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ABSTRACT: This study evaluates the daytime thermal-regulation performance of a hybrid composite brick
integrated with a phase change material (PCM) core containing paraffin, natural zeolite, and a hydrogel ice
pack. A one-dimensional finite volume method (1D FVM) model with a 10-node through-thickness grid and
an effective heat-capacity formulation was used to represent transient conduction and was validated against
outdoor measurements collected at 15-min intervals from 06:00 to 18:00 over six consecutive days. The
measured exterior surface reached 45.52 °C at 12:15, whereas the brick core reached 44.58 °C at 13:45, giving
a 90-min peak-temperature time lag. The maximum exterior-to-core temperature difference was 7.88 °C and
the maximum exterior-to-interior thermal decrement was 4.65 °C. The calculated conduction heat flux
reached 32.50 W/m? during heat absorption and —4.76 W/m? during heat release. Model validation yielded
MAE = 0.577 °C, RMSE = 0.788 °C, and R* = 0.994. Because the maximum core temperature only
approached the lower end of the reported paraffin melting interval (44—60 °C), a linear phase-fraction
interpretation indicates only the onset of melting (approximately 3.6% at the core peak), rather than complete
PCM melting. The results therefore support the hybrid brick as a thermal-buffering wall concept while
defining the scope of the reduced-order model: radiation and free convection are not solved as separate field
equations but are embedded in the measured surface-temperature boundary conditions.

Keywords: Phase change material; Hybrid composite brick; Thermal insulation; Finite volume method;
Transient heat transfer; Building envelope

1. Introduction

Heat transfer through the building envelope strongly influences indoor thermal comfort and cooling
demand, particularly in tropical climates where wall and roof surfaces are exposed to intense daytime solar
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loading. Phase change materials (PCMs) are widely investigated for passive thermal regulation because
they can store and release thermal energy over a relatively narrow temperature interval, thereby increasing
the apparent heat-storage capacity of envelope components [1-3]. In buildings, PCMs have been
incorporated into wallboards, plaster systems, concrete panels, hollow bricks, masonry cavities, roofs, and
multilayer wall assemblies to attenuate indoor temperature fluctuations, delay heat penetration, and shift
the peak thermal load to a later time [4—12].

A major limitation of organic PCMs such as paraffin is their low intrinsic thermal conductivity,
commonly below 1 W/m-'K and often approximately 0.1-0.4 W/m-K, which can slow charging and
discharging [13,14]. Solid-liquid PCMs also require containment to reduce leakage and to maintain
geometric stability during repeated melting and solidification. For this reason, PCM systems are commonly
macro- or micro-encapsulated and integrated with porous matrices, fins, metal foams, or architected lattice
structures that increase the heat-transfer area or provide higher-conductivity pathways. Recent numerical
studies have shown that lattice structures can markedly enhance the effective conductivity of PCM domains,
while encapsulated packed-bed configurations and finned PCM capsules can improve heat-transfer rates
during charging and discharging [13,15]. These studies motivate the use of a stabilizing porous phase and
a physically confined cavity in building applications, even when the objective is thermal buffering rather
than rapid heat extraction.

In the present hybrid core, paraffin provides the principal phase-change storage mechanism, natural
zeolite acts as a porous absorbent and shape-stabilizing matrix, and the hydrated hydrogel ice-pack
component contributes high sensible heat capacity and transient thermal buffering. The hybrid material is
macro-encapsulated inside brick cavities so that the wall element itself serves as the containment structure.
This arrangement is intended to combine the high storage density of paraffin with the structural stabilization
of zeolite and the high heat capacity of the hydrated gel, while avoiding direct exposure of molten paraftfin
to the external environment [3,4,9,16,17].

A numerical approach is required to quantify the through-thickness temperature distribution and heat
flow within the composite brick. The finite volume method (FVM) is suitable because the discretized
equations are derived from energy conservation over each control volume. The present model is
intentionally one-dimensional because the specimen has a much larger length and width than thickness and
the experimental sensors were arranged primarily along the thickness direction. Latent heat is represented
using an effective or apparent heat-capacity approach so that the phase-change contribution can be included
without explicitly tracking a moving solid-liquid interface [17-20].

The numerical domain is discretized into 10 nodes across the 6.5-cm thickness. Measured upper- and
lower-surface temperatures are imposed as time-dependent Dirichlet boundary conditions, and the predicted
internal temperature is compared with the measured brick-core temperature. This formulation is a reduced-
order conduction model: radiative and convective exchanges are not solved as separate exterior flow or
radiation fields; instead, their net influence on the specimen surfaces is contained in the experimentally
measured boundary temperatures. Consequently, no momentum equation, enthalpy-porosity flow model,
under-relaxation factor, or mushy-zone constant is required.

The novelty of this study lies in combining a three-component paraffin-zeolite-hydrogel core (40/30/30
wt%) with a macro-encapsulated brick panel and validating a simple 1D FVM model using repeated
outdoor measurements under tropical daytime conditions. Compared with studies focused on single-PCM
bricks, multilayer PCM walls, or high-conductivity packed-bed and lattice systems, the present work
emphasizes a low-complexity hybrid building element and an experimentally driven reduced-order model.
The main contributions are the quantification of thermal time lag, temperature damping, and conduction
heat flux; statistical validation using MAE, RMSE, and R?; and an explicit assessment of the extent of phase
change and model limitations within the 12-h daytime test window.
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2. Materials and Methods
2.1. Materials

The main materials used in this study were paraffin, zeolite, and a hydrogel ice pack component
incorporated into composite bricks. Paraffin was selected as the phase change material because of its ability
to absorb and release thermal energy during the phase transition process. Zeolite was used as a porous
matrix that serves as a shape stabilizer, absorber, and heat-distribution medium within the composite
structure. This material was also expected to reduce paraffin leakage during the liquid phase and improve
the thermal stability of the composite. The hydrogel ice pack component was added to enhance sensible
heat storage and delay the temperature rise in the brick core [3]. The integration of these three materials
was designed to produce a composite brick capable of delaying heat propagation, increasing time lag, and
reducing temperature fluctuations through its thermal storage capacity [6,7]. Physically, the hybrid PCM
material was integrated into the concrete bricks to form a macro-encapsulated wall panel for passive thermal
regulation [8,9].

The thermal properties used as the basis for the numerical analysis are summarized in Table 1. In
response to the need for a more complete material description, the table now also reports representative
viscosity, latent heat, thermal-expansion coefficient, and flash-point information when these properties are
physically applicable. The added paraffin values are literature ranges for paraffin PCMs with phase-change
temperatures near the range of interest and are not claimed as independent measurements of the specific
batch used in this experiment [12,21-23]. The 1D conduction model uses an effective hybrid-core density
of 1263 kg/m?, a baseline effective specific heat of 2660 J/kg-K, and an effective thermal conductivity of
0.313 W/m-K. Viscosity, thermal expansion, and flash point are reported for material characterization but
are not solver inputs because no fluid-flow or combustion model is solved. For the hybrid material, the
nominal latent capacity associated with the 40 wt% paraftin fraction is approximately 64—84 kJ/kg of hybrid
core when a paraffin latent heat of 160-210 kJ/kg is used; this value is an estimate rather than a DSC
measurement of the composite.

Table 1. Thermal properties and main functions of materials in hybrid PCM wall systems.

. Density p Specific Heat " Phase- Viscosity p Latent Heat B [K"']; Flash -
Material [kg/m’| cp [W/m-K] Change T [Pa-s] LH Point [°C] Function/Refs.
[J/kg-K] [°C] [kJ/kg]
. Main PCM and
Paraffin wax 750-900 zégg Elsloql)) 0.21-0.24 4460 gzggg’(hq) 160-210 g:gggﬁ; _ 190 latent storage
[7,12,21-23]
~0 (water-
. rich); not N/A . N/A; . .
Hydrogel ice, 0 3800-4180  0.56-0.60 activated i (crosslinked V> 1S4 cousion.  Scnsible/transient
pack 25-45 °C test gel) range flammable storage [24,23]
range
~700 (bulk); Porous matrix
Natural
seolite 1990 935-1050 0.14-0.15N/A N/A N/A N/A and shape
(particle) stabilizer [15,16]
Building-
Brick 1600-1920 840-1000 0.69-0.96 N/A N/A N/A N/A envelope element
[10,25,26]
Reference
Concrete  2200-2400 880 1.40-1.80 N/A N/A N/A N/A construction

material [26]
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~64-84,

Hybrid PCM . 44-60 . N/A; not Equivalent
2660 (baseline estimated as . .
core 1263 . 0.313 (paraffin N/A measured for composite; this
. effective) o 0.40 LH, . .
(effective) contribution) mixture study/estimate
paraffin

Note: N/A = Not Applicable (the property is not relevant or not active within the tested temperature range).

2.2. Composite Wall Specimen Design

The specimen used in this study was a composite brick panel designed as a passive wall element as
illustrated in Figure 1. The panel dimensions were 132 cm x 61 cm x 6.5 cm. The thickness of 6.5 cm was
used as the main direction for one-dimensional heat transfer analysis. These dimensions were selected to
provide relatively large length-to-thickness and width-to-thickness ratios, thereby minimizing edge effects
and allowing heat propagation to be assumed to be dominant in the thickness direction.

&1 cm

Figure 1. Wall Specimen Design. Schematic representation of the macro-encapsulated composite brick panel, illustrating the
internal cavities where the hybrid PCM materials are integrated for the one-dimensional heat transfer analysis.

The primary heat transfer direction was assumed to occur from the upper surface to the brick core and
then to the lower surface. Accordingly, the numerical model was simplified into a one-dimensional domain.
This assumption was adopted because the most significant temperature gradient occurred through the
specimen thickness, whereas temperature variations along the length and width directions were considered
relatively small compared with the temperature difference between layers [27].

Temperature measurement points were placed at three main locations: the upper surface (Zupper), the
brick core (7o), and the lower surface (Tjower). In addition, ambient temperature (7umpiens) Was measured
as a supporting parameter to represent the surrounding thermal conditions during testing. The placement of
sensors at different depths was intended to observe heat penetration, peak temperature delay, and thermal
damping between layers [11].
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2.3. Specimen Fabrication Method

The hybrid phase change material (PCM) core was prepared with a mass fraction distribution of 40%
paraffin, 30% natural zeolite, and 30% hydrogel ice pack; the percentages refer to the total mass of the
hybrid core. The preparation sequence was organized so that each constituent was brought to a suitable
physical state before blending. First, the hydrogel component was hydrated by immersion in water for 3—5
min until volumetric swelling was achieved. In parallel, the paraffin wax was heated above its melting range
until a homogeneous liquid phase was obtained. The natural zeolite was mechanically crushed to a non-
sieved, multi-graded powder and stored in a desiccated condition before use so that uncontrolled moisture
uptake was minimized.

For blending, the hydrated hydrogel and zeolite were first distributed throughout the mixing container,
after which molten paraffin was added gradually while the mixture was continuously redistributed to
promote contact between the liquid PCM and the porous mineral phase. The zeolite therefore acted as an
absorbent and shape-stabilizing skeleton, while the hydrated gel occupied the remaining interparticle
volume and contributed high sensible heat capacity. Mixing was continued until a stable semi-dry
composite consistency was obtained. The hybrid material was then introduced into the brick cavities in
successive portions and compacted to reduce entrapped air voids as illustrated in Figure 2. After the cavities
were filled, the assembled panel was allowed to thermally stabilize in the conditioned environment before
outdoor testing. The brick cavity provides macro-encapsulation of the hybrid material, while the zeolite
reduces the mobility of liquid paraffin inside the cavity. This description reflects the preparation operations
used in the study and avoids introducing unrecorded mixing speed or process temperature values that were
not measured as independent experimental variables.

_~Hybrid PCM
(Paraffin+Ice Pack+Zeolite)

# 3-Hole Brick

Figure 2. Fabrication Method. Illustration of the placement of hybrid PCM material inside a brick cavity.

2.4. Experimental Setup

The outdoor experimental campaign was conducted over six consecutive days. Thermal data were
recorded at 15-min intervals between 06:00 and 18:00, yielding 49 data points per daytime cycle. Calibrated
K-type thermocouples connected to a multi-channel data logger measured the upper surface temperature
(Tupper), brick-core temperature (7core), lower surface temperature (7jower), and ambient temperature (7 ambient)-
The 06:00-18:00 interval was selected to capture the complete daytime solar-heating period and the
beginning of the afternoon heat-release stage, which are the periods most directly related to cooling-load
mitigation in the tested tropical environment as illustrated in Figure 3. The study therefore does not claim
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to represent a complete 24-h charge-discharge cycle or full nocturnal resolidification. The measured
temperature histories were subsequently used to validate the 1D FVM model and to calculate heat flux and
statistical error indicators.

INFORMATION:

T1-T3 = Upper Surface Temperature (T_Upper)
T4 = PCM Core Temperature (T_Core)
T5-T7 = Lower Surface Temperature (T_Lower)
T8 ©w Amblent Temperature (T_Ambient)

PCM HYBRID
(Paraffin+lce Rack+Zeolite)

TEMPERATURE DATA LOGGER |

— — — — e—

Figure 3. Experimental Setup. Photographic representation of the outdoor testing apparatus, illustrating the multi-channel data
logger and thermocouple sensors affixed to the hybrid PCM composite brick for real-time transient temperature monitoring.

2.5. One-Dimensional Model Assumptions

The numerical model is a reduced-order transient-conduction model through the brick thickness. The
physical assumptions and their implications are summarized in Table 2 to make the treatment of phase
change, convection, radiation, and dimensionality explicit.

For interpretation of the PCM state, the revised manuscript uses a linear phase-fraction diagnostic
consistent with the reported paraffin transition interval: fi=0 for T< T, fi=(T — Ts)/(Ti — Ts) for Ts < T <
Ti, and fi = 1 for T> Th, with 75 = 44 °C and 71 = 60 °C. Within an apparent-heat-capacity representation,
the latent contribution may be written as Le/(71 — Ts), where Lesr = wpLp, and wp = 0.40 is the paraffin mass
fraction. This phase-fraction expression is used to interpret the extent of melting; it does not introduce fluid
velocity, buoyancy, or a mushy-zone constant into the 1D conduction solver.

Based on these assumptions, the governing equation for one-dimensional transient heat conduction can
be expressed as follows:

aT 0 [, oT
Ploerrge = ﬂ( a)
For homogeneous materials with a constant &, the equation becomes:

oT 0°T
pCp'effa = kﬁ (2)

(1
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or:
oT d%T
Friarre @
with:
_ k
a = m “4)

where p is material density (kg/m?), ¢,y is the effective specific heat capacity (J/kg-K), k is thermal
conductivity (W/m-K), a = k/(pcp.f) is thermal diffusivity (m?/s), T is temperature (°C or K), # is time (s),
and x is the through-thickness coordinate (m).

Table 2. Solver setup and physical assumptions used in the 1D FVM model.

Item Setting Used in This Study Interpretation/Consequence
Length- and width-direction gradients are neglected; no 2D/3D

Dimensionalit 1D through thickness, x .. .

Y £ contour field is implied.
Governing transport Transient heat conduction No momentum equation is solved inside the equivalent composite.
Material p and k are treated as constant effective properties; ¢, o represents

Homogeneous effective core

representation storage behavior.

Effective/apparent heat-capacity

Phase change Latent storage is represented without tracking a moving interface.

treatment
Radiation and free Not solved as separate field Their net influence on the specimen is embedded in the measured
convection equations surface-temperature Dirichlet boundaries.
Mushy-zone . No enthalpy-porosity momentum sink or liquid-flow solution is
Y Not applicable 28 Y q
constant used.
Spatial 10 nodes across L = 0.065 m; Ax = Uniform control-volume erid
discretization 0.00722 m gre.
Spatial scheme Central-difference face gradients Second-order symmetric approximation for conduction gradients.
Time scheme Explicit forward update; Az =150 s Six internal solver steps per 900-s experimental sampling interval.
Under-relaxation . The explicit non-iterative update does not use
Not applicable . .
factor pressure/velocity/energy under-relaxation.
Numerical . . . o .
Fo <0.5 and bounded temperatures No residual-based iterative convergence criterion is required.
acceptance
Internal heat
. None Source term S, = 0 for the present model.
generation

2.6. Domain Discretization with the Finite Volume Method 1D

The brick domain along the thickness direction, L, was divided into uniform control volumes with a
spatial interval of Ax, as illustrated in Figure 4. Each control volume has a central node P, which is bounded
by the west node # and the east node E. The energy conservation equation was integrated over each control
volume from the west face to the east face and over the selected time interval. By applying the divergence
theorem, the transient heat conduction equation was transformed into a discretized finite volume form.

The physical domain was partitioned into 10 computational nodes across the total thickness L = 0.065
m. With nine node-to-node intervals, the uniform spacing is Ax = L/(N — 1) = 0.065/9 = 0.00722 m
(approximately 0.722 cm). The grid therefore resolves the predominant through-thickness temperature
gradient while retaining the reduced-order character of the model. The present archived numerical results
were generated on this 10-node grid; consequently, the revised manuscript does not claim a formal output-
based mesh-independence study that was not performed in the original calculation set. Instead, the node
count, spacing, and explicit stability restriction are now reported transparently. A rigorous future grid-
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verification sequence should repeat the same boundary-value problem at successively refined N while
reducing Af to maintain Fo <0.5.

A
=

(a)

N——
N2-@

Brick

PCM

AXIAXAXAX | AX AX | AX

=
(7]
000000000

[Ax|AX
_Brick

Information: N10

Ax =0.722 cm Information:
— ] Ax= 0.722

Figure 4. Spatial Discretization of the Composite Brick. (a) The macroscopic physical domain illustrating the predominant one-
dimensional heat propagation path across the total thickness, L. (b) The corresponding 10-node computational grid formulated
via the Finite Volume Method, highlighting the uniform spatial increment (Ax) and the localized control volume configuration
(W, P, E) utilized for the numerical integration of the energy conservation equation.

This discretized modeling results in:

fHAtfep c Aa—dedt = jHAtfei(kA 6_T> dxdt (5
L), e o), 0x " ox
Once the divergence theorem is defined, the integral form becomes:
t+At oT oT
PCperfADX(TET —TF) = ft [(kA a)e — (kA a)w] dt (6)
where p is material density (kg/m?), ¢, oy is effective specific heat capacity (J/kg-K), 4 is the heat-transfer

cross-sectional area (m?), Ax is the control-volume length (m), At is the time step (s), TH*! is the

temperature at node P at the next time step, and T} is the temperature at node P at the current time step.

2.7. Temperature Gradient Approximation and Discrete Equation

The temperature gradients at the east and west faces were approximated using the central difference
scheme. Substituting these approximations into the integrated energy conservation equation yields the
explicit finite volume formulation. After simplification, the temperature at node P for the next time step
can be calculated from the temperatures of the neighboring nodes at the current time step [19].

(kA aT) ka2 —TF 7
dx/, ~ Ax @
(1ea aT) ka 2T ®)
dax/,, ~ Ax
The substitution of these two approximations into the energy conservation equation yields:
T8 — TF T8 — Ty
e ADX(TES —TF) = [m%— ea =T (9)

or after simplification:
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TR =TH + L(Tg 2T} + T} (10)
PCp,err(Bx)?
If a Fourier number is defined as:
T =T + Fo(TF — 2T} + TR (11)

For explicit schemes to be numerically stable, the following conditions must be met:

1

The explicit numerical scheme is governed by the Fourier number Fo = aAt/Ax?, which must not exceed
0.5 for the present 1D explicit conduction update. Using k = 0.313 W/m-K, p = 1263 kg/m?, ¢, = 2660
J/kg-K, and Ax = 0.00722 m gives a = 9.32 x 10°® m?%/s. At the selected At = 150 s, Fo = 0.268, which
satisfies the stability criterion and provides six numerical substeps within each 900-s measurement interval.
Table 3 shows the stability screening used to select the time step. This screening demonstrates stability but
is not presented as a substitute for a formal output-based time-step independence study; the revised
manuscript therefore avoids claiming numerical independence that is not supported by archived refined-
step solver outputs.

Table 3. Time-step stability screening for the 10-node explicit FVM grid.

Candidate At [s] Fourier Number Fo Assessment
900 1.608 Unstable for explicit scheme
450 0.804 Unstable
300 0.536 Slightly above stability limit
150 0.268 Stable; selected in this study
75 0.134 Stable; refinement candidate for future independence check
37.5 0.067 Stable; further refinement candidate

2.8. General Forms of the FVM Equation

In addition to the explicit update used in the calculations, the conservative coefficient form of the 1D
finite volume equation is retained below to show the relationship between the central node and its east and
west neighbors. No iterative linear-system solver was used for the reported explicit calculations;
consequently, under-relaxation factors and residual convergence tolerances are not applicable to the
implemented time-marching scheme [19].

apTIgl+1 - awT‘;l/ + aEszl + b (13)
With coefficients defined as:
c Ax
ap = pp+ftf (14)
k
aW = aE = E (15)
b =S, + (ap)TH (16)

where ap, aw, and ar are the discretization coefficients for the central, west, and east nodes; b is the
contribution from the previous time level and any constant source term; and S, denotes the linear external
heat-source contribution, which is zero in the present model.
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This formulation is used to show the general conservative form of the finite volume method, although
the main implementation in this study focuses on an explicit scheme to facilitate comparison with
experimental data.

2.9. Initial Conditions and Boundary Conditions

The initial temperature field was assumed uniform and was initialized from the first measured
temperatures at the start of the daytime cycle (approximately 25 °C). The two specimen surfaces were
prescribed based on measured temperatures, yielding time-dependent Dirichlet boundary conditions. The
boundary treatment is summarized in Table 4.

T(x, 0) = To (17)

The use of measured surface temperatures as Dirichlet boundary values is deliberate: it allows the
internal conduction model to be driven by the actual thermal response of the outdoor specimen without
requiring separately estimated solar absorptivity, long-wave radiation, or external convection coefficients.
This treatment is appropriate for validating through-thickness conduction against the measured core
temperature, but it also means the model cannot independently predict changes due to a different radiation
or wind environment unless new surface boundary histories are supplied.

T(0,t) = Tupper(t) (18)

T(L,t) = Tiower(t) (19)

Accordingly, the numerical results should be interpreted as an experimentally forced internal heat-
conduction solution rather than a fully coupled outdoor radiation-convection simulation.

Table 4. Initial and boundary conditions for the 1D FVM model.

Location/Quantity Mathematical Treatment Source/Role

Initial field, 0 <x <L T(x, 0) = Tp, uniform Initialized from first measurement at ~06:00
Measured Dirichlet boundary; includes net
environmental heating effects

Uppet/exterior surface, x =0 7(0, 1) = Typper(?)

Lower/interior surface, x =L T(L, ) = Tiower(t) Measured Dirichlet boundary
. Supporting environmental variable; not a direct solver
Ambient temperature Tambiendt) recorded PP g
boundary
Radiation/external free Their combined effect is reflected in measured surface
. No separate graq Or hcony term solved
convection temperatures

2.10. One-Dimensional Conduction Heat Flux

For one-dimensional analysis across the thickness of the brick, the average heat flux is calculated based
on Fourier’s law:

q,, -k (Thot - Tcold) (20)

L
where ¢” is the through-thickness conduction heat flux (W/m?), k is the effective thermal conductivity
(W/m-K), Thot is the exterior or upper-surface temperature, 7o is the lower-surface temperature, and L is
the brick thickness (m).
The resulting heat flux value has the following thermodynamic interpretation: positive values indicate
the influx of heat from the outside to the inside (heating phase), while negative values indicate heat
release/solidification from inside the material to the outside environment (cooling phase in the afternoon).
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2.11. Numerical Model Validation

The performance of the developed 1D FVM model was evaluated by comparing the simulated
temperature profile with the experimental temperature measured at the brick core (7core). The agreement
between the simulated and experimental data was assessed using the coefficient of determination (R?). A
value of R? close to one indicates that the numerical model can accurately represent the variation in the
experimental temperature data:

. ?:1(Texp,i - Tsim,i)2
?:1(Texp,i - Texp)z

where Texp; and Tyim,; are the experimental and simulated temperatures at time i, respectively; Texp is the
mean experimental temperature; and » is the number of paired observations.

In addition to R?, the mean absolute error (MAE) and root mean square error (RMSE) were calculated
to quantify the average absolute deviation and the quadratic error between the simulated and experimental
temperatures. These statistical indicators were used to evaluate both the accuracy and reliability of the
numerical model [28,29]:

R?=1

e2y)

n
1
MAE = EZ|Texp,i - Tsim,il (22)
i=1
n
1 2
RMSE = ;Z(Texp,i — Tsim.i) (23)
i=1

3. Results and Discussion
3.1. Composite Brick Transient Temperature Profile

The transient temperature profile during the daily testing cycle from 06:00 to 18:00 is shown in Figure
5. The upper surface temperature of the composite brick (7upper) increased rapidly in response to solar
radiation and ambient temperature. The maximum upper surface temperature was recorded at 45.52 °C at
12:15. In contrast, the core temperature (7o) increased more gradually and reached its peak value of
44.58 °C at 13:45. This difference in peak time indicates that heat propagation from the exterior surface to
the brick core was delayed by approximately 90 min.

The 90-min delay demonstrates substantial thermal inertia of the hybrid wall element during the
daytime cycle. The attenuation arises from the combined sensible heat capacity of the brick and hybrid core,
the high water-associated heat capacity of the hydrated gel, and the onset of the paraffin phase-change
interval. Because the measured core peak of 44.58 °C is only slightly above the lower reported transition
temperature of 44 °C, the data do not support a claim of complete paraffin melting. The phase-change
contribution should therefore be interpreted as partial activation of latent storage superimposed on dominant
sensible/apparent heat-capacity buffering.
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v TAmbient

Temperature (°C)

Tt d T F 2 & &7 ET 2 56T B8 2T &8 5T & 512 2317 &5 2T 88 &1 & 5T & &4
06:00 07:00 0800 09:00 10:00 11:00 12:00 13:00 14:00 1500 16:00 17:00 18:00
Time

Figure 5. Transient temperature profiles of the hybrid PCM composite brick. The graph illustrates the diurnal variations in the
upper surface (Tiypper), core (Teore), lower surface (Tiower), and ambient (Tumpiens) temperatures during the outdoor testing cycle
(06:00—-18:00), highlighting the delayed heat propagation and thermal time lag.

3.2. Characteristics of Conduction Heat Flux

The heat transfer dynamics across the brick thickness were evaluated using the one-dimensional
conduction heat flux (¢"). As shown in Figure 6, the heat flux was positive during the morning and early
afternoon, indicating heat absorption from the exterior surface into the specimen. The maximum heat
absorption rate reached 32.50 W/m? at 10:00. As solar intensity decreased in the afternoon, the heat flux
gradually decreased and became negative at 16:30, with a value of =0.06 W/m?. The red horizontal line at
0 W/m? represents the zero-flux baseline, which clearly separates the heat absorption phase (positive region
above the line) from the heat dissipation phase (negative region below the line). This negative value
indicates the beginning of the heat release phase, in which stored thermal energy was dissipated from the
material. The maximum heat dissipation rate was —4.76 W/m? at 17:30.

The asymmetric transient heat flux pattern was also captured by the developed 1D FVM model. The
effective heat capacity formulation enabled the model to represent the transient thermal response associated
with latent heat storage in the PCM core. Because the finite volume method conserves energy within each
control volume, the model is suitable for describing heat transfer in PCM-based composite materials. The
agreement between experimental and simulated trends suggests that the equivalent thermophysical properties
used in the model were adequate to represent the overall thermal behavior of the hybrid material system.
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Figure 6. Transient conduction heat flux across the composite brick. The graph depicts the asymmetric dynamic heat absorption
(positive values) and heat dissipation (negative values) phases over the 12-h diurnal testing period.

3.3. Thermal Damping Between Brick Layers

The resistance of the composite brick to inward heat penetration was evaluated from transient
temperature differences between the measured layers, as presented in Figure 7. These differences quantify
thermal damping across the 6.5-cm thickness and are consistent with the one-dimensional analysis direction.
They should not be interpreted as an independent proof that all lateral gradients are zero; rather, the 1D
assumption is supported by the specimen aspect ratios and by the sensor arrangement used in this study.
According to Fourier’s law, the through-thickness temperature gradient A7/Ax is the driving quantity for
conductive heat transfer.

During heating, the maximum absolute temperature difference between the upper surface and the brick
core reached 7.88 °C at 08:45, when Typper was 39.05 °C and Tcore was 31.17 °C. This difference shows that
the imposed exterior thermal load was not transferred instantaneously to the core. The behavior is consistent
with storage and redistribution of energy within the brick/hybrid system. At the measured temperatures, the
contribution of paraffin is better described as the onset of phase-change storage rather than full melting,
while zeolite and the hydrated gel primarily provide structural stabilization and sensible thermal buffering.

The overall insulation performance was further evaluated using the temperature difference between the
upper and lower surfaces, expressed as (ATupper—iower = Tupper — Tiower). The maximum overall thermal
damping reached 4.65 °C at 10:00, when (Tupper) was 43.50 °C and (Tjower) was 38.85 °C. The maintenance
of this temperature difference indicates that the hybrid PCM system acted as a thermal barrier that reduced
direct heat transfer across the brick thickness. The combined effects of paraffin, zeolite, and hydrogel ice
pack contributed to delayed and attenuated heat propagation, suggesting the potential of this material
system to reduce thermal transmission through building envelopes.
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Figure 7. Thermal damping characteristics of the composite brick. The graph presents the transient temperature differences
between the upper surface and the core (AT,pper-core), demonstrating the thermal attenuation capacity of the hybrid PCM system
to resist inward heat penetration.

3.4. Numerical Model Validation

The 1D FVM model was validated by pairing the simulated core temperature with the experimentally
measured core temperature at the experimental observation times. Figure 8 presents the parity comparison.
The error statistics in Table 5 show MAE = 0.577 °C, RMSE = 0.788 °C, and R*> = 0.994. Because MAE
and RMSE are below 1 °C and the parity points closely follow the 1:1 trend, the model reproduces the
measured core-temperature variation with good accuracy over the investigated daytime interval.

Table 5. Statistical validation of simulated versus measured brick-core temperature.

Metric Value Interpretation

MAE 0.577 °C Mean absolute deviation between paired numerical and experimental
temperatures

RMSE 0.788 °C Quadratic error measure; below 1 °C

R? 0.994 99.4% of experimental temperature variance represented by the model

The coefficient of determination of 0.994 indicates strong agreement for the measured conditions and
chosen boundary forcing. The result supports use of the 10-node 1D FVM as a reduced-order tool for the
present specimen, but it should not be interpreted as proof of grid independence or as validation of a fully
coupled convection-radiation model. The model is validated specifically for internal transient conduction
driven by the measured surface temperatures.

The validation also supports the practical use of the effective heat-capacity representation in this
reduced temperature range. However, because the core temperature only entered the lower end of the
paraffin transition interval, the experiment provides validation mainly for the onset of phase change rather
than for a complete melting-solidification cycle. A future 24-h test reaching a larger phase fraction would
provide a stronger validation of the latent-heat formulation.
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Figure 8. Validation of the 1D FVM numerical model. The scatter plot illustrates the linear correlation and strong statistical
agreement (R? = 0.994) between the simulated and experimentally measured core temperatures.

3.5. Phase-Change Extent, Specific Energy, and Model Scope

Using the linear phase-fraction diagnostic defined in Section 2.5 with 75 = 44 °C and 71 = 60 °C, the
maximum measured core temperature of 44.58 °C corresponds to ficore ~ (44.58 — 44)/(60 — 44) = 0.036, or
approximately 3.6% liquid fraction. The maximum measured upper-surface temperature of 45.52 °C gives
a theoretical temperature-based upper bound of approximately 9.5% if a local PCM node were to reach that
same temperature. Thus, the daytime test activated only the lower portion of the paraffin transition interval;
complete melting was not reached.

A mass-normalized energy estimate can be obtained without inventing an unreported cavity mass.
Taking the initial core temperature as approximately 25 °C from Figure 5, the sensible contribution of the
hybrid core at the 44.58 °C peak is cppaseAT = 2.660 % (44.58 — 25) = 52.1 kJ/kg. The paraffin latent
contribution per kilogram of hybrid core is wpfiL,. With w, = 0.40, f; = 0.036, and L, = 160-210 kJ/kg, this
term is approximately 2.3-3.0 kJ/kg. The combined specific absorbed energy is therefore approximately
54.4-55.1 kJ/kg of hybrid core at the measured core peak. This value is an engineering estimate based on
literature latent heat and the measured temperature, not a direct calorimetric measurement.

The total absorbed energy in joules would require the actual mass of hybrid PCM placed in the brick
cavities. That mass is not reported in the archived manuscript data supplied for this revision, so a total-
energy value is intentionally not fabricated. Likewise, conventional two-dimensional temperature or liquid-
fraction contour plots are not presented because the implemented model has only one spatial coordinate. A
2D contour would imply lateral resolution that the 1D model does not contain; the physically meaningful
numerical field is 7(x, ¢) along the thickness. The 12-h simulation window is consistent with the daytime
experimental protocol and captures solar charging plus the onset of afternoon discharge, but it does not
characterize the full nocturnal cooling and resolidification process.
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4. Conclusions

This study evaluated the daytime thermal-regulation performance of a macro-encapsulated hybrid brick
containing 40 wt% paraffin, 30 wt% natural zeolite, and 30 wt% hydrogel ice pack. The measured response
showed a 90-min peak-temperature time lag between the upper surface and the brick core, a maximum
upper-to-core temperature difference of 7.88 °C, and a maximum upper-to-lower thermal decrement of
4.65 °C. The calculated conduction heat flux reached 32.50 W/m? during heat absorption and —4.76 W/m?
during heat release. The 10-node 1D FVM model reproduced the measured core-temperature trend with
MAE =0.577 °C, RMSE = 0.788 °C, and R> = 0.994. A phase-fraction interpretation based on the reported
44—-60 °C paraffin transition interval indicates only approximately 3.6% liquid fraction at the measured core
peak, showing that the daytime experiment captured the onset rather than completion of paraffin melting.
The observed buffering is therefore associated with the combined sensible heat capacity of the composite
and partial activation of latent storage. The revised model description also clarifies that radiation and free
convection are not solved separately, under-relaxation and mushy-zone constants do not apply to the
explicit 1D conduction formulation, and no formal mesh- or time-step-independence claim is made beyond
the reported Fourier-number stability assessment. Future work should include measured PCM cavity mass,
DSC characterization of the actual hybrid mixture, refined-grid and refined-time-step verification, and a
full 24-h experiment to capture complete charging, discharge, and nocturnal resolidification.
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