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Abstract. The paper deals with the use of Computational Fluid Dynamics (CFD) for
the thermal performance analysis and optimisation of prefabricated Timber-Concrete
Composite (TCC) ventilated fagades. TCC envelopes are composed of an internal
insulated timber-frame wall coupled to an external concrete slab, separated by a ven-
tilated air cavity. Such systems join the properties of engineered timber (good seismic
behaviour, low thermal conductivity, environmental sustainability, and ease of system
integration) with those of concrete (high thermal inertia, excellent durability and fire
resistance). There is very limited knowledge on the performance of TCC facades, espe-
cially for what concerns their thermal behaviour. For this reason, a TCC ventilated
facade located in the north of Italy was monitored over one year, and the results col-
lected were used to calibrate and validate a CFD model. A new solver algorithm was
developed to speed up the CFD simulations, allowing up to 45 times faster analysis
compared to conventional solvers. Thanks to this improvement, the final model is suit-
able to be used for time-eflicient thermal analysis (a full-day real-time simulation takes
approximately 23 minutes), limiting the expensive and time-consuming construction of
mock-ups. The CFD model developed is suitable for the thermal performance analy-
sis and optimisation of TCC ventilated facades, but also for generic ventilated facades
with external massive cladding, both in the case of new and existing buildings.

Keywords: Ventilated facade, CFD, Energy efficiency, Timber-concrete composite
fagade, Building monitoring.

1. INTRODUCTION

In recent years, the construction industry has witnessed significant
growth in the adoption of engineered timber products, both for new and
existing buildings. This is primarily due to their good characteristics, such
as excellent seismic performance, good thermal insulation, environmental
sustainability and good behaviour under fire. Additionally, timber is highly
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compatible with prefabrication processes and systems
integration, and can be easily disassembled at the end
of its lifecycle [1]. On the other side, its limitations are
mainly related to its fragile stress-strain behaviour,
hygroscopic properties and low durability if not ade-
quately protected [2].

In the realm of building envelopes, lightweight tim-
ber facades typically exhibit lower thermal inertia and
acoustic insulation than higher-mass alternatives. On the
other hand, massive timber solutions involve consider-
able use of virgin materials and high costs. To address
these limitations and enhance performance in terms of
structural behaviour, acoustic properties, fire resistance,
and durability, timber structures are often combined
with concrete, resulting in timber-concrete composite
(TCC) systems [3].

TCC facades generally consist of an internal insu-
lated timber wall coupled with an external concrete slab,
which acts as a protective barrier against adverse weath-
er conditions [4], particularly extreme events like hail-
storms and windstorms. These hybrid facades merge the
advantages of timber - i.e., light weight, excellent thermal
insulation, sustainability, ease of prefabrication and sys-
tems integration, aesthetic appeal — with the benefits of
concrete - i.e., mechanical strength, high thermal inertia,
good acoustic insulation, durability, fire resistance, appli-
cation of heavy claddings (e.g., tiles or stone) - [5].

Beyond timber-based construction, another widely
studied topic is the use of ventilated facades and their
advantages in terms of thermal, acoustic, and water-
tightness properties [6].

TCC technology can be applied to ventilated
facades. In this case, the presence of an air cavity
between the timber wall and the concrete slab is need-
ed to separate the external (potentially humid) concrete
slab and the internal insulated timber wall, which must
always be dry to prevent material degradation.

A comprehensive evaluation of the thermal perfor-
mance of ventilated facades remains a key focus in cur-
rent research. These systems interact in complex ways
with the external environment, necessitating experimen-
tal investigations and CFD analyses to model the airflow
within the cavity [7]. Over the past two decades, numer-
ous studies explored the thermal behaviour of ventilated
facades through experimental and numerical approaches
[7-8]. Typically, these studies involve experimental moni-
toring, followed by analytical or CFD-based assessments.
However, only a limited number of these CFD studies
validate their findings against experimental data. Experi-
mental monitoring, barring unexpected sensor errors,
tends to yield reliable results, but these are closely tied to
specific case studies [9]. On one hand, analytical meth-

Sofia Pastori et al.

ods have a long-established history and are known for
their reliability, as evidenced by numerous studies. These
methods involve simplified processes grounded in physi-
cal correlations, whose validity has been repeatedly con-
firmed over time [10]. On the other hand, CFD simula-
tions provide a higher degree of detail, but are relatively
new and less extensively validated, leading to greater
uncertainties and the need for experimental validation
[4]. One of the primary challenges in applying CFD
techniques within the building physics domain is the
significant computational power required [11]. This limi-
tation has historically confined CFD studies to steady-
state analyses or very short dynamic periods [12-14].
Despite these challenges, CFD’s ability to deliver highly
precise information about flow fields makes it a valuable
tool for evaluating the impact of design details in venti-
lated facades. For instance, research has examined air-
flow around venetian blinds [15], facade openings [16],
and various shading systems [17].

The integration of experimental analysis and CFD
modelling is widely regarded as the most comprehensive
and accurate approach to evaluating the thermal behav-
iour of ventilated facades [9]. This combination was con-
sidered for the current investigation of ventilated facades
with external massive cladding. Specifically, a TCC enve-
lope was examined, a topic with limited prior research
[4, 18], and for which no rigorous CFD modelling stud-
ies have been identified.

The objective of the research was to develop a solv-
er-efficient CFD model for analysing the thermal per-
formance of ventilated fagades. Specifically, the first
sub-goal was to implement the model and a novel solver
algorithm to speed up the simulation process compared
to conventional solvers. The second sub-goal was the
model calibration and validation against experimen-
tal results, which were previously collected during the
facade monitoring over one entire year [19].

The innovative aspect of the research is the imple-
mentation of a fast and accurate CFD model for the
thermal performance prediction and optimization of
ventilated facades with massive cladding, which can be
used for new or refurbished buildings.

2. METHODS

For the development of the CFD model, the prefab-
ricated TCC ventilated facade system in Figure 1. was
considered. It is composed of an internal timber frame
structure coupled with an external 50 mm thick rein-
forced concrete slab, separated by independent verti-
cal ventilated air cavities. The concrete slab has sealed
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Figure 1. Horizontal section of the TCC fagade studied (units in cm). The layers are: (1) reinforced concrete slab, (2) ventilated air cavity,
(3) OSB panel, (4) rockwool insulation (100 kg/m3), (5) timber-frame structure, and (6) OSB panel. © Pastori S.

joints, which means that each air cavity is connected to
the external environment only at the bottom and top of
the facade. The height of the air cavity depends on the
building elevation and the presence of windows and/or
protruding slabs.

The thermal behaviour of the TCC facade was pre-
liminary monitored experimentally, to collect all the
data needed for calibrating the numerical model. For
this purpose, a 3-storey building with a TCC ventilated
envelope was built and monitored for over a year in the
north of Italy. In this case, the ventilated fagade’s height
is equal to two storeys of the building (the ground floor
has a different envelope system), which is the minimum
height that allows gaining some benefits from the natu-
ral ventilation inside the cavity of the fagade, according
to the literature. The monitoring started in August 2022
and ended in August 2023 [19]. The collected data were
then used to set, calibrate and validate the CFD model,
which was developed using the open-source software
OpenFOAM [20]. All simulations were run on a comput-
er with Dual XEON 6x CPUs and 48 GB of RAM.

2.1 Geometry of the model

A two-dimensional analysis was performed to keep
the model as simple as possible. This choice was compat-
ible with the envelope configuration, since the air flows
through many vertical independent fagade cavities char-
acterized by limited width (800 mm), hence horizontal
air flow is negligible. For this reason, a 2D model that
neglects the third spatial dimension was considered ade-
quate for the study purpose. The model geometry devel-
oped is shown in Figure 2.

p=— solid.2.2 = reinforced concrete slab

solid.2.1 = reinforced concrete slab

fluid.1 = ventilated air cavity

solid.1.1 = OSB panel
solid.1.2 = timber-frame wall

solid.1.3 = OSB panel

Figure 2. Two-dimensional CFD model developed with indication
of the solid and fluid regions. © Pastori S.

2.2 Physical properties of the model

The thermo-physical properties assigned to each
material (i.e. each region) in the CFD model are report-
ed in Table 1. The materials’ characteristics were taken
from the technical datasheets of the products used for
the envelope.
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Table 1. Physical properties of the regions of the CFD model.

Sofia Pastori et al.

Solid regions
Region Density (kg/m®) Thermal Specific heat at Emissivity Absorptivity
conductivity constant pressure
(W/mK) (J/kgK)
Solid.1.1 — Internal 550 0.100 1600 0.8 0.8
OSB pancl
Sulid.1.2 — 100 0.035 1030 0.8 0.8
Timber-frame
insulated wall
Solid.1.3= 600 0.100 1600 0.8 0.8
FExternal OSR
panel
Solid.2.1/.22= 2400 2.00 1000 0.5 0.5
Concrete slab
IFluid region
Region Density (kg/m®) Thermal Specilic heal at Dynamic Molar mass Prandtl number
conductivity constant viscosity (Pa-s) (kg/kmol)
(W/mK) pressure
(J/kgK)
Air (propertics | Variable, function 0.02588 1007 1.872 107 28.966 0.728
at 30°C) of temperature
(incompressible
ideal gas)
2.3 Boundary conditions
bt
The boundary conditions applied to the model are = geee-- .
shown in Figure 3. The trends of the variables T_air,i - T_outlet, P_outlet, V_outlet
(indoor air temperature), T_air,e (outdoor air tem- AR
perature), qr_incident (incident solar irradiation on the
fagade), and V_air,e (air velocity at the bottom inlet of L
the cavity) were taken from the experimental monitor- ; e opertents )
ing. The values of hi (convective-radiative coefficient of | wallii . * he=1/Rse (150 6946)
indoor environment), he (convective-radiative coefficient o B P (e e ) ?5551,’2"2,“&22?Sl“:ﬁ:i‘!&l!!:g“
of outdoor environment), Rse (surface resistance of out- e
door environment) were taken from the Standard ISO
6946 [21]; the values of T_outlet (air temperature at the sl i G A
top outlet of the cavity), P_outlet (air pressure at the top solid.2.1_to_fluld.1 /
outlet of the cavity), V_outlet (air velocity at the top out- s s
let of the cavity) are calculated by the software during IR
the simulation. g 3
wall.b inlet.1
+ Adiabatic = T_inlet = T_air,ext (experimental values)

2.4 Mesh

A mesh refinement study was developed to identify
the best model discretization in terms of accuracy of
the results and computational cost/time. Three meshes

= V_inlet = V_air,ext (experimental values)

Figure 3. Main boundary conditions applied to the CFD model. ©
Pastori S.
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were tested by setting a simple simulation case, and the
accuracy of the results obtained from the simulations
was compared.

The meshes tested were:
- m0001_baseMesh
- m0002_baseMeshx1.5
- m0003_baseMeshx1.5x1.5

The number of cells for each mesh is equal to the
number of the previous one multiplied by 1.5 in both
vertical and horizontal directions. As expected, the
results obtained show that the grid refinement produces
slightly better accuracy, but with higher computational
time. In this specific case, the mesh refinement does not
produce consistent differences in the results, while the
time needed for the computation increases considerably
(see Table 2). For this reason, the coarser mesh (m0001)
was chosen and used for all the simulations (Figure 4).

The first simulation (t0001) was run for 96 hours (4
days) to evaluate the amount of time needed by the mod-
el to catch the correct temperature trends. According to
the results, 48 hours were enough for that, thus the sec-
ond case (t0002) was run for 48 hours. The third simula-
tion (t0003) was stopped just after 24 hours due to the
huge computational time required to end the analysis.

2.5 The new “frozen-unfrozen flow” solver

At first, the conventional solver “chtMultiRegion-
Foam” was used. This solver allows for coupling a tran-

Figure 4. CFD model geometry and mesh. © Pastori S.

sient fluid flow with heat transfer between regions, buoy-
ancy effects, turbulence, and radiation. It follows a segre-
gated solution strategy, which means that the equations
for each variable characterizing the system are solved
sequentially and the solution of the preceding equations
is inserted into the subsequent equation. The coupling
between fluid and solid regions follows the same strategy:
first, the equations for the fluid are solved using the tem-
perature of the solid of the preceding iteration to define
the boundary conditions for the temperature in the fluid.
After that, the equation for the solid is solved using the
temperature of the fluid of the preceding iteration to
define the boundary condition for the solid temperature.
This iterative procedure is executed until convergence is
achieved. For each fluid region, the compressible Navier-
Stokes equations are solved; for the solid regions, only
the energy equation has to be solved. The regions are
coupled by a thermal boundary condition.

Starting from that, a novel solver algorithm called
the “frozen-unfrozen flow” was developed to speed up
the simulations, by switching the solution mode to “fro-
zen” (i.e. no update of the velocity and pressure fields,
allowing large time steps) and “unfrozen” (i.e. solution of
all transport equations, with normal time steps) sequen-
tially. The normal time step in the “unfrozen” mode is
determined by the Courant number and the solid dif-
fusion numbers, while the time stepping in the “frozen”
mode is set based on user input. Figure 5. shows the
schematic view of this algorithm: it starts with the ini-
tial time (Tinitiat)and several cycles with unfrozen (red
zones) and frozen (blue zones) mode are repeated till the
end of the simulation. For stability reasons, a transition
mode (grey zones) is considered when the flow mode is
switched between “frozen” and “unfrozen”.

2.6 Testing of the new solver

New cases were created to test the new solver perfor-
mance, varying the length of frozen and unfrozen peri-
ods of time, respectively Tfq,en and Typfozens i @ SYStem-
atic way to explore the effect of these numerical param-
eters on the accuracy of the results (i.e. the temperature
values obtained in the model) and the time needed for
the computation. The new cases were compared to a
baseline case, t0001, identical to the new ones but run
with the old solver. Table 3 resumes the results obtained
from the new cases. All the simulations were run for 24
hours real time.

As expected, the simulation speed increased by
increasing the ratio Tggsen /Tunfrozens While the accuracy
did not appear to be inversely proportional to the speed.
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Table 2. Mesh refinement study.

Sofia Pastori et al.

Mesh refinement
Simulation Mesh Solver Time simulated Time needed for Temperatures
running that differ more
simulation than 0.2K from
t0001
t0001 m0001 chtMultiRegionFoam 96h 67.5h /
(7152 cells) (345000 s)
t0002 m0002 chtMultiRegionFoam 48h 100h 1.4%
(14850 cells) (172800 s) (+196% t0001)
t0003 m0003 chtMultiRegionFoam 24h 314h 5.7%
(33075 cells) (86400 s) (+1761% t0001)
runTime.deltaT
I Trnitial . : . 1
Mm, e B
-:- = E —— ———— bufferTimeSteps
Tunjrozen .EI Trrogen Tunfrozen § TFroren E
Phase 0 Phase 2 Phase 0 : Phase 2 2
: : %
Atynrrozen ":""_""_--------- : o o Hs E

—/"

runTime.value ()

TrestartTime

=]

Figure 5. Schematic view of the new “frozen-unfrozen flow” solver algorithm. © Pastori S.

2.7 CFED model calibration

The calibration process was developed by compar-
ing the results obtained from the CFD model with the
experimental data collected. It consisted of changing the
physical and numerical parameters used in the model-
ling until the CFD results were aligned with the experi-
mental ones.

For this process, the experimental data collected
during summer days with clear sky (from the 23" to
the 27t of August 2022) for the south-oriented building
facade were considered. The solver chtMultiRegionFoam
was used for the calibration process, since the “frozen-
unfrozen flow” solver was still under development.

2.8 CFD model validation

After calibrating the CFD model against experi-
mental results obtained during summer days with a

clear sky, the model was tested again considering dif-
ferent weather conditions. This process serves as model
validation and is necessary to see whether the developed
model also works under different boundary conditions.
In this case, the experimental data collected during sum-
mer days with an overcast sky (registered from the 17
to the 21% of August 2022) were considered. The facade
considered was again the south elevation of the building.
For the present research objective, the validation process
to test the model accuracy was performed considering
only one new case. A more in-depth study should involve
a greater number of cases for model validation, testing
the calibrated model by changing several parameters
(e.g. cavity depth, different weather conditions, etc.).

3. RESULTS

In this chapter, the results obtained by running the
CFD model developed are presented and discussed. Fig-
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Table 3. Cases run for testing the new solver and finding the optimal settings considering the trade-off between speed and result accuracy.

Case tauFrozen/ Simulation Max % of values % of values % of values
tauUnfrozen speedup temperature that differ that differ that differ
compared to | difference (°C) | more than more than more than 1°C
t0001 from t0001 0.2°C from 0.5°C from from t0001
10001 10001

t0011 Ss/5s=1 x 1.8 -2.61 (outlet.1) | 12.9% 7.6% 3.9%

t0012 10s/5s =2 x2.7 3.61 (outlet.1) 15.5% 8.0% 4.1%

0013 15s/5s=3 x3.5 -2.87 (outlet.1) | 16.6% 7.7% 4.3%

t0014 50s/5s= 10 x94 3.20 (outlet.1) 12.4% 2.8% 1.0%

t0015 100s/5s = 20 x 16.5 2.66 (outlet.1) 12.6% 2.9% 1.3%

t0016 500s/5s=100 | x45 3.43 (outlet.1) | 20.8% 9.9% 4.5%

ure 6. shows the graphical comparison between the tem-
peratures measured experimentally and those predicted
by the calibrated CFD model. The calibrated model
(t0116) was able to predict the facade thermal behaviour
with a very limited error compared to the experimental
values obtained. The error was calculated for each sur-
face of the wall as the difference between the mean tem-
perature measured experimentally on that surface and
the one calculated on the same surface by using the CFD
model. For the error calculation, only the last 24 hours
of each simulation were considered to exclude inaccurate
values due to the initialization process at the beginning
of each CFD case. The error obtained between experi-
ment and CFD is: 0.19°C for TR, 1.3°C for TO, 0.8°C for
TC and 0.9°C for TC_ext. Thus, the mean error between
the values measured experimentally and those obtained
from the CFD model is 0.8°C.

3.1 Validated model

The calibrated model (t0116) was then tested consid-
ering different boundary conditions, in order to evaluate
the accuracy of the prediction, also for a different case.
For this reason, a new case (t0216) was set up by chang-
ing the weather conditions to summer days with an
overcast sky. Figure 7 shows the comparison between the
CFD results and the experimental data. In this case, the
error obtained between experiment and CFD is: 0.22°C
for TR, 0.8°C for TO, 0.6°C for TC and 0.6°C for TC_

ext. Thus, the mean error between the values measured
experimentally and those obtained from the CFD model
is 0.6°C, slightly lower than the previous case.

3.2 Prediction of the thermal behaviour

After the CFD model validation, some of the input
parameters might be changed (e.g. facade geometry,
materials, weather conditions, etc.) to understand their
influence on the fagade’s thermal behaviour and study
an optimised envelope configuration.

For example, the emissivity of the OSB panel facing
the ventilated cavity was changed, and the results were
analysed. The objective was to evaluate and quantify the
effect of an increased reflectivity of the inner surface of
the ventilated cavity - that can be obtained by paint-
ing the OSB panel with a reflective paint or by placing
a reflective foil on it — on the envelope’s thermal behav-
iour, considering summer days with a clear sky.

The comparison between the calibrated model
(t0116) and the new case with increased reflectivity
(t0316) is shown in Figure 8. What can be noticed is that
an increase from 0.2 to 0.8 in the reflectivity value can
produce a 3°C reduction of TO maximum peaks and a
1°C increase of the lowest peaks. The results show a
change in the heat flux entering the building from 10 W/
m? to -10 W/m? over the day.
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Figure 6. Comparison between the temperatures from the experimental monitoring and those given by the CFD model, considering a

fagade facing south and summer days with clear sky. © Pastori S.

4. CONCLUSIONS

The research presented focuses on the development
of a solver-efficient multi-region 2D CFD model for the
thermal analysis and optimisation of ventilated facades
with external massive cladding. The CFD model was
calibrated and validated against the data collected dur-
ing the experimental monitoring of the timber-concrete
composite ventilated fagade of a new building located in
the north of Italy (described in [19]). Several CFD mod-
els for the thermal analysis of ventilated facades were
found in the literature, however they were all tested to

study ventilated facades with thin external cladding. In
contrast, the current research focused on the develop-
ment of a CFD model for ventilated facades with exter-
nal massive cladding.

The model was set by using the open-source software
OpenFOAM [20] to make it accessible to everyone. Also, it
was developed in two dimensions to be as simple as possi-
ble and it was enhanced in terms of computational effort:
a mesh refinement study was performed to select the opti-
mal discretization. Finally, a new “frozen-unfrozen flow”
solver was implemented to allow faster simulations while
still maintaining good accuracy of the results. In case the
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Figure 7. Comparison between the temperatures from the experimental monitoring and those given by the CFD model, considering a

fagade facing south and summer days with overcast sky. © Pastori S.

“frozen—unfrozen flow” solver is used, the simulations are
much faster than using the original solver: considering
simulations for 24 h real-time, the new solver can increase
the speed of the simulation up to 45 times, keeping an
acceptable margin of error in the results. This significant
acceleration is impressive when considering the relatively
simple modification of the algorithm.

The calibrated CFD model obtained can be used
to assess the thermal performance of TCC ventilated
facades in different configurations (e.g., a different air
cavity depth, concrete slab thickness, colour and mate-
rial of the surfaces, orientation, ventilation type, etc.),

allowing the optimization of the building envelope solu-
tions, partially avoiding the expensive and time-con-
suming construction of mock-ups. Accurate research in
this respect might be interesting for system manufactur-
ers, in order to further develop their products to comply
with the different project requirements, and for design-
ers, to better choose and specify the systems to be used.
Certainly, experiments for validation remain key for
benchmarking a CFD model prediction. However, the
new opportunities offered by calibrated CFD models for
facades more than balance the efforts needed to create
them from our perspective.
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Additionally, the study represents an important step
towards digital twins for TCC ventilated fagades, since
the calibrated CFD model can make predictions faster
than real-time [22]. For example, the model might be used
together with advanced control strategies to minimize a
building’s energy consumption. A 1:1 digital twin of the
facade is required, which might necessitate the digitali-
zation of existing buildings. Future work might address
these limitations, e.g., through a refined validation study
or a sensitivity analysis with respect to the assumed
boundary conditions to mitigate these limitations.

At a broader level, the research aims to contribute
to the knowledge regarding the thermal performance of

ventilated facades composed of an internal lightweight
wall structure and an external massive cladding.
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