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Abstract

In recent decades, Double Skin Facades (DSF) and their
thermal performance have been subject of numerous
studies in literature. Despite this, the availability of rapid,
robust, and accurate tools for evaluating the performance
of naturally ventilated double skin facades is still very
limited, since only few published models have been
accompanied by a complete experimental validation.
Furthermore, the integration and coupling of such models
within building energy simulation tools remains a
complex task due to the multiple functionalities of the
transparent and ventilated facade interacting with the
building environment. To this purpose this paper presents
the implementation in Modelica of a model for naturally
ventilated DSF and its validation against the dataset of an
experimental campaign carried out in Aalborg, Denmark.
The aim is to provide an open and robust tool easily
integrable in the recent development of Modelica building
libraries under the umbrella of the IBPSA project 1.

Moreover, in this study a sensitivity analysis has been
carried out on the selection of the surface convective heat
transfer inside the ventilated channel according to
different correlations, which gives insight on the
relevance of this choice.

Key Innovations

This paper presents the following innovative research
contributions to the development of accurate and robust
building simulation tools for adaptive facades,
specifically focusing on double skin facades (DSF) and
aiming to contribute to IBPSA Project 1 building library:

e Introduction of a modelica library for double skin
facades (DSF)

e Validation against the dataset of an experimental
campaign on a naturally ventilated DSF

e Comparison among the results using different
correlations for the convection inside the ventilated
cavity, including the correlation employed in ISO
52022-3 and for vertical plates.

Practical Implications

In the analysis of the DSF model, the authors showed how
the choice of the heat transfer correlation for the air cavity
seems to have less impact on the internal surface
temperature  estimation, rather than the optical
characterization of the window system including
shadowing.

Introduction

The Double Skin Facade (DSF) is a well-known
technology, which might offer a lot in terms of
architecture value and adaptive features, but there is still
a lack in the availability of tools for evaluating their
building energy performances in the design phase.

Despite in recent decades DSF and their thermal
performance have been subject of numerous studies in
literature (Kalyanova et al. 2009; Manz & Frank, 2005)
the availability of rapid, robust and accurate tools for
evaluating the performance of naturally ventilated double
skin facades is still very limited, since only few published
models have been accompanied by a complete
experimental validation wunder variable boundary
conditions, i.e. temperatures, solar irradiance and wind.

Moreover,  existing  experimental  investigations
(Kalyanova et al. 2007; Marques da Silva et al. 2015)
underline multiple challenges related to investigation of
DSF performance. Airflow measurement in a naturally
ventilated cavity, measurement of the temperature under
the strong solar exposure, as well as lack of standard,
well-studied experimental methods for the measurement
of the surface temperatures (with and without solar
exposure) are found among the challenges. Experimental
work carried in the of [IEA ECBCS ANNEX 43/SHC Task
34 had addressed some of these challenges in order to
assemble a data set for empirical validation of building
simulation software tools when double-skin facade
performance evaluation is in question. This data set is
applied for the validation of the DSF library presented in
this publication.

Furthermore, the integration and/or coupling of such
models within building energy simulation tools remains a
complex task due to the multiple functionalities of the
transparent and ventilated fagade interacting with the
building environment.

To this purpose this paper presents the implementation in
Modelica of a model for naturally ventilated DSF and its
validation. The aim is to provide an open and robust tool
easily integrable in the recent development of Modelica
building libraries. Modelica, in fact, is an object oriented
and open-source programming language that has gained
attention in the last decade, thanks to its ability to
standardize and simplify modelling and to its high
potential when working with multi-domain systems.
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Several libraries, such as the Buildings (Wetter et al.
2014) and the IDEAS (Jorissen et al. 2018), could be
potentially coupled with the DSF library under the
umbrella of the IBPSA project 1 (IBPSA project 1 2017),
an ongoing international cooperation aiming at creating a
freely accessible, editable, documented and validated
Modelica simulation library to support the design and
operation of buildings and districts.

An experimental validation of the model implemented in
this DSF library was already presented in (Dama et Al
2017), focusing on the thermal and fluid dynamic of the
naturally ventilated cavity, and in (Dama et Al., 2018)
,including the glazing components, i.e. solar irradiance
and indoor and outdoor environmental temperatures as
boundary conditions. The experimental validation was
here repeated for the developed DSF library, since due to
the mathematical a modularity features of Modelica, the
code originally developed in Matlab was completely
rewritten with the advantage of focusing on the energy
balance equations instead of on the solution algorithms.
Moreover, in this study a sensitivity analysis has been
carried out on the selection of the surface convective heat
transfer inside the ventilated channel according to
different correlations, which gives insight on the
relevance of this choice.

Experimental case study

The dataset employed for the validation of the DSF
Library was given available form an experimental
campaign carried in an outdoor full-scale test facility,
called “the Cube”, that was located near the main campus
of Aalborg University, Denmark. T. A photo of Southern
and Northern fagade of the facility is shown in Figure 1.

e

Figure 1: The Cube. Photo of Southern facade (left) and
photo of Northern facade (right).

The double-skin fagade is facing South and consists of an
internal double-glazed unit (DGU, 4-Arl6-4) and a
single-glazed exterior layer. The DFS was 6 m height and
3.5 m wide and the thickness of the ventilated cavity was
0.60 m. Specification of the material properties of all
constructions in the Cube can be found in (Larsen et al.
2014). The experiments were performed in the external
air curtain functioning mode, i.e. with naturally ventilated
air cavity. Particularly relevant to the task of this paper is
to mention the procedures for the measurement of air and
surface temperatures when the sensors are exposed to
direct solar radiation, as well as the measurement of
incident solar radiation. In Kalyanova et al. (2007) it is
explained that the presence of direct solar radiation is an
essential element for the facade operation, but it can

heavily affect measurements of air temperature and may
lead to errors of high magnitude using bare thermocouples
and even adopting shielding devices. Taking this into
consideration, the thermocouples in DSF cavity were
protected from the influence of direct solar radiation. The
air temperature was measured using the silver coated and
ventilated tube to reduce the impact of incident solar
radiation. Meanwhile, surface temperature was measured
by attachment of the thermocouples (type K) to a surface,
using highly conductive paste and then fixed to the
surface using the transparent tape. Surface temperature
sensors were also protected from the impact of incident
solar radiation, using two following strategies, depending
on position of the sensor in Figure 2:

e highly reflective film of approximative size 20x20
mm shields the thermocouple 1;

e highly reflective shield made out of thin Aluminum
foil has the dimensions to ensure shielding both
thermocouples 2 and 3.

PLAN SECTION
Thermocouple type K,
Outdoor __,....... o atiached to the surface.
Numbered from 1 to 3
e
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DSF cavity H ] ] atiached (o the surface
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2
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Indoor 5 [ ]
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Figure 2: Shielding strategy from incident direct solar
radiation. Left: Plan of DSF cavity. Right: Section of
DSF cavity.

Methods

The double skin facade library introduced in this paper is
based on a physical model already presented and
validated in the works of Dama et al. (2017 and 2018).
The main differences between this model and the method
presented in the international standard ISO 52022-3 are
related to the driving pressure equations for the
determination of the mass flow rate and to the choice of
the correlations for the heat transfer inside the ventilated
channel. In ISO 52022-3 wind action is not considered,
while in this work all the simulations adopt the pressure
loop scheme introduced in Angeli and Dama (2015 and
2016), where the wind pressure coefficients at the DSF
openings have been evaluated using the wind pressure
database of the Tokyo Polytechnic University (TPU
database) for isolated low rise buildings without eaves.
This proved to be a key factor in the experimental
validation of the simplified thermal and fluid dynamic
model of the naturally ventilated channel presented by
(Dama et al. 2017). A schematic representation of the
thermal network for the lumped approach and of the
pressure loop scheme adopted is reported in Figure 4
.Moreover, regarding the convection inside the ventilated
cavity here we present a comparison among the adoption
of three different correlations for vertical plates and
channels listed in Table 1. The one employed in the
original model version, by Dama at al. (2017), and the that
introduced in ISO 52022 are both based on the
temperature difference between surface and air in the
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ventilated cavity (bulk), while the third correlation for
vertical plates is based on the temperature difference
between the surface and the inlet air. With the
implementation of the latter, which can be justified by the
large thickness of the cavity, the formulation presented in
Dama et al. (2018) with a “fictitious resistance”, Rv, for
the calculation of the bulk temperature was adapted
introducing a scaling factor for the surface convective
coefficients given by equations (1), (2) and (3):

hevy + hevy = y(hev, + hevy) €))
y = Ts—ave - Tinlet (2)
Ts—ave - Tbulk
hcvy Ty + hev, T, 3)
Ts—ave =S

hcv; + hev,

The asterisk indicates the convective coefficients scaled
to be used in the “fictitious resistance”.

Table 1 Correlation implemented for the surface-air
convection inside the ventilated channel.

Code Correlation source/Author AT D
M1 hcv =5.14+3.9v, Tsurs -
(with units in SI) — Thuik
Mc Adams
M2 hew = 2Nud + av,, Tours | thickness
= Thuik
ISO 55022-3
M3 Mixed convection Tsurs height
(Churchill and Chu for — Tintet
natural on vertical plate)

In Figure 4 all the parts of the model are presented. First
the thermophysical model of the DSF is characterized,
while the optical model can be imported from external
software, such as Window (Curcija et Al. 2015). Then, the
weather and boundary conditions are imported. The
coupled equations of the thermal and fluid dynamics
model are solved together.

Library structure

The library is divided into several packages to make its
structure as modular as possible as shown in Figure 1. The
library is divided into four main components, the External
and Internal windows containing the heat transfer
correlations and the glass models, the air channel model
which contains that air cavity thermal balance and
ventilation models, and finally the DSF model which can
be plugged into a thermal zone model.

rad |

cond2 |
| |
| |

erglass |
|

bsF| DoubleSkinFacades

v [E Examples
[»] DsFvalidation
P AirCavityValidation
P DSFComplete
v |(8]| Components
. I ® ExternalWindow

. I ® InternalWindow

{ } AirChannel
PartialDSF

hd j WindowTypes
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m DoubleGlass
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. D = GlassLayer
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N l}l BoundaryHeatTransfer
'[]E- InternalSurface

- il. ExternalSurface

v . BasicComponents v [3€] AuxiliaryBlocks
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% Air
£ BaseGas
B3 Krypton
@ Xenon

Figure 3 Double Skin Fagade library structure

The library allows to test the three air cavity thermal
models shown in the manuscript combined with forced or
natural ventilation. Furthermore, the windows can be
single or double glass and their thermal-optical properties
together with the air gap gas can be easily changed
between the available options or a new data record can be
added. The package Examples contains the validation of
the library according to the Cube experiment.

This modelling approach gives the possibility to easily
change each component separately and then integrate it
first into the DSF library and then coupling it with an
existing thermal zone or building model.

"-(— e

cond, 2 !Tzi er.imt mnt

A
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Figure 4 Schematic representation of the thermal network (including Rv), and of the pressure loop scheme adopted
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Figure 5 Schematic representation of the DSF model and operation
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Figure 6 Outlet temperature, original model versus experiments, external temperature, and wind differential pressure
on the DSF openings are also reported (experimental outlet T is reported only for predicted upward flow)
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Figure 7 DSF interior surface temperature, original model versus experiments, room internal temperature and vertical
irradiance on the DSF are also reported.
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Results

Table 3 Daily relative errors on the estimation of the

For the validation of the new DSF library simulation have . L .
heat flux by convection and radiation entering the room

been performed for the experimental case study described

before. The experimental dataset contains 15 days of 2(ATdt) £ Q+ £ Q+ £ Q+
measurements on a transparent DSF operating in naturally day [Kh] Mi M2 M3
ventilation mode, i.e. with external to external air 1 30.3 15% 27% 23%
circulation. Measurernents have been made avallab!e for 2 106 4% 6% 79%
every ten minutes time interval. The boundary conditions
for the simulation were solar irradiance, outdoor and 3 10.3 60% 76% 71%
indoor temperatures, vymd velocities and directions. For 2 6d T44% T65% T72%
the validation we consider the surface glass temperatures
and the outlet air temperature in order to test not only the 5 253 58% 67% 67%
prediction of the heat flux to the interior, but also the > > >
thermal reliability of the library components. 6 10.0 37% 48% 42%
Firstly, as performance indicators the root mean square 7 19.6 42% 52% 51%
error (RMSE) was evaluated for all the temperatu?es ] 272 33% 37% 1%
Simulation have been performed for the three convective
corelation listed in Table 1 and the comparison of the 9 17.3 32% 47% 47%
RMSE of the resulting glass temperatures and outlet air is 10 360 3% 50% 48%
reported in Table 2.
Table 2 RMSE predicted versus experimental T of 1 0.9 ) ) )
glasses and outlet air for the three model variants. 12 0.0 _ _ _
T: T T; Toutier
13 26.6 359 439 419
RMSE (K) (K) (K) (K) & o &
M1 1.34 1.48 0.79 1.48 14 254 33% 44% 45%
M2 1.19 1.00 0.92 1.70 15 24.6 28% 37% 39%
M3 1.17 0.91 0.91 1.68 ToT 270.6 41% S1% S0%

Table 4 Daily relative errors on the estimation of the

Table 2 shows a better accuracy of the original M1 model heat flux by convection and radiation leaving the room

version with respect to M2 and M3 in predicting the

internal surface temperature and the outlet air 2(ATdY) | £ Q+ £ Q+ £ Q+
temperature. On the other side M2 and M3 give a better day (Kh] M1 M2 M3
estimation the surface temperature of the DSF ventilated 1 -19.4 1% -15% -16%
cavity. 2 -19.1 2% -6% 7%
To deeper understand the impact of the temperature errors 3 Y Too To% 7%
a relative error was introduced on the estimation of the o U e o
inward heat flux into the room by convection and 4 -233 -4% -10% -11%
longwave radiation. It depends on the accuracy of the - - -
prediction of the internal temperature of the DGU (the > 250 % -12% "13%
third glass layer according to Figure 2) and is defined by 6 21.7 -6% -13% -15%
the following ecgatlon(:T . 7 213 9% 5% 0%
-(T3moa — T5, “4)
Egu/ = ol dmod _Sewp 8 232 1% 2% | -16%
ZQ+/—(T3,exp - Tint,exp)
- ~15° 7130 740
were the summations of the timestep are separated ? 199 15% 23% 24%
according to the sign of the inward heat flux derived from 10 -20.1 1% -6% -6%
the experlmental temperatures. The reason for this T 31 1% 0% 2%
separation is to avoid error compensation between
timestep with inward and outward heat fluxes. The results 12 -32.0 -10% -15% -17%
for each day are reported in Table 3, grouping timestep
. . . 13 -23.6 -49 -109 -109
with heat flux entering the room, and in Table 4 for heat % o o
flux leaving the room. Despite the RMSE on the 14 -32.8 -6% -11% -11%
temperature of the third glass la'yer are lower. then the G 308 5% 10% 11%
other two layers and below 1 K, it has a great impact on
the estimation of the inward heat flux. TOT -364.8 -1% -13% -14%
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Figure 8 Temperature of the external single glass in the
14" day, model variants versus measurements
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Figure 9 External surf temperature of the internal DGU
in the 14" day, model variants versus measurements

There are multiple reasons for the large relative
discrepancies reported in Table 3 . First of all the small
differences between the internal DSF temperature and
indoor operative temperature — condition experienced in
October in Denmark with insulate glazing - therefore each
temperature degree of difference between simulation and
measurement on the surface has a relevant impact. To
show this a time summation of the experimental
temperature difference between the DSF and the interior
is reported for each day in Table 3 and Table 4 and an
overall plot of the two temperatures is reported in Figure
9 . The cloudy days report larger relative discrepancies. In
fact, the overall ATdt per day is always around or below
30 Kh, meaning that if 8 hours of daylight are considered,
that would be a very low AT of 3.75 K in each hour of
day, where even a slight error in the absolute measure of
T3 would lead to a very high relative error.

o T3 exp[°C] T3_M1
=== =T3_M2 e T3_M3
----- T_int [°C]

32

312 318 324 330 336

Figure 10 internal surf temperature of the internal DGU
in the 14" day, model variants versus measurements,
indoor operative temperature is also reported

o  Toutlet_exp [°C] Toutlet_M1

- - —-Toutlet_M2  -oeeeeeeeens Toutlet_M3

- = T_ext[C]
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Figure 11 Outlet air T in the 14" day, model variants
versus measurements, external air T is also reported

Moreover, the accuracy on the measurements of the glass
temperature exposed to the sun in still an open issue.
Finally, the modelling of the self-shading of the DSF
frame on the glass layers was not yet implemented in the
library. This can have great responsibility on the
prediction of the glass temperature. To show it a
sensitivity analysis was performed increasing and
lowering separately the glass absorption coefficients. The
results presented in Figure 12 for the original version of
the model show that a decrease of 25% of the absorption
in the third layer would reduce the RMSE from 0.79 K to
0.46 K. Similarly, an increase of 25% of the absorption of
the glass layers facing the ventilated cavity would reduce
the RMSE from 1.34 K to 1.1 K and from 1.48 Kto 1.2 K
respectively for the first and the second layer.
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Figure 12 Cavity convective heat transfer coefficient,
model variants versus measurements in the 14" day
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Figure 13 sensitivity analysis to the glass absorption

This reinforces the attention on the importance of an
accurate angular characterization of the optical properties
of the window system.

Concerning the model variants generated by the adoption
of different correlation for the convection inside the
ventilated cavity, to deeper analyse the comparisons,
single day plot are reported for each of the four considered
temperatures in Figure 7, Figure 8, Figure 9 and Figure
10. The 14 days was selected for its stability in terms of
solar and wind conditions, for which an overall plot is
available in Figure 5 and Figure 6. The resulting
convective coefficients are plotted in Figure 11, where the
values for the vertical plate was scaled as in equation (1)
to be comparable with the others.

It can be observed that the Mc Adams correlation (M1)
always give higher values and that in the sunny hours the
correlation for vertical plate (M3) gives intermediated
values.

The same ordering relation is shown in Figure 10 looking
at the outlet temperature predictions. Although the
convective coefficient differs significantly, from around 3
to 5.5 W/(m?K), small differences can be observed in the
outlet temperature. This is explained by the fact that the
higher convection increases of the bulk temperature and
with it the mass flow rate due the buoyancy. Therefore,
the effect of higher convection turns out in the increase of
not only the outlet temperature but also of the mass flow
rate, i.e. in a larger heat removed by ventilation. This also
explains the lower prediction opposite relation between
the model variants when looking at the prediction of the
glass surface temperatures, internal DGU temperature
included.

Conclusion

A model for the simulation of double skin facades has
been implemented and validated as a modular Modelica
library where all the components can be easily swapped
to test several DSF applications. Furthermore, differently
from commonly used building simulation software, it will
be easier to integrate the DSF into existing thermal zone
or building envelope models thanks to the equation
object-oriented nature of Modelica such as the libraries in
the IBPSA project 1.

Three variants of the correlations for convection in the
ventilated air cavity, namely Mc Adams, ISO55022-3 and
Churchill and Chu for vertical plate with mixed
convection, have been tested against experimental data.
Despite the differences in the heat transfer coefficient
values, especially for the Mc Adams model, the difference
in outlet temperature is not as significant since higher
convection increases of the bulk temperature but also the
mass flow rate due the buoyancy. The best model in
estimating the DSF internal surface temperature uses the
Mc Adams correlation with a RMSE of 0.79 K, which
might lead to a large relative error in days where the
overall energy transfer is low. A brief sensitivity analysis
showed how the inner absorption coefficient a3 has much
more impact than the heat transfer correlation on the
internal surface temperature and consequently on the
internal flux, showing that decreasing a3 by 25% the
RMSE goes from 0.79 to 0.46 K.

Therefore, to increase the accuracy, further
implementations of the model should take into account,
the self-shading of the DSF frames and the accuracy of
the window system optical characterization.
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