPFD) at the surface of plant leaves was applied for 16 hours (5 pm to 9 am), and
the height of the light source was adjusted as plants grew to maintain at least 10 cm distance
from the light source to the surface of the top leaves. The water level of each Mariotte
bottle was also monitored by the pressure transducer to remind us to refill the nutrient
solution when the water level was low (less than 10 cm). All pressure transducers were
connected to a datalogger CR1000X (Campbell Scientific, Logan UT) to monitor the
sample h at 5 cm depth and the remaining water level in each Mariotte bottle every 10
seconds and collect the 1-minute moving average of measurements. All pressure
transducers were calibrated before the plant cultivation experiment using hanging tubing
filled with water to create positive and negative hydraulic potential ranging from —70 to 70
cm. A linear regression between the hydraulic potential value and the voltage output in
each pressure transducer was individually optimized using the calibrated offset and slope
values.

Disinfection between tubing and connections (i.e., manifolds and three-way cock)
to prevent biofilm clogging was conducted in the second trial of the third and fourth weeks
by injecting 4% hydrogen peroxide solution and flushing the solution with Hoagland
nutrient solution. Biofilm buildup in irrigation lines is a common phenomenon in plant

production and it has the potential to reduce the water flow through the tubing due to



175

biofilm blockage (Elasri and Miller, 1999; Lee and Lee, 2015; van Os et al., 2021). Since
the O2 gas is released when hydrogen peroxide reacts with biofilms, the trapped gas
between the tubing was removed after the disinfection process by injecting the nutrient

solution.

4.  RESULTS

4.1 Target Matric Potential of Porous Media and the Gravitational Potential in
Mariotte’s Bottle

Error! Reference source not found.a-3c show the hysteretic water retention of
Profile, Turface, and Mix using the hysteretic water retention model parameters (Equation
1) listed in Table 1. Solid and dash-dotted lines represent the drying and wetting water
retention curves, respectively. Since particle size-range and -distribution substantially alter
water retention characteristics, the coarse-textured and narrower particle size range of
Turface (i.e., 1-2 mm) exhibits a water retention curve with smaller air-entry potential and
steeper slopes compared to relatively finer-textured Profile and Mix. The 6: and ht were
computed using the drying water retention curve, and each pair of 6: and ht values was
listed in Table 1 and exhibited in Figure 3a, 3b and 3c in Profile, Turface and Mix,
respectively. The 6: values in all porous media exhibited 6 between 0.56 and 0.57 cm?3
cm3, while the ht values in Profile, Turface, and Mix exhibited —9.8, -5.1, and -9.1 cm,
respectively. Coarser-textured Turface showed greater ht values compared to the values in
finer-textured Profile and Mix.

Table 3 shows the air-inlet position (zm) value of the Mariotte bottle and the

potential components used to compute zm including ht and the average value of threshold
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hydraulic potential (Hcv) in individual check valves using Equation 3 for Profile, Turface,
and Mix, respectively. Since Profile and Mix required similar zm values of 3.8 and 3.5 cm,
respectively, these porous media were connected to the same Mariotte bottle, therefore we
set the zm value of 3.7 cm. The greater ht value (ht =—5.1 cm) in Turface led to the greater

value of zm (zm = 7.3 cm) compared to the zm values (zm = 3.7 cm) in Profile and Mix.

4.2 Diurnal Matric Potential Measurements in Porous Media

Error! Reference source not found.d—3f present the average h measurements in
triplicated porous media, Profile, Turface and Mix, over the initial 30 days and the
subsequent 30 days (a total of 60 days) of cultivation experiments. The horizontal axis
denotes the time after the first sowing. Black solid lines depict average h values from
triplicated measurements, while light blue circles indicate daily averages with gray vertical
bars representing standard deviation values. Blue dotted lines represent determined h: value
based on drying water retention parameters (refer to Error! Reference source not
found.a—3c and Table 1).

All porous media began from saturation, draining excess water to reach semi-
container capacity (h =-5 cm in the middle of the container). Consequently, h values in all
porous media exhibited a rapid decrease during the first week of both cultivation periods.
The star (*) symbols in Error! Reference source not found.d-3f mark h spikes caused by
manual maintenance, including the replacement of pressure transducers, repriming water
lines and cleaning the biofilm buildup with H202 solution.

Diurnal fluctuations in h (black solid lines in Error! Reference source not
found.d—3f) were observed, with decreasing h during the photoperiod (drying process) due

to facilitated evapotranspiration and increasing h during the dark period (non-photoperiod)
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(wetting process) caused by water redistribution and/or irrigation. Water level
measurements in the Mariotte bottle indicated a substantial decrease about 10 days after
both cultivations, suggesting water redistribution contributed initially, later dominated by
plant-optimal irrigation due to increasing evapotranspiration from plant growth.

The plant-optimal irrigation system effectively maintained h near h:, however, the
daily average and the standard deviation values from triplicated h measurements (light blue
circles and gray bars in Error! Reference source not found.d-3f) show temporary and
individual fluctuations, ranging from 0.095 to 5.3 cm. Fluctuations in h measurements were
likely a combination of precision in each pressure transducer and varied Hcv values in the
individual check valve (Table 3).

Although the plant-optimal irrigation ensured automatic h control, manual
maintenance was required weekly. Accumulation of trapped air in the tubing between the
check valve and the porous cup potentially disconnects the hydraulic connection to the
growth media, leading to decreased h values in some of the containers. Therefore, re-
priming in Turface (on Day 15 and 21 in Error! Reference source not found.e) and Mix
(on Day 21 in Error! Reference source not found.Figure 3f) was necessary. We suspect
this accumulation of trapped air was a combination of the released dissolved air in
irrigation water and trapped air in the porous cup.

Other spikes in h measurements occurred during the replacement of pressure
transducers (on Day 37 in Profile and Mix, Error! Reference source not found.d and 3f)
and cleaning (on Day 47 and 54 for all containers in Error! Reference source not
found.d-3f). During the cleaning process with H202 solution, we observed the gas release

from tubing connected to containers, caused by the oxidation process of organic matter
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(i.e., biofilm), effectively eliminating biofilm buildup. Incorporating cleaning solutions
into the maintenance procedure is crucial, especially for preventing bacterial biofilm

buildup in irrigation practice.

4.3 Lettuce Yield in Porous Media

Table 4 shows the average and standard error values of leaf dry mass (g cm2) in
Profile, Turface, and Mix after the 30 days of two cultivation trials. The surface area of the
container was 86.6 cm?2. The dry mass for the first trial ranged between 0.030 and 0.036 g
cm~2, while slightly increased dry mass for the second trial ranging between 0.047 and
0.053 g cm2 was observed. However, both trials exhibited insignificant yield differences.

All porous media showed similar dry mass across the trials.

5.  DISCUSSION

In this study, we demonstrated the plant-optimal irrigation system, which combined
check valve pressure regulation and a water reservoir (the Mariotte bottle) maintaining a
near-constant hydraulic potential to manage the root zone h. Initially, we determined the ht
value to achieve 60% of Se (0.6Se) based on the drying process of water retention
characteristics of three different pore sizes of aggregated calcined clay: Profile (0.25-1
mm), Turface (1-2 mm), and Mix (0.25-2 mm). We also proposed a simple equation
(Equation 2) to calculate the air-entry tube position (zm) in the Mariotte bottle relative to
the reference level (z= 0 cm) of the bottom of the growth media to maintain the ht in porous
media with the plant-optimal irrigation system, accounting for gravimetric, matric,
pressure and water potentials in each component (i.e., porous media, check valve). An

example of the plant-optimal irrigation system is illustrated in Error! Reference source
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not found.c and the potential components are demonstrated in Table 2. The study
demonstrated successful consecutive romaine lettuce cultivations while maintaining the

porous media’s h.

5.1 Check Valve Characteristics

Although we monitored the h value in the middle of the container, specifically
between the porous cup and the check valve, additional pressure monitoring between the
water reservoir and the check valve would allow us to provide further information about
when the check valve opened and closed, as well as the pressure gradient between the inlet
and outlet of the check valve during the cultivation periods. We assumed that each check
valve exhibited a constant Hcv value throughout the consecutive plant cultivation
experiment for 60 days, however, further study is needed to understand how the check
valve’s opening/closing mechanism corresponds to the diurnal change of
evapotranspiration.

Characterizing the individual Hcv values of the check valve is crucial for precisely
designing the plant-optimal irrigation and maintaining the h: value. The significant
variability observed in the Hcv value of check valves, indicated by the standard deviation
value of 2.1 cm (Table 3), impacted the regulation of h values in different growth media
such as Profile and Mix, despite these porous media being connected to the same Mariotte
bottle (with the same H value).

The variability in the Hcv value of check valves should be considered when selecting
growth media. Porous media with a wide range of particle size distribution (e.g., peat moss)
exhibit a gradual slope in water retention (data now shown), suggesting that small changes

in h values would have negligible effects on altering 6 value. However, porous media with
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a narrow range of particle size distribution such as aggregated calcined clay (e.g., Profile)
exhibited a steep slope in water retention (see Figure 3a), indicating that minor variation in
h values (e.g., =2 cm) can substantially change the 6 values. For example, controlling the
h value at —9+2 cm in Profile resulted in @ values ranging from 0.49 and 0.70 cm® cm

based on the water retention parameters during the drying process (see Figure 3a).

5.2 Potential Applications to Optimize the h: value

While we did not focus on determining the optimal ht value to maximize plant yield,
we note that ht values can be optimized based on the porous media’s physical and hydraulic
characteristics (i.e., hysteretic water retention) as well as the water requirement in different
varieties of plants. Jones and Or (1998b) pointed out that the selection of porous media is
typically based on the available materials rather than focused on the physical- and
hydraulic-properties. Raviv et al. (2004) suggested choosing an optimal irrigation control
once the adequate porous media choice has been made. As calcined clay exhibited
substantial hysteresis in water retention models, selecting the proper water retention model,
either the drying- or wetting-process, to calculate h: critically affects plant growth, as
Wallach (2008) mentioned. Among the three different particle size ranges and their
distribution of particle size, Turface exhibited a steeper water retention slope, potentially
leading to challenges in maintaining the target water status (i.e., 6: and ht) in the porous

media’s profile.

5.3 The Plant-optimal Irrigation System under Reduced Gravity Conditions
The plant-optimal irrigation system demonstrated in this Earth-based experiment

was designed specifically for plant production under reduced gravity conditions. Table 5
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shows the comparison of the porous media’s h control under Earth gravity with the
Mariotte bottle (i.e., capillary-driven irrigation) and the h control under reduced gravity
using the check valve (i.e., plant-optimal irrigation). The Mariotte bottle's mechanism
relies on the gravitational potential of the air-entry tube, which doesn't apply under reduced
gravity conditions due to a lack of gravitational potential. However, the check valve’s
opening/closing mechanism, dependent on the threshold water pressure Hc, can
compensate for Earth’s gravitational potential induced by the Mariotte bottle under reduced

gravity.

6. CONCLUSIONS

In this study, we introduced a novel irrigation system, termed plant-optimal
irrigation, showcasing its application for the passive irrigation system under reduced
gravity with three distinct particle size ranges: Profile (0.25-1 mm), Turface (1-2 mm),
and Mix (0.25-2 mm). The plant-optimal irrigation system conducted in Earth’s gravity
was designed with three components: a) an air stone serving as a subsurface irrigation
emitter within the porous media, b) a Mariotte bottle ensuring constant pressure in the water
reservoir and most notably, ¢) a check valve installed between the water reservoir and
porous media providing additional regulation of the porous media’s matric potential (Hcv).
The integration of a check valve between the water line facilitated automated one-way
irrigation by dynamically opening/closing the check valve based on the hydraulic potential
(H) gradient between the inlet and outlet, exceeding the threshold potential (average Hcv =
9.1+2.3 cm). This system demonstrated an efficient irrigation approach operating without

an active pumping system. The plant-optimal irrigation system features underscore the
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cost-effectiveness under Earth and reduced gravity conditions, emphasizing its potential
for sustainable plant production. Successful implementation of the plant-optimal irrigation
system necessitates an understanding of fundamental porous media physical principles,
encompassing water-, gravitational- and matric-potentials, along with the hysteresis
exhibited in porous media water retention characteristics. To enhance the applicability of
the system to Earth-based scenarios, we proposed a simple equation for calculating the air-
entry tube position (zm) in the Mariotte bottle. This equation considers the gravimetric and
matric potentials of each component (i.e., check valve and porous media). Furthermore, the
same equation can be applied to reduced gravity conditions by simply assigning a zero
value to the gravitational potential. We determined the ht by analyzing the drying process
of water retention characteristics across three pore sizes of aggregated calcined clay:
Profile (0.25-1 mm), Turface (1-2 mm), and Mix (0.25-2 mm). The check valve, linked
to each containerized porous medium, provided flexible control over matric potential (h),
even when connected to the same water reservoir with a consistent hydraulic potential
value. This adaptability allows tailoring to the hydraulic properties of the porous media
and potentially aligning with the specific water requirements of different plants. While our
work has established the foundation for incorporating check valves into the water line for
plant-optimal irrigation, further validation of check valve characteristics—especially
concerning diurnal evapotranspiration requirements—will enhance the practicality of long-

term plant production, both on Earth and in orbit.
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Table 1. Physical properties including particle size distribution, particle density (ps),
bulk density (pb) and the computed porosity (¢ = 1 — pv/ ps) and hysteretic water
retention parameters for the van Genuchten (1980) model and the computed target
volumetric water content (6) and matric potential (h:) in Profile, Turface and Mix.

Profile  Turface Mix

Physical Properties

Particle size distribution mm 0.25-1 1-2 0.25-2
Particle density ps gcm3 2.52 2.52 2.52
Bulk density phb gcm?3 0.63 0.64 0.69
Porosity (¢ =1 — pbl/ ps) ® 0.75 0.75 0.73

Hydraulic properties
Drying process
O  cmicm3 0.34 0.34 0.32

s  cm*cm 0.72 0.73 0.72
VG model parameters?

1% cm 0.099 0.19 0.11
n 7.7 5.6 3.9
Computed parameters & cmicm’ 0.57 0.57 0.56
ht cm -9.8 -5.1 -9.1

Wetting process
&  cm*cm 0.34 0.34 0.32

s cm*cm3 0.69 0.68 0.64
VG model parameters?

o cm 0.19 0.32 0.17
n 4.4 4.1 2.9
Computed parameters &  cmicm’ 0.55 0.54 0.51
ht cm -5.2 -3.1 —6.2

tDixon et al. (2023), I Heinse et al. (2007)



Table 2. Potential components of the plant-optimal irrigation system comprised of
the porous cup in the media, the check valve (Hev = 9.1 cm) and the water reservoir
under Earth’s gravity condition. Note that the reference gravitational potential (z =
0 cm) was set at the bottom of the containerized growth media.
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Gravitational Matric potential or Hydraulic potential

potential pressure potential
z (cm) h or p (cm) H(cm)=z+h+p
Porous cup =5 ht=-9.8 -4.8
Check valve outlet 10 ho =-14.8 -4.8
Check valve inlet 10 hi=Hi—-zi=-57 Hi=Ho+Hw=4.3
Mariotte bottle air-inlet Imn=4.3 Atmospheric =0 4.3

Table 3. Target matric potential (h;) computed from the drying
water retention character, the threshold hydraulic potential to
open the check valve (Hcv) with the standard error value and the
air-inlet tube position (zm) in the Mariotte’s bottle computed with
Equation 3 in Profile, Turface and Mix.

Target matric  Check valve Air-inlet
potential opening position
ht Hev Zm
cm cm cm
Profile -9.8 8.6+1.6 3.8
Turface -5.1 7.4+1.7 7.3

Mix -9.1 7.6+1.7 3.5




Table 4. The average- and standard error-values
of dry leaf mass per unit area (g cm~2) in Profile,
Turface and Mix.

1st trial 2nd trial

g cm2 gcm?
Profile 0.034+0.010 0.053+0.018
Turface 0.030+0.013 0.050+0.016

Mix 0.036+0.0046 0.047+0.027
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Table 5. Comparison of potential components of (a) the conventional Mariotte bottle
irrigation system without the check valve under Earth’s gravity condition and (b) the
plant-optimal irrigation system with the check valve under reduced gravity (0g) condition
as illustrated in Error! Reference source not found..

Gravitational Matric potential or Hydraulic
potential pressure potential potential
z (cm) h or p (cm) H(cm)=z+h+p
(a) Earth gravity (1g) + Mariotte bottle (Conventional)
Porous cup 5 -9.8 -4.8
Mariotte bottle air-inlet -4.8 0 4.8

(b) Reduced gravity (0g) + check valve (Hev = 9.1 cm)

Porous cup 0 -9.8 -9.8
Check valve outlet 0 -9.8 -9.8
Check valve inlet 0 0.7 -0.7
Water reservoir 0 0.7 -0.7

06T



191

Profile Turface Mix

Figure 1. Calcined clay with three different particle size ranges: Profile (0.25-1 mm),
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Figure 2. (a) A top-down picture and (c) an illustration demonstrating the plant-
optimal irrigation system with (b) Romaine lettuce cultivation. The key components
included: Plant growth medium, a check valve, and a Mariotte bottle water reservoir
with (d) an enlarged illustration of the check valve demonstrating the opening/closing
mechanism of the valve with the threshold potential (Hcv) to open the valve as well as
the inlet (Hi) and the outlet (Ho) hydraulic potentials.
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Figure 3. Water retention curve for the drying (solid lines) and wetting (dash-dotted
lines) processes in (a) Profile, (b) Turface and (c) Mix using the VG model parameters
listed in Table 1, and the total 60 days of diurnal changes in the averaged value of
triplicated matric potential (h) measurements at z = 5 cm (black solid lines), and the
target matric potential (ht) values (blue dash lines) and daily average value of h
measurements (light blue circles) with the gray bars showing the standard deviation in
(d) Profile, (e) Turface and (f) Mix. Note that the star symbol (*) represents the
manual maintenance including replacing pressure transducers, repriming the water
lines and cleaning the biofilm buildup with H202 solution.



194

(a) Earth gravity (1G)

Mariotte bottle

(b) Reduced gravity (0G)

Water bag Check valve

Figure 4. The illustration of the comparison between (a) the capillary-driven irrigation
using the Mariotte bottle under Earth gravity and (b) the plant-optimal irrigation using
the check valve and collapsible water reservoir.
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CHAPTER VII

CONCLUSION

The successful implementation of plant production systems under microgravity is
crucial for supporting long-term human space exploration. This necessitates a thorough
assessment and validation of various components involved in the root zone sensing
technique and our understanding of the hydrodynamics of the root zone, including growth
media and interfaces.

In Chapter 2, our objective was to enhance thermal property estimation using a Heat
Pulse Probe (HPP) calibration in air-free ice. The sharper peak temperature rise curve
observed in air-free ice compared to traditional calibration media, agar-stabilized water,
facilitated the optimization of temperature analysis models, such as the Infinite Cylindrical
Perfect Conductor (ICPC) model. This calibration method holds promise in future plant
growth experiments under reduced gravity as the heat pulse method was the only option
decades ago and remains a viable option where electromagnetic interference remains a
concern for space-based applications. Beyond space applications, thermal properties serve
as surrogate determinations for monitoring a variety of soil properties and processes
including heat flux, water flux, and water content.

Building upon the findings of Chapter 2, Chapter 3 showcased various granular
media with highly reproducible bulk density, offering a wide range of water content-
dependent thermal properties from oven-dry- to saturated-conditions. The reproducible
bulk density preparation using the air-pluviation method can also ensure consistent bulk

density when preparing containerized plant growth media.
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In Chapter 4, we introduced an automated system for hanging water column
measurements, employing a combination of diffuse laser distance sensing, linear actuators,
and a high-resolution pressure transducer. This system, coupled with model fitting using
existing water retention models, enables repeatable hysteretic water retention
measurements for coarse-textured media within a typical controlled range of matric
potential for plant growth.

Using the automated water retention measurements discussed in Chapter 4, we
characterized the hysteretic water retention of synthetic and natural fibers as potential plant
growth media in Chapter 5 and successfully demonstrated plant growth using containerized
synthetic fibers. The findings revealed that lightweight fibrous media exhibited higher
porosity and similar water retention characteristics to traditional horticultural media such
as peat moss. This similarity in water retention characteristics between fabric and peat moss
could be advantageous in distributing fluids (water, dissolved nutrients, and gas) when
constructing the layered root zone using fabric and peat moss.

In Chapter 6, we demonstrated a passive irrigation system and emphasized
optimization for containerized growth media’s matric potential control based on hysteretic
water retention curves. The development and validation of a passive irrigation system using
a Mariotte bottle connected to a check valve were highlighted, showing its effectiveness in
maintaining target matric potential values for plant growth. The study also highlighted the
potential application of installing the check valves in the capillary-driven irrigation system
under reduced gravity conditions. The spring-loaded check valve opening pressure,
coupled with a matching porous membrane, maintains an operational matric potential

within the root zone at virtually any gravity level without the need for powered pumps or
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valves.

In this research, we focused on the accessibility of media (e.g., solid ice, granular
media, and fabrics) and their preparation methodology to provide highly reproducible
results. Although all media we provided were commercially available, the local availability
of material highly influenced the selection of calibration media and plant growth media.
For example, the process of creating air-free ice was found to be time-consuming and
required a larger freezer, which could be a constraint in selecting the calibration media.
Material selection for growth media in the International Space Station (ISS) includes
additional requirements such as fire-resistance and food safety qualifications, which could

limit the use of some of the fabrics.

Designing plant growth modules for long-term space missions poses a significant
dilemma: while the ultimate tests occur in space, the initial evaluation must take place on
Earth, where gravity influences root zone hydrodynamics. Looking ahead, the
development of adaptable and inexpensive long-term plant growth experiments to
simulate reduced gravity conditions on Earth is essential for advancing plant production

systems in space exploration missions.

In conclusion, this research significantly contributes to the advancement of plant
production systems under microgravity conditions. By enhancing our understanding of
root zone dynamics and developing innovative techniques for thermal property estimation
and water retention measurement, we pave the way for more sustainable and efficient
plant cultivation in space. These findings not only hold promise for supporting long-term
human space exploration but also have implications for terrestrial agriculture, driving

innovation and progress in both fields.
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Appendix A CR-Basic Program for the Automated Hanging Water Column

Below is a CR-Basic program used in the automated hanging water column
measurement.

'CR1000 Series Datalogger

Thkhkkkkhhkhkkihkhkkhkhhkkhhhkhhhkhhhkhhkhkhhhkhkhhkhkkihhkhkhhkhkhhkhkkhhhkihhkhhhkhhhkkhhhkkihhkhhhkkiiikiik

*hhhhkhkhkkkkhkhhihhhkhkhkhkhkkhkhkhrrhrhhhkhkhhhiirrhhhihkhkhkhiiiiix

‘Sample Properties:

Public SAMPLE_HEIGHT =8 'Height of sample from plate (mm)
Public SAMPLE_RADIUS = 37.5 'Radius of sample (mm)

Public QS =0.95 'Qs (assume 1)

Thkhkkkkhhkhkkhhkhkhkhhkhkhhkhhhhhhkhhhkhhkhkhhhkhkhhkhkhhhkihkhkhhhkhhhkhhhkhhhkhhhkhhihkhihkkhiikiik

*khhhhkhkhkhkhkkhkhhhhhhhkhkhkhkhhhirhhhhhkhkhkhhiirhhhikhkhhhiiiiix

‘Movement Parameters:

Const LA7_DISTANCE_DOWN = 50 'Distance to move LA7 down each step (mm)
Const LA7_DISTANCE_UP =50 'Distance to move LA7 up each step (mm)
Public LA7_LOWER_LIMIT =700 'Lower limit of LA7 movement (mm)

Const LA7_UPPER_LIMIT =0 'Upper limit of LA7 movement (mm)

Const TURNAROUND_VALUES = 3 'Number of consecutive Theta values to look
for TURNAROUND_CHANGE

Const TURNAROUND_CHANGE =0.005 'Change in Theta to trigger turnaround
(% in fraction)

Const CYCLES =12 '‘Number of times to execute entire up&down measuring
process

'‘Equilibrium Parameters:
Const VARIATION = 0.056  'Max variation for water equilibrium (cm)

Const EQ_TIME =60 Time for moving average to smooth measurements for
equilibrium (sec)



200

Const EQ_TIME_MAX =60*60 'Max time to wait for water equilibrium (sec)
Const EQ_WINDOW = 300 'Window to determine water equilibrium (sec)

"* Ensure that LA1 and LAY are both in their zero positions before beginning the
program *'

" * Send to logger to begin the program * Use Reset flag to stop the program early *

'Declare Data Tables

DataTable(Tablel,True,-1) '‘Data table to store data for monitoring
Sample(1,SAMPLE_HEIGHT,FP2)
Sample(1,SAMPLE_RADIUS,FP2)
Sample(1,QS,FP2)
Sample(1,Counter,FP2)
Sample(1,LA7_Current_Pos,FP2)
Sample(1,LA7_cm,IEEE4)
Sample(1,Sample_cm,|IEEE4)
Sample(1,Plate_cm,IEEE4)
Sample(1,Reflector_cm,|IEEE4)
Sample(1,Pipette_cm,IEEE4)
Sample(1,z_cm,IEEE4)
Sample(1,Pressure_cm,IEEE4)
Sample(1,0utflowL_cm,IEEE4)
Sample(1,Volume_mL,IEEE4)
Sample(1,Theta,IEEE4)

EndTable

DataTable(Table2,True,-1) 'Data table for monitoring EQ
Sample(1,EQ_Pressure,IEEE4)
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Sample(1,EQ_Avg(1),IEEE4)
Sample(1,EQ_Avg(EQ_WINDOW),IEEE4)
Sample(1,FiveEQ,IEEE4)
Sample(1,LA7_Direction,FP2)

EndTable

'Declare Constants

Const LA1_DIRECTION_PORT =7 'Control port for LA1 direction control
Const LA1 PULSE PORT =8  'Control port for LA1 step control
Const LA1_MAX_POS =11500 ‘'Maximum distance of LA1 (pulses)

Const LA1_PULSE_PER_MM =100
"[1rev/4mm]x[200steps/rev]x[2pulses/step]=400pulses/4Amm = 100pulses/mm

Const ZERO =0 'Zero distance value (used with LA1 & LAY positions)
Const LA7_UP_PORT =5 ‘Control port for LA7 up

Const LA7_ DOWN_PORT =4 ‘Control port for LA7 down

Const LA7_MAX_POS =700 ‘Maximum distance of LA7 (mm)

Const SAFETY_PORT =6 ‘Control port to disconnect manual switch

Const LASER_DIST_PORT =15 'SE port for laser distance output

Const LASER_SWITCH_PORT =3 'VX port for laser switching

Const UP =0 'Flag used for upward measuring

Const DOWN =1 'Flag used for downward measuring

Const PRESSURE_PORT =9 'SE port for pressure transducer

'Declare Public Variables

Public SAMPLE_VOLUME 'Calculate volume of sample in mL

Public Water_Volume 'Calculate water volume of sample in mL

Public Counter 'Keeps track of main measurement executions

Public Last_Cycle As Boolean = FALSE 'Allows extra step down on last cycle
Public Reset As Boolean =0 'Flag used to stop program and reset LAl
Public Index 'Reusable for For loops

'LAL
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Public LAl Target Pos 'LA1 desired position (pulses)
Public LA1_Current_Pos ‘LA current position (pulses)
Public LA1_Current_Pos_mm  'LAL current position (mm)

Public Stop(4) = {88,113,52,ZERQ} 'LAL stops (mm) - Reflector=88, Pipette=113,
Plate=52, ZERO=0

'LA7

Public LA7_Target_Pos 'LAT desired position (mm)

Public LA7_Current_Pos ‘LAY current position (mm)

Public LA7_Direction 'LA7Y direction to move

Public LA7_Distance ‘LAY distance to move (mm)

Public LA7_Mov_Dir 'LA7Y direction tracker for movement
Public LA7_Mov_mm '‘LA7 movement control (mm)
Turnaround

Public LA7_Mov_CP 'LA7 movement current position (mm)

Public Bottom_VWC(TURNAROUND_VALUES) 'Array to hold past pressure
readings to check for turnaround

Public Turnaround_Count =0 'Counter for pressure readings within turnaround
change

Public Reverse As Boolean = FALSE 'Flag to reverse LA7 before reaching lower
limit

‘Equilibrium

Public EQ_Pressure '‘Distance measurements for determining EQ
Public EQ_Avg(EQ_WINDOW) ‘Time window for determining EQ
Public FiveEQ 'EQ value determined

Public Pressure_cm 'Pressure measurement (cm)

Public Too_Long As Boolean = False '"Will be true if EQ reaches max time before
equilibrium

'Moving Average

Public Mov_Av_Array(EQ_TIME) ‘'Array to hold moving average values
Public Mov_Av '‘Moving average

Public Mov_Av_Count 'Used to calculate moving average

Public Mov_Av_Reset As Boolean = FALSE 'Flag to reset moving average array
‘Laser Measurements

Public LA7_cm "True position of LA7 (cm)
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Public Plate_mm 'Position of plate (mm)
Public Plate_cm 'Position of plate (cm)
Public Reflector_mm ‘Position of reflector(mm)
Public Reflector_cm 'Position of reflector (cm)

Public Reflector_Start mm  'Starting position of reflector, used to reference LA7
movement (mm)

Public Pipette_mm 'Position of water level in pipette (mm)
Public Pipette_cm 'Position of water level in pipette (cm)
Public Sample_mm 'Position of sample (mm)

Public Sample_cm 'Position of sample(cm)

‘Theta Calculations

Public z_mm 'Distance between reflector and plate (mm)
Public z_cm 'Distance between reflector and plate (cm)
Public Volume_mL '‘Change in water volume in pipette (mL)
Public OutflowL_cm ‘Outflow length (cm)

Public Theta ‘'VWC of sample

'‘Define Functions
Function MoveLA1(pos) 'Function to move LAl

LAl Target Pos = (pos * LA1 PULSE_PER_MM) 'Get the desired
position

While (LAl Target Pos < LAl Current Pos AND LAl Target Pos >= ZERO)
‘While desired position is < current position and >=0

PortSet(LA1_DIRECTION_PORT,1) ‘Set direction +

PortSet(LA1_PULSE_PORT,0) 'Pulse motor

Delay(0,10,uSec) 'Each pulse takes 10uS

PortSet(LA1_PULSE_PORT,1) 'Stop pulsing motor

LA1 Current_Pos = LA1 Current_Pos - 1 '‘Update current
position

LAl Current Pos_ mm =LAl Current_Pos/ 100 ‘Convert current
position to mm

Wend

While (LA1_Target Pos > LAl Current_Pos AND LAl Target Pos <=
LAL1 MAX_PQOS) 'While desired position is > current position and <= max position
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PortSet(LA1_DIRECTION_PORT,0) 'Set direction -

PortSet(LA1 PULSE_PORT,0) 'Pulse motor

Delay(0,10,uSec) 'Each pulse takes 10uS

PortSet(LA1_PULSE_PORT,1) ‘Stop pulsing motor

LAl Current_Pos = LA1 Current_Pos + 1 ‘Update current
position

LAl Current_Pos_ mm =LAL1 Current_Pos/ 100 ‘Convert
current position to mm

Wend

EndFunction

Function MoveLA7 'Function to move LA7
If (LA7_Direction = DOWN) 'If moving down
LA7 Target Pos=LA7 Mov_CP + LA7_Distance 'Increase target position
Else 'If moving up
LA7 Target Pos=LA7 Mov_CP - LA7 Distance 'Decrease target position
EndlIf

If (Reset) 'If reset button pushed
LA7 Target Pos=0 ‘Override target position to be 0
EndlIf
If (LA7_Target_Pos > LA7_Mov_mm) 'If target position lower than current
position
PortSet(SAFETY_PORT,1) 'Disconnect manual switch
PortSet(LA7_DOWN_PORT,1) Turn on LA7 down port
LA7_Mov_Dir = DOWN "Track direction as down
Elself (LA7_Target Pos < LA7_Mov_mm) 'If target position higher than
current position
PortSet(SAFETY_PORT,1) 'Disconnect manual switch
PortSet(LA7_UP_PORT,1) “Turn on LAY up port
LA7 _Mov_Dir = UP ‘Track direction as up
EndlIf

Do ‘Loop
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VoltSe(LA7_Mov_mm,1,mV5000,LASER_DIST_PORT,1,0, 60Hz,0.60436834,0)
'Measure Laser

LA7 _Mov_mm -= Plate_mm 'Use offset to find
position
If (LA7_Mov_Dir = UP AND LA7_Mov_mm <= LA7_Target_Pos) If
moving up and at or past target position
ExitDo 'Exit Loop

Elself(LA7_Mov_Dir = DOWN AND LA7_Mov_mm >= LA7_Target _Pos)
'If moving down and at or past target position

ExitDo 'Exit loop
EndlIf
Loop
PortSet(LA7_DOWN_PORT,0) Turn off LA7 down port
PortSet(LA7_UP_PORT,0) "Turn off LA7 up port
LA7 Mov_CP = LAT7_Target Pos ‘Set LAY current position
PortSet(SAFETY_PORT,0) 'Reconnect manual switch
LA7 cm=-LA7_Mov_mm/10 ‘Change true position to negative and
to cm for display
LA7 Current_Pos =-LA7_Mov_CP/10 '‘Change position to negative and

cm for display
EndFunction

Function MeasureLaser 'Function to take a laser distance measurement
Dim dist, lav
Scan (10,mSec,0,100)

VoltSe(dist,1,mV5000,LASER_DIST_PORT,1,0,_60Hz,0.60436834,0) 'Measure
Laser

AvgRun (lav,1,dist,100) '‘Average measurements
NextScan
Return lav 'Return averaged measurement

EndFunction

Function MovingAverage(tobeav) 'Function to calculate moving average
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Dim mind
If (Mov_Av_Reset) 'If reset flag
Mov_Av_Array() = 10000 'Reset moving average to 10000
EndlIf
Mov_Av =0 'Reset moving average
Mov_Av_Count=0 'Reset moving average count
Mov_Av_Array(1) = tobeav 'Assign current value to first slot of
moving average array
For mind =1 To EQ_TIME Step 1 'For size of moving average
If (Mov_Av_Array(mind) <> 10000) 'If element in array has been
initialized
Mov_Av += Mov_Av_Array(mind) ‘Accumulate
Mov_Av_Count +=1 'Increase element counter
EndlIf
Next mind
Mov_Av /= Mov_Av_Count ‘Divide sum by number of elements

Formind =EQ _TIME-1To 1 Step -1
Mov_Av_Array(mind + 1) = Mov_Av_Array(mind)  'Shift array
Next mind
EndFunction

Function ResetProgram 'Function to reset actuators and exit program

If (Reset)
MoveL A1(Stop(1)) 'Move laser to reflector
MoveLA7() 'Put LAY back to zero
EndlIf
MoveLA1(Stop(4)) 'Move laser back to zero
Exit 'End Program

EndFunction

Function MainMeasure  'Function to take ABCD measurements each movement
Dim i, j, elapsed
Fori=1To4 Step 1 'For each stop
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If (Reset OR Reverse) 'If reset button pushed
ExitFunction ‘Exit function
EndlIf
MoveL A1(Stop(i)) '‘Move laser to stop
If(i=1) 'If stop #1
MovelLA7() ‘Move LAY one step
EQ_Avg()=10000 'Initialize EQ window array
Mov_Av_Reset = TRUE 'Reset moving average
Timer(1,Sec,2) ‘Start EQ timer
"EQU
Scan(1,Sec,0,0) 'EQ Scan
If (Reset) 'If reset button pushed
ExitFunction 'Exit Function
EndlIf

elapsed = Timer(1,Sec,4) 'Check EQ running time

VoltSe(EQ_Pressure,1,mv5000,PRESSURE_PORT,1,0, 60Hz,0.0142,1.1248)
'Measure pressure

If (Mov_Av_Reset) 'If moving average reset flag true
MovingAverage(EQ_Pressure) 'Find moving average
If (elapsed > 5) 'After 5 values
Mov_Av_Reset = FALSE 'Stop resetting
EndlIf
Else
MovingAverage(EQ_Pressure) 'Find moving average
EQ_Avg(1l) = Mov_Av ‘Store current value in first slot of eq window
EndlIf
CallTable Table2 'Call eq data table

If (EQ_Avg(1l) > (EQ_Avg(EQ_WINDOW)-VARIATION) AND EQ_Avg(1) <
(EQ_Avg(EQ_WINDOW)+VARIATION) AND EQ_Avg(1) <>10000) 'If within
tolerance

FiveEQ = EQ_Avg(1) 'Set FiveEQ
ExitScan 'Exit EQ scan
Elself(elapsed >= EQ_TIME_MAX) 'If running too long
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FiveEQ = EQ_Avg(1) 'Set FiveEq
Too_Long = True 'Set max time eror
ExitScan 'EXit EQ scan

EndlIf

For j=EQ_WINDOW-1 To 1 Step -1
EQ_Avg(j+1) = EQ_Avg(j) 'Shift window array

Next j
NextScan ‘Scan loops until EQ_TIME reached
Pressure_cm = EQ_Avg(1) 'Declare equilibrium

Reflector_mm = MeasureLaser() 'Measure laser at reflector
Reflector_cm = Reflector mm /10 'Convert to cm

Elself (i = 2)
Pipette_mm = MeasureLaser() '‘Measure laser at pipette
Pipette_cm = Pipette._ mm /10 'Convert to cm

Elself (i = 3)
Plate_mm = MeasureLaser() '‘Measure laser at plate
Plate_cm = Plate._ mm /10 ‘Convert to cm

Elself (i = 4)
Sample_mm = MeasureLaser() '‘Measure laser at sample

Sample_cm = Sample_mm / 10 ‘Convert to cm

EndlIf

'VOLUME CALCULATIONS

Next i

z_cm = Plate_cm - Reflector_cm 'z is distance between plate and reflector
OutflowL_cm = Pressure_cm - z_cm '‘Outflow length

Volume_mL = QutflowL_cm *0.88 ‘Volume = outflow * 0.88

Theta = (WATER_VOLUME - Volume_mL) / SAMPLE_VOLUME 'VWC
calculation

EndFunction

Function FindBottom(rst As Boolean) 'Function to check for turnaround before lower
limit
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If (rst) 'If reset flag is true
Bottom_VWC() = 10000 'Reset bottom pressure array
ExitFunction

EndlIf

Turnaround_Count =0 'Reset turnaround count

Bottom_VWC(1) = Theta 'Put current Theta in beginning of bottom pressure
array

For Index =2 To TURNAROUND_VALUES 'Check if consecutive Thetas are
within turnaround change

If (Bottom_VWC(Index) < Bottom_VWC(Index-1) + TURNAROUND_CHANGE
AND Bottom_VWC(Index) > Bottom_VWC(Index-1) - TURNAROUND_CHANGE)

Turnaround_Count +=1 'For each within change, increase counter
EndlIf
Next Index

If (Turnaround_Count = TURNAROUND_VALUES - 1) 'If all bottom pressure
values are within change of each other

Reverse = True 'Set flag to turn around

Else 'If all bottom pressure values are not within change
of each other

For Index=TURNAROUND_ VALUES-1To 1 Step-1 'Shift bottom pressure
array

Bottom_VWC(Index+1) = Bottom_VWC(Index)
Next Index
EndlIf
EndFunction

‘Main Program
BeginProg

SAMPLE_VOLUME = (SAMPLE_HEIGHT * 3.141592 *
(SAMPLE_RADIUS"2))/1000

Water_Volume = Sample_Volume * QS

If (LA7_LOWER_LIMIT >= 680) 'LA7 lower limit capped at 680mm
LA7_LOWER_LIMIT =680

EndlIf
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Counter =0 'First round of measuring
LA1 Current_Pos = ZERO ‘LAlisatO
LAl Target Pos =ZERO '‘LA1 should be at 0
MoveL A1(Stop(3)) '‘Move LA1 to plate
Plate_mm = MeasureLaser() 'Find plate distance
Plate_cm = Plate._ mm /10 '‘Convert to cm
LA7_Current_Pos = ZERO ‘LA7isat0
LA7_Mov_CP = ZERO 'LA7isat0
LA7 cm =ZERO 'LA7isat0
LA7 Target Pos = ZERO ‘LAY should be at 0
LA7_Direction = DOWN 'LA7 should be moving down
LA7 Distance =0 '‘Don't move LAY for initial measurements
MainMeasure() "Take initial measurements at zero
LA7 Distance = LA7_DISTANCE_DOWN 'Distance to move LA7 down
Scan(10,Sec,5,0) '‘Main scan
CallTable Tablel 'save initial measurements
If (LA7_Direction = DOWN) 'If LA7 is moving down
FindBottom(FALSE) '‘Check for early turnaround

EndlIf

MainMeasure() "Take 4 measurements

If (Reset) 'If reset button pushed

ResetProgram() 'Reset actuators and exit program
EndlIf

If (((LA7_Mov_CP + LA7_DISTANCE_DOWN) > LA7_LOWER_LIMIT OR
Reverse) AND LA7_Direction = DOWN) 'If lower limit reached

If (Last_Cycle) 'If this is the last cycle
'‘Reset = TRUE 'Set to reset
CallTable Tablel
ExitScan 'Exit main scan

EndlIf

LA7_Distance = LA7_DISTANCE_UP  'Change LAY distance
LA7_Direction = UP '‘Change LAY direction



Reverse = FALSE 'Reset reverse flag
FindBottom(TRUE) 'Reset Bottom_VWC array
EndlIf

If (LA7_Mov_CP - LA7_DISTANCE_UP) < LA7_UPPER_LIMIT AND
LA7_Direction = UP) 'If upper limit reached

CallTable Tablel 'Record measurements
Counter +=1 Track 1 measurement cycle
If (Counter = CYCLEYS) 'If max measurement cycles
‘ExitScan ‘Exit main scan
Last Cycle = TRUE ‘Do one more step down process
EndlIf
LA7 Distance=0 '‘Don't move LAY for initial measurements
MainMeasure() "Take initial measurements at zero
LA7 Distance = LA7_DISTANCE_DOWN 'Distance to move LA7 down
LA7_Direction = DOWN 'LA7 should be moving down
Reverse = FALSE 'Reset reverse flag
EndlIf
NextScan
ResetProgram() 'Return LA to zero position

EndProg

211
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