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Abstract: In this paper, a coupled three-dimensional heat and
moisture transfer model in the transient state was used to
investigate the effect of panel connections on the hygrothermal
performance of innovative facade panels. For this purpose, two
panel corner connections proposed by Precast/Prestressed
Concrete Institute (PCI) were selected and modeled in
COMSOL Multiphysics to illustrate the moisture and heat
behaviors within the corner connections of the innovative UHP-
FRC facade panels. The results of heat transfer analysis showed
that steel connections could significantly reduce the thermal
resistivity of facade panels by converging heat fluxes and acting
as thermal bridges within fagade panels. Also, the results of
moisture transfer showed that air gaps at the corner had higher
moisture flux compared to the other layers in the models. The
results show the significant importance of connections in the
energy performance analysis of facade systems. They also
highlight the importance of devising novel connection designs
and materials that consider the transient, coupled heat and
moisture transfer in the connections to effectively exploit the
potential opportunities provided by innovative materials to
improve building energy efficiency.
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1. Introduction

Building facade systems are the main component of a building
that receives external heat and moisture gains or loses internal
heats [1]. Therefore, it is essential to improve their energy
efficiency to reduce building energy consumptions. In recent
years, several innovative solutions have been proposed to
develop energy-efficient facade systems, such as double-skin
facades [2], [3], phase-change materials [4], building integrated
photovoltaic (BIPV) [5], and ultra-high-performance fiber-
reinforced-concrete (UHP-FRC) facade panel [6], [7], [8], [9],
and [10]. There are also several studies conducting investment
evaluation of innovative solutions for facade systems signifying
their significance impacts in the building sector [11], [12], and
[13]. Although these innovative materials and facades offer
higher energy efficiencies, the effect of panel connections in the
energy performance analysis of these innovative facade systems
have been overlooked. Thermal bridges in the facade systems
can accelerate heat transfer between indoor and outdoor
environments resulting in heat loss in the buildings. Wall
framings and connections are examples of such components in
a facade system that may penetrate insulation layers and create
point and linear thermal bridging. Similarly, vapor
condensation may occur within building facade systems and
their connections due to different ambient conditions between

the indoor and outdoor environments [14], which can decrease
the service life of the system by degrading materials and
increase the risk of mold growth within facade systems.
Therefore, it is essential to investigate the heat and moisture
transfer within the facade connections.

Some rare studies investigated the hygrothermal performance
of building facade systems by coupling heat and moisture
transfer. For example, Ibrahim et al. [15] used one-dimensional
coupled heat and moisture transfer analysis to investigate the
hygrothermal performance of different wall structures with an
insulating layer. Similarly, Xua & Lia [16] investigated the
condensation characteristics of thermal insulation walls in hot
and humid areas in China using a 1-D coupled heat and
moisture transfer model. More recently, Fang et al. explored the
impact of climate change on cooling loads transmitted within
multi-layer walls in the hot and humid southern China [17].
These studies are mostly based on one-dimensional
hygrothermal models, which are limited in investigating real-
world applications, such as heat and moisture transfer within
complex wall framing and facade panel connections.

In this paper, the effect of panel connections on the
hygrothermal performance of fagade panels was investigated
using a coupled three-dimensional heat and moisture transport
in the transient state.

2. Methodology

Heat and moisture transfer processes in porous construction
materials were modeled as a system of two partial differential
equations, which derived by imposing the equilibrium balance
of mass and energy within a representative elementary volume.
Two panel corner connections proposed by Precast/Prestressed
Concrete Institute (PCI) [18] were selected as examples to
illustrate the effect of panel connections on the hygrothermal
performance of innovative UHP-FRC facade panels. Figure 1
shows the cross-section and 3D views of these panel corner
connections.

COMSOL Multiphysics was used to model and solve the
numerical models. COMSOL Multiphysics is a well-suited
solver for simulating 3D models as well as solving Multiphysics
problems for building physics [19]. COMSOL Multiphysics
provides a powerful interactive environment for Multiphysics
modeling and solving scientific and engineering problems [20].
COMSOL Multiphysics enables users to easily set design
parameters, create meshes, and visualize the simulation results
for post-processing operations.
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Figure 1. Cross-section and 3D views of the UHP-FRC corner
connections

2.1. Governing Equations

Governing equations of coupled moisture and energy transfer
in building porous materials can be formulated based on the
principle of the preservation of the combined heat and humidity
of a representative elementary volume [21]. Moisture can
transfer within building materials in both phases of liquid and
vapor [22]. Vapor transfers by diffusion due to the pressure
gradient and also by convection due to airflow within the
porous media. Moisture in the form of liquid also flows due to
moisture content gradient, and moisture conduction occurs due
to moisture diffusivity as the driving potential [21].

In this paper, the air transfer is formulated implicitly in the mass
and heat conservation equations, and it is assumed that the
airflow is constant and moisture content independent.
Therefore, the governing equations of moisture and heat
transfer in a one-dimensional form can be formulated by the
following partial differential equations, respectively [10]:
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where v is the airflow velocity (m/s), w is moisture content
(kg/m®), ¢ is relative humidity (-), K;is liquid water
permeability (m?), P is the capillary pressure (Pa), P, is liquid
water pressure (Pa), P, is the partial water vapor pressure (Pa),
8p is the vapor permeability (kg/m s Pa), p, is the water vapor
density (kg/md), and ¢ is the time (s).
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where L, is the latent heat from vaporization (J/kg), p, is dry

air density (kg/m®), and Cp, is the heat capacity of dry air
(J/kgK). The effective volumetric capacity at constant pressure

and effective thermal conductivity are described as follows,
respectively:

(pCP)eff = ps CP'S +w CP:W (3)
b
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where p; is the dry solid density (kg/m?), G, is the dry solid
specific heat capacity (J/kgK), w is the water content (kg/m?3)
from moisture storage function for the selected material, ¢, ,,
is the water heat capacity in constant pressure (J/kgK), &, is the
dry solid thermal conductivity (W/mK), and b is the thermal
conductivity supplement due to water content.

Equations (1) and (2) were implemented in COMSOL
Multiphysics in the form of a coupled heat and moisture transfer
(HAM) for porous materials in a transient state (i.e., time-
dependent).

2.2. Boundary Conditions, Initial Conditions, and Material
Thermophysical Properties

Boundary conditions for heat transfer at both sides of a
multilayer facade panel were described by the following
equation in terms of convection heat flux:

q= a(Tair - Tsurface) (3)

where g is the heat flux density (W/m?) in the external and
internal panel surfaces, a is the total heat transfer coefficient
(W/m?K), T, is the ambient air temperature (K), and Tgy roce
is the surface temperature of the panel material (K). Similarly,
boundary conditions for moisture transfer at both sides of the
multilayer facade panel were described by the following
equation in terms of convection moisture flux and pressure
difference.

g = ﬁ(pair - psurface) (4)

where g is the vapor diffusion density (kg/m?s) in the external
and internal panel surfaces, f is the water vapor transfer
coefficient (kg/m?sPa), p,; is the partial pressure of water
vapor in the ambient air (Pa), and psy,sqc. is the partial pressure
of the building material (Pa).

Table 1 presents the interior and exterior boundary conditions
considered for this study. The interior surface of the models
was exposed to the indoor fixed temperature of 292.15 K (19
°C) with the convective heat transfer coefficient of 5 W/m?K
and moisture transfer coefficient of 8e-8 s/m. The exterior
surface of the models was exposed to ambient temperature and
ambient relative humidity with the convective heat transfer
coefficient of 25 W/m?K and moisture transfer coefficient of
25e-8 s/m. The influence of radiation and rain were excluded
from the study for simplicity. The meteorological data for
Miami International Airport (ASHRAE) [23] was used in the
simulation to provide ambient temperature and relative
humidity. The simulations were carried out for three months
between June and August 2017.



Table 1: Boundary conditions

Parameter | Unit Interior Exterior
0 K (°C) | 292.15 K (19 °C) T(t)

) % 50 o(t)

o W/m?K 5 25

B s/m 8e-8 25e-8

Exterior boundary

Adiabatic condition
condition N

Exterior boundary
condition

Interior boundary condition

Figure 2. Graphical representation of boundary conditions for panel
corner connections

Initial temperature and relative humidity inside construction
materials were assumed 292.15 K (19 °C) and 50%,
respectively. Table 2 shows the thermal and hygrothermal
properties of the UHP-FRC panel and connections used in the
numerical simulations. Figure 3 illustrates the moisture
functions of UHP-FRC and XPS.

Table 2: Thermo-physical properties of UHP-FRC panel assembly
and steel connection

Materials Parameters Unit Values”
Concrete Thickness (D) cm 3.81(1.5in)
layer . 3
(UHP-FRC) Den51_ty (p) kg/m 2403
Porosity (P) m3/m?3 0.7912
Specific heat
capacity (Cp) JkgK 1010
Thermal
conductivity (A) WimK M)
Vapor diffusion ) 18,58
resistance (|)
Moisture 3
content (MC) kg/m wie)
Insulation Thickness (D) cm 12.7 (51in)
layer Density (p) kg/m?® 20
Porosity (P) m3/m3 0.99
Specific heat
capacity (Cp) Jikg K 645
Thermal
conductivity (1) | W/MK | 0.005769
Vapor diffusion i 17055
resistance (W)
Moisture 3
content (MC) kg/m wie)
Panel Layers | Density (p) kg/m?3 914
Connectors Specifi
) pecific heat
(Fiberglass) | capacity (Cp) Jkg K ep(T)

Thermal

conductivity (A) Wim K A(T)
Connection Density (p) kg/m? e
(Steel) Specific heat

capacity (Cp) Jkg K ¢, (T)

Thermal

conductivity (A) Wim K 50.2

Note: f(x) indicates that the parameter x is dependent on another
parameter.
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Figure 3. Moisture functions of UHP-FRC and XPS

2.3. Sensitivity Analysis

The sensitivity of the proposed coupled heat and moisture
model was investigated regarding variation in moisture and heat
transfer coefficients of exterior boundary conditions. Table 3
shows the variation of both moisture and heat transfer
coefficients from reference values. Case A represents the model
with 70% of the reference heat and moisture transfer
coefficients. Case B represents the reference model with the
reference heat and moisture transfer coefficients. And, Case C
represents the model with 130% of the reference heat and
moisture transfer coefficients.

Table 3: Variation of heat and moisture transfer coefficients from
reference values

Parameter -30% Reference +30%
(Case A) | (Case B) (Case C)

a (W/m?K) 17.5 25 32.5

B (s/m) 175e-9 25e-8 325e-9




2.4. Solver Setting and Spatial Discretization

A time-dependent solver was selected for both studies with a
relative tolerance of 0.01. Non-structured and non-uniform
tetrahedral meshes were generated using the COMSOL auto
mesh generator for both studies. Figure 4 shows the meshes
generated for the panel connections. The meshes for Type 1 and
Type 2 connections were composed of 26124 and 26873
tetrahedral elements, respectively. Type 1 and Type 2 models
presented 73400 and 69460 degrees of freedom, respectively.
The simulation of each study for three months (Summer 2017)
took about 9 hours to obtain the solutions for the system with
the following configurations: Intel(R) Core i7-3770 CPU, 3.40
GHz, Quad-Core, and 16GB RAM.
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Figure 4. Meshes generated for panel connections
3. Simulation Results

3.1. Results of Heat Transfer

Figure 5 illustrates the temperature distribution within the
cross-section of both panel corner connections at the location of
steel connectors. This figure shows that the insulation layers in
both connection types could regulate the temperature
distribution within the cross-sections. Although steel
connectors have lower thermal resistivity compared to concrete
and insulation layers, they do not often interfere with the
temperature distribution within these connections since they
have placed on the interior side of the insulation layer only.
However, it is shown that the temperature in the interior side of
the Type 1 connection is higher (about two Kelvin) in
comparison with the temperature in the interior side of the Type
2 connection.
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Figure 5. Temperature distribution within the cross-section of both
panel corner connections on July 31%

Figure 6 illustrates heat fluxes magnitude within the cross-
section of both corner connections at the location of steel
connectors on July 31%. This figure shows how the steel
connector at the corner of Type 1 connection reduces the

thermal resistivity within facade panels by converging heat
fluxes and acting as a thermal bridge. In comparison, the steel
connectors in the Type 2 connection seem to not have a huge
impact on heat fluxes within the facade panel. Comparing the
heat flux magnitude within both cases shows that the steel
connector of Type 1 connection has a higher magnitude (about
360 W/m? intensity). On the other hand, steel connectors in the
Type 2 connection have much lower magnitudes (about 15
W/m? intensity). Figure 7 clearly illustrates how steel
connectors can redirect heat flux wvectors within panel
connections due to their low thermal resistivity.

Type 1 Type 2
Figure 6. Heat flux magnitude within the cross-section of both panel
corner connections on July 31
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Figure 7. Streamlines of heat flux within the cross-section of both
panel corner connections on July 31%

3.2. Results of Moisture Transfer

Figure 8 illustrates the relative humidity within the cross-
section of both panel corner connections at the location of steel
connectors on July 31%. Comparing relative humidity within
both panel corner connections clearly shows higher relative
humidity in Type 1 connection than the relative humidity in
Type 2 connection. The relative humidity within the Type 2
connection seems consistent across the cross-section. However,
very high relative humidity (more than 80%) is shown behind
the steel connector at the corner of the Type 1 connection. The
moisture flux vectors shown in Figure 9 indicate that the air gap
at the corner of both panel connections is responsible for the
moisture transfer from the exterior side toward the interior side.
However, the moisture gets trapped behind the steel connector
in the Type 1 connection resulting in moister content increase.
In contrast, there is no such increase in moisture content in the
Type 1 connection.
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Figure 8. Relative humidity within the cross-section of both panel
corner connections on July 31
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Figure 9. Moisture flux vectors within the cross-section of panel
connections on July 31

The results of moisture transfer within the cross-section of Type
1 connection showed a high percentage of relative humidity
(above 80%) behind the steel connector at the corner
highlighting the criticality of this location. Excessive moisture
can increase the risk of mold growth within the building
materials [19]. Therefore, the relative humidity and temperature
fluctuations were monitored for a longer period (three months
— from June 2017 to August 2017) at the corner of both
connections (Figure 10) to evaluate the risk of mold growth for
both panel connections.
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Type 1 Type 2
Figure 10. Location of point probes at the cross-section of panel
connections

A long-run exposer to a high level of relative humidity (i.e.,
80%) is considered as the lowest possible relative humidity
required for mold growth for very sensitive building materials,
such as wood and timber [24]. This level could be slightly
higher (e.g., 85%) for less sensitive materials, such as concrete
and insulation material [24].

Figure 11 illustrates the temperature and relative humidity at
the corner of Type 1 connection. This figure clearly shows that
the relative humidity passes the threshold (i.e., 85%) at 294.9 K
(21.75 °C) and reaches to 92.5%. This high range of relative
humidity at the temperature of around 294.15 K (21°C)
indicates a high risk of mold growth at the corner of the
connection.
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Figure 11. Temperature and relative humidity at the corner of the Type
1 connection during Summer 2017 (3 months)

Figure 12 illustrates the temperature and relative humidity at
the corner of Type 2 connection. This figure shows that the
relative humidity can only reach up to 61%, which is not critical
for mold growth. Therefore, the risk of mold growth at the
corner of Type 2 connection is almost zero.
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Figure 12. Temperature and relative humidity at the corner of the Type
2 connection during Summer 2017 (3 months)

3.3. Results of Sensitivity Analysis

The sensitivity of the model was investigated concerning two
input parameters (i.e., heat and moisture transfer coefficients)
for both panel connections. Figure 13 illustrates the relative
humidity and temperature at the corner of the Type 1 connection
for 90 days (June 2017 to August 2017). The results show that
the variation of both parameters slightly affects the relative
humidity and temperature at the corner.

Considering the fluctuation in the relative humidity and
temperature at the corner of the Type 2 connection (Figure 14)
also indicates that a 30% variation in heat and moisture transfer
coefficients on the exterior boundary condition has a slight
impact on the relative humidity and temperature at the corner.
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4. Conclusions

In this paper, a coupled transient heat and moisture transfer
model was developed to evaluate the heat and moisture
behavior within two different panel corner connections
proposed by the Precast/Prestressed Concrete Institute (PCI).
COMSOL Multiphysics was used to solve the numerical
models. The results showed that using a single steel connector
(e.g., Type 1 connection) can drastically reduce the thermal
resistivity of panels since it acts as a thermal bridge accelerating
heat loss through panels. It is also shown that moisture gets
trapped behind the steel connector in Type 1 connection results
in high relative humidity at the corner, which increases the risk
of mold growth by providing ideal conditions for germination.
On the other hand, Type 2 connection offers higher
performance regarding thermal bridging and the risk of mold
growth.

The sensitivity of the coupled transient heat and moisture
transfer model was investigated concerning heat and moisture
transfer coefficients of exterior boundary conditions for both
panel connections. The results of the sensitivity analysis
indicated that the variation of both input parameters has a slight
impact on the relative humidity and temperature at the corner
of both connections.

The results presented in this study showed the significant
importance of panel connections in the energy performance
analysis of facade systems. However, further studies are needed
to focus on investigating the hygrothermal performance of other
types of panel connections, such as shear wall panels and load-
bearing panel connections. Moreover, the simulations in this
study were carried out only for limited duration and weather
conditions. Future studies are required to investigate the
hygrothermal performance of panel connections in different
weather conditions and for the whole year.
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