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Abstract

Adaptive fagade systems offer the opportunity to improve
building performance and user experience with their abil-
ity to adapt the facade configuration to the dynamic vari-
ability of the external environment. Nevertheless, the cor-
rect deployment of adaptive systems in real buildings is
highly dependent on the ability to predict their perfor-
mance. This is especially relevant in the case of Complex
Fenestration Systems (CFS), which are characterized by a
complex behavior both from a thermal and daylighting
perspective. Often, such CFS are combined with airflow
movement when the facade cavity is either mechanically
or naturally ventilated, making the performance even
more difficult to be characterized. The possibility to use
building performance simulation tools to simulate the be-
havior of these systems integrated in a whole building is
central for the proper use and the penetration on the mar-
ket of these systems.

In this framework, a naturally ventilated window with in-
tegrated venetian blinds was modeled in TRNSYS and
compared with a FEM-based 2D detailed model, devel-
oped in COMSOL Multiphysics. Type56_CFS solves ther-
mal calculation and uses the Bidirectional Scattering Dis-
tribution Function for describing optical properties of the
facade. This model requires the inlet mass flow rate, which
was assessed thanks to an ad-hoc implementation of ISO
15099. The numerical modeling of the coupled heat trans-
fer and fluid flow with COMSOL allowed the TRNSYS
model to be calibrated.

The calibration was carried out by increasing the model
complexity, focusing on the inlet ventilation flow rate pa-
rameter: (a) firstly, it was provided as an input to the
Type56_CFS from the FEM-based simulation and then (b)
it was calculated by the ISO 15099 internal model and pro-
vided to the Type56_CFS. Using this methodology, it was
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possible to compare the ability of TRNSYS to simulate the
thermal behavior of the naturally ventilated cavity against
a FEM-based benchmark. Results show a difference of 5 %
after the fine tuning of all TRNSYS-related parameters

(40 % as un-calibrated starting value).

1. Introduction

Complex Fenestration Systems (CFS) can provide a
valuable solution to lower the building energy
needs by optimizing solar gains during winter, lim-
iting them during the cooling season and reducing
artificial lighting (Huckemann et al., 2010; Pomponi
et al,, 2016). In order to correctly implement these
solutions, it is of crucial importance to predict their
thermal and day-light behavior.

To this purpose, two main approaches can be used:
on the one hand, FEM methods can be adopted to
determine in a detailed way its thermal behavior,
since all the system components and the relative
thermo-physical properties are taken into account,
along with the underlying thermo-physical phe-
nomena (Dama et al., 2017; Li et al., 2017; Wang et
al., 2016). As Jankovic and Goia (2021) stated, com-
putational fluid dynamics methods are the most
suitable tools for solving problems related to these
systems. On the other hand, Building Energy Simu-
lation (BES) tools implement simplified methodolo-
gies for taking into account the effect of such com-
plex systems on the building scale and, in the case
of open cavity fenestration systems, they are typi-
cally designed for modeling mechanically venti-

lated ones. The unavoidable approximations related
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to the impossibility of fully considering the geome-
tries and the detailed physical phenomena, how-
ever, strongly limit the modeling possibilities, espe-
cially when unconventional complex systems are
considered. Catto Lucchino et al. (2021) used differ-
ent BES tools to predict the behavior of a mechani-
cally ventilated Double Skin Facade, and compared
the results with measured data; the conclusions
state that these tools can be acceptable for predicting
an overall performance over a long period, but for
short-term performance assessment the error is too
large.

In this study, a CFS characterized by a naturally
ventilated cavity with an integrated venetian blind
was considered. Through a coupled heat transfer
and fluid flow simulation with FEM-based calcula-
tion software, it is possible to fully capture the fen-
estration behavior at system scale, but great limita-
tions are found if its impact on the building scale
needs to be assessed. These limitations are particu-
larly related to natural ventilation, which is always
harder to predict compared with the mechanical
ventilation (Wang et al., 2019). This paper hence
aims at identifying the natural ventilation modeling
limitations for CFS by comparing two calculation
approaches (namely, concentrated-parameters and
FEM-based models). To answer this research ques-
tion, a custom simulation setup was built in TRN-
SYS 18 with the aim of modeling the naturally ven-
tilated window with integrated venetian blinds and
assessing its impact on the building scale. To allow
this, a FEM-based 2D detailed model was developed
in COMSOL Multiphysics with the purpose of ob-
taining the necessary data to support and calibrate
the implementation of the proposed TRNSYS simu-

lation setup.

2. Methodology

2.1 Case Study

In this study, a CFS consisting of a naturally venti-
lated window with integrated venetian blinds was
studied. Fig. 1 shows how the window cavity is in
direct connection with the external environment at
the bottom and at the top part. A peculiarity is pre-

sent in the shape of the external openings, which are
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not continuous along the fenestration width, but in-
terrupted by solid (closed) parts, as shown in Fig. 1.
Additionally, the external openings are covered by
a grille characterized by the ratio of blocked area to
total area of 1/5. Furthermore, there is a second (in-
ternal) vent that is continuous along the fenestration
width and characterized by a depth of 5 mm.

ﬂ
J

Fig. 1 — Scheme of the considered CFS: front view of a portion of
the CFS (left) and vertical cross section (right)
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The integrated venetian blind has a direct impact on
the airflow and, therefore, on the cavity air temper-
ature in terms of blind type and angles of the slats.
In this study, the venetian blind was deployed with
slat angles of 0°, 30° and 75° with respect to the hor-
izontal plane. The external cavity (cavity 1) is com-
posed of air, as it is in direct contact with the exter-
nal environment, while the internal cavity (cavity 2)
is filled with a gas mixture of 90 % argon and 10 %
air. The external (1) and central (2) glasses are made
of single float glass panes of 4mm, while the internal
glass (3) is laminated and composed of two float
glass panes of 3mm each and one PVB layer. On face
5 (exterior side of the interior glass pane) a low-
emissivity coating is placed with an emissivity of
0.013. The geometrical properties of the CFS are
listed in Table 1, while the thermal characteristics

are reported in Table 2.



Implementation and Calibration of a Model to treat Naturally Ventilated Complex Fenestration Systems in TRNSYS

Table 1 — CFS geometric parameters

Symbol Parameter Value
dglass1-2 Glass 1-2 thickness 4 mm
dgapl Cavity 1 width 30 mm
dgap2 Cavity 2 width 18 mm
dglass3 Glass 3 thickness 6 mm
w Blind width 16 mm
a Blind tilt 0°/30°/75°
H Cavity height 1.33m
open_w Opening width 80mm
open_h Opening height 7mm

Table 2 — CFS thermal parameters

Symbol  Unit Blind Glass1-2 Glass3 Frame

A W/m/K 100 1.0 0.65 0.12

Cp J/kg/K 900 820 820 2700

0 kg/m? 2700 2500 2500 532
ef - 0.212 0.84 0.013 0.84
&b - 0.489 0.84 0.84 0.84

2.2 Simulation workflow

The workflows adopted in the different modeling
and simulation approaches of the CFS (FEM-based
at system scale and using TRNSYS at building scale)
are described in this chapter. The system scale sim-
ulation allowed an assessment of the system’s per-
formance in detail and temperature and airflow
data to be gathered, later used to support the cali-
bration of the TRNSYS model.

2.2.1 System scale simulation approach

The FEM-based software COMSOL Multiphysics
(COMSOL n.d.) was used to compute the coupled
heat transfer and fluid flow of the analysed CFS. To
simplify the model and reduce computation time,
the geometry of the CFS was reduced to a vertical
cross section and modeled as a bi-dimensional do-
main. This assumption was supported by the state-
ment of Pasut and De Carli (2012) describing that

the 3D modeling of a fenestration system does not
provide a substantial improvement in the results,
considering the additional complexity and compu-
tation time. The discretization of the domain oc-
curred through the creation of a calculation grid
(mesh). This latter was done dividing the geometry
into various domains so that, according to the geo-
metric and material characteristics, different types
and sizes of the mesh could be adopted. To ensure
that the solution is independent from the calculation
grid, a mesh refinement study was carried out , and
the thermal transmittance was used as control pa-

rameter. The final mesh is reported in Fig. 2.

Fig. 2 — Final mesh of the Complex Fenestration System

The modeling of the short-wave radiation exchange
due to solar irradiance was done outside the FEM
model through a detailed optical calculation using
Radiance (Ward, 1994). For each shading configura-
tion, the Bidirectional Scattering Distribution Func-
tion (BSDF) was calculated and the solar absorption
data for each glass pane and the shading system
were derived. The share of incident solar radiation
absorbed by each layer of the fenestration system
was finally assigned as heat source to single do-
mains within the FEM-based dynamic simulation
(Demanega et al., 2020).

To model the natural ventilation through the open
window cavity and the top and bottom vents, two
additional domains representing the external ambi-
ent were added to the model. A relative pressure of
0 Pa was assigned to the top domain’s boundaries
and of ¥2pu? to the bottom ones.

The presence of the grille on the vents was modeled
as a pressure drop for a squared mesh described by
the equation 1 (COMSOL n.d.), with a solidity os (ra-
tio of blocked area to total area of the screen) equal
to 1/5.
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K =098 ((1—0,)"2 — 1)1 o

To account for the discontinuity of the external ver-
tical opening, which is interrupted by solid (closed)
parts along the fenestration width, this non-homo-
geneity was described analytically in the bi-dimen-
sional FEM model through a localized pressure
drop equation of the type Ap = f(u), which was de-
termined by means of a separate FEM CFD 3D
model focussed only on the ventilation openings.

The thermal boundary conditions were assigned in
terms of convective and radiative heat flux on the
internal and external glazing surfaces, while adia-
batic conditions were assumed for the top and bot-
tom boundaries. The simulation was run in a sta-
tionary regime and considered converged when the
relative residuals of the continuity, momentum and

energy equations were less than 10e-4.

2.2.2 Building scale simulation approach

TRNSYS 18 was used as building dynamic energy
simulation software to assess the impact of the CFS
on the building scale. A single thermal zone with
one window was modeled using the new version of
the multi-zone building model Type 56 CFS. This in-
built model enables a detailed CFS thermal simula-
tion according to ISO 15099:2003 and uses the BSDF
for describing the facade optical properties in the so-
lar and visual band. This Type has been mainly
meant to model mechanically ventilated gaps; in-
deed, it requires as input the inlet mass flow rate
(together with its temperature), which is easily
available from fan datasheets; however, in the case
of naturally ventilated windows, this data is not
known a priori because it is highly dependent on the
cavity geometry and boundary conditions. For this
reason, a Python-based script was implemented
through TRNSYS Type 169, which calculated the in-
let mass flow rate according to the ISO 15099. The
air moves inside the cavity due to the stack effect,
thus the velocity of the air gap depends on the driv-
ing pressure difference and the resistance of the
openings. The airflow in the cavity is modeled as a
pipe flow and the driving force of the flow is set
equal to the total pressure loss, which takes into ac-
count Bernoulli’s pressure loss, steady laminar flow
and pressure loss due to the inlet and outlet open-

ings. The resulting model exhibits an inter-
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dependence between the air gap temperature and
velocity and consequently an iterative calculation is
performed until the relative convergence limit is
less than 1 %.

2.2.3 Model calibration

Given the absence of measured data, the TRNSYS
model was calibrated against the FEM one. To sup-
port this calibration, parametric simulations were
performed with the FEM model considering all
combinations of external air temperature (Tair.ext), in-
ternal air temperature (Tairint) and solar irradiance
(Isot) listed in Table 3.

Table 3 — Boundary conditions for parametric simulations

Tair,ext (°C) 0,5, 10, 15, 25, 30, 35
Tair,int (OC) 20, 24, 28
Iso1 (W/m?) 0, 250, 500, 750, 1000

COMSOL Multiphysics and TRNSYS 18 have two
different approaches to simulate the thermal behav-
ior of CFS. Therefore, to minimize these differences
and to set the same boundary conditions, the follow-
ing assumptions were used in the TRNSYS model: a
single-zone “shoe-box” model was used as thermal
zone, the surface temperatures of the walls were set
equal to the indoor temperature and the view factor
to the sky of the fagade was set to 0.5 (as in the FEM-
model).

To achieve steady-state conditions for every combi-
nation of the boundary conditions (as listed in Ta-
ble 3), simulations were run for 100 hours while
keeping fixed the values of Tairext, Tair,int and Isol. Re-
sults correspondent to the last timestep of each sim-
ulation were considered as the steady-state ones.
The ad-hoc TRNSYS Type was carried out by in-
creasing the model complexity step by step, focus-
ing on the inlet ventilation flow rate and the total
heat flux.

In a first step, the mass flow rate resulting from the
thermo-fluid dynamic simulation was provided as
input to the TRNSYS type in order to tune the
Type 56 CFS parameters and, in a second step, it
was calculated by the Python-based Type 169 and
provided as input to the TRNSYS building model.
Comparing the outcomes of the two models at com-
ponent level, it was possible to calibrate the natural
flow rate Type, particularly focusing on the tuning
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of the pressure loss factor along the window cavity,
which takes into account the pressure losses caused
by the ventilation openings (inlet and outlet), the
squared mesh grille and the integrated venetian
blinds. The ISO 15099 describes the pressure loss in
the inlet and outlet openings through equation 2
and 3, and, in case of zero lateral opening area and

equal top and bottom opening area, equation 4.

1
AP, = Epvz(zinl + Zout) (2)
2
A
Zinl/out = -1 (3)
0.6 - Aeq,inl/out
1
Aeq,inl/out = Atop/bot + ZAh 4)

Starting from these expressions, two calibration pa-
rameters were introduced in the formulation: the
first parameter “x” 5 is used to calibrate the area of
the openings in order to consider the effect of the
discontinuity along the fenestration width of the
ventilation openings, and the second parameter “k”

6 to tune the area of the holes of the venetian blinds.

A;op/bot =X Atop/bot (5)
1
Aeq,inl/out =k - (Atop/bot + ZAh) (6)

Additionally, the pressure drop factor K was in-
cluded in the total pressure loss equation 2, which

becomes equation 7.
AP, = pvz(zinl/out + K) (7)

The parameters were varied parametrically one at a
time: x between 0.1 and 10 and k between 0.1 and 1.
The calibration procedure was divided into 2 steps:
first, the opening parameter x was calibrated con-
sidering only the blind-up configuration, then the
shading parameter k was calibrated keeping the x
parameter fixed. In this way, the equation 4 be-
comes 8, forcing identical parameter values for all

configurations.
* * 1
Aeq,inl/out =k - (X ' Atop/bot + ZAh) (8)

The optimal values were chosen by minimizing two

statistical indicators: the Root Mean Squared Error

(RMSE) (9) and the Mean Absolute Percentage Error
(MAPE) (10), computed for the inlet mass flow rate
and the total heat flux for all the cases considered.

N
1 2
RMSE =~ Z(x” - Xc,0) )
i=1
1 N
MAPE = —Z Iri ZXeil 1009 (10)
NGl xe

In this way, the calibration was carried out both at
component level (inlet flow rate) and at building
level (contribute of the component on the thermal

balance of the zone).

3. Results and Discussion

3.1 System Scale Results From COMSOL

The FEM-based simulation performed with COM-
SOL Multiphysics allowed the temperature, pres-
sure, and velocity field over the fenestration system
to be computed and the airflow rate and the total

heat flux to be quantified in detail.
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Fig. 3 — Temperature (left) and air velocity (right) distribution over
the CFS, Tair,ex=35°C, Tairint = 28°C, lsoi = 500 W/m?, blind tilt 30°

To showcase a possible temperature and air velocity
distribution over the CFS with a blind tilt angle of
30° and warm summer conditions (Tairext = 35 °C,
Tairint = 28 °C, Isor= 500 W/m?) an illustration of the
spatial distribution of the two variables is shown in
Fig. 3. It is possible to notice how buoyancy forces

the warmer air to rise, resulting in a vertical
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temperature gradient and leading to high tempera-
tures in the upper part of the CFS, where 60 °C are
reached.

3.2 Building Scale Results From TRN-
SYS and Calibration Parameters

The FEM model outcomes were used to tune the two
calibration parameters 5 and 6 of the Python-based
Type 169. As mentioned before, only the blind-up
dataset was used for the calibration of the x-param-
eter and focusing on the statistical indicators of the
total heat flux, x=0.5 was found to be the optimal so-
lution. Regarding the configuration with the shad-
ing system deployed, the x parameter was kept
fixed to 0.5 and the parameter k was varied para-
metrically in order to identify the optimal value
which minimizes the statistical indicators for the
three blind tilt angles configuration. Fig. 5 shows the
outcomes of the calibration procedure with blinds at
30° angle; models with k = 0.3, 0.7 and 1 were com-
pared to the uncalibrated one (x=1, k =1). For each
model, the COMSOL (x-axis) versus TRNSYS (y-
axis) results are reported for inlet mass flow rate (a)
and total heat flux (b). The scatter plots were clus-
tered by the value of the incident solar irradiance,
since it affects both the parameters analyzed. It
should be noted that parameter k has a greater im-
pact on the mass flow rate than on the total heat flux,
because it directly determines the mass flow rate,
which in turn influences the total heat flux. Since the
flow rate and the total heat flux have different be-
haviors to the variation of parameter k, the value
that minimizes the statistical indicators of the total
heat flux was chosen as the optimal one. This as-
sumption is related to the building scale model ap-
proach: the total heat flux of the CFS accounts di-
rectly for the contribution of the component on the
thermal balance of the zone, therefore a greater
weight to this parameter is given in the choice of the

optimal value.
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Fig. 4 — Inlet mass flow rate (a) and total heat flux (b) calibration

outcomes for blind tilt 30°

The statistical indicator for total heat flux suggests
that k=0.7 is the optimal solution, with a reduction
of the statical errors of 67 % compared to the uncal-
ibrated model (x=1, k=1). The same calibration pro-
cedure was repeated for the other 2 configurations.
To avoid redundancy and for sake of brevity, Ta-
ble 4 summarizes the results of the calibrated model
compared to the uncalibrated one in terms of RMSE
and MAPE indicators of inlet mass flow rate and to-
tal heat flux. A unique value of k parameter was
chosen as optimal for all the configurations of the
shading system, in order to avoid the need for
changing the calibration values x and k for each
blind tilt angle.

This, however, leads to a reduction of the model
performance, especially with fully closed blinds.
Nonetheless, by calibrating x and k parameters for
the two extreme conditions (horizontal and fully
closed) and one intermediate condition (30°), it can
be assumed that the use of these values could be ex-

tended for the remaining configurations.
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Table 4 — Comparison of RMSE (top) and MAPE (bottom)

Blind Ventilation Mass flow Total heat
mode Type rate flux
o final model 0.19 kg/s 3.12 W/m?
E 13.2 % 5.6 %
g uncalibrated 1.59 kg/s 3.74 W/m?
model 100.8 % 6.7 %
final model 0.39 kg/s 1.49 W/m?
o% 34.8 % 24 %
é uncalibrated 2.41 kg/s 3.81 W/m?
model 186.9 % 6.4 %
R final model 0.97 kg/s 1.58 W/m?
f; 37.9 % 13 %
5 uncalibrated 2.13 kg/s 4.74 W/m?2
model 125.5 % 5.8 %
o final model 0.98 kg/s 3.42 W/m?
_l; 30.9 % 11.0 %
£ | uncalibrated 1.67kg/s | 1.88 W/m?
model 82.7 % 2.0 %

. a) Mass flow rate [kg/s]

b) Total heat flux [W/m?]
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Fig. 5 — Inlet mass flow rate (a) and total heat flux (b) comparison
for all blind configurations with the calibrated model

The calibration procedure resulted in a significant re-
duction of the RMSE in a range of 60 % (blind tilt 0°)
to 66 % (blind tilt 30°) and in minimizing the MAPE
(especially for blind tilt 0° and 30°). Finally, the com-
parisons with FEM results for the inlet mass flow rate
and total heat flux are shown in Fig. 5 for all configu-
rations. The TRNSYS model overestimates the inlet
mass flow rate in the presence of low radiation (< 500
W/m?) and underestimates it in presence of high ra-

diation.

4. Conclusions

To promote the implementation of CFS, it is crucial to
enable a relatively simple yet reliable way of as-
sessing their impact at building scale. In this paper, a
novel workflow was implemented in one of the most
widespread BES tools to assess the performance of a
CFS in terms of heat fluxes and airflow rate. The re-
sults obtained through FEM simulations were used to
calibrate the BES workflow and to assess the error of
the calibrated BES tool. Results show a difference of
5 % of the total heat flux through the CFS after the
fine-tuning of the ad-hoc Type parameter. The cali-
bration was carried out focusing on the CFS contribu-
tion to the thermal balance zone to improve the BES
tool's performance in predicting the thermal behavior
of such complex components. Moreover, the ad-hoc
type can be generalizable for modeling naturally ven-
tilated windows with geometric features similar to
the presented CFS (narrow cavity with small vents),
since the calibration procedure was carried out by
only varying the opening areas.

With this picture, it is possible to state that such
workflows allow a consideration of the thermal be-
havior of CFS at building scale with an acceptable de-
gree of uncertainty. This results in the great ad-
vantage of providing the possibility of assessing the
impact of a CFS when there is still room for improve-

ment and change in the design.
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Nomenclature

Symbols

q Specific heat flux (W/m?)

h, Convective heat transfer coefficient
(W/(m?K))

Tair Air temperature (°C)

Tst Surface temperature (°C)
Stefan-Boltzmann constant

© (5.669x105 W/m?/K¢)

€ Thermal emissivity (-)

&f Thermal emissivity front (-)

€b Thermal emissivity back (-)
Mass density (kg/m?)

u Air velocity (m/s)
Solidity (ratio of blocked area to to-

os tal area of the screen)

K Resistance coefficient (-)

A Thermal conductivity (W/m/K)
Specific heat capacity at constant

G pressure (J/kg/K)
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