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Abstract
Complex Fenestration Systems (CFS) with different types

of shading devices are widely used to enhance the build-
ing envelope’s energy efficiency and the occupants’ visual
and thermal comfort. These technologies are character-
ized, among other features, by advanced shading systems,
with for example complex geometries and highly reflec-
tive surfaces, which introduce a performance dependence
on the angle of incidence of solar radiation. This peculiar-
ity has to be covered by adequate thermal and optical
models. However, the current most widespread thermal
models, based on the standard ISO 15099 and imple-
mented in the main building energy simulation tools, have
shown some restrictions in their applicability for CFS. In
addition to this, professionals of the fagcade construction
industry are interested in assessing the components’ criti-
cal temperatures and the performance of the fenestration
system under real dynamic operating conditions and in
representative extreme conditions. In this framework, this
study has investigated a new modelling approach for the
thermal characterization of CFS under dynamic conditions
by comparing simulation results with in-situ measure-
ments of a triple-glazed window with integrated commer-
cial blinds installed at the Free University of Bozen-Bol-
zano, Italy. The numerical assessment of the thermal be-
haviour of CFS was based on CFD simulations with the
separately computed effect of solar radiation. The experi-
mental characterization was performed with several in-
struments, such as conventional heat flux plates and a tem-
perature-controlled in-situ measurement device to deter-
mine the undisturbed, transient heat flux through trans-
parent components. From the comparison, a good corre-
spondence between numerical and experimental results
emerged and both approaches appraised the inertial effect

of the fenestration system on the solar heat gain. Finally, it

Part of

was observed that accurate optical modelling, together
with CFD simulation, made it possible to compute the so-
lar absorption and its significant impact on the fluid flow
in the cavity, the components’ temperatures and the solar

gains.

1. Introduction

Transparent components and shading devices, de-
signed in an optimal way, are crucial to increase the
building envelope’s energy efficiency and the ex-
ploitation of natural lighting. In recent years, com-
plex shading systems, which aim to enhance occu-
pants’ visual and thermal comfort while reducing
the building energy consumption, have been intro-
duced. The term ‘Complex Fenestration System’ (CFS)
refers to all window technologies, including solar and
light scattering or reflecting components. Their optical
and thermal properties are described using a complex de-
pendence on the angle of incidence and wavelength of the
solar radiation (Kuhn et al., 2011). Examples of these
technologies are daylight redirecting systems, vene-
tian blinds with complex geometries and highly re-
flective surfaces and prismatic layers. Indeed, the
dependence on the angle of incidence allows for an
improved management of solar radiation (Konis
and Selkowitz, 2017). However, due to their com-
plex nature, adequate models to evaluate Complex
Fenestration systems’ thermal and optical behav-
iour are required. For the optical characterization of
CFS, the available models, based on the Bidirec-
tional Scattering Distribution Function (BSDF), have
already reached a high level of accuracy and are
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widely used to perform daylight analysis. The pro-
cedure for calculating the thermal performance of
glazing and shading systems is described in the in-
ternational standard ISO 15099 (ISO, 2003). The
standard approach, implemented in the main simu-
lation tools, has restrictions in the applicability of
complex system geometries or particular types of
coatings, such as highly reflective ones (Demanega
et al., 2018). Indeed, the ISO 15099 considers stand-
ard blind geometries, such as solar screens or vene-
tian blinds with flat geometries and refers to dif-
fusely reflecting surfaces. Addressing these stand-
ard technologies, the computation of the convective
heat transfer through the window cavities is per-
formed with a pressure drop model and applied to
a layer-by-layer approach. This assumes the shad-
ing device is a layer parallel to the glass pane and
has certain opening characteristics. However, this
assumption is not adequate in the case of venetian
blinds or other particular types of shading devices
with large openings (Hart et al., 2017). Furthermore,
the standard algorithms do not account for the heat
capacity and thus the thermal inertia of the fenestra-
tion system despite it being an important aspect
when characterizing the window system under dy-
namic conditions. In addition, professionals in the
construction industry claim it is necessary to assess
the components’ critical temperatures and the heat
flow through CFS under real operating conditions.

This study therefore aims to investigate a new mod-
elling approach for the thermal characterization of
CFS under dynamic conditions by comparing simu-
lation results with in-situ measurements of a com-
mercial system installed at the Free University of

Bozen-Bolzano, Italy.

2. Simulation and Experiment

2.1 CFS Typology

The analyzed fenestration system was a commercial
triple-glazed window composed of two sealed cavi-
ties and curved blinds with highly reflective sur-
faces integrated in the exterior cavity (Fig. 1). The
thickness of the blinds was 0.2 mm, the width 15.9
mm and the pitch 12 mm. The analysis was done

with a fixed slat inclination of 75° corresponding to
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a closed position. The exterior and central glasses
were float glasses, while the interior glass was lam-
inated. The geometric and thermal parameters of
the window system are listed in Tables 1 and 2. On
face 3 (the exterior side of the central glass pane) and
face 5 (the exterior side of the interior glass pane) a
low-emissivity coating was placed with an emissiv-
ity of 0.037. Both cavities were filled with a gas mix-
ture of 90 % argon and 10 % air. This fenestration
system was mounted on the west fagade of the Liv-

ing Labs inside the Free University of Bozen-Bol-

Zano.
Highly 90% Arggn
reflective +10% Air i
curved slats )
Float glass
Float glass Laminated .§ p

glass

dglasst dglass2 dglass3

Fig. 1 — Layout of the Complex Fenestration System

Table 1 — CFS geometric parameters

Symbol Parameter Value
dglassl Glass 1 width 8 mm
dgapl Cavity 1 width 29 mm
dglass2 Glass 2 width 6 mm
dgap2 Cavity 2 width 16 mm
dglass3 Glass 3 width 8.76 mm
w Blind width 16 mm
t Blind thickness 0.2 mm
p Pitch 12 mm
a Blind tilting 75°

H Cavity height 0.9m
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Table 2 — CFS thermal parameters

Symbol Unit Cavity Blind Glass1/2 Glass3

A W/m/K  £T) 100 1.0 0757
c Jkg/K  £(T) 900 820 820
0 kg/m®  f(p,T) 2700 2500 2500
f - - 0150 0037  0.037
e - - 0450 084 084

2.2 Modelling Approach

The thermal performance of the CFS is assessed by
means of a new modelling approach, in which the
fraction of absorbed solar radiation is calculated
apart from the fluid flow and heat transfer and then
included in a CFD simulation (Demanega et al.,
2018). In this procedure solar radiation is treated
with a detailed optical model based on ray tracing
using the software Radiance (Ward, 1994); the re-
sulting absorbed fraction of solar radiation is in-
cluded in a comprehensive thermal modelling that
couples heat transfer and fluid flow in a CFD simu-
lation performed with the Finite Element (FE) soft-
ware COMSOL Multiphysics. The simulation is
done using time-dependent measured boundary
conditions in terms of temperatures and solar irra-
diance. The computed heat flux is then compared

with the in-situ measurements.

2.2.1 Solar radiation modeling

The optical modeling is required to compute the
fraction of solar radiation absorbed by each solid
element of the fenestration system. The highly re-
flective surface of the blinds and the curved geome-
try require a detailed modeling approach in order to
appraise the angular dependent behavior. Thus, the
analysis was carried out with the ray tracing soft-
ware Radiance and a modified version of the Three-
Phase Method (McNeil, 2014) that describes the way
light passes through a fenestration system. Indeed,
for this application, the scope was not the computa-
tion of the transmitted light but the absorbed radia-
tion. The measured direct and diffuse horizontal
irradiances were therefore used to generate the sky
matrix to be coupled with the Bidirectional Scatter-
ing Distribution Function (BSDF) of the analyzed
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fenestration system via the daylight matrix, which
takes into consideration the real building and sur-
rounding geometry in order to calculate the ab-

sorbed share of solar radiation for each time-step.

2.2.2 CFD and thermal modelling

The computation of the coupled heat transfer and
fluid flow was done with a CFD simulation using
the software COMSOL Multiphysics. Some assump-
tions for this application were made. In particular,
the real geometry was reduced to a vertical section
(2D domain). This simplification is justified by the
studies performed by Pasut and De Carli (2012) with
the conclusion that modeling the entire 3D geome-
try of the fenestration system, instead of a 2D one,
does not provide a substantial improvement in the
results, considering the required additional effort.
The fluid was considered as incompressible and the
buoyancy driven flow was solved with the Bous-
sinesq approximation (Versteeg and Malalasekera,
2005). Due to the low Grashof number (Gr = 10e4),
which measures the ratio of the buoyancy to viscous
forces (Equation 1), the fluid flow was considered
laminar (Schlegel, 2015).

2 3
G, = gB PuzﬁT L 1)
The long-wave radiation exchange between the
solid elements of the CFS was computed with the
radiosity method, the so-called surface-to-surface
method (van Eck et al., 2016), which depended on
the temperature of the single parts, the view factors
and the emissivity of the surfaces. For the CFD sim-
ulation an adequate mesh was created: a structured
quad mesh was used for the solid domains, while a
free triangular grid was applied to the fluid domain.
Furthermore, the mesh was refined near the bound-
aries to guarantee a smooth transition from the non-
zero fluid velocity to the zero velocity on the sur-
face. To evaluate the mesh quality and guarantee
that the solution is independent from the grid size,
a mesh sensitivity analysis was carried out: consid-
ering the U-value (thermal transmittance) as control
parameter, the mesh was refined until no further
significant improvement in the U-value result was
reached. The final mesh is shown in Fig.s 2 and 3.

The total number of elements amounts to 56 281.
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Fig. 2 — Final mesh of the Complex Fenestration System
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Fig. 3 — Final mesh around the blinds of the CFS

For the CFD simulation the boundary conditions in
terms of measured internal and external surface
temperatures were assigned, in addition to the pre-
calculated solar absorption that was set up as heat
source. The boundary conditions were measured
during a sunny clear sky day in February 2018 from
9 am to 6 pm and assigned to the CFD model with a
time-step of 300 s.

The conjugate heat transfer and fluid flow simula-
tion was run with a time-dependent study and us-
ing a fully coupled solver. The simulation of each
time-step was considered converged if the relative
residuals of the continuity, momentum and energy
equations were less than 10e-3.

From the CFD simulation a temperature, pressure
and velocity distribution over the fenestration system
and for all the time-steps resulted. This made it
possible to compute the total heat fluxes on all the
grid points of the room-side face of the CFS. An inte-
gration of the heat flux over the total height of the
interior glazing, except for the top and bottom ex-
tremes which had an extension of 10 % of the total
height, was done. This made it possible to reproduce
a similar condition as the measurement in which the
heat flux was measured mainly at the center of the
glazing, thus it did not account for the border effects.
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2.3 In-Situ Measurements

In-situ measurements of the CFS installed on the
west facade of the Living Labs of the Free University
of Bozen-Bolzano were performed during a period
of two weeks in February 2018. After analysing the
experimental data, a sunny clear sky day was se-
lected for the comparison with the CFD simulation.
Different parameters were measured in order to
characterize the thermal behaviour of the window
system: internal and external air temperature near
the facade, internal and external glazing surface
temperature in different positions, total heat flux on
the internal side, global and diffuse horizontal irra-
diance outside and total vertical irradiance on the
facade.

For all the temperature measurements T-type ther-
mocouples were used and their output voltage was
read by a Datataker DT80 datalogger equipped with
an internal reference. Those mounted on the exterior
glazing surface were shielded from direct solar ra-
diation using a silver tape to prevent the thermocou-
ple from being heated up by direct irradiance. On
the internal side, it was not necessary to shield the
thermocouples since the closed position of the
blinds prevented direct solar radiation hitting them.
The total heat flux on the internal glazing surface
was measured in two ways: conventional heat flux
plates Hukseflux HFP01 and a temperature-con-
trolled measurement device to determine the undis-
turbed, transient heat flux through transparent com-
ponents (Hauer, 2017). This novel in-situ heat flux
device (Fig. 4) measures the heat flow by means of a
heat flux plate that is fixed slightly detached on the
inner glazing surface via cupping vessels. In con-
trast to standard heat flux plates, this apparatus is
continuously cooled through temperature-con-
trolled Peltier elements, which prevent overheating
of the device resulting from solar absorption, and
therefore misleading measurement results.

Heat flux plate

Cupping vessel N )
Pping Aluminium frame (measuring area)  Cooling body
(with Ventilator)

Peltier - Element
Sensor

Glazing
Temperature

NN A NN NN
Control circuit 1 @ @_ Control circuit 2

Fig. 4 — Section view of the in-situ heat flux device (Hauer, 2017)
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The global and diffuse horizontal irradiance was
measured with two Kipp&Zonen CMP11 thermo-
pile pyranometers. With the use of the sole pyra-
nometer placed on a horizontal surface, the global
horizontal irradiance was measured, while to record
the amount of diffuse irradiance a pyranometer
with a solar tracker was used. In addition to the
horizonal pyranometers, a Delta-T Devices SPN1
Sunshine Pyranometer was installed vertically on
the external side of the west fagade to evaluate the
time-shift between the incident solar radiation and
the measured heat flux on the internal side.

Fig. 5 shows all the measurement instruments in-
stalled on the analyzed fenestration system and Ta-

ble 3 reports the instrument specifications.

In-situ

Thermocouples heat flux

device

Thermocouples

Heat flux
plates

Datalogger

Fig. 5 — Measurement setup for the CFS

Table 3 — Instrument specifications

Parameter Instrument Accuracy

Temperature T-type Thermocouple  +0.3°C (k=2)

Heat flux Hukseflux HFP01 +3% (k=2)
Heat flux plate

Heat flux In-situ heat flux device <=10 %

Horizontal Kippé&Zonen 2%

irradiance CMP11 Pyranometer Daily total

Vertical Delta-T Devices +8% +10 W/m?2

irradiance SPN1 Sunshine Individ. readings
Pyranometer

3. Results and Discussion

The measurements on the fenestration systems pro-
vided several data and the inside and outside sur-

face and air temperatures for a sunny clear sky day

of Complex Fenestrations Systems Under Dynamic Conditions

were compared. Fig. 6 shows the trend of the ex-
ternal air temperature near the facade and the exter-
nal surface temperatures measured at two different
heights. During the day, the surface temperature is
affected by a significant variation, starting from 1.0
°C in the morning and reaching 36.8 °C in the after-
noon. In contrast, on the internal side the variation
over the day is not so large due to the thermal insu-
lation and inertia of the fenestration system and the

controlled internal air temperature (Fig. 7).

----- Text_sf top -----Text_sf bot ——Text air

Temperature [°C]

9 10 11 12 13 14 15 16 17 18

Time [h]

Fig. 6 — External air and surface temperatures for the CFS

----- Tint_sf_top -----Tint_sf bot Tint_air

Temperature [°C]

9 10 11 12 13 14 15 16 17 18
Time [h]

Fig. 7 — Internal air and surface temperatures for the CFS

A comparison between the total heat flux on the
room-side face measured with the two types of
instruments and the simulated heat flux was per-
formed in order to characterize the thermal behav-
iour of the CFS under dynamic conditions and to
validate the simulation against the measurement
approaches (Fig.s 8 and 9). From this comparison, a
good correspondence between simulated and meas-
ured heat flux emerged. In particular, during the
period in which the system is heated up by direct
solar radiation the correspondence was very good
although the simulated values showed some steep
fluctuations, which could be due to numerical er-
rors. However, in the morning, when the fagade is

not affected by direct solar radiation, the simulated
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heat flux had the same trend as the measured heat
flux but it was underestimated. It can be noted that
this difference decreased over the course of the
morning, hence it could be a result of the fact that
the simulation was initialized with the boundary
conditions measured at the first instance of the
comparison (i.e. 9 am) and did not consider the pe-
riod before.

The peak heat flux resulting from the simulation
amounted to 13.7 W/m?, while the heat flux plates
measured a peak value of 12.9 W/m? and the in-situ
heat flux device of 11.0 W/m2. The largest diver-
gence between measurement results was recorded
after sunset: in this time frame, an offset of up to
4 W/m? between the values measured by the two
devices occurred. This deviation could be caused by
a combination of a number of effects, such as the dif-
ferent response time to temperature variations of
the two instruments. Indeed, the in-situ heat flux
device showed a very fast reaction due to the Peltier
coolers. In this period, the calculated heat flux was
closer to the one measured by the heat flux plates.
Beyond this, it is interesting to note that both the nu-
merical model and in-situ measurements perceived
the inertial effect of the glazing unit, which caused
a time-shift of around one hour between the in-
stance of the peak irradiance and that of maximum

solar gain.

heat flux - measured (heat flux plates) ~ ====- heat flux - simulated (COMSOL)

heat flux - measured (in-situ device) bal vertical irradiance (west facade)

15 700
600
% 500
400

300

Heat flux [W/m?]
IS
Irradiance [W/m?]

200

100

-15 )
9 10 11 12 13 14 15 16 17 18
Time [h]

Fig. 8 — Comparison of simulated and measured heat flux through
the CFS

Fig. 10 shows the relative deviations between the
numerical and experimental results: in the case of
positive — entering — heat flux, the relative devia-
tions for the heat flux plates were mostly within 10
%, while they were around 20 %, in some instances
even higher, in the case of the in-situ heat flux de-

vice due to the deviation of the results after sun-set.
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In this period, the in-situ device underestimated the
solar gains compared to the heat flux plates and the
simulation results. Analysing the negative — exiting
- heat flux, the relative deviation was mainly within
20 % for low heat fluxes and around 20 % for higher
values.

— symmetry qmeasured (in-situ device)

-——= +/-10% e gmeasured (heat flux plates)
....... +/-20 %

14 e
12

measured heat flux
[W/m?]

10 12 14
simulated heat
flux (COMSOL)
[W/m2]

Fig. 9 — Deviations between simulated and measured heat flux

The discrepancy between simulated and measured
data can be described through the RMSE (Root
Mean Square Error) and MAE (Mean Absolute Er-

ror) defined as:

RMSE = \/Zizl(Qmea;,i_QSim,i)z )
MAE = Zi:ll‘lme;s,i“lsim,il ®)

The resulting mean errors RMSE and MAE for the
in-situ heat flux device and the heat flux plates are
reported in Table 4.

Table 4 — Comparison of simulation and measurement results

RMSE MAE
[W/m?2] [W/m?]

Simulation vs 2.16 1.81
measurements (in-situ device)

Simulation vs 1.45 1.24
measurements (heat flux plates)

From the RMSE and the MAE a good correspond-
ence between numerical and experimental results
emerged. However, these indicators confirmed a
better correspondence of the simulation results with
the heat flux plate measurements than the in-situ
heat flux device for this configuration of glazing

system and blind inclination. It should be noted that
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the closed position of the blinds prevented direct so-
lar radiation from reaching the measurement de-
vices and overheating them. When there were dif-
ferent — more open — blind positions, the heat flux
plates can become overheated and disturbed by the
absorption of direct solar radiation. This was
avoided with the in-situ heat flux device, mounted
slightly detached from the glazing and cooled by
temperature-controlled Peltier elements.

In addition to the heat flux, the comprehensive
modelling of heat transfer and fluid flow coupled
with the effect of solar radiation makes it possible to
account for the components’ temperatures that can
be reached inside the sealed cavity. The absorption
of solar radiation on the blinds and the glass panes
significantly increases their temperature. The closed
cavity does not enhance the heat dissipation,
thereby inducing the filling gas temperature to rise.
For this glazing configuration, the blinds in the up-
per part of the cavity can reach temperatures of
around 50 °C, even in winter conditions with a max-

imum external air temperature of 15 °C.

Z degC
/
i I 40
/
¢ 35
{ 30
é 25
t=9am t=12 pm 20
; 15
? 10
/ 5
/
/
/
/
/
/
t=3 pm t=5pm

Fig. 10 — Temperature distribution within the CFS at different times

4. Conclusion

The results discussed show that the coupling of CFD
simulations with the separately computed effect of
solar radiation is a valid modelling approach for as-
sessing the thermal performance of Complex Fenes-

of Complex Fenestrations Systems Under Dynamic Conditions

tration Systems under dynamic conditions. This
modelling approach could be appropriate for a de-
tailed analysis of fenestration systems in order to
assess specific properties, for instance secondary
heat fluxes, maximum temperatures of certain com-
ponents of the glazing unit or fluid flow rates in the
cavity. From the numerical modelling of CFS, it
emerged that the solar absorption has a significant
impact on the fluid flow in the cavity, the solar heat
gains and the temperatures of the components.
Thus, in addition to a CFD-based approach that con-
siders the effect of the fluid flow, an accurate optical
modelling is essential to appreciate the glazing and
shading complexity. Furthermore, the numerical
and experimental characterization of the thermal
behaviour of CFS under dynamic conditions pro-
vided evidence of the inertial effect of fenestration
systems causing a time-shift of around one hour be-
tween the instance of the peak irradiance and that of
maximum solar gain of the room.

For this glazing configuration with blinds in a
closed position, numerical results in terms of heat
fluxes are confirmed by experimental measure-
ments, using both conventional heat flux plates and
a temperature controlled in-situ heat flux measure-
ment device.

Further analysis will be done in order to validate the
modelling approach for different blind positions
and apply it to naturally ventilated cavities. In this
case, the fluid flow within the cavities is expected to
have an even greater impact on the overall heat
transfer and thus the performance of the fenestra-

tion system.
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Nomenclature

Symbols
G, Grashof number (-)
g Gravitational acceleration (m/s?)
s Volume expansivity (1/K),
B=1/T for ideal gases
p Density (kg/m?)
AT Temperature difference (K)
L Characteristic length (m)
u Dynamic viscosity (Ns/m?)

Measured heat flux at timestep i
Ameas,i

(W/m?)
Simulated heat flux at timestep i
sim,i (W/mz)
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