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This paper investigates the effects of adding microencapsulated phase change materials (PCM) on the
thermal conductivity of cement paste and cement mortar composites. Embedding cementitious compos-
ites with microencapsulated PCM has been considered a promising method for increasing the thermal
mass of buildings to achieve greater energy efficiency and for reducing the risks of thermal cracking in
pavements. Cement paste and cement mortar samples were synthesized with a constant water to cement
ratio of 0.45. Both contained microencapsulated PCM with diameter ranging from 17-20 pum, volume
fraction up to 30%, and a melting temperature around 24 °C. The cement mortar also contained quartz
grains 150-600 pum in diameter such that the sum of the volume fractions of quartz and microencapsu-
lated PCM was fixed at 55%. All samples were aged for more than 28 days. Their effective density and free
moisture content were systematically measured. A guarded hot plate apparatus was designed, assem-
bled, and validated according to the ASTM C177-13 to measure the effective thermal conductivity of
the aged specimens of cement paste and cement mortar without and with microencapsulated PCM.
Measurements were performed between 10 and 40 °C, encompassing the entire PCM phase change tem-
perature window. The effective thermal conductivity of both the cement paste and the cement mortar
composites was found to be nearly independent of temperature in the range considered. It also decreased
as the volume fraction of microencapsulated PCM increased. Finally, excellent agreement was obtained
between experimental data and the effective medium approximation derived by Felske (2004) for
core-shell-matrix composites. These results can be used to design cementitious composite materials
containing microencapsulated PCMs for energy efficient buildings and crack-resistant pavements.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction The thermophysical properties of cementitious composites,

such as the heat capacity and thermal conductivity, are critical

Embedding phase change materials (PCMs) in a concrete matrix
has been proposed as a means to improve building energy effi-
ciency [1-3] and to reduce the risk of thermal cracking [4,5]. PCMs
achieve such beneficial actions by increasing the thermal mass (i.e.,
heat capacity) and thermal resistance by lowering the effective
thermal conductivity of the cementitious composite materials
[1-3]. Indeed, PCMs can store and release thermal energy in the
form of latent heat through a reversible phase transition between
solid and liquid states, actions which superimpose onto the sensi-
ble heat capacity of the concrete [6-9].
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input variables required for modeling their thermal behavior and
engineering performance for design purposes. For example, these
properties determine the heat flow into and out of the building
as well as the time lag in the building thermal load [10,11]. Simi-
larly, it is important to understand the development of tempera-
ture and restrained stress gradients in cementitious composites
to estimate the risk of thermal cracking [4,5]. From thermody-
namic considerations, the effective volumetric heat capacity of
cementitious composite materials with embedded microencapsu-
lated PCM can be expressed as [10]

(PCp)e(T) = be(PCp) (T) + b5 (PCp) s + (1 = e — ) (0Cp) (M

where ¢, and ¢, are the volume fractions of the core and shell
materials, while (pc,)., (pcp),, and (pc,),, are the volumetric heat


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2016.08.013&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.013
mailto:pilon@seas.ucla.edu
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.013
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt

72 A. Ricklefs et al./International Journal of Heat and Mass Transfer 104 (2017) 71-82

Nomenclature

Agap area of the gap between the metered and guard heaters,
mm?

Am area of the metered heater, mm?

Cp specific heat, J/(kg-K)

e thermal effusivity, W-s/2/(m?K)

k thermal conductivity, W/(m-K)

L; vertical distance between thermocouples in sample i, m

m mass, g

m coolant mass flow rate, g/s

m heat transfer rate from the metered heater, W

Gloss estimated heat loss, W

Qui heat transfer rate removed by cold plate i, W

qi incoming heat flux in sample i, W/m?

Q; coolant volumetric flow rate, mL/min

Ry resistance of the guard heater wire, Q

Rm resistance of the metered heater wire, Q

Tj; temperature measured by thermocouple j in sample i,°C

Ug voltage across the guard heater wire, V

Un voltage across the metered heater wire, V

1% volume, mm?>

w/c water to cement mass ratio

Greek symbols

o thermal diffusivity, m?/s

Ax associated systematic error in measurement x

bp volume fraction of phase p in the cementitious compos-
ite

Deys volume fraction of microcapsules in the cementitious
composite, (l)c+s = d)c + d’s

bejs volume fraction of core in the microcapsule,
¢c/s = ¢c/(¢c + d)s)

Ow free moisture content

P density, g/cm®

0q standard deviation of the heat transfer rate q;, W

Subscripts

c refers to core

c+s refers to core-shell particle

cold,i refers to the cold plate in contact with sample i

dry refers to fully dry free moisture content

eff refers to effective properties

i refers to sample A or B

m refers to matrix

q refers to quartz sand

S refers to shell

sat refers to fully saturated free moisture content

w refers to the chiller coolant

w,1,i refers to chiller coolant entering cold plate i

w,2,i refers to chiller coolant exiting cold plate i

capacities of the core, shell, and matrix materials, respectively. On
the other hand, the effect of PCM on the thermal conductivity of
cementitious composites is non-trivial and limited reports are avail-
able [1-3,7,12].

This paper aims to quantify the effect of incorporating microen-
capsulated PCM inclusions on the effective thermal conductivity of
Type 1 ordinary Portland cement (OPC) pastes and mortars. A
guarded hot plate apparatus was designed and fabricated, and its
measurement performance rigorously validated. The effective
thermal conductivity of cement pastes and mortars with various
volume fractions of cement paste, mineral aggregates (e.g., quartz
inclusions), and functional inclusions (microencapsulated PCMs)
was measured. The results also provided experimental validation
of effective medium approximation (EMAs) for three-phase cemen-
titious composites.

2. Background
2.1. Thermal conductivity measurement methods

Experimental methods available to measure the thermal con-
ductivity of bulk solid materials can be categorized as either tran-
sient or steady-state. Transient methods include the plane source
[13], hot strip [14], hot wire [15], hot bridge [16], and laser flash
methods [17]. The first four methods involve temperature mea-
surements collected over a time period ranging from 10 ns to
100 s during which the sample is heated [14-16]. A thin sensor
is used to generate a pulse of thermal energy dissipated by the
sample while simultaneously measuring the associated change in
temperature at the sample surface [14-16]. The measured rate of
thermal dissipation and change in sample temperature are used
to calculate the thermal effusivity defined as e = \/pcyk where
p,¢p, and k are density, specific heat, and thermal conductivity of
the sample, respectively [18]. The hot bridge method offers greater
accuracy than the other three methods by using multiple sensors

aligned in a Wheatstone bridge to collect sample surface tempera-
ture measurements with enhanced sensitivity [16]. Alternatively,
the flash method [17] infers the thermal diffusivity o, defined as
o = k/pcp. A pulse of thermal energy is applied to the front face
of a parallel plane sample while the change in temperature on
the back face is measured over a period of time [17]. The thermal
diffusivity is then calculated based on the thickness of the sample
and the time required for the back surface to reach half of its max-
imum temperature measured over the duration of testing [17].
Since these transient methods do not measure thermal conductiv-
ity directly, uncertainty is introduced if the density p and specific
heat c, are not measured independently [19].

Steady-state methods, such as the hot plate and the guarded hot
plate methods, measure the temperature difference across a sam-
ple maintained between a hot and a cold surface and subjected
to one-dimensional (1D) steady-state heat conduction [20]. The
thermal conductivity of the sample is determined from Fourier’s
law, based on the imposed heat flux and the measured tempera-
ture gradient across the sample [20,21]. The hot plate method fea-
tures simple measurement and analysis [20,21]. However, radial
heat losses in the hot plate make it difficult to achieve 1D
steady-state conditions, thus introducing uncertainty in the mea-
sured thermal conductivity [20]. To mitigate these heat losses
and to ensure 1D heat conduction, the guarded hot plate method
includes a heated “guard” ring concentric to the center “metered”
section of the heating element [20,21]. The gap is filled with either
air or a thermally insulating material to enhance radial thermal
resistance around the hot plate. In addition, the guard ring is main-
tained at the same temperature as the metered section.

Overall, steady-state methods offer a direct measurement of
thermal conductivity k, whereas transient methods require prior
knowledge of the sample’s density p and specific heat c,. Steady-
state methods are also simpler in terms of apparatus design and
fabrication, experimental procedure, and data analysis [16].
However, they require longer experimental time than transient
methods [13,17,22]. In this study, thermal conductivity
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Table 1
Thermal conductivity measurements reported in the literature for cement paste [23-
26,33].

w/cratio Temp. (°C) Age Ow Method key (W/(m-K)) Ref.
0.3 20°C 28 days N/A TPS 0.95-1.05 [23]
0.4 20°C 28days N/A TPS 0.95-1.05 [23]
0.45 N/A 28 days N/A Laser flash 0.53 [24]
0.35 N/A 28days N/A Laser flash 0.53 [25]
0.35 N/A 28days 0 Hot wire 1.23 [26]
0.50 N/A 1 day 0.06 TPS 1.38 [31]
0.50 N/A 6days 001 TPS 1.21 [31]
0.40 20°C 3 days 1 Hot wire 1.21 [33]
0.40 20°C 7days 1 Hot wire 1.19 [33]
0.40 20°C 14 days 1 Hot wire 1.20 [33]
0.40 20°C 28days 1 Hot wire 1.15 [33]
0.40 20°C 28days O Hot wire 0.80 [33]
0.40 60 °C 28days 1 Hot wire 1.10 [33]
0.40 60 °C 28days 0 Hot wire 0.72 [33]

TPS: Transient plane source, N/A: Not specified.

measurements of cement paste and cement mortar containing
microencapsulated PCM were performed using a guarded hot plate
apparatus designed, fabricated, and validated per ASTM C177-13
[22].

2.2. Thermal conductivity of cementitious composites

Table 1 summarizes the effective thermal conductivity reported
in the literature for cement paste with different water to cement
ratio (w/c), age, and free moisture content ¢,,, defined as the ratio
of the volume of free water in a composite to its total volume of
porosity [8,23-28]. Most studies used one of the above-
mentioned transient methods to measure the thermal conductiv-
ity. Xu and Chung [24] measured the thermal conductivity of Type
I OPC paste samples with w/c of 0.45 using the laser flash method.
More recently, Demirboga [26] measured the thermal conductivity
of Type I OPC paste with a w/c of 0.35 using the hot wire method.
Similarly, Bentz [23] measured the thermal conductivity of Type |
OPC paste samples with w/c of 0.3 and 0.4 at 20°C using a

transient plane source method. Table 1 indicates that measure-
ments reported in these studies [23,24,26] differed by a factor of
2 although they considered similar cement pastes. To the best of
our knowledge, Demirboga [26] did not specify the sample temper-
ature and specific heat while Bentz [23] did not specify the sample
density. In addition, the specific heat of cement paste used by Xu
and Chung [24] was 736 ]J/(kg-K) and almost half of that reported
in the literature at 1530 J/(kg-K) [29]. This probably explains why
the thermal conductivity reported by Xu and Chung [24] was
almost half of that reported by Demirboga [26] and Bentz [23].

The effective thermal conductivity of cement paste has been
shown to decrease as the water to cement mass ratio increased
[23]. This can be attributed to the enhanced pore formation within
the composite with increasing amount of water [30]. The thermal
conductivity of cement paste has also been observed to decrease
by up to 30% over a 7-day hardening period but remained
unchanged beyond this period [31,32]. The hardening process
can take place in either water, ambient air, or humid air with up
to 100% humidity [31,32]. The thermal conductivity of cement
paste was found to decrease significantly more when hardening
occurred in ambient air [31] rather than in water [32], when the
pores are filled with air instead of water. Kim et al. [33] found that
the thermal conductivity of cement paste at temperatures between
20 and 60 °C decreased by up to 35% as the free moisture content
¢,, decreased from 1 to 0. This can also be attributed to the differ-
ence in thermal conductivity between air and water filling up the
pores [33].

Moreover, the type and volume fraction of aggregates present in
cement mortar composites can alter their effective thermal con-
ductivity [25,33,34]. Table 2 summarizes the experimental studies
reporting the thermal conductivity of cement mortar with different
types and amount of aggregate inclusions as well as w/c ratio, age,
and free moisture content ¢,, [25,28,33]. For example, Uysal et al.
[25] measured, using the hot wire method, the effective thermal
conductivity of cement mortar containing pumice aggregate with
a volume fraction ¢4, of up to 0.75. They found that the thermal
conductivity was up to 46% lower than that of similar plain cement

Table 2
Thermal conductivity measurements reported in the literature for cement mortar [25,28,33].
Pagg w/c ratio Temp. (°C) Age dw Method ke (W/(m-K)) Ref.
N/A (sand) 0.35 N/A 28 days N/A Laser flash 0.58 [25]
0.38" 0.65 18-35 N/A 0 Hot plate 1.25 [28]
0.38" 0.65 18-35 N/A 1 Hot plate 1.94 [28]
0.3~ 0.65 18-35 N/A 0 Hot plate 1.30 [28]
0.3~ 0.65 18-35 N/A 1 Hot plate 2.08 [28]
0.29" 0.65 18-35 N/A 0 Hot plate 2.56 [28]
0.29* 0.65 18-35 N/A 1 Hot plate 4.39 [28]
0.7° 0.40 20 28 days 1 Hot wire 2.47 [33]
0.7° 0.40 40 28 days 1 Hot wire 2.50 [33]
0.7° 0.40 60 28 days 1 Hot wire 2.30 [33]
0.7° 0.40 20 28 days 0 Hot wire 1.97 [33]
0.7° 0.40 40 28 days 0 Hot wire 1.94 [33]
0.7° 0.40 60 28 days 0 Hot wire 1.84 [33]
0.35° 0.40 20 28 days 1 Hot wire 1.71 [33]
0.35° 0.40 40 28 days 1 Hot wire 1.74 [33]
0.35° 0.40 60 28 days 1 Hot wire 1.64 [33]
0.35° 0.40 20 28 days 0 Hot wire 1.28 [33]
0.35° 0.40 40 28 days 0 Hot wire 1.27 [33]
0.35° 0.40 60 28 days 0 Hot wire 1.15 [33]
0.25° N/A N/A 28 days 0 Hot wire 135 [34]
0.50° N/A N/A 28 days 0 Hot wire 1.17 [34]
0.50” N/A N/A 28 days 0 Hot wire 1.05 [34]

N/A: Not specified.
P pumice.
* sand & stone.
* quartz & dolerite.
~ quartz & barytes.
* quartz & haematite.
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paste samples. This can be attributed to the fact that pumice (a
highly porous volcanic rock) has a lower thermal conductivity than
cement paste [34]. It has also been reported that the effective ther-
mal conductivity of cement mortar increased with increasing free
moisture content ¢,, [27,28,33,35]. Jin et al. [35] measured the
thermal conductivity of autoclaved aerated concrete with increas-
ing free moisture content at 20 °C using a transient plane source
method. The thermal conductivity was found to increase by about
13% per degree of free moisture content ranging between 0% and
15% but increased by 2% per degree of free moisture content
beyond [35]. Kim et al. [33] measured the thermal conductivity
of fully saturated and dry cement mortar samples containing sand
and stone aggregates made with different w/c ratio and aggregate
volume fraction at temperatures between 20 and 60 °C using a
transient hot wire method. The effective thermal conductivity of
these cement mortar samples was found to increase by up to
30% as the free moisture content ¢,, increased from O (fully dry)
to 1 (fully saturated) [33]. It also decreased by up to 16% as the
sample temperature increased from 20 °C and 60 °C [33]. Addition-
ally, the authors found very little change in the thermal conductiv-
ity of these samples over time when measured over a 28-day
hardening period [33]. However, the conditions of the hardening
process were not described. Overall, these results were consistent
with the findings of previous studies [25,27,28,35] and highlight
the numerous factors that can affect the thermal conductivity of
cementitious composites.

Finally, adding PCM to cementitious composites has been
reported to decrease the effective thermal conductivity [8,36,37].
Table 3 summarizes the studies reporting the effective thermal
conductivity of cement mortar containing PCM either impregnated
in the mortar or microencapsulated [8,36,37]. Both Xu and Li [36]
and Zhang et al. [37] found that the thermal conductivity of cement
mortar decreased linearly with increasing impregnated PCM mass
fraction up to 0.3. Hunger et al. [8] reported the experimentally
measured thermal conductivity of concrete containing various vol-
ume fractions of microencapsulated PCM. The authors measured the
thermal conductivity of self-compacting concrete containing up to
0.12 vol.% (5 wt.%) of microencapsulated PCM between 19 and
28 °C using the hot wire method. The specific heat and density of
these samples were also measured independently. To the best of
our knowledge, the thermal conductivity of other types of cemen-
titious composites containing microencapsulated PCM has not
been reported.

2.3. Effective medium approximations

Several effective medium approximations (EMAs) have been
proposed to predict the effective thermal conductivity of three-

component core-shell-matrix composites such as cement paste
with embedded microencapsulated PCM [38-43]. For example,
Felske [38] derived an EMA to predict the effective thermal con-
ductivity of composites with randomly distributed monodisperse
spherical microcapsules embedded in a continuous matrix. In
absence of contact resistance at the shell-matrix interface, the
effective thermal conductivity of three-component core-shell-ma-
trix composites can be written as [38],

dcks
@+ gt ) (3428 +55) + (1 - b~ ) [ B+ ) ke + 25

L 2kal1- 0 = 99)(3+2%+ ) + (1420 +26) [+ L)k + 225
Keff = .

2)

Here, k and ¢ are the thermal conductivity and volume fraction and
the subscripts c,s, and m refer to the core, shell, and matrix, respec-
tively. Predictions of this model have been shown to agree very well
with those obtained from detailed numerical simulations of spher-
ical monodisperse and polydisperse core-shell-matrix particles
ordered or randomly distributed in a continuous matrix. Wide
ranges of constituent thermal conductivities and volume fractions
were considered [44]. However, to the best of our knowledge, the
Felske model [38] has not yet been validated against experimental
measurements.

The present study aims to measure the effective thermal con-
ductivity of cement paste and cement mortar without and with
microencapsulated PCM for volume fraction ¢.,, ranging from 0
to 0.3 and temperature between 10 and 50 °C using the guarded
hot plate method. The experimentally measured effective thermal
conductivity values were compared with predictions by the Felske
model [38]. Once validated against experimental data, the Felske
model [38] could be used in the thermal design of cementitious
PCM composites for various applications.

3. Materials and methods
3.1. Sample synthesis

Two types of cementitious samples were investigated in this
study, namely cement paste and cement mortar, each without
and with microencapsulated PCM. The cementitious composite
samples were prepared as per ASTM C305 [45]. Cement paste sam-
ples were made using Type I ordinary Portland cement (OPC)
mixed with deionized (DI) water at a constant w/c ratio of 0.45.
Water-reducing admixture (Glenium 7500, BASF Corporation)
was added up to 2% of the cement mass to improve the fluidity
of the mixture. The PCM microcapsules (MPCM24D, MicroTek Lab-
oratories Inc) consisted of a polymeric melamine-formaldehyde

Table 3
Thermal conductivity measurements reported in the literature for cement mortar with impregnated or microencapsulated PCM [36,37].
Material Pagg " Ders w/c ratio Temp. (°C) Age bw Method kegr Ref.
Impregnated 02" 0" 0.5 N/A 28 days N/A TPS 2.06 [36]
02 0.1 0.5 N/A 28 days N/A TPS 1.82 [36]
02~ 0.2" 0.5 N/A 28 days N/A TPS 1.56 [36]
02" 0.3" 0.5 N/A 28 days N/A TPS 1.35 [36]
02 0 0.5 N/A N/A N/A TPS 2.19 [37]
02~ 0.012" 0.5 N/A N/A N/A TPS 1.97 [37]
02~ 0.017" 0.5 N/A N/A N/A TPS 1.90 [37]
0.2 0.025" 0.5 N/A N/A N/A TPS 1.85 [37]
Microencapsulated 0.63 0 0.45 19-28°C 28 days N/A Hot wire 3.4 [8]
0.61 0.025 0.45 19-28 °C 28 days N/A Hot wire 2.9 [8]
0.57 0.077 0.45 19-28°C 28 days N/A Hot wire 2.3 [8]
0.57 0.124 0.45 19-28°C 28 days N/A Hot wire 2.1 [8]

N/A: Not specified.
! Mass fraction (volume fraction not given), TPS: Transient plane source.
* Non PCM aggregates.



A. Ricklefs et al./International Journal of Heat and Mass Transfer 104 (2017) 71-82 75

shell (10-15 mass%) surrounding a paraffinous core (85-90 mass¥%)
with a melting temperature around 24 °C [46]. The microcapsules
featured a mean outer particle diameter of 17-20 um [47] and
an effective density of 900 kg/m? [46]. The PCM microcapsules vol-
ume fraction ¢, in the cement paste ranged from O to 0.3 in 0.1
increments. Cement mortar samples were synthesized by adding
quartz sand (U.S. Silica Company) to the cement paste. The ASTM
quartz sand was graded between 600 pm and 150 pum sieves, with
96-100% passing through the 600 um sieve and 0-4% passing
through the 150 um sieve [48]. The quartz has a reported density
of 2650 kg/m> [49]. The PCM microcapsule volume fraction ¢.,,
in cement mortar ranged from 0 to 0.2 in 0.1 increments. The vol-
ume fractions of graded quartz sand ¢, and of PCM microcapsules
¢c.s in the mortar samples were such that their sum ¢, + ¢, was
kept constant and equal to 0.55.

The cementitious composite samples were cast into a cylindri-
cal acrylic mold 38 mm in height and 50.8 mm in inner diameter.
The samples were cured in sealed humid conditions for 24 h. After
initial curing, the samples were removed from the mold and the
top and bottom of the sample were polished manually with 600
grit sand paper. All samples were aged in ambient air at room tem-
perature and an average relative humidity around 60% for 28 days
to ensure that they had fully hardened and featured a stable
microstructure [31,32]. Samples were synthesized in duplicates
since the guarded hot plate method requires two identical samples
to perform the thermal conductivity measurements. In order to
measure kg, two radial holes were drilled and two thermocouples
were embedded along the vertical axis of each aged sample, sepa-
rated by an axial distance L of 25 mm. Thermal cement (Arctic Alu-
mina) with a thermal conductivity around 1 W/(m-K) was used to
fix the thermocouples in place and achieve good thermal contact
with the composite material.

3.2. Density measurements

The effective density p,; of the cementitious composite samples
was determined by measuring their volume V and their mass m
independently at room temperature, i.e., p,; = m/V. These mea-
surements were performed after the samples had aged for 28 days.
The effective density of a few plain cement paste and mortar sam-
ples was also measured daily during the hardening and aging pro-
cesses to determine the sample age beyond which the density
remained constant. Moreover, once the thermal conductivity mea-
surements were performed, the density of each sample investi-
gated was measured for fully dry and fully saturated moisture
conditions. To achieve a fully dry state, samples were dried at
105 °C in a sealed oven for 24 h [27]. To achieve a fully saturated
state, they were submerged in boiling DI water for 5 h [27]. Then,
the free moisture content ¢,, in the aged samples of effective den-
sity p.; was determined from the measured effective densities of
fully dry py,, and fully saturated p,,, samples according to [35,50],

peff - pdry
w = . 3
¢ psat_pdry ( )

3.3. Guarded hot plate apparatus

To measure the effective thermal conductivity of the cementi-
tious composite specimens, a guarded hot plate apparatus was
designed and fabricated in accordance with ASTM C177-13 [22].
Fig. 1 illustrates the entire experimental setup including (i) the
guarded hot plate test section, (ii) a cooling/heating recirculating
chiller (Polystat, Cole-Parmer), (iii) two flow meters (FLR-1009,
Omega), (iv) two variable DC power generators (Dual DC power

supply, Beckman Industrial), (v) two 10-channel data acquisition
board (DAQ) (OMB-DAQ-56, Omega), and (vi) a personal computer.
The guarded hot plate method require two identical samples
denoted by A and B. Each sample was secured between custom-
made hot and cold plates. A vertical clamp was used to hold the
test section together and to ensure good thermal contact between
the samples and the hot and cold plates. The entire test section was
wrapped in 5cm thick microporous insulation (Cerablanket,
Morgan Thermal Ceramics) with a thermal conductivity of
0.07 W/(m-K) and a density of 64 kg/m> to reduce heat losses
[51]. The cold plates were connected to the recirculating chiller
by flexible pipes directing the chiller coolant in and out of each

cold plate. The volumetric flow rate Q. and Qj of the coolant into
cold plates A and B were measured by a digital flow meter attached
to each inlet pipe. Each DAQ input had a built-in cold-junction for
reference measurements. DASYlab software was used to record the
data.

Fig. 2 shows details of the guarded hot plate test section, con-
sisting of a hot plate and two cold plates separated by two identical
samples A and B. The hot plate assembly consisted of a metered
heater and of a concentric guard heater, separated by a 0.25 mm
gap. The temperatures (i) T4, T4, T1s, and T, within samples
A and B, (ii) Tua and T, at the bottom and top faces of the
metered heater in contact with samples A and B, (iii) Ty and Tgp
at the bottom and top faces of the guard heater, and (iv) Tcoga
and T4p at the center of the cold plates were measured using
type-T copper-constantan 24 gage thermocouples connected to
the DAQ boards. Here, thermocouples measuring Ti4, T24, T1s,
and T, were embedded directly in the sample (Fig. 2b) in order
to eliminate the experimental uncertainty associated with the
thermal contact resistance between the sample and the hot and
cold plates. The coolant temperature differences (Tw24 — Tw14) as
well as (Twap — Twip) between the outlet and inlet of cold plates
A and B were also measured by type-T thermocouples. The inlet
coolant temperature served as the thermocouple reference junc-
tion in order to reduce uncertainty. In all measurements, the tem-
perature difference (T,,; —Tw1;) wWas very stable during the
acquisition time under steady-state conditions and ranged
between 1 and 4 °C. Each thermocouple was first calibrated by
immersing it in a circulating water bath held at a constant and
known temperature between 10 and 40 °C with 5 °C increments.
The thermocouple voltage was fitted as a linear function of tem-
perature for each individual thermocouple and the fit was used
in the data acquisition software.

Fig. 3 shows top- and side-views of (a,b) the metered heater and
(c,d) guard heater along with their respective dimensions. The
guard section outer diameter was 50.8 mm and corresponded to
the maximum sample diameter, as described in ASTM C177-13
[22]. Both metered and guard heaters were fabricated using copper
for its large thermal conductivity ensuring uniform temperature
over the hot plate surfaces. Resistance heating 22 gauge
nichrome-60 wires were embedded in 0.8 mm deep circular
grooves machined at the top of both heaters, as illustrated in
Fig. 3a and c. The wires were held in place using electrically insulat-
ing thermal cement (Arctic Alumina). Then, a 1.8 mm thick copper
lid was attached to the top of each heater using thermal cement
(Arctic Alumina) to cover the heating wires and provide a planar
surface in contact with the samples. The electric resistances R
and R; of the heating wires in the metered and guard heaters were
measured with a digital multimeter (34401A, Agilent) during each
thermal conductivity measurement after reaching steady-state.
Resistances R, and R, respectively ranged between 0.225 and
2.450 Q and between 0.614 and 6.688 Q for heater temperatures
between 10 and 40 °C. Each heater was heated by Joule heating in
the wire connected to a DC power supply. The voltages U, and U,
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Fig. 2. (a) Exploded cross-sectional view of the guarded hot plate test section labeling each component and (b) collapsed cross-sectional view detailing thermocouple

locations and relevant notations.

across each wire were adjusted until the temperature of the
metered and guard heaters were identical within £0.3 °C, per ASTM
C177-13 [22]. Voltages Uy, and U, were also measured with a digital
multimeter and ranged from 0.236 to 1.180V and from 1.140 to
2.550V, respectively. At steady-state, the thermal energy U2 /R,
dissipated in the hot plate was evenly distributed between samples
A and B and ranged between 0.18 and 0.68 W.

Fig. 4 shows the top- and side-views of the two identical cold
plates along with their dimensions. The cold plate assembly con-
sisted of a hollowed disc, 50.8 mm in diameter, made of copper
with inlet and outlet copper tubes welded on diametrically oppo-
site sides. Internal baffles 5.1 mm in depth were machined to direct
the coolant around the cold plate to ensure isothermal conditions

over the entire outer cold plate surface. A 1.8 mm thick copper disc
was then welded on top to properly seal the cold plate. The inlet
and outlet copper tubes had an inner and outer diameter of 5.0
and 6.4 mm, respectively. The bottom and top cold plates, respec-
tively in contact with samples A and B, were maintained at approx-
imately the same temperature by manually adjusting the coolant
volumetric flow rates Q4 and Qg via individual valves. These flow
rates ranged between 100 and 500 mL/min depending on the cold
bath coolant and temperature and on the desired cold plate tem-
perature. Water or the potassium formate/water-based heat trans-
fer fluid Dynalene HC-50 (Dynalene, Whitehall, PA) were used as
the coolant for thermal conductivity measurements at cold plate
temperatures above and below 10 °C, respectively.
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3.4. Data analysis

The effective thermal conductivity of sample i was calculated
using Fourier’s law given by

ki (T) — qi Li

— = withi=AorB 4
ATy —Toy) @

where g; is the heat transfer rate (in W/m) through sample i and L; is
the distance separating the thermocouples measuring T;; and T;.

Here, A is the effective surface area of the metered heater as defined
by ASTM C177-13 [22] and given by A = Aj, + Agqp/2, where A, and
Agqp are the surface areas of the metered heater and of the gap sec-
tion, respectively. The thermal conductivity k;(T) was estimated as
the average temperature T = (Ty; + T5;)/2. Under steady-state con-
ditions, the heat transfer rate g; was estimated as the average of the
measured heat input from the guarded hot plate through each sam-
ple and of the heat removed from the cold plate i, i.e.,

4= 5 (0n + 0 (5)

where q,, and q,,; are the heat transfer rates measured on each side
of the sample. The heat transfer rate q,, from the guarded hot plate
can be estimated from the measured voltage U,, and resistance R,
across the metered heater as q,, = U% /2R,. The heat transfer rate
q,,; removed by the cold plate on one side of sample i is expressed
as qy,; = MiCpw(Tw2i — Twa;), where ¢, is the specific heat of the
coolant and (T2 — Tw,1,) is the coolant temperature difference
measured between the outlet and inlet of the cold plate i. The mass
flow rate ri;; was determined by m; = p,,Q;, where Q; is the volu-
metric flow rate measured by the digital flow meter and p,, is the
density of the coolant at 10°C, taken as 999.8 kg/m> [29] and
1345 kg/m> [52] for water and Dynalene HC-50, respectively. The
specific heat ¢,, at 10°C was taken as 4.19 kJ/(kg-K) [29] and
2.68 kJ/(kg-K) [52] for water and Dynalene HC-50, respectively.
Finally, the temperature measurements of T;; and T,; in samples
A and B were averaged over 30 min intervals to determine the ther-
mal conductivities k, and kg of samples A and B. Then, the effective
thermal conductivity of the cementitious composite sample was
estimated as

1., - U T
ke (T) = (ka + ks) ~ with ki(T) = E;k’m ()
where n is the total number of measurements of ks(j) and kz(j). A

minimum of four consecutive measurements of k4 and kg were per-
formed, as required per ASTM C177-13 [22].
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3.5. Operation and procedure

Measurements were performed once samples had aged for at
least 28 days. First, identical samples A and B instrumented with
thermocouples were placed in the test section and the clamp
was tightened. The power generators connected to the resistance
heating wires were then turned on and the voltages U, and Ug
were adjusted until the metered and guard heaters reached
steady-state temperatures falling within +0.3 °C of each other.
Meanwhile, the recirculating chiller was set to the desired cold
plate temperature. The flow rates Q4 and Q; to the cold plates
were then adjusted until both cold plates A and B had tempera-
tures within +0.3 °C of one another. Steady-state conditions were
considered to be reached when the temperatures of the hot and
cold plate surfaces did not fluctuate by more than 0.3 °C over
three 30 min intervals [22]. Then, the temperatures T;, and T4
in sample A and T, and T, in sample B were recorded and aver-
aged over 30 min intervals [22]. A single measurement of effective
thermal conductivity ks, and ks at a given temperature lasted
about 8 h, corresponding to the time for the apparatus to reach
steady-state and to record at least four consecutive measurements
of k4 and kg.

3.6. Experimental uncertainty

The uncertainty in the thermal conductivity measurement of
sample i depended on the systematic error in the measurements
of q;,A,L;,T1;, and T,;. Based on Eq. (4), it was expressed as,

M8 (3AY" ("
ki q; A L;

where Ax is the systematic error associated with variable x. The
experimental uncertainty associated with g; was due to heat losses
through the samples, resistance between the sample and the hot

and cold plates, and heat losses through the gap [53,54]. It can be
written as,

A A 5 A 2 ) 1/2

. i o

2% _ <ﬁ> (St} % (8)
qi qm qw,i qi

Here, o, denotes the standard deviation of the heat transfer rate g;
with variance 67 estimated as,

1 joss.i 2

The heat loss q,,,; for sample i can be estimated as the difference
between the heat input q,, = U2 /2R, supplied by the hot plate to
each sample and the heat transfer rate q,,; = MiCpw (Twz2i — Tw.14)
carried by the coolant passing through the cold plate, i.e.,

ATZ, + Ava,] 12 )

(Tai — T1.i)2

102 .
Qiossi =5 - — MiCpw (Tw.2.i - Tw,l.i)- (10)
2 Rn
The uncertainties associated with ¢, and q,; are respectively
expressed as,

Ag\? ([ AUR\®  (ARn\?
() = (o) + (72 (0
and
Adw\” (MG (pr>2 (Acpw)z (A(Tw,z.i— WJ‘,-)>2
== +({=™) + + :
Qi Q; Pw Cpw Twoi—Twai
(12)

The uncertainty in voltage AU, and resistance AR,, correspond to
the measurement uncertainty from the digital multimeter and were
on the order of £0.001 V and +0.001 Q. The uncertainty in the cool-
ant volumetric flow rate AQ; was on the order of +1 mL/min based
on the manufacturer calibration. The coolant density p,, and specific
heat c,,, were taken as constant values, they had uncertainties Ap,,
of 10 kg/m? and Ac,,, of 0.05 kJ/(kg-K) due to fluctuations in the
coolant temperature. The uncertainty in the axial distance between
the two thermocouples in each sample AL; was on the order of
+0.5 mm. Thermal expansion was deemed to be negligible given
the small difference between the temperatures at which thermal
conductivity and the distance L; were measured [55,56]. The uncer-
tainty AA was estimated as AA = AA, + 1/2AAq,p, Where uncertain-
ties AA, and AAg, in the surface area measurements were on the
order of +0.5 mm?. On completion of the thermocouple calibration
procedure, the uncertainty in temperature measurements
AT,;, ATy, and A(Ty2i — Twai) were on the order of +0.5°C. The
heat loss gy, ;, given by Eq. (10), was the main contribution to the
experimental uncertainty Ag;/q; and represented 10-20% of the
averaged heat input g,. The uncertainty terms for the sample and
coolant temperature measurements and the heat loss were also
major sources of error. Thus, the test section was carefully insulated
and large temperature differences (T,; — T1;)across the sample and
(Twai—Tw1i) across the cold plate were imposed to reduce
uncertainty.

Finally, uncertainty in the measured effective thermal conduc-
tivity kes of the cementitious composite materials of samples A
and B was expressed as

Akey _ ;21;1 [Akn )7 + Aks(G)? + 2c00(ke (7). ks (7)] " (13)

kejf

where Ak4 and Akz are determined from Egs. (7)-(12) while
cov(ka(j), ks(j)) is the covariance of k, and ks defined as,

cov(ka, kg) = (kal)) = RA)n(kBU) ~ k) . (14)

This covariance term was used to account for the deviation of the
different measurements of k, and kg from their respective mean
ka and kg, respectively. In practice, measurements of ka(j) and
ks (j) were highly repeatable. Intersample variability, accounted for
by cov(ka, ks), led to an average difference between k4(j) and kg (j)
of 0.15 W/(m-K). Overall, the experimental uncertainty in ke; was
mainly due to wuncertainties in temperature measurements
AT, ATo4, and A(Ty2; — Twaj)-

3.7. Validation

In order to validate the guarded hot plate apparatus, the exper-
imental methodology, and the data analysis described in the previ-
ous sections, the thermal conductivity of two certified reference
material (CRM) Pyrex 7740 glass cylindrical samples (Corning
7740, Esco Optics) was measured. The samples were 38 mm in
thickness and 50.8 mm in diameter. Their thermal conductivity
k, (in W/(mK)) was known as a function of temperature, with
+6.5% uncertainty, between —75 and 195 °C and expressed as [57],

ky(T) =1.1036 +1.659 x 10T —3.982 x 10 °T* +6.764 x 10 °T*
(15)

where T is the sample temperature (in °C).

Fig. 5 compares the experimentally measured thermal
conductivity of Pyrex glass with predictions by Eq. (15) for
temperature ranging from 10 to 40 °C. The error bars illustrate
the systematic and random error associated with each
measurement estimated by Eqs. (7)-(14). It is evident that the
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Fig. 5. Measured thermal conductivity of Pyrex glass and the reported thermal
conductivity of the Pyrex certified reference material BCR-039 given by Eq. (15)
[57].

experimentally measurements agreed, within experimental uncer-
tainty, with predictions by Eq. (15) over the entire temperature
range considered. These results established that the guarded hot
plate apparatus, experimental methodology, and the data analysis
were valid and could be used to accurately measure the thermal
conductivity of cementitious composite samples.

4. Results and discussion
4.1. Sample density and free moisture content

Fig. 6 shows the measured density of two cement mortar sam-
ples with volume fraction ¢, of graded quartz sand of 0.35 and 0.45
but without microencapsulated PCM, as a function of time over a
28 day hardening period. It demonstrates that density decreased
significantly during the first 4 days and remained constant after
20 days.

Table 4 summarizes (i) the effective density p,g, (ii) the dry pg,,
and (iii) saturated p,, effective densities, as well as (iv) the free
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Fig. 6. Effective density p,; of cement mortar containing graded quartz sand with
volume fraction ¢, of 0.45 and 0.35 but no microencapsulated PCM (¢..; = 0) over a
28 day hardening period.

moisture content ¢,, measured for each samples aged more than
28 days. It indicates that the free moisture content of the cement
paste-PCM composite samples was around 0.2-0.4 while that of
the cement mortar-PCM composite samples was less than 0.1. This
difference could be attributed to the fact that the graded quartz
sand does not absorb water, unlike the porous cement paste it
replaces in the cement mortar.

4.2. Cement samples with microencapsulated PCM

Fig. 7a plots the effective thermal conductivity ke;(T) of aged
cement paste containing microencapsulated PCM with volume
fraction ¢.., of 0, 0.1, 0.2, and 0.3 as a function of temperature T
between 10 and 50 °C. The error bars correspond to the systematic
and random error associated with each measurement, as estimated
by Egs. (7)-(14). It indicates that the effective thermal conductivity
key(T) of each specimen was nearly independent of temperature
between 10 and 50 °C. Note that fluctuations in kes(T) were due
to experimental uncertainty and were not statistically significant.
In addition, this temperature range encompassed the entire phase
change temperature window of the PCM [47]. This indicates that
the effective thermal conductivity of cement paste-PCM compos-
ites was not affected appreciably by the occurrence of phase
change, unlike their effective specific heat [47]. This can be attrib-
uted to the fact that the solid and liquid phases of organic PCMs
have been reported to have similar thermal conductivities
[58,59]. Note also that the temperature range considered was rel-
atively narrow (10-50 °C) although representative of actual practi-
cal conditions.

Fig. 7b plots the temperature-averaged effective thermal con-
ductivity (k.s) of cement paste-PCM composite specimens as a
function of microencapsulated PCM volume fraction ¢, ; ranging
from O to 0.3. It indicates that the average effective thermal con-
ductivity (k) decreased almost linearly as the microencapsulated
PCM volume fraction ¢, increased. This can be attributed to the
fact that the thermal conductivity of both the PCM core and shell
was smaller than that of cement paste. Fig. 7b also shows predic-
tions by the Felske model [38], given by Eq. (2), using the effective
thermal conductivity of plain cement paste (i.e., ¢, =0) mea-
sured as 1.14 + 0.17 W/(m-K) as the matrix thermal conductivity
(km). Here, the thermal conductivity of the MPCM24D core k.
was taken as 0.21 W/(m-K) [46,60] and that of the shell k. as
0.42 W/(m-K) near room temperature [61]. Fig. 7b indicates that
predictions by the Felske model [38] agreed well with experimen-
tal measurements. The relative difference was less than 4.5%. Note
that predictions by the three-phase EMAs proposed by Brailsford
and Major [40] were also in good agreement with experimental
data. Finally, Table 4 summarizes the effective thermal conductiv-
ity (kes) of cement paste-PCM composites for each composition
averaged over the temperature ranged considered.

4.3. Cementitious mortar samples with microencapsulated PCM

Fig. 8a plots the effective thermal conductivity ke;(T) of cement
mortar containing graded quartz sand with volume fraction ¢, and
microencapsulated PCM with volume fraction ¢, such that
¢q*dc,s = 0.55. Here also, all samples were aged more than 28 days
in ambient air. Fig. 8 indicates that the effective thermal conductiv-
ity of each cement mortar composite specimen was nearly inde-
pendent of temperature between 10 and 40 °C. Here also, it was
not affected appreciably by the occurrence of phase change.
Fig. 8a shows that for constant volume fraction ¢, + ¢.,; = 0.55,
the effective thermal conductivity of cement mortar-PCM
composites decreased with increasing PCM volume fraction. Table 4
lists the effective thermal conductivity (k.;) averaged over the
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Temperature-averaged effective thermal conductivity (k) of cement paste and cement mortar samples for microencapsualted PCM volume fraction ¢, ranging from 0 to 0.3.
Cement mortar samples had a constant volume fraction of graded quartz sand and microencapsulated PCM such that ¢, + ¢, = 0.55.

Material beys bq Temp. range Perr (glcm?) Pary (glcm?) Psac (glcm?) bw (ker) (W/(m-K))
Cement paste and microencapsulated PCM 0 0 10-40°C 1.70+0.09 1.59 1.96 0.31 1.14+0.17
0.10 0 10-40°C 1.57 +0.08 1.49 1.85 021 0.98 £0.14
0.20 0 10-40 °C 1.51+0.08 1.43 1.65 0.36 0.92+0.13
0.30 0 10-40°C 1.38 +0.07 1.30 1.50 0.40 0.84+0.12
Cement mortar and microencapsulated PCM 0 0.55 10-40 °C 2.12+£0.11 2.11 2.29 0.03 1.77 £0.27
0 0.45 10-40°C 2.09£0.11 2.08 2.20 0.05 1.62£0.24
0 0.35 10-40°C 1.87 +0.10 1.86 2.02 0.09 1.50 £ 0.22
0.10 0.45 10-40 °C 1.75 0.09 1.75 1.93 0.03 1.46 022
0.20 0.35 10-40 °C 1.71+0.09 1.68 1.80 0.26 1.27 +0.19
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Fig. 7. (a) Measured effective thermal conductivity k.; of cement paste with a
constant w/c ratio of 0.45 and volume fraction of microencapsulated PCM ¢,
between 0 and 0.3 as a function of temperature T. (b) Temperature-averaged
effective thermal conductivity (ky) as a function of ¢, with the predictions of the
Felske model [38] given by Eq. (2).

temperature ranged considered for each composition with various
values of ¢, and ¢ ;.

Fig. 8b plots the ratio (kes)/(km) of the temperature-averaged
effective thermal conductivity of cement mortar-PCM composite
specimens (k) and the cement mortar (k) as a function of
microencapsulated PCM volume fraction ¢.,, ranging from 0 to

Microencapsulated PCM volume fraction, ¢,

Fig. 8. (a) Measured effective thermal conductivity of cement mortar with a
constant w/c of 0.45 with volume fraction of microencapsulated PCM ¢, ; between
0 and 0.3 and graded quartz sand ¢, between 0.35 and 0.55 such that
¢q + ¢eys = 0.55 as a functions of temperature T. (b) Ratio of measured tempera-
ture-averaged thermal conductivity (kes)/(kn) of cement mortar with constant w/c
of 0.45 as a function of volume fraction of microencapsulated PCM ¢, between 0
and 0.3 for graded quartz sand volume fraction ¢, such that ¢, + ¢..; = 0.55. Here,
(km(¢g)) is shown in the inset.

0.2. It also shows, in inset, the temperature-averaged thermal con-
ductivity (kn,) of cement mortar without PCM as a function of
quartz sand volume fraction ¢,. Recall that the volume fraction
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of the graded quartz sand ¢, decreased as microencapsulated PCM
was added to maintain the total aggregate volume fraction
¢q + ¢cis = 0.55. Thus, the effective matrix thermal conductivity
(km) changed as microencapsulated PCM was added. The measured
thermal conductivity (kn) of cement mortar samples without PCM
(i.e., ¢.,s = 0) and with a graded quartz volume fraction ¢, of 0.55,
0.45, and 0.35 was used as the matrix thermal conductivity (k) for
samples containing ¢, of 0, 0.1, and 0.2, respectively. Fig. 8a indi-
cates that the thermal conductivity ratio (keys)/(kn) decreased as
the microencapsulated PCM volume fraction ¢, increased and
as the graded quartz sand volume fraction ¢, simultaneously
decreased. This can be attributed to the fact that the thermal con-
ductivities of the core and shell of the PCM microcapsules were
smaller than that of cement mortar and quartz. Fig. 8b also shows
predictions by the Felske model [38], given by Eq. (2). Here also,
predictions by the Felske model [38] for cement mortar-PCM com-
posites agreed very well with experimental measurements.

5. Conclusion

A guarded hot plate apparatus was designed, assembled, and
validated to measure the effective thermal conductivity of (i)
OPC paste and (ii) cement mortar containing microencapsulated
PCM with volume fraction ¢.,; of up to 0.3 for temperatures
between 10 and 40 °C. Cement paste and cement mortar samples
were prepared with a constant water to cement ratio of 0.45 and
aged for at least 28 days in ambient air. The cement mortar sam-
ples also included volume fraction ¢, of graded quartz sand such
that ¢, + ¢.,.s = 0.55. The effective density p; and free moisture
content ¢, of all aged samples were systematically measured.
For both composite types, thermal conductivity remained nearly
constant between 10 and 50 °C and decreased as the microencap-
sulated PCM volume fraction increased. It was larger for compos-
ites made of cement mortar (1.2-1.8 W/(m-K)) than of OPC paste
(0.8-1.2 W/(m-K)) with the same PCM volume fraction due to the
presence of quartz grains. Predictions of the effective medium
approximation proposed by Felske [38] for the effective thermal
conductivity of core-shell-matrix composites agreed very well
with experimental measurements. These results will be instru-
mental in designing cementitious composite materials for energy
efficient buildings and crack-resistant pavements.
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