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The fundamental thermal properties of soils and granular media include volumetric heat capacity (Cy), thermal
conductivity (1) and thermal diffusivity («), 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
(0w), 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 (p,) 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 6, 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 mul-
tiple sieving pluviation (MSP) method, yielding highly repeatable pp in coarse granular media. Overall, thermal
property values ranged from 0.51 to 3.68 MJ m™> K™ for C,, 0.13 to 3.73 Wm ™ K for A and 0.17 to 1.5 mm?
s~ ! for x. Optimized parameters were presented for selected Cy(6\,) and i(6,,) thermal property models. We
demonstrated that with the MSP method, it was possible to achieve highly repeatable py, 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 6, distributions.

1. Introduction aggregation, bulk density (pp), particle size distribution and particle

shape (Dai et al., 2019). Therefore a number of thermal property models

Thermal properties, including volumetric heat capacity (Cy), thermal
conductivity (1), 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 gasses, 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

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
Cy and 4 at variable volumetric water contents (6y). Although the mixing
model describing C, is relatively straightforward and widely used,
models describing 4 continue to be developed to adequately describe the
complexity of thermal conductance in three phases (i.e., solid, water and
air). Numbers of 1 models including the mixing model (Campbell et al.,
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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 mate-
rials with well-characterized thermal property values (Cy, 1 and «) 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-needle (also 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; Noborio et al., 1996) 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). An exsitensive review article for HPPs
was provided by He et al., 2018. 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., Cy, x and
2). However, accuracy relies heavily on the determination of the
center-to-center spacing, r., between the temperature sensing rod (s) and
the adjacent heater rod.

A widely used conventional model employed in HPPs considers the
heater rod as 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. Sub-
committee 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 which 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 esti-
mated by the ILS model for agar-stabilized water and air-free ice (Nar-
uke 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 commer-
cially available granular media as standard calibration options can
advance the development of thermal property sensors. Most manufac-
turers of granular media provide a single value of 1 or sometimes include
arange of 1 values across a 6,, 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 ma-
terial at different 6,, conditions. Because py, variation directly impacts
solid- and pore space- configuration, it consequently impacts thermal
properties. Suggesting a variety of readily-available granular media
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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 constitu-
ent phases (i.e., soild, 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 p-18 on Soil and Rock., 2006) and is widely used to
provide repeatable py, (Kodicherla et al., 2018; Shi et al., 2021; Tabaroei
et al.,, 2017). The early work by Miura and Toki (1982) first demon-
strated the 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 micro-
structure of granular media prepared by air- and water- MSP methods
and moist- and dry- tamping methods of coarse calcareous sand and
showed that 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 par-
ticles can alter particle orientation (e.g., horizontal or vertical) and ex-
hibits 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- 6,, conditions, and 3) to deter-
mine model parameter values describing 6,,-dependent C, and A 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, r. (m), as the heat propa-
gates through a homogeneous and isotropic medium. The Laplace
transform solution of this process is written as:

) q,Ko(lU'c)

? (P = 2
¢ 2757»1’{!»"10 [Kl (nao) + (mgﬁ”)Ko(W’o)} }

@

where g’ represents the heat input (W m™1), 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, K(2) is the modified Bessel function of the second kind of order n
and argument z, 4 = /p/k, ay is the radius of the rod (m), o = Co/Cy.
The weighted average volumetric heat capacity of the rod, Cy, including
stainless steel and epoxy was calculated as:

d; d;
Co=Cp=+Cgs (1 —5) (2)
d() d()

where Cg and Cgg 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,
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the temperature increase from a heating pulse can be calculated as:

ATc(r)

_q 0<t<ty
ATc(t) — ATc(t — 1)

AT(¢) (>

3)

where t is the elapsed time (s) and ty 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 (ap = 0). The introduction of
finite rod radius (ap) and Sy account 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.

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 varia-
tions in heat storage impacting various processes. Since granular media
primarily consists of minerals, water, air, and organic matter, Cy, can be
estimated from constituent-mass fractions and -specific heat capacities
as follows (Campbell, 1985; de Vries, 1963):

Co=Y p.ed, )

where p, is constituent density (kg m~>), ¢, is constituent specific heat
capacity (MJ kg’1 K1) and Oy, 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., 65 = 64 + 0. Eq. (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 time under a unit temperature gradient, which varies
with pore structure, temperature, water content, and mineral type in
granular materials. Various A functions of 6, have been proposed to
characterize heat transfer through granular media, as Dong et al. (2015)
discussed.

2.2.2.1. Mixing model. The ‘mixing model’ computes 1 of a granular
medium as a weighted sum of the thermal conductivities of material
constituents (Campbell et al., 1994; de Vries, 1963):

_ Z kxex;"x
B Z kxex

where again x specifies the mixture constituency and ky is a constituent
weighting factor. The organic matter component in Eq. (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 = ¢ + m + om). The
solid phase thermal conductivity term () may include multiple min-
erals, e.g., quartz, mica, and others, which may require additional 4 and
k inputs for mixing models of C, (Eq. (4)) and 4 (Eq. (5)). The weighting
factor, ky, can be calculated as:

A(0y) (5)
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1 2 1
e = 6
3T g On/M—1) 11 g(h/M—1) ©

where g, and g. are shape factors, and /s is fluid thermal conductivity.
Shape factors, g, and g. can be expressed as g, = 0.088 for mineral sand
(Bittelli et al., 2015) and g. = 1 — 2 g, respectively. The thermal con-
ductivity of air (4,) is the sum of the conductivity of dry air (1q, = 0.025
Wm! K’l, de Vries (1963)) and a vapor component associated with
latent heat transfer. Campbell et al. (1994) introduced ¢ and an
empirical function of water content, f,,, to simplify the ky calculation in
each constituent:

=2 +fy(hw — 1) @
1
G WY ®

where 0y 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) established linear regression
models, 6y = 0.330. + 0.078 and q = 7.2560, + 2.52, both of which are
highly related to the clay content (6). In this study, we assumed 6. =
0 because our testing media were coarse-textured, therefore both pa-
rameters were constants with 6y = 0.078 and q = 2.52, respectively.

2.2.2.2. Campbell (1985) model. The following empirical 1(6,,) model
was developed by Campbell (1985):

AMO4) =A + B8, — (A-D)exp[ — (C)"] )

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 6y, or computed using the
volume fraction constituents such as solid (s), quartz (g), other minerals
(m) and clay (c) as follows.

0.57 + 1.736, + 0.930,,
= —2.86,(1-6,), B=280,
1—0.746, — 0.496,, (1-6), 8 10)

C=1+260.", D=0.03+0.7¢°, E=4

The 1 value at saturation (0s,¢) can be calculated as A(0gat) = A + BOsas,
and we determined the A and B values by fitting Eq. (10) to A mea-
surements. The coefficient C determines how the curve rapidly increases
in the lower range of 6,,. Although our coarse granular media did not
include clay, C = 1 leads to a linear A function of 6, with no transition
point. Therefore, we set C = 83, representing a very small clay content,
0. = 0.001. The D value represents the 1 value when 6, = 0, therefore
and D was computed as an average of oven-dry 1 measurements.

2.2.2.3. Chung and Horton (1987) model. An empirical model devel-
oped by Chung and Horton (1987) is described as

M0y) = b, + b0, + b30°° 11

where by, by and bz are empirical parameters determined for specific
soils. The parameter, b; refers to the oven-dry 4 (dry) when 6,, = 0.
Chung and Horton (1987) reported parameters by, bo and bs for three soil
types (i.e., sand, silt and clay).

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

mA 1/m—1
)\.(ew) - )\.dry =1 |:1 + (:_w) :| (12)

)\'sat - )"dry wf
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Fig. 1. (a) A pictorial drawing of THPP, (b) a cross-sectional pictorial drawing of THPP and (c) a pictorial drawing of a layered screen column.

2.2.2.5. Ghanbarian and Daigle (2016) model. Ghanbarian and Daigle
(2016) developed a theoretical 1 model using the percolation-based
effective-medium approximation:

xl/tx AV At g1/
1/t “ 7 T O 7 - i =0
)"dry + [(05 - (')W)/Owc]}. )“sat + [(exat - ewc)/ewcp\'
13)

(esat - ew)

where t; is the scaling factor. The critical water content, 6y, 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 6y, value as analogous to the parameter 6 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 Eq.
(12) is an implicit 4 function, Sadeghi et al. (2018) derived an explicit 1
form as follows:

t
M0,) = |a; +a,0, +sgn (t,)ar\/b; + 2b,b,'0,, + 62 14
2 w

0+ (B — B, )0 ALE e

sat dry _ Tsat dry
“= z(exat - ewc) P = 2(esat - 0wc)7
2 15
[0u2lly = (@ = O]+ 40O — 0 )L as)
as =

(e —aife)’
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 et al., 2017; Lu et al., 2019, 2014; Peng
et al., 2019; Tian et al., 2016) written as:

Z (Acal _Aref)2

n

RMSE = 1e6)

where A is the thermal property with lowercase “cal” and “ref” repre-
senting 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 (A¢y) are from the estimated
thermal property values (A.f) based on measurements.

3. Materials and methods
3.1. Heat pulse probe construction

A Tri-needle 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, McMaster-Carr, Douglasville, GA, USA).
Each of the two temperature-sensing-rods, T, and T}, contained a single
thermistor (10K3MCD1, 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-gage
enameled Nichrome resistance wire (Nichrome 80, Pelican Wire Co.,
Naples, FL, USA) with a constant resistance per wire length (221.9 Q
m’l). 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).

Fig. 1a shows a THPP with rods extending from the THPP base, and
Fig. 1b 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, dy and d,, respectively. In

Fig. 1a, 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 1 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 therm-
istor- rod wires protruding from the bottom of the disk, as well as the
tubing connected to the sintered stainless-steel disk, were potted inside
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Table 1
Particle- and bulk densities (ps and py,), porosity (= 1 - py, / ps) and quartz (S;0)
fraction of granular media.

Name Abbreviation  ps Pb Porosity ~ SiO,
kg m3 kg m fraction
Spherical granular media
Fine sand C778 2653 1829 0.31 0.95 -
+8.55 +1.77 0.99"
Wedron sand Wed 2674 1744 0.35 0.99
+17.3 +1.24
Soda-lime Sod 2500 1556 0.38 0.65-0.75!
glass beads +1.78
Angular granular media
Coarse angular ~ Ang 2637 1607 0.39 0.9
sand +11.0 +0.84
Aluminum Alu 4019 1995 0.50 0.007
Oxide +16.8 +2.27 (Aly03
0.96)"
Coal slag Coa 2776 1616 0.42 0.41 -
+45.6 +1.65 0.53'1
Garnet Gar 3900 2205 0.43 n/a
+8.67 +1.30
Aggregated granular media
Profile Pro 2525 693 0.73 0.74
+12.1 +4.18
Pumice Pum 1718 488.3 £ 0.72 n/a

+28.3 1.17

f 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/gra
nusil_tds_emmett_026_0719_bld_eng.pdf#search=granusil%202075

§ Wedron Silica (2020): https://www.smooth-on.com/tb/files/WedronSilica.
pdf; Profile (2020): http://www.profileevs.com/resources/article/greens
-grade-emerald-standard-specifications;.

# Washintonmills  (2020):  https://www.washingtonmills.com/products/
brown-fused-aluminum-oxide;.

it Blackbeauty (2020): https://www.blackbeautyabrasives.com/applicati
on/files/2015/8644/1909/SDS_Original BLACK BEAUTY Jan_2020.pdf;.

# ys silica (2020): https://www.ussilica.com/support/guides-working-s
afely.

Table 2

Calibrated apparent rod spacing in agar-stabilized water (r,) and thermistor rod
dimensions and volumetric heat capacities of the THPP components (after
Naruke et al. (2021)).

Calibration Thermistor rod dimension Volumetric heat capacity
Te Tphy L do de Css Ce Co
mm MJm 3 K™!
Ta 6.96 6.87 50 2.4 0.61 4 2.03 3.87
Ty 6.96 6.94 " " " " " "

of a 40 mm-i.d. ABS pipe using a two-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 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 rppy value (i.e., 7 mm) to prevent the effect of different thermal
property interfaces (i.e., granular media and air) (Kluitenberg and Phi-
lip, 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 Wm .. The
thermistors were measured directly through the differential channels on
the datalogger using the built-in 5-kQ resistor (+£0.1%, 10 ppm °C 1) to
complete the bridge. Thermistor temperatures were recorded for over
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Fig. 3. The volumetric heat capacity (C,) function of water content determined
by THPP (symbols) and the mixing model (lines) using the fitted parameter
shown in Table 5 . The standard deviation of estimated C, by THPP measure-
ments was shown as solid black bars.

150 (or 270) s, including 30 s prior to firing the heater, and a continu-
ation for 120 (or 240) s to capture the heating peak, especially in dry
granular media. Due to the large porosity and small 4 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 s 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 min 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 r. and thermal properties.

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:


https://mo-sci.com/wp-content/uploads/product-docs/glass-microspheres/GL0191-Data-Sheet.pdf
https://mo-sci.com/wp-content/uploads/product-docs/glass-microspheres/GL0191-Data-Sheet.pdf
https://www.coviacorp.com/media/dquhr5ed/granusil_tds_emmett_026_0719_bld_eng.pdf#search=granusil%202075
https://www.coviacorp.com/media/dquhr5ed/granusil_tds_emmett_026_0719_bld_eng.pdf#search=granusil%202075
https://www.smooth-on.com/tb/files/WedronSilica.pdf
https://www.smooth-on.com/tb/files/WedronSilica.pdf
http://www.profileevs.com/resources/article/greens-grade-emerald-standard-specifications
http://www.profileevs.com/resources/article/greens-grade-emerald-standard-specifications
https://www.washingtonmills.com/products/brown-fused-aluminum-oxide
https://www.washingtonmills.com/products/brown-fused-aluminum-oxide
https://www.blackbeautyabrasives.com/application/files/2015/8644/1909/SDS__Original_BLACK_BEAUTY_Jan_2020.pdf
https://www.blackbeautyabrasives.com/application/files/2015/8644/1909/SDS__Original_BLACK_BEAUTY_Jan_2020.pdf
https://www.ussilica.com/support/guides-working-safely
https://www.ussilica.com/support/guides-working-safely
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Fig. 4. The average 2 functions determined by THPP (symbols) with the black bar representing the standard deviation. The fitted 1 models, (a) the mixing model, (b)
Campbell (1985) model, (¢) Chung and Horton (1987) model, (d) Lu and Dong (2015) model and (e) Ghanbarian and Daigle (2016) model using the fitted parameter

values shown in Table 4 are exhibited as lines.

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 data-
sheet of each media.

The particle size distribution of each granular medium was measured
by sieving samples for 15 min using a sieve shaker (CE Tyler RX-24,
Combustion Engineering, New York, NY) and then weighing the mate-
rial 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 p; 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 packing pp. Packaging these media at various controlled 6,
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 py, around the THPP. All samples were oven-dried
at 105°C for at least 24 h and stored in sealed plastic bags to cool down
and to begin measurements. A small diameter (0.25”) funnel was posi-
tioned above a screen column as a hopper to maintain a uniform ma-
terial 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) be-
tween two column sections, effectively melting the wire into the column
ends that also melted together. The completed screen column was con-
nected to the top of the THPP column with a sleeve so that particles
poured into the screen column would randomly scatter as they descen-
ded into the THPP column and effectively pummel the deposited ma-
terial 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 mate-
rial. The dry pp, 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 py, value
for Profile (Pro). The screen column was removed, and the packed col-
umn was ready for the first heat pulse measurements.

After obtaining measurements on the dry media, the same packed
material was saturated by injecting DI water into the media through the
1 cm diameter sintered stainless steel plate in the THPP base. The un-
derside 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
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Fig. 5. Volumetric heat capacity (C,) and thermal- conductivity (1) from THPP estimations as well as resulting computed thermal diffusivity (x = 4/C,) in coarse
angular sand (Ang) as shown assymbols. The blue line represents the optimized mixing model of C, and each black lines represents A models using (a) mixing model,
(b) Campbell (1985), (¢) Chung and Horton (1987), (d) Lu and Dong (2015) and (e) Ghanbarian and Daigle (2016) models. The red line illustrates the computed x
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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 dio 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

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 - py, / ps) of each packing was computed from p}, 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 min
of the de-watering process, thermal property values at the quasi-
equilibrium 6,, (drained 6,,) were obtained. Water additions and re-
movals from each sample were verified by measuring changes in total
column mass with a balance. Following the drained 6,, measurements,

the 6y, 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- 6,
determinations of thermal property values in each granular material.

3.4. Data processing of temperature rise data for thermal property
determinations

Thermal property (1 and Cy) 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 (r.) 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 the r, values
calibrated in air-free ice, and air-free ice could equally serve as cali-
bration material as agar-stabilized water. Table 2 lists THPP rod con-
figurations and input values, including the calibrated r. and volumetric
heat capacity for stainless steel and epoxy used in the ICPC model.
Thermal diffusivity, k, (= 4/Cy), was obtained using the fitted values of 4
and C,. Estimated C, and A at various 6,, conditions were used to
determine parameter values for selected models of Cy (Eq. (4)) and A
(Egs. (5-15)) for a 6y, 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 pm sieve. In most cases, diameters were greater
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Table 4
Average and standard deviation (Stdev) of estimated C, and 4, calculated x (= C, / 1) in granular media at oven-dry, saturated- and drained- water content (6,,)
conditions using the THPP measurements.

Granular media O Cy p k(=Cy/4)
Average Stdev Average Stdev Average Stdev
em® em 3 MIm 3Kk! WmtK? mm?s~?
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 1.1 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 35 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
Cy — mixing model
Cs 761 820 846 761 743 739 685 781 652
U kg K™
4 — mixing model
As 7.1 6.3 1.2 5.4 27 1.2 3.7 2.3 0.83
Wm™ K™
A — Campbell (1985) model
A 3.2 2.5 0.69 1.8 3.3 0.71 1.5 0.51 0.31
B 0.17 0.91 0.41 1.3 0.62 0.35 0.33 0.48 0.38
c 83 83 83 83 83 83 83 83 83
D 0.39 0.40 0.27 0.36 0.31 0.25 0.28 0.17 0.25
E 4 4 4 4 4 4 4 4 4
A — Chung and Horton (1987) model
by 0.39 0.40 0.27 0.36 0.31 0.25 0.28 0.17 0.25
by -11 -7.3 -1.8 -5.3 —-6.0 -1.4 —4.0 —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
Adry 0.39 0.40 0.27 0.36 0.31 0.25 0.28 0.17 0.25
Wm 'K
Asat 3.2 2.8 0.87 2.3 3.6 0.85 1.6 0.85 0.58
Wm K™
Ot 0.12 0.12 0.066 0.087 0.33 0.010 0.010 0.42 0.010
(cm3 cm’3)
m 11 7.9 5.4 6.0 22 2.0 2.0 14 2.0
A — Ghanbarian and Daigle (2016) model
Adry 0.39 0.40 0.27 0.36 0.31 0.25 0.28 0.17 0.25
Wm K™
Asat 3.2 2.8 0.87 2.3 3.6 0.85 1.6 0.85 0.58
Wm 'K
Oe 0.092 0.089 0.062 0.11 0.033 0.15 0.026 0.46 0
(cm3 cm’s)
ts 0.059 0.057 0.063 0.055 0.071 0.038 0.053 0.053 2.0
than 53 pm, correlating with a sandy texture. The finest medium was in some of the weaker aggregated media, making particle diameter
aluminum oxide (Alu) and garnet (Gar), and the coarsest was pumice determination challenging. Soda-lime glass beads (Sod) showed a very
(Pum). Most of the particles in pumice (Pum) were larger than 1 mm, narrow distribution, while Wedron sand (Wed) exhibited a relatively
however, the sieving process broke particles down into smaller fractions wide distribution. In addition to Wedron sand (Wed), both aluminum
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Table 6
RMSE of thermal property functions in various testing media.
C778 Wed Sod Ang Alu Coa Gar Pro Pum
C, (MJ m 2 K ') — mixing model
0.13 0.18 0.17 0.11 0.15 0.14 0.29 0.12 0.19
4 (W m~! K1) — mixing model
0.30 0.36 0.13 0.34 0.29 0.095 0.25 0.10 0.12
2 (W mIKY- Campbell (1985) model
0.043 0.057 0.032 0.029 0.12 0.040 0.039 0.022 0.015
AWm 1KY - Chung and Horton (1987) model
0.043 0.057 0.022 0.029 0.12 0.040 0.039 0.022 0.015
AWm K- Luand Dong (2015) model
0.043 0.057 0.0092 0.029 0.12 0.052 0.043 0.022 0.066
2 (Wm™ K™Y - Ghanbarian and Daigle (2016) model
0.073 0.057 0.0092 0.029 0.14 0.040 0.039 0.022 0.031

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, 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 py,
values for the different test media. Pumice (Pum) showed a relatively
larger standard deviation of p, value of 1.17 kg m~ with a mean py,
value of 488 kg m™ and we triplicated pumice trial to provide the
likelihood of errors in estimated thermal property values. Thermal
property (4, Cy and «) estimations using THPP measurements with two
thermistor rods, T, and Ty, with a triplicated air-MSP trial in oven-dried
pumice showed small standard deviations of 1.8 x 10 >Wm 1 K 1in 4,
1.6 x 102MIm 3K 'in Cy and 1.0 x 1072 mm? s! in «, 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, T,
and Ty, therefore six data sets at oven-dry, saturated- and drained- 6,
conditions. We combined thermal property results from T, and Ty to
provide a range of errors in estimating each thermal property value.
Estimated thermal property values exhibited ranges in C, of 0.52 to 3.5
MJm K™, in40f0.13t0 3.6 Wm~' K%, and in x of 0.17 to 1.4 mm?
s1. Most of the media showed minimal standard deviations at the oven-
dry condition and larger standard deviations at drained- and saturation-
O conditions. The larger standard deviations at drained- and saturation-
6 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 6, value in these media during the infusion
process was smaller than the porosity value. Dane and Hopmans (2002)
reported that 6, value at saturation during the wetting process is
commonly about 85% of saturation 6, at the complete saturation con-
dition. 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 a result, indicating that the water distribu-
tion in the column at the drained 6,, was also relatively uniform.

Thermal properties (Cy, 1 and «) at our three target 6,, 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 C, measurements at the three different 6,, conditions
presented increasing Cy as 0y, increased. The two aggregated media (Pro-
and Pum) had oven-dried C, values at around half of the rest of the
granular media tested, due to the lower p}, values (higher air content).
Oven-dry 1 measurements in Table 4 exhibited a narrow range from 0.13
t0 0.40 W m~* K™}, while saturated 4 had a much larger range from 0.61
to 3.71 W m~! K. The three different quartz sands (C778, Wed and
Ang) exhibited the highest oven-dry A values ranging between 0.36 and
0.40 W m™! K}, while the two aggregated media (Pro-and Pum)
exhibited the lowest oven-dry A values of 0.17 and 0.13 W m™! K2,
respectively, due to the lower p, values. Although particle shape (e.g.,
spherical and ellipsoidal) and packing method (e.g., random packing vs.
vibration) affect p, and contact between particle to particle and particle
to different phase(s) (Dai et al., 2019), our thermal property measure-
ments 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 6,
increased from oven-dry to the drained condition, followed by a more
moderate increase in A after 6,, increased between the drained condition
and saturation (e.g., Ang, C778, Wed and Gar). Other media exhibited a
gradual monotonic increase in 1 for the entire 6, range (e.g., Sod, Coa,
Pro, and Pum). The rapid increase of 1 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 6,, was high. Among
the three 1 functions of quartz sand (Ang, C778 and Wed), the fine sand
(C778) with the highest p, (1829 kg m~2) had the largest A function,
while Ang with the lowest pp, (1607 kg m~>) presented the lowest values
of thermal conductivity. Soda-line glass beads (Sod) and coal slag (Coa)
had similar 1 functions, explained by similar quartz content and py,.
Aggregated media such as Profile (Pro) and pumice (Pum) had relatively
small 1 across a wide range of 6,,. Because both Profile and pumice had
internal aggregation, intra-aggregate entrapped air had a large effect on
4, 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 x at the drained 6, in all media
except for pumice (Pum). Since « was calculated as « = Cy / A, moderate
increases in A for 6,, beyond the drained condition to saturation led to
decreasing « 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
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and solid phases, therefore, our thermal property measurements were
limited at the three target 6,y conditions for our vertical rod orientation.
The vertical orientation was also advantageous to provide repeatable
bulk packing density in the granular media using air-MSP method.

4.3. Thermal property models

4.3.1. Volumetric heat capacity

In Fig. 3, the average- and standard deviation values of C, versus 6
for the eight granular media listed in Table 4 were plotted as circle
symbols and black solid bars. The optimized mixing model of Cy (Eq. (4))
using the fitted parameter, c; listed in Table 5

for each media is exhibited as the solid line. Since the fitted
parameter was only cs;, which determined the offset value of the C,
function, the slope of all lines was determined by 6,, multiplied by the
volumetric heat capacity of water (G, = py X ¢y = 418 MI m 3 K1),
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 py, values of 693 and 488 kg m ™3, respectively.

Estimated c; in testing media (Table 5 showed that soda-lime glass
beads (Sod) and pumice (Pum) had the highest- and lowest- c; of 846 and
652 J kg~! K1, respectively. The average estimated ¢, values for three
different quartz sands (Ang, C778, Wed) was 781 J kg~! K1 with
highest- and lowest- ¢, values of 820 and 761 J kg ! K1, 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 J kg~' K%, respectively.
Although our estimated ¢ value in soda-lime glass beads (Sod) was
greater than the reported values, our ¢ in quartz sands (Ang, C778,
Wed) followed literature values. Thermal conductivity functions using
the mixing model (Egs. (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 Fig. 4a—4e, respectively.
Square symbols and the black bars represent the average and the stan-
dard deviation of 1 estimates in Table 4, respectively. Fitted 1 models are
shown as lines in Fig. 4a—4e, and optimized model parameters are pre-
sented in Table 5.

With only three 1 measurement points at three different 6,, condi-
tions (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 6,,. The model
fitting could be improved if additional measurements of 1 at low 6,
values were available. In Fig. 4a, the mixing model agreed well with 4 at
the oven-dry condition in all media, however, the mixing model showed
an underestimation of 1 values at the drained 6,, while overestimating A
values at saturation. The Campbell (1985) model exhibited an earlier 4
transition point at the 6,, 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 Table 5) as discussed earlier. Parameters presented in Table 5
were used to inform the empirical Campbell (1985) model shown in
Fig. 4b. The empirical Chung and Horton (1987) model showed a
smooth increase in 1 at lower- 6,y ranges, unlike the Campbell (1985)
model. The Chung and Horton (1987) model parameters, by, by and b3
were presented in Table 5, and b; which determined the A4y, 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 A4y and Ag as shown in
Table 5 to set a lower- and higher- end of the model with curve shape
parameters 0f and m, therefore the Lu and Dong (2015) model exhibited
a plateau at higher 6, values. Lu and Dong (2015) provided the rela-
tionship between water retention characteristics and their curve shape
parameters 67, which might increase the accuracy of the model predic-
tion if these water retention parameters were available. For example,
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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 6y value of Profile (Pro) in the Lu and Dong (2015)
model was 0.42 cm? cm_3, which was close to the threshold 6, (0.37
em® em™3) of the dual porosity structure. The theoretical Ghanbarian
and Daigle (2016) model produced a variety of 1(6,,) curves where the
curve exhibited a monotonic increase in Pum (gray) due to a larger ¢
value (t; = 2). The Ghanbarian and Daigle (2016) model also showed a
curve similar to a step-function when t; was close to 0, where 1 showed a
substantial increase at 6,, = ., as shown in Table 5.

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 (6, > 0yc) 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 1 curve using the Lu and Dong (2015)
model. Although the 6, optimization in Profile (Pro) showed a potential
to relate the media’s water retention characters and the 6. value, the
Owe 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 par-
ticle sizes, the expected 6y, values may be much greater than the opti-
mized Oy, values.

The accuracy of C, and 4 models in test media was evaluated by
calculating RMSE (Eq. (15)), and values are presented in Table 6. The C,,
mixing model showed consistent RMSE values with a minimum RMSE of
0.11 MJm 3K !in coarse angular sand (Ang) and a maximum RMSE of
0.29MJm 3K 'in garnet (Gar). Garnet (Gar) exhibited relatively large
fluctuations in THPP C,, determinations, which increased RMSE in the C,
model fitting. Four of five 1 models (mixing model was an exception)
showed almost the same RMSE value in each test media. The 1 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 1 unless the model is well optimized with 1 measure-
ments at lower 6, conditions.

Finally, Fig. 5 presents the THPP-determined C, and 4 values and the
resulting values of « (x = 1/Cy) for coarse angular sand (Ang) at the oven-
dried-, saturated- and drained- 6,y conditions. Fig. 5a-5e also includes
the optimized mixing model results for C, as blue lines, while each black
curve represents the optimized 1 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 C, and 1 as (x = 1/Cy). The 1 model selection
directly affects x values. For example, the computed x using the mixing
model of Cy, and 1 showed underestimations in the drained water values
due to the underestimation of 1 with the mixing model (Fig. 5a). Ther-
mal 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 accurate
representation of k values.

5. Conclusions

This study presented concepts for standardized estimated thermal
properties of nine commercially available coarse granular media at
different volumetric water content (6y) conditions using a Three-rod
Heat Pulse Probe (THPP). Commercially available granular 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 m™>. The Multiple Sieving Pluvi-
ation (MSP) method provided highly repeatable packing represented by
bulk density (pp) values ranging from 488 to 2205 kg m~2 in these
granular materials within 0.6% of standard deviation. The Identical
Cylindrical Perfect Conductors (ICPC) model was applied to the THPP
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temperature rise measurements to determine the thermal property
values of each granular material at three different 6,, values. Oven-dry
granular media exhibited thermal property values ranging from 0.52
to 1.6 MJ m > K~ ! for volumetric heat capacity (Cy), 0.13 to 0.4 W m!
K~ for thermal conductivity (1) 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 m 2K ! for Cy, 0.59 to 3.6 Wm ™ K for 4
and 0.19 to 1.2 mm?s ~ for «. Estimated thermal properties (Cy, 4 and «)
with a wide range of 6, (i.e., from oven-dry to saturation) at highly
repeatable p;, 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 (Cy and 1) models based on our granular media measurements.
The Cy mixing model well described the THPP-determined Cy values 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 1 models by Campbell (1985) and Chung and Horton
(1987), the conceptual 4 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 to characterize
THPP-determined A values compared to the 4 mixing model, however,
insufficient A data at low-range 6y, conditions leave some uncertainty in
the optimal shape of the 1 function. As mentioned, a limitation of this
approach is the lack of THPP measurements at low-range 6, conditions
and additional information (e.g., soil hydraulic properties) of testing
media could also improve the parameter optimization for 4 models.
(Figs. 3 and 4, Table 3)
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