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Abstract

This paper presents a one-dimensional finite difference model that is developed to describe the
freeze-thaw behavior of an air-entrained mortar containing deicing salt solution. A
phenomenological model is used to predict the temperature and the heat flow for mortar specimens
during cooling and heating. Phase transformations associated with the freezing/melting of
water/ice or transition of the eutectic solution from liquid to solid are included in this
phenomenological model. The lever rule is used to calculate the quantity of solution that
undergoes the phase transformation, thereby simulating the energy released/absorbed during phase
transformation. Undercooling and pore size effects are considered in the numerical model. To
investigate the effect of pore size distribution, this distribution is considered using the Gibbs-
Thomson equation in a saturated mortar specimen. For an air-entrained mortar, the impact of
considering pore size (and curvature) on freezing was relatively insignificant; however the impact
of pore size is much more significant during melting. The fluid inside pores smaller than 5 nm
(i.e., gel pores) has a relatively small contribution in the macroscopic freeze-thaw behavior of
mortar specimens within the temperature range used in this study (i.e., +24 °C to —35 °C), and can
therefore be neglected for the macroscopic freeze-thaw simulations. A heat sink term is utilized to
simulate the heat dissipation during phase transformations. Data from experiments performed
using a low-temperature longitudinal guarded comparative calorimeter (LGCC) on mortar
specimens fully saturated with various concentration NaCl solutions or partially saturated with
water is compared to the numerical results and a promising agreement is generally obtained.
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1. Introduction

Deicing salts are applied to the surface of concrete pavements to melt ice and snow in an
effort to improve safety conditions for the traveling public. The solution that is produced
(e.g., water-NaCl, CaCl,, MgCl,) can be absorbed into concrete pores. This solution alters
the degree of saturation (i.e., the volume ratio of fluid in the specimen as compared to the
total maximum volume of fluid that the specimen can hold) of the concrete pavement, the
freezing temperature of the solution within the concrete pores, and the damage that may
result [1-13].

Prediction of phase transformation within the pores requires an understanding of heat flow
within a mortar during a freezing/thawing cycle [14, 15]. For the purpose of this discussion,
the term “latent heat” is used to denote the amount of energy released or absorbed during a
phase transformation (formation or melting of ice or eutectic solid). The latent heat
produced by the phase transformation of the pore solution can be used to quantify the
amount of pore solution in concrete that freezes [2]. There are two main phenomena that
affect the freezing of pore solution in a mortar/concrete: (1) its pore size distribution and (2)
undercooling, as described below.

First, the pore size distribution in concrete influences its freezing. Concrete pores are
typically categorized into three main classes: 1) gel pores with a radius smaller than 5 nm
that are associated with the formation of cement (binder) hydration products, 2) capillary
pores that are the remnants of the original water-filled space between (cement) particles and
commonly range from 5 nm to 5 um in radius, and 3) pores (voids) associated with entrained
or entrapped air that range from 5 um to 10 mm [16—19]. The size of the pores in the
concrete can influence the temperature at which freezing occurs. This is described using the
Gibbs-Thomson equation [20]. A large fraction of water associated with pore sizes greater
than 5 nm (i.e., capillary pores or pores associated with entrained or entrapped air) is
susceptible to freezing at a temperature above —10 °C [9, 21, 22]. According to the Gibbs-
Thomson equation, the water absorbed in the gel pores will not begin to freeze until the
temperature of the specimen drops to about —13 °C [22-24]. It is also worth mentioning that
the solution inside concrete pores (i.e., pore solution) contains different ionic species (such
as Nat, K*, Catt, and OH™) [25] that depress its freezing temperature [7]. The absorption of
salt solution into the pores can further depress the freezing temperature of this pore solution,
due to the presence of additional ions such as CI~ [5, 26, 27].

Undercooling also influences freezing in concrete. While it is expected that a solution
freezes at its characteristic melting point temperature, 7, freezing usually occurs at a
temperature (i.e., 7p lower than 7}, This reduction in freezing temperature is known as
undercooling [28-30] and is primarily due to the fact that solidification (in most cases)
requires the presence or formation of nuclei that can trigger the freezing action. Once the
heterogeneous nuclei are present in the liquid phase, ice crystals begin to nucleate/grow and
consequently the latent heat of fusion is released into the undercooled liquid, increasing the
temperature of the liquid toward 7},,. Growth of ice continues until the temperature of the
liquid reaches 7}, [28]. Afterwards, the temperature of the liquid remains at 7}, until the
entire liquid solidifies, this is known as thermal arrest [28]. After thermal arrest, the amount
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of ice increases gradually as the temperature further decreases. Melting however occurs
gradually in the pores as the temperature of each pore reaches its 75, value [9, 24, 31]. The
amount of ice transformed to solution increases gradually as each set of larger pores in turn
reach the associated 7}, (according to the Gibbs-Thomson equation) [24, 32].

These two phenomena (i.e., pore size and undercooling) affect the freezing behavior of pore
solution simultaneously in the mortar specimen and it may be essential to consider both in
the simulation during freezing. In melting, however, only pore size influences the thawing
behavior. Numerically, it is feasible to develop a theoretical model based on the heat transfer
formulation to predict and simulate phase transformation and heat transfer in materials [33,
34]. One-dimensional finite difference [34-38], two-dimensional finite difference [34, 36,
38-40], control volume [41-44], and finite element [45—47] based methods all have been
used to simulate such heat transfer problems. In this paper, a one-dimensional finite
difference model is used. In particular, this numerical method approximates the complex
solid-liquid interactions in the porous mortar using a fixed grid method [48, 49]. The
computational model is applied to estimate the thermal behavior of mortar containing NaCl
solutions or just water under freeze-thaw cycles. The formation of ice is quantified by
calculating the volume fraction of ice that is produced and the concentration of the
remaining fraction of solution during cooling using the lever rule [50, 51]. As the ice grows,
the liquid to solid phase transformation releases latent heat, AH that increases the
temperature of the material locally and slows down the ice growth. An empirical approach is
used to account for the sudden latent heat release produced by undercooling. This model is
also used to describe, analyze and interpret the experimental data obtained from low-
temperature longitudinal guarded comparative calorimeter (LGCC) tests [9,11].

2. Numerical simulation

The main objective of this study is to predict the thermal response of a mortar (considered at
a macroscopic scale) that is experiencing phase transformations during a reduction and
subsequent increase in specimen temperature (i.e., a freezing and thawing cycle). The goal
of the simulations is to quantify the fraction of pore solution that can freeze in an
undercooled mortar specimen. The temperature of the specimen can be tracked by solving
the heat (energy balance) equation and considering the frozen fraction of the pore solution.
The governing equation for the heat transfer within a mortar specimen can be described
using the energy balance Equation 1 [54].

3] o 9Tz, 1), _ . L Ozt
;{m (TJ : %)Jﬂ]’gﬂn — Qloss=m {T) : (ga (T) %} 1
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where 7 '(x, 9 is the temperature at location x(mm) and time #sec), k,, (7) is the thermal
conductivity of the mortar specimen [ W/(m - K)] at temperature 7, p, (7) is the density of
the mortar specimen (kg/ur) at temperature 7, ¢ P is its specific heat capacity [J(kg - K)] at
temperature 7, goe, is the rate of generated or consumed heat from any phase change of the
pore solution [J/(n7 - sec)], and g, is the rate of heat dissipation (to the environment) in
the experiment [J(ap - sec)].
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In Equation 2a, the incorporation of a released/absorbed latent heat term, g, associated
with freezing/melting of the pore solution within a mortar specimen is described. A heat sink
term, gy, 15 also included as shown in Equation 2b to calculate the rate of heat dissipation
to the environment (even though insulation is present). This heat term is considered as a
fraction of the rate of generated latent heat to simulate the significant heat exchange between
the mortar specimen and its surroundings in the lateral directions.

Olv, (1) - £(T)

Qgcn:-'AHf “Psoln  Vp - at 22

quSE:AH—f s - Psoln - Vp -

Do (1) - (T
Jgen — glOES:A JHmf "Psoln " Up % 2

where AHris the latent heat of fusion (£//kg), pso1n 1S the density of pore solution (kg/nP),
v is the total volume fraction of pores within the mortar specimen (0 to 1), v (7) is the
volume fraction of the pore solution that can freeze at temperature 7°(0 to 1), E(7) is the
frozen volume fraction of freezable pore solution with salt at temperature 7°(0 to 1), A, 1S

T

the heat dissipation coefficient (< 1), and AH ¥ =AH;-(1- hioss ) is the apparent latent
heat measured considering heat dissipation during phase transformation in the system (<
AH).

3. Frozen fraction of pore solution without salt, vg(T)

The mortar specimens contain a pore structure with a broad range of sizes. The pore size can
alter the freezing temperature of water [5—7, 27]. To determine the pore size distribution in
the mortar specimen and thus to calculate vz (7), a desorption isotherm was obtained for the
mortar using a dynamic vapor sorption analyzer (TA Q5000). The vacuum saturation method
is used to fully saturate the mortar specimen (i.e., Dg= 100 %). Therefore, all of the pores,
including air voids, are filled with water, to investigate the role of curvature of the pores on
the thermal behavior of the mortar. For melting, the pore size distribution obtained from an
absorption isotherm is used [55]. Figure 1 provides the desorption-absorption isotherm for
the mortar specimen and it correlates the degree of saturation (D) to the relative humidity
(RH), which is the amount of water vapor present in the specimen expressed as a percentage
of the amount needed for saturation at the same temperature [10]. A characteristic hysteresis
is observed in the absorption/desorption isotherm in Figure 1, at least partially due to the
presence of “ink-bottle” pores.

To calculate vz(7), two approaches were evaluated in this study: (1) a model with explicit
consideration of a continuous pore size distribution, and (2) a phenomenological model with
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consideration of only a discrete pore size distribution. The first approach considers the effect
of all pore sizes on the freezing process and vz (7) varies continuously as the temperature
changes. In the second approach, the effect of a discrete pore size distribution on ice
formation inside the mortar specimen is simplified and a phenomenological model is
adapted to simulate the freezing process of water inside the mortar specimen (it considers
only two classes of pores-large pores that include all pores except gel pores (the capillary
and air entrained/entrapped pores) and small pores (known as gel pores)).

In the phenomenological model, vx(7) is considered to be a constant value based on three
main classes of pores: 1) gel pores, 2) capillary pores, and 3) water-filled pores associated
with entrained or entrapped air. To investigate the accuracy of these two approaches, the
LGCC test conducted by Farnam et al. [9, 11] was simulated using these two models with
consideration of continuous and discrete pore sizes, respectively, and also the thermal
behavior of the mortar specimens saturated with water was compared with experimental
results obtained in a temperature range between 24 °C and —-35 °C.

3.1. A model with consideration of a continuous pore size distribution

Equation 3 describes the Gibbs-Thomson equation that relates the freezing temperature of a
liquid inside a porous material to the pore radius.

-')'__ T . i\
Zlen o (LSL - 5(:) (:T-n'a - Tf} (.T*,"

ek
T V.

where y ¢y is the crystal/liquid interfacial energy (J/2), * is the radius of the pore for
homogeneous nucleation (), S; and Scare the molar entropies of the liquid and crystalline
phases [J/(mol - K)], V is the molar volume of the liquid (Pl mol), T, is the melting
temperature (K), and TFis the freezing temperature as a function of pore radius (K)[24, 56].
Therefore, the temperature at which ice begins to form can be predicted as a function of
critical pore radius 7 by solving Equation 3 for 7y[20, 24, 32].

Figure 2 displays the relationship between the size of the pore and the temperature that is
needed to freeze water inside the pore, 7, (). Ata temperature above 7; (7, no phase
transformation occurs inside the pores with radius less than 7. Once the temperature reaches
the associated freezing temperature, ice begins to form inside the pores with radii of 7.
Afterwards, ice propagates into the smaller pores, but only as the temperature drops further.
This process is reversed during melting.

The Kelvin-Young-Laplace equation can be used to correlate the pore radius to the relative
humidity (RH) in a water-filled pore as described in Equation 4 [57, 58].

s Vi
"= (hl{RH}) ' (RT) 4
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In this study, the Kelvin-Young-Laplace equation (Equation 4) was used alongside the
Gibbs-Thomson equation (Equation 3) to obtain the relationship between vz (7) and pore
size in the mortar specimen based on its measured desorption isotherm (Figure 1). Ata
temperature of —35 °C, solution absorbed into the mortar pores with sizes greater than 1.47
nm is susceptible to freezing as shown in Figure 2. Figure 2 also displays the process of ice
formation in a porous material, as the ice forms inside the larger pores initially. Ice invades
into the smaller pores progressively as the temperature drops. Figure 3 shows that 72 % of
the solution absorbed in the pores by volume can freeze between 0 °C and —35 °C. For the
case of melting, the formed ice in the pores is similarly considered to melt gradually
according to the Gibbs-Thomson equation (Equation 3). In this work, it is assumed that 1 =
Vair+ (Dg/100) and (Dg/ 100) = v,(r< r)+vi(r> ) where v,;-and v,, are the volume
fraction of air and non-freezable pore solution in the total pores (0 to 1), respectively. To
investigate the role of pore sizes, all of the pores with various sizes are assumed to be filled
with water in this section, i.e., v,;-= 0. It should be mentioned that the LGCC test was
conducted within a temperature range between 24 °C and -35 °C.

3.2. A phenomenological model with consideration of a discrete pore size distribution

Although the continuous pore size distribution can be estimated to determine the volume
fraction of freezable pore solution, this measurement is generally not available for field/
commercial concretes. In this paper, a phenomenological model is developed to use in
practice, when knowledge of the continuous pore size distribution is not available. Since the
freezing and thawing responses of most cementitious systems are dominated by the category
of relatively large pores (i.e., capillary, air-entrained, and air-entrapped pores), a discrete
pore size of 5 nm (a pre-defined critical pore size as the division between gel and capillary
pores) can be utilized as a criterion to differentiate the freezable and non-freezable pore
solution [16, 21, 59]. For a mortar sample saturated with deionized water, this critical pore
radius corresponds to a relative humidity (RH) equal to 81 %, at which point all of the gel
pores are filled by solution [57].

The corresponding freezing temperature of water in pores with a size of 5 nm is about

—13 °C according to the Gibbs-Thomson equation as displayed in Figure 2. Figure 3
displays the relation between derived volume fraction of freezable pore solution, vzfrom
associated relative humidity measured in experiments, and pore radius, 7, using equation 4.
The corresponding volume fraction of freezable pore solution, v in pores with size greater
than 5 nm is measured to be 60 % with respect to the total volume fraction of pores
displayed in this figure. Consequently, the volume of freezable pore solution in the
phenomenological model is underestimated by about 16 % with respect to the model with
direct consideration of pore size distribution assuming pure water to be the solution in the
pores. This implies that 60 % of the total solution by volume, corresponding to the solution
that is absorbed into large pores (i.e., capillary pores, air-entrained pores, and air-entrapped
pores) begins to transform to ice instantaneously and the gradual process of ice formation in
the remainder of the freezable pores (i.e., smaller pores, containing a lower volume fraction)
will be neglected. Therefore, the radius of curvature (pore size) would have a relatively small
impact on the macroscopic freezing response of the air-entrained mortar specimen and the
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approach of a discrete pore size distribution will be implemented in the numerical model to
investigate the thermal behavior of mortar specimens containing NaCl solutions.

4. Frozen fraction of pore solution with salt, £(T)

For the case where the pores are water-filled (0 % NaCl), the value of v7) can be used to
determine the latent heat released/absorbed when the temperature of the specimen reaches
freezing/melting temperatures. In the case where the pores are filled with NaCl solution, the
presence of this salt alters the freezing/melting behavior. The phase equilibrium of NaCl
solution is shown in Figure 4. In this figure, the liquidus line shows the point at which ice
begins to form within the NaCl solution. Above the liquidus line, no ice may be detected
(i.e., point 1 in Figure 4). A mixture of ice and salt solution with varying concentration that
follows the liquidus line exists between the liquidus and eutectic temperatures ( 7,,~=

—21.1 °C), which is commonly known as the freezing region (i.e., point 2). At 7, (i.e., the
eutectic line), the formation of ice is complete and all the solution converts to a solid eutectic
composition as the temperature of the solution decreases further, which is described in more
detail in section 8.2. Below this temperature, it is assumed that no solution exists in the
capillary, air-entrained and air-entrapped pores. According to solidification principles [28],
the lever rule can be used to determine the amount of ice when the specimen temperature is
between the liquidus and eutectic lines.

The frozen fraction of the freezable pore solution €(7) was used in the numerical simulation
to calculate the amount of latent heat released/absorbed during freezing/melting at each time
step for the mortar specimen saturated with NaCl solution. The lever rule, given in Equation
5, was employed in this study as a tool to compute the amount of produced ice within the
freezing region for NaCl solutions in a mortar specimen.

e Cs(T) — g
E(T)= 2 L
¢(T) cs(T) 5

where c((7), the concentration of the ice solution mixture, can be estimated as a function of
solution temperature by using Equation 6 [11]:

co(T)=ag x T?(x,t)+ay x T(x,t)+ag —35°C' < T(x,t) €£24°C ¢

where 2,=0.003385, a;=—0.016362 [1/(°C)], a,=—0.000264 [1/(°C?)], and cyis the initial
concentration of NaCl solution above the liquidus line by mass (%). The coefficients in
Equation 6 fit the cy(7) curve on data points derived from the phase diagram of aqueous
NaCl solutions with R%=0.999 as the measure of goodness-of-fit.

The frozen fraction of the freezable pore solution € (7) was calculated for bulk solutions
containing 0 %, 5 %, 10 %, and 23.3 % NaCl (by mass) and is depicted in Figure 4. This
figure is divided into three temperature ranges for solution with NaCl concentrations of 0 %,
5 %, 10 %, and 23.3 % : (1) =35 °C <T(x,t) <-21.1 °C = T,,, where the temperature of
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solution is below T, and the entire solution solidifies; (2) —21.1 °C <T7{x,#) <0 °C where
both liquid and solid phases (i.e., ice and solution) coexist; (3) 0 °C < T(x,t) <24 °C where
no phase transformation occurs and the solution remains in its liquid state.

Ice formation or solidification of eutectic composition requires removal of sufficient heat/
energy to compensate for the latent heat associated with the phase transformation. A
considerable amount of latent heat can be released during solidification. Eutectic latent heat
for NaCl solution was measured using a low-temperature differential scanning calorimeter
and obtained to be AH,,~= 135 kl/kg + 5 kJ/kg. The standard deviation for eutectic latent
heat was determined on three mortar specimens containing NaCl solution with 5 %, 10 %,
and 23.3 % NaCl concentrations. The latent heat associated with ice formation was also
considered to be AH;.~ 332.4 kJ/kg + 2 kJ/kg over the range of —35 °C <T(x,t) <0 [14, 24,
56]. The heat of fusion AH peyine Was given with a relative error < 0.25 % by Equation 7
[24]:

AHpering(T) (k) /kg) ~ 389.8(kJ /kg)+1.79[k) (kg - K)] - (T — Ty 7

The rate of ice formation within mortar pores was considered in the numerical simulation by
evaluating. £(7).

5. Effective thermal properties of mortar specimen

To develop a reliable numerical simulation at the macro-scale, it is essential to properly
define the material properties. This section discusses how the thermal properties of the
mortar specimen as a composite are defined for the proposed finite difference model with
the consideration of two approaches concerning the distribution of pore sizes, namely
continuous and discrete.

5.1. Thermal Conductivity

The effective medium theory (EMT) [61] can be used to define properties of a composite
material for a heterogeneous mixture. For mortar specimens either partially or fully saturated
with water or fully saturated with NaCl solution at different concentrations, the thermal
conductivity of the mortar (&,,;) was estimated using the EMT formulation as described in
Equation 8 and shown in Figure Sa:

201 —vp) - kary+(1420,) - Ky
{QJFVP.] ' k'dl'.\-'Jr(l - ‘U}’-‘) ' kP 8

K :kdr}* :

where &gy is the thermal conductivity of the dry mortar specimen, &, is the thermal
conductivity of the material in the pores, and v, is again the total volume fraction of pores.

Depending on the temperature and saturation state, pores in the mortar specimen may
contain various constituents including air, ice, or NaCl solutions with different
concentrations. The amount of solution and air in the mortar depends on its degree of
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saturation (Dg). The temperature of the mortar specimen can also change the amount of
solution and ice in mortar pores as described in sections 3 and 4. The change in the amount
of air, ice, or solution can substantially alter the thermal conductivity of the mortar specimen
due to the considerable differences between the thermal conductivities of air, solid ice, and
solution (Table 1).

A parallel model [62] was employed to determine the effective kpas a function of the
volume fractions and thermal conductivities of each component (i.e., K, Kjce, and Kgo1n), as
described in Equation 9.

kp=kair - Vair+0f - Bice - €4+ (1 — &) kg ln] +hsoIn - Py 9

where k,;-is the thermal conductivity of air, v,;= 1 — (Dg/ 100) is the volume fraction of
air in the mortar pores, k;.. is the thermal conductivity of ice, and kg, is the thermal
conductivity of the remnant pore solution within the mortar pores. Following the work of
Farnam [9], no considerable changes of dimensions of the mortar specimens were observed.
Therefore, the volume change is neglected in the thermal modeling of a macro-scale mortar
specimen (v,;= 1 — (Dg/ 100). However, the variation of physical and thermal properties of
components of the mortar specimen may lead to a change in the volume of a micro-scale

specimen.

It is worth mentioning that the unfrozen solution may exist in (1) smaller pores with an
invariable NaCl concentration, and (2) larger pores which contain frozen solution (ice) and a
NaCl solution with a higher concentration. The thermal properties of NaCl solution in the
smaller pores are provided in Table 1; however, the thermal properties of NaCl solution with
variable concentration in the larger pores can be determined knowing the frozen fraction and
the Lever rule. The corresponding thermal conductivities of air, ice, NaCl solution with
different concentrations, and dry mortar are also provided in Table 1.

5.2 Density, p

The law of mixtures (a weighted mean) can be used to predict the density of a composite
material. An effective density for mortar specimens (p,;) was estimated using the law of
mixtures and is described in Equation 10 and shown in Figure 5b.

pm=pdry - (1 —vp)+pp e 10

where p 4y 18 the density of the dry mortar and p pis the effective density of the materials in
the mortar pores (i.e., air, ice, and solution).

The law of mixtures was again employed to obtain the effective density of the materials in
the mortar’s pores (i.e., pp) as described in Equation 11.

Pr=Pair " Vair +Ur - [Pice L+ (l - EJ Pso Lnl +Psoln " Tu 11
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where p,i» pice and pgo1n are the densities of air, ice, and solution, respectively. The
corresponding densities of air, ice, NaCl solution with different concentrations, and dry
mortar are also provided in Table 1.

5.3. Specific heat capacity, CP

The process of determining an effective specific heat capacity is conceptually similar to
determining an effective density [70]. The effective specific heat capacity for a composite

mortar specimen (¥ was calculated using Equation 12 and is shown in Figure 5c.

Cpl - Pm:(jdr_\-'p * Pdry - {l - Vp) +Cpp P (I/p.\. 12

where C'g:}. is the specific heat capacity of the dry mortar and C*'is the effective specific heat
capacity of materials in the mortar pores (i.e., air, ice and solution) which can be calculated
using Equation 13.

Cff:’i -pj)zcﬁir-pair-Uair+ {'L.‘_{, - ’C(lio * Pice E—l—(j’; In Psoln - (1 — f)] —I—C;r; In Psoln - (-Uw)} 13

where C*. P

“airr ~ice’

and C‘;’D 1 &re the specific heat capacities for air, ice, and solution,
respectively. The corresponding specific heat capacities of air, ice, NaCl solution with

different concentrations, and dry mortar are provided in Table 1.

6. Configuration of numerical simulation and boundary conditions

Following the work by Farnam et al. [9], the LGCC test was simulated to quantify heat flow
and predict the temperature profiles of the mortar specimens. Two types of experimental data
are used: 1) fully saturated mortar specimens (i.e., 100 % degree of saturation) with
solutions containing 0 %, 5 %, 10 %, and 23.3 % NaCl (by mass), and 2) specimens
saturated partially with water (i.e., no NaCl involved in the solution) at degrees of saturation
equal to 75 %, 85 %, 95 %, and 100 %. The procedures used for preparation of fully
saturated and partially saturated mortar specimens were addressed in previous experimental
works [9, 12, 71].

The experimental conditions of one-dimensional heat transfer were provided in the LGCC
experiment by using a heat sink at the bottom, longitudinal insulation on the sides, and foam
as a thermal insulation around the system to minimize the heat dissipation from the
experimental apparatus (Figure 6a). However, a difference between the measured released
heat in an LGCC experiment and the associated enthalpy of fusion of phase change materials
(i.e., Methyl Laurate and Paraffin Oil), likely due to experimental imperfections (thermal
bridges, heat leaks, etc.), was observed. Therefore, £, a heat loss coefficient, is employed
to simulate the energy dissipation in the experimental system which is estimated as a 40 %
to 60 % heat loss [72]. It is worth mentioning that the advection of heat to simulate the water
transport occurring during the freeze/thaw cycle is neglected in this numerical investigation.
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Two reference (meter) bars made of Pyroceram code 9606 with known thermal properties
were used to measure the heat flow passing through the mortar specimen in the experiment
(see Figure 6a.

The first step in the numerical approach was to discretize the experimental setup by a finite
difference method using an appropriate grid spacing size, Ax of 1 (mm) and time step, At of
0.05 (sec). The initial temperature of the entire experimental setup was set equal to the
ambient temperature 7 (x, t=0)= 24 (°C) as displayed in Figure 6b. The temperature at the
bottom of the LGCC experiment, 7' (x = / mm, t) (see Figure 6a) varied in the numerical
simulation as a function of time according to the LGCC experimental protocol (Figure 6c¢).
A heat convection coefficient /., = 100 W/(m?-K) is employed to simulate the heat
transfer between the air and the foam on the top [54]. Even though the insulating foam has a
quite small thermal diffusivity parameter, significant heat energy is still transferred to the
environment, resulting in a slight temperature differential between the top of the foam and
the ambient environment. The relevant thermal properties of the thermally conductive pad,
foam, and Pyroceram code 9606 used in the modeling are listed in Table 2.

Figure 7 displays a flow chart of the one-dimensional explicit finite difference method
adopted to simulate the saturated mortar specimen containing de-ionized water and NaCl
solution with various concentrations. First, the thermal properties of components of the
mortar specimen, temporal and spatial step sizes, and thermal initial and boundary
conditions are determined. All of the discretized layers (i.e. X = 1 mm to x = 204 mm) are
employed to simulate the heat transfer for the LGCC experiment; however, only the finite
layers of the mortar specimen (i.e., X = 32 mm to X = 83 mm) are investigated in this figure.
During phase transformation of the pore solution in the mortar specimen filled with de-
ionized water, two approaches of consideration of either a discrete pore size distribution or a
continuous pore size distribution were employed, as discussed in section 3. The approach of
using a distribution of continuous pore sizes introduces a progressive ice formation/melting
in the pores that is simulated using equations 3 and 4 and figure 1; however, the volume
fraction of pores with the size greater than 5 nm (vg= 60 %) is considered to simulate the
instantaneous ice formation/melting occuring in the approach of using discrete pore sizes.
Additionally, the progressive fraction of produced/melting ice is calculated using the lever
rule as discussed in section 4.

7. Undercooling

The freezing temperature 7ris the point at which solidification of a liquid occurs, whereas a
melting temperature 7, is the point at which a solid melts. In most materials, 7ris usually
lower than 7, because of undercooling [28-30]. Therefore, no ice may be formed until the
temperature reaches 7¢(see Figure 4a). The values of 7yand T, are obtained directly from
the LGCC experiment [9] and are reported in Table 3.

fCertain commercial products are identified in this paper to specify the materials used and procedures employed. In no case does such
identification imply endorsement or recommendation by the National Institute of Standards and Technology or Purdue University, nor
does it indicate that the products are necessarily the best available for the purpose.
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The specimen size and cooling rate of the specimen may alter the degree of undercooling
[27]. In general, less undercooling is observed for larger specimens (greater chance of a
suitable nucleation source being present), while more undercooling is observed when a
greater cooling rate is employed. In the LGCC test (a 25 mm X 25 mm x 50 mm mortar
specimen size), the freezing was observed at —6.1 °C when the mortar was saturated with
water.

When the temperature of the bottom layer reaches 7% the layers with temperatures lower
than 7, are allowed to begin to produce ice instantaneously and thus the associated heat
release results in increasing the temperature toward 7}, Subsequently, the temperature of the
layer remains unchanged at 7}, until the entire liquid within that layer transforms into ice.
Since the numerical model with a discrete pore size distribution is considered to investigate
the undercooling effect on thermal behavior of the mortar specimen, nearly 60 % of the
pores by volume (i.e., nearly all of the capillary pores, air-entrained pores, and air-entrapped
pores) nucleate ice instantaneously for the case of the mortar specimen saturated with
deionized water (solution with 0 % NaCl concentration), as shown in Figure 8.

Figure 8 illustrates the effect of considering undercooling on the thermal behavior of the
simulated mortar specimens saturated with de-ionized water solution compared with the
model without undercooling. The heat loss coefficient, A, is assumed to be a constant
value of 60 % in this figure. Similar to the observed experimental thermal behavior of the
mortar specimen [9], a temperature rise at the freezing point was observed in the
phenomenological numerical model when undercooling was included, whereas no abrupt
temperature ascent was observed without including undercooling. It is worth mentioning that
no considerable changes in the dimensions of the mortar specimens were measured during
the freezing and melting processes in the experiment.

8.1. Mortar specimens saturated with water

In this section, mortar specimens saturated with water at 75 %, 85 %, 95 % and 100 %
degrees of saturation (Ds) and the effect of pore size distribution are numerically

investigated.

8.1.1. Fully saturated mortar specimen—Two numerical models, with either a
continuous or discrete pore size distribution, are investigated in this section. Figure 9 shows
the experimental and numerical results for the thermal behavior of mortar specimens that
were saturated (i.e., Dg= 100 %) with water. The heat loss coefficient, /s assumed to be
a constant value of 60 % in this figure. The model with a discrete pore size distribution only
considers the instantaneous freezing of the pore solution that can freeze (vg= 60 %),
whereas the model with the continuous pore size distribution also considers an additional
process of gradual freezing of the pore solution (vg= 72 %) as displayed in Figure 9c.
Figure 9a indicates the numerical and experimental temperature profile for the saturated
mortar specimen at the bottom layer in the LGCC experiment setup (i.e., x =32 mm). A
nearly instantaneous temperature rise that occurred at the moment of freezing can be
observed, demonstrating the instantaneous freezing due to the temperature of the first finite
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difference layer of the mortar specimen (i.e., x = 32 mm) reaching the freezing temperature
of (undercooled) water in the mortar specimen (7¢= —6.1 °C). However, the model with a
continuous pore size distribution considers that the remaining amount of unfrozen water in
the pores transforms to ice gradually until the temperature reaches —35 °C.

The model with a discrete pore size distribution considers the ice melting to occur by
absorbing sufficient heat at the melting temperature of the large frozen pores observed in the
experiment (7, = 0 °C). In the model with a continuous pore size distribution included, the
ice formed in the pores is considered to melt gradually starting at —35 °C [24], based on the
measured absorption isotherm for the mortar.

The heat flow is obtained using the numerical simulation to evaluate the role of pore size
distribution and compared to the experimental data shown in Figure 9b. The formation of ice
in the pore solution results in an exothermic peak, which is representative of the latent heat
release during a freezing cycle. In the model with a discrete pore size distribution, the
exothermic peak is considered to occur at 7rand subsequently ceases when the entire
amount of latent heat has been emitted to the surroundings. The endothermic peak begins as
a gradual process at 0 °C, until all of the previously formed ice melts inside the frozen pores.

Conversely, the exothermic peak is extended to the end of the freezing cycle (35 °C) due to
gradual ice nucleation inside the smaller pores in the model with a continuous pore size
distribution. For the case of melting, the endothermic peak is considered to occur gradually
as a function of temperature and the pore size.

Therefore, the melting curve extends progressively to 0 °C, owing to the broad range of pore
sizes in the model with a continuous pore size distribution. It is concluded that the
consideration of pore size distribution can reasonably be neglected during the freezing
process due to undercooling, whereas the melting of formed ice indicated a gradual process
as the temperature increases in both the experimental data and the model with a continuous

pore size distribution.

8.1.2. Partially saturated mortar specimen—The amount of heat released during

freezing (L\H i ) was obtained using the numerical simulation for mortar specimens
saturated at different degrees of saturation with the discrete pore size distribution model and
is compared with experimental results in Figure 10. For partially saturated samples, the
value of vpwas calculated using vi=Dg— v, where v,, is the volume fraction of pores with
the size less than 5 nm (v, = 40 %). The results for these partially saturated mortar
specimens are the experimental investigation of this work, whereas the experimental data of
the fully saturated mortar specimen was already published [9]. Two heat dissipation
coefficients of 40 % and 60 % are considered as discussed in section 6. The coefficient of
variation for the experimental results is obtained as 8.6 %. The numerical simulation
predicts greater heat release than that obtained in the experiment due to further experimental
imperfections.
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8.2. Mortar specimens saturated with NaCl solution

The role of NaCl concentration in the pore solution on the thermal behavior of the mortar
specimens was also investigated. The process of solidification of the brine solution absorbed
in the large pores with a high degree of connectivity is investigated in this model. Therefore,
the volume fraction of freezable pore solution containing NaCl solution is assumed to be

60 %. Afterwards, the parameter & (7)is employed to calculate the volume fraction of frozen
pore solution vgr7T)*E(T)=0.6*E(T) using the Lever rule (based on the phase diagram of
NaCl solution). Since it is proposed that the pores larger than gel pores are susceptible to
freezing in this numerical model, the size of a salt crystal is sufficiently large so as not to
increase its solubility correspondingly. As mentioned in section 7, undercooling compels the
solutions inside the porous media to freeze at a temperature below their melting points
which can result in an instantaneous solidification of a relatively large fraction of pore
solution within the mortar specimen (see Table 3). After this sudden freezing, a gradual
phase transformation of the water phase of the solution to ice is hypothesized to occur for
the remaining solution in the mortar specimen saturated with NaCl solution. This was
computed by using the lever rule approach to solidify the remaining unfrozen fraction of
solution (excluding the eutectic solution) until the temperature of each layer reaches 7, =
—21.1 °C: For the case of mortar specimens saturated with 23.3 % NaCl solution (¢, =
23.3%), no ice is formed until the temperature decreases to 7.

At this temperature, the unfrozen eutectic solution begins to transform to eutectic ice
gradually. Two different procedures are proposed to investigate the role of eutectic solution
solidification on the macro-scale thermal response of the mortar specimen. The first method
considers that the eutectic solution, the remaining unfrozen solution, can gradually form
eutectic ice by releasing the eutectic latent heat as observed in the experiment shown in
Figure 11a [9]. The second method was to allow the eutectic solution to migrate to the
adjacent accessible pores with smaller sizes to avoid the formation of eutectic ice in the
numerical simulation. Finally, the numerical results were compared with macro-scale
experimental data. The numerical and experimental results of heat flow of two mortar
specimens saturated by NaCl solutions with 5 % and 10 % concentrations are compared in
Figure 11a. The variation of the two numerical models is calculated as 3 % which indicates
that the eutectic phase transformation of the NaCl solution should be considered in the
numerical modeling. Figure 11b shows the heat flow as a function of time obtained from the
numerical simulation for the specimen saturated with NaCl solution while this figure
compares the thermal behavior of a mortar specimen with and without undercooling. First, a
broader exothermic peak in the heat flow is observed for the numerical simulation without
undercooling, since a more gradual freezing is considered. Second, the ice formation occurs
earlier in the case of the mortar specimen without including undercooling, since the freezing
point 7¥is assumed to be identical to the melting temperature 7}, Third, the exothermic
peak becomes smaller by increasing the NaCl solution concentration, since a lower volume
fraction of pore solution freezes at the corresponding freezing point 7z which results in a
lower heat release through the mortar specimen. Fourth, the exothermic peak of the mortar
specimens saturated with greater NaCl solution concentrations occurs later due to depression
of the freezing point 7z The heat loss coefficient, /1, is assumed to be a constant value of
60 % in this figure. Figure 12 displays how pore solution solidifies/melts during cooling/
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heating at the bottom and top layers (surfaces) of the mortar specimen since the temperature
difference is the maximum between these layers. At the bottom layer, solution containing
NaCl first freezes suddenly when reaching 7rdue to undercooling effects. Afterwards, ice
gradually forms as the temperature further decreases until the temperature reaches 7, at the
bottom layer of the mortar specimen. At 7, all liquid solidifies in the capillary, entrained

air, and entrapped air pores.

As described in section 7, at the moment of sudden freezing (when the temperature of the
bottom layer reaches 7, the portion of the mortar specimen whose temperature is between
Trand T,, was allowed to freeze instantaneously. Since the temperature of the top layer of
the mortar specimen is higher than the temperature at its bottom layer during a cooling
cycle, a lesser amount of ice is produced at the top layer during the sudden freezing (i.e.,
undercooling) in comparison to the bottom layer, as can be seen in Figure 12. The remainder
of the pore solution begins to freeze as the temperature of the layer drops. This solidification
process is similar between the bottom and top layers of the mortar specimen containing 0 %
NaCl solution, since this process takes place immediately (0.04 seconds). During heating,
the melting transformation occurs gradually and the amount of ice can be simply calculated

based on the lever rule, since no undercooling occurs.

It is worth mentioning that there is therefore relatively no difference in the melting behavior
of pore solution between the top and the bottom layers of the mortar specimen. Figure 13
shows the accumulated released/absorbed heat by the mortar specimen as a function of its
bottom layer temperature (i.e., (x = 32 mm)). Pore solutions containing 0 %, 5 %, and 10 %
NaCl illustrate a relatively extreme heat emission due to freezing, while the solution
containing 23.3 % NaCl releases relatively little energy as it is only composed of the eutectic
composition (see Figure 13a). A snapback (rise) of temperature is observed at freezing onset
due to the undercooling of pore solution. Figure 13b displays how the specimen absorbs heat
during heating/melting. Since melting is a gradual process, the heat absorption occurs at a
relatively gradual rate with respect to the freezing process. It is worth mentioning that the
total amount of released heat during freezing is identical to the total amount of absorbed heat
during melting in the system. The heat loss coefficient, A,z 1S assumed to be a constant
value of 60 % in this figure.

The amount of heat released during freezing (L\H i ) is numerically obtained and plotted as
a function of NaCl concentration and compared with experimental results in Figure 14. It is
worth mentioning that the coefficient of variation for the experimental results is obtained as
8.6 %, based on three replicate specimens. The numerical results are calculated by
considering the two coefficients of heat dissipation /A;,¢ to compare to the experimental data.
Considering these heat dissipation coefficients, the coefficient of variation between
experimental result and numerical results with 40 % and 60 % are obtained as 36 % and

9 %, respectively. The numerical over-prediction of latent heat emission is caused by further
experimental imperfections.
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9. Summary and Conclusion

In this paper, a one-dimensional finite difference numerical model was used to predict the
macroscopic freeze-thaw behavior of air-entrained mortar specimens. The effective thermal
properties of the composite mortar were estimated using homogenization techniques. The
role of curvature, owing to a broad range of pore sizes, was considered in calculating the
volume fraction of freezable pore solution exposed to freezing/thawing cycles using
measured absorption-desorption isotherms. It was concluded that the role of pore size (or
curvature) on the macroscopic behavior of the air entrained mortar specimen was negligible
during freezing due to the quantity of larger pore sizes in realistic mixtures and
undercooling, whereas the role of curvature had a considerable impact on the macroscopic
behavior of the frozen mortar specimen during melting. The lever rule approach, derived
from a phase diagram of the NaCl-water solution, and undercooling were adopted in the
numerical model. It was concluded that this model can simulate the freezing and thawing
process of mortar specimens saturated with water or various NaCl solutions to predict the
thermal behavior of mortar specimens at various degrees of saturation or saturated with
various concentrations of NaCl solutions.

The computational results were compared to the experimental ones obtained for mortar
specimens saturated with NaCl solution using a low-temperature longitudinal guarded
comparative calorimeter (LGCC). A lower amount of heat release (or freezable fraction of
pore solutions) was observed in the experiment than the theoretical value predicted based on
the measured desorption isotherm. The difference may be mainly due to experimental
conditions allowing significant heat dissipation within the LGCC experiment. To justify the
experimental under-estimation of heat release, two heat loss coefficients of 40 % and 60 %
were evaluated to validate the numerical results. Accordingly, a better agreement was
exhibited between the numerical results and the experimental data.
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Figure 1.
Desorption-absorption isotherms of mortar specimen.
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Volume fraction of pore solution that can freeze as a function of the critical nucleus (pore)

size.
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(a) Phase diagram for aqueous NaCl solution [60]; (b) the fraction of produced ice as a

function of temperature within the freezing region for bulk NaCl solution.
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capacity (C? ) as a function of temperature for mortar specimens containing (d) various

concentrations of NaCl solutions and different degrees of saturation.
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Figure 6.
(a) Schematic view of LGCC experiment with adapted finite difference nodes; (b) initial

temperature of finite difference simulation, i.e., T (x,t = 0); and (c) temperature at the bottom
of the LGCC experiment, i.e., T (x = 1,t), as a function of time.
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The effect of including undercooling in the numerical simulation on temperature profile of
saturated mortar specimen containing water (0 % NaCl) exposed to one freeze-thaw cycle at
different locations of mortar specimen: (a) x = 32 mm; (b) at x = 83 mm (see Figure 1 for

definition).
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temperature profiles at x = 32 mm (see Figure 1 for definition of x); (b) predicted heat flow;

(c) volume of pore solution undergoes phase transformation at the bottom surface of the

mortar specimen.
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different degrees of saturations (Dy).
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Heat flow as a function of time for mortar specimens saturated with NaCl solution obtained

from (a) experimental results and numerical simulation to investigate the role of eutectic

phase transformation; (b) numerical simulations at various concentrations (0 %, 5 %, 10 %,

23.3 %).
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Figure 12.
Frozen fraction of pore solution of the mortar specimen saturated using NaCl solution as a

function of time at (a) the bottom layer (x = 32 mm); and (b) the top layer (x = 83 mm).
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Accumulated heat as a function of temperature for mortar specimen with 5 %, 10 %, and

23.3 % NaCl concentration (a) heat released by the specimen during one freezing cycle; (b)

heat absorbed by the specimen during one thawing cycle versus cold plate temperature.
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The amount of heat release during freezing ("—\H -m) for the mortar specimen saturated with

different NaCl solutions.
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Table 1

Thermal properties of air, ice and NaCl solution with different concentrations

Material k(W/(mK)) p (kg/m®) ¥ (kJ/(kg'K))
Air [63, 64] 0.023 1.35 1.005
Ice [65] 2.25 934 2030
0% NaCl solution [66] 0.5886 997 4121
5% NaCl solution [66] 0.5611 1036 3947
10% NaCl solution [66] 0.5336 1074 3773
23.3% NaCl solution [66] 0.46 1178 3310
Dry mortar [67-69] 1.7 2070 850
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Table 2

Thermal properties of thermally conductive pad, foam and Pyroceram code 9606

Material k(W/(mK)) p (kg/m®) CP (kJ/(kg'K))
Thermal Pad 3.0 309 850
Foam [73] 0.03 20 1340
Pyroceram Code 9606 [9]  * 2600 900

Note:

*
The thermal conductivity of Pyroceram code 9606 as a meter bar material was calculated as a function of temperature [9].
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Table 3

Freezing and melting points of saturated mortar specimens with NaCl solutions [11]

NaCl Solution Concentration Freezing Point

Melting Point 7, (°C)

Amount of Undercooling

(%) T; (°C) with Respect to Liquidus
Line™™
0 -6.1 0.0 -6.1
5 -10.8 -3.0 -7.8
10 -12.0 -6.5 -5.5
233 211 211 0

Note:

*

Page 36

For specimens containing 23.3% NaCl solution, the freezing point and melting point are identical (Teyt) since these points are located at the

eutectic line and the entire solution only forms eutectic solid during solidification.

FF

solution.
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“The amount of undercooling is calculated by subtracting the melting point Ty, from the freezing point 7fof the corresponding bulk NaCl
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