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ARTICLE INFO ABSTRACT

In this study, temperature distribution and heat transfer through the cavity of a double skin facade (DSF) was
investigated in the laboratory environment and analyzed numerically by using nodal network approach. The
verification of the nodal network method was conducted by using data from the steady-state experiments and the
same method was applied for the climate of Istanbul, Turkey under unsteady outside boundary conditions.
Furthermore, heat gain and loss values in DSF for January and July were calculated and compared with single
skin facade (SSF) application for different directions of the facades. The results were given for a day and a
working time period of the office buildings by using monthly average daily climate data. Distinction working
hours were more convenient to investigate the energy performance of DSF because of solar radiation effect.
Using DSF in all directions, the cooling loads decreased up to 26% comparing to the SSF. DSF system was
disadvantageous comparing to the SSF for January. However, it was shown that the heated air in the cavity could
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be used for preheating process of air in a HVAC system for winter period.

1. Introduction

It is possible to see that the use of double skin facade (DSF) appli-
cations in buildings globally pervades. The basic presumption behind
this global proliferation is that considering the climatic conditions, the
DSF can provide the advantages of energy gaining and controlled
ventilation. While looking at the architectural configuration concepts, it
is important to notice that all types of DSF can be combined with all
types of ventilation and airflow concepts (Fig. 1). This condition creates
a great variety of double skin facade configurations. It draws attention
to the proper combination of the all parameters proposed in the clas-
sification. Effective parameters in architectural configuration issues are
illustrated in Fig. 1.

The flow and heat transfer analysis through the cavity of DSF have
been evaluated on various studies in the literature. More recent reviews
of DSF have been compiled in the studies cited (Pomponi et al., 2016;
Ghaffarianhoseini et al., 2016; Zhang et al., 2016). There are different
experimental and numerical methods and techniques that could be used
to examine the energy performance of DSFs in the literature. Some
researchers have used nodal network approaches for energy balance in
DSF applications. Various ventilated facade designs were investigated
in terms of energy savings by using a commercial building simulations
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code connected to the nodal airflow network in Haase et al. (2009)’s
study. The model was validated with the measured data for an office
building and emphasized that the amount of heat gain through the
building envelope could be reduced significantly by a ventilated DSF
cavity. DSF systems on South, Southeast and Southwest were the most
efficient orientations for energy savings for hot and humid climates as
Hong Kong’s. A zonal model approach through the cavity of DSF was
developed after validation by using an experimental setup with dif-
ferent airflow rates and angles of the solar shading in Kuznik et al.
(2011)’s study.

Although numerical modeling might apply to many cases envisaged,
it needs to be validated with experimental data or analytical models
before making any judgment based on the result of numerical modeling.
It was examined with a different variation of the airflow through the
DSF and different angle of the solar shading device in a test cell under
controlled environment by Gavan et al. (2010). Analysis showed that
the surface and air temperatures were primarily determined by the
angle of sun-shading device and secondly by the air flow rate. A lumped
model was validated by thermal measurements from double skin facade
test cell before calculating yearly building energy demands in Pando
et al. (2016)’s study. A linear model which considered solar radiation
and the temperature difference between the outdoors and the room was

E-mail addresses: tinan@ohu.edu.tr (T. Inan), tahsinbasaran@iyte.edu.tr (T. Basaran).
! Permanent address: Tugba Inan was in the Department of Architecture, Izmir Institute of Technology for the current study.

https://doi.org/10.1016/j.solener.2019.03.030

Received 11 February 2018; Received in revised form 30 January 2019; Accepted 10 March 2019

Available online 16 March 2019

0038-092X/ © 2019 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2019.03.030
https://doi.org/10.1016/j.solener.2019.03.030
mailto:tinan@ohu.edu.tr
mailto:tahsinbasaran@iyte.edu.tr
https://doi.org/10.1016/j.solener.2019.03.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2019.03.030&domain=pdf

T. Inan and T. Basaran

Solar Energy 183 (2019) 441-452

Nomenclature

A area, mz; constant

B constant

CA cavity air

Cc constant

[ specific heat at constant pressure, J/kg K
CFD computational fluid dynamics

DSF double skin facade

h convection heat transfer coefficient, W/m? K
HVAC  heating ventilation and air conditioning
I solar radiation, W/m?

k thermal conductivity, W/m K

1 thickness, m

L height of finite zone, m

1 mass flow rate, kg/s

Nu Nusselt number

PF primary facade

Re Reynolds number

q heat flux, W/m?

SF secondary facade

SSF single skin facade

SSFIG  single skin facade inner glass

t time, s
temperature, °C

U overall heat transfer coefficient, W/m? K
Vv velocity, m/s

y coordinate axis-along the cavity height
Z constant

Greek symbols

a absorptivity

€ emissivity

v kinematic viscosity, m?/s

P density, kg/m?

o Stephan-Boltzmann constant, W/m? K*
T transmissivity

Subscripts

avg average

c cross section

DG double glass

ent enter

ex exit

in indoor

h hydrolic

out outdoor

r radiation

obtained for evaluating energy performance of DSF by He et al. (2016).

Energy reduction by using DSF was also compared with single skin
facade (SSF) in the literature. Cooling loads on a SSF against different
physical properties of the outer skin of the DSF was compared and
showed that the reflective DSF provided better energy savings (Hamza,
2008). Various configurations including glazing type, glazing position
and the usage of double or single skin facade were evaluated con-
sidering the energy performance for an office building under the cli-
matic condition of Hong Kong (Chan et al., 2009). They compared to
four different glazing position of DSF: the inner and outer facades could
be all single or double glazing; and the inner could be single (or double)
when the outer was double (or single). After choosing single inner-outer
double configuration considering better energy performance, they stu-
died effect of the glazing type as clear, absorptive and reflective glasses.
It was obtained that DSF with single clear glazing as inner skin and
double reflective glazing on the outer skin provide an annual saving of
nearly 26% in the cooling energy of building, as compared to a con-
ventional single skin facade with single absorptive glazing. Moreover, it
was stated that the DSF system was economically infeasible in the long
payback period of 81 years (Chan et al., 2009). Different slat angle and
operation effect of the blind integrated in the cavity were also in-
vestigated on the cooling load reduction by Lee et al. (2013). It was
obtained that the greatest reduction of the cooling load could be ac-
quired by the cavity operation, followed by the blind operation and
proper choice of the blinds operating hours. The difference between box
window type DSF and SSF were compered by Nitase et al. (2016)
considering the heat transfer mechanism by using one-year chart for
climatic condition in Romania. Finding energy-saving solutions for an
existing high rise office building envelopes in Netherlands as a tem-
perate climate considering glazing type, window-to-wall ratio and sun
shading was the aim of Raji et al. (2016)’s study. A significant energy-
saving by around 42% for total energy use was calculated after the
optimization of the parameters.

This study distinguishes itself with different boundary conditions in
the laboratory environment with the climate of Istanbul and the specific
geometric features of DSF application. Inner facade was chosen as a
clear double glazing when the outer was single clear glazing in this
study like common practice of DSF (Chan et al., 2009; Eicker, 2003). On
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the other hand, the opposite configuration was also mentioned in the
subtropical region like Hong Kong (Chan et al., 2009). Heat transfer
values in DSF were calculated and compared with SSF for different
orientations of the facades. For that purpose, a nodal network approach
was used and validated by the experimental setup in the laboratory
environment under the steady-state conditions. Convective heat
transfer coefficients at the both cavity’s inside surfaces were obtained
from the CFD analysis (inan et al., 2017). The same method was applied
for the climate of Istanbul, Turkey under unsteady outside boundary
conditions. Same experimental setup was used for analyzing the effect
of perforated elements on pressure drop in the DSF’s cavity (Basaran
and Inan, 2016). Different perforated plates were positioned in the
cavity in order to create a pressure drop. After that, perforated plates in
the cavity were removed from the system and the experimental setup
was reorganized for forced flow condition by using the air cavity de-
signed in the box window type of DSF. So the experimental setup was
ready to investigate the temperature distribution and heat transfer
through the cavity of the DSF. The first part (Section 2) of the paper
describes the experimental study with the data collection from the
setup and the data collection for Istanbul climatic condition. Metho-
dology section is about the nodal network calculation method and after
validation of the nodal network by using data from the steady-state
laboratory experiments; same method is applied for the climate of Is-
tanbul under unsteady outside boundary conditions in the Section 4.
Hence, heating and cooling loads in DSF for Istanbul can be analyzed
and compared with SSF application for different working time periods.

2. Places, instruments and data
2.1. Places

The experimental setup was placed at the Building Physics Laboratory,
which is 11.9m in width, 17.8 m in length and 4m in height, on the
ground floor of Block B of the Faculty of Architecture, Izmir Institute of
Technology, Izmir, Turkey. The experimental setup was used for the ver-
ification of the nodal network method under steady-state condition. The
same nodal network method was applied for the climate of Istanbul,
Turkey under unsteady conditions of January and July.
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Ventilation Types
e Natural

o Mechanical

e Hybrid
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DSF

Airflow modes

Air buffer zone
external air channel
internal air channel
Air exhaust

Air supply

Architectural Con

figuration Issues

Interaction between
o Building type

Orientation of DSF
o North
South

o Building form
o Cavity size

Geometric Configuration of DSF
o Location and size of openings

o Length/width of cavity

o Height of cavity

s . Multi Storey facade
— building height —E

Multi storey louvered
- storey height

Box-window facade
Shaft-box facade
Comidor facade

East
West
Other

Pressure drop elements
o Perforated elements
Plants

Solar shading devices

Blinds

Louvers
external
internal

* Types

o Location

in the middle of air cavity
near external skin
near internal skin
o Material (metal, plastic, painted or
polished, perforated or solid, etc)

.
o Solar shading devices
o Cat walks

Glazing Layers

(outdoor/indoor)

o Type of panes (clear glass, low-E
coating, solar control glass, etc)

o Glazing characteristics (U value, g-

value, T value, etc)

o Number of glass layers
(single/double glazing)

o Material of window profile
(Aluminum, steel, PVC, etc)

Climatic and Seasonal conditions
o Cold climates

o Hot-humid climates

o winter

® summer

o other

Fig. 1. Effective parameters on Double Skin Facades.
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Fig. 2. Experimental setup plan.
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2.2. Instruments

General plan of the experimental system was shown in Fig. 2. The
system consists of two main parts namely “indoor” and “outdoor” en-
vironments with a “cavity” between these two simulated environments.
The “indoor” and “outdoor” environments were conditioned by a con-
stant temperature water bath and a refrigeration-based system. The
cavity walls were double-glazed (PF) and single-glazed (SF) which se-
parated the “indoor” and “outdoor” environments, respectively. A “fan”
was integrated into the “duct” system to create ventilation inside of the
cavity by using two openings for air entrance and exit in the single-
glazed exterior glass (SF) of the cavity. Air entry to the cavity was
performed by two distribution hoods (hdl and hd2 in Fig. 2). Three
flexible ducts (f1,2,3) were used between these hoods; one of hood
(hd2) was mounted on the single exterior glass (SF) and it was movable
with the single glass for changing the cavity depth. The other hood
(hd1) was connected to the duct system for the air entrance. Moreover,
the flow is made as homogeneous as possible by adding a perforated
plate at the outlet of the hood2 (Fig. 2). An automatic air-cooled matrix
type “solar simulator” was used to provide the required conditions in
the experimental study. The whole support structure of the solar si-
mulator was made of aluminum and designed by a modular system
which consisted of 12 lamps located to constitute a 3 X 4 matrix. Metal
halide lamps used in the solar simulator consumed 12kW totally
(Fig. 2). 4 (at the middle column of the matrix) and 8 (4 lamps at the
middle column plus 2 lamps each side of the middle column positioned
symmetrically) lamps were used in the experimental parts of this study.

2.3. Calibration and uncertainty processes of the experimental setup

Each one of all temperature probes with the data logger were cali-
brated in the calibration laboratory of Izmir Chamber of Mechanical
Engineers (inan, 2016). The pyranometer system and the velocity
measurement system in the duct were used for the first time and cali-
brated in the manufacturer’s laboratory. The uncertainty analysis of air
in the cavity was conducted by using each independent property, as
density, specific heat, temperature difference, velocity and the cross
section area of cavity. Therefore, the uncertainty of the energy transfer
rates for air in the cavity were calculated by considering the property as
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5.4% (Basaran and Inan, 2016). The uncertainty of the pyranometer
was given as 7.00 uV/Wm ™2 The pyranometer sensor was also cali-
brated by using the position difference of the pyranometer measured
radiation created by the solar simulator (Fig. 3a) at 7.2 cm behind the
secondary facade. The pyranometer was located under 55cm of the
upper glass surface and right at the middle axis after measurements
(Fig. 3b). This point reflected the average solar radiation values for the
different two cavity depths. This location was considered for 20 mea-
surement points, and the radiation distribution was given for 8-lamp
configuration (experiments were also repeated for 4-lamp) as shown in
Fig. 3c. Detailed calibration processes and the uncertainty analyses
were given in the previous studies (Basaran and Inan, 2016; inan,
2016).

2.4. Data collection from the experimental setup under steady-state
condition

Fig. 4 includes the schematic representation of a limited zone of the
DSF, in which the experimental and numerical studies have been con-
ducted. Here, PF refers to the primary double skinned glazed facade; SF,
to the secondary single glazed facade; and CA, to the air inside of the
cavity (Fig. 4). y is the height of the cavity and temperature measure-
ments are recorded for three levels of the height. T, shows the tem-
perature of the air which enters the finite zone where the numerical
analysis would be conducted, whereas T, shows the temperature of the
air which exits from this finite zone. In this way, depending on the heat
transfer in the cavity, the air temperature in the cavity changes. Tpr and
Tsr represent the temperature of the surface of the primary and sec-
ondary facades which face the cavity and Tpp is the inner surface
temperature of the primary facade. Furthermore, T;, shows the average
indoor temperature of the experiment room, whereas T, shows the
average value of the outdoor environment temperature. h;, and hg,,
refer to the indoor and outdoor convection heat transfer coefficients
and h¢, is used for the primary and secondary fagcade convection heat
transfer coefficients which are assumed to be same at each surface. The
solar radiation which comes to the system is defined as I, and it is
assumed to be uniform for each experiment individually. Experimental
radiation differences for each measurement arise from the number of
lamps and the cavity depths which effect the values since the secondary

a) Solar simulator view taken from the indoor section

b) Pyranometer position for the experiments (in cm)

¢) Radiation distribution for 8 lamps (in W/m?)

Fig. 3. Solar simulator, pyranometer and radiation values.
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Fig. 4. Schematic view of thermal resistances of the DSF nodal model.

facade’s position is changed when the solar simulator is fixed.
Temperature changes of the air in the cavity according to the dif-
ferent cavity depths (25 cm and 35 cm), different mass flow rates (low,
medium and high) and different solar radiation values (between
170 W/m? and 365 W/m?) and temperature changes of the primary and
secondary facades’ surfaces which face the cavity were measured along
the height of the cavity mentioned as y (0.80m, 1.45m and 2.10 m) in
Table 1 for 12 independent experiments mentioned at the first column.
Average values of the indoor temperature (from three measurements),
the outdoor environment temperature (from two measurements), air
entrance temperature, velocity and solar load were given in Table 1.
These values reflect the average of the measurements taken every 2s
depending on time after the whole system reached the thermal balance.
In the cavity, exterior air curtain flow mode was used. In other words,
the air which was taken through the bottom inlet of the double skin
facade system was disposed through the top outlet to the outdoor

environment. Each calibrated values mentioned as T¢a, Tpr and Tsg in
Table 1 were the average values of two temperature measurements at
the same height of the cavity. 8 and 4 lamps were opened during the
first six-experiments (1-6); and the second six-experiments numbered 7
to 12, respectively (Fig. 3a). Cavity depth was arranged as 35 cm (for
the experiments numbered 1, 2, 3 and 10, 11, 12) and 25 cm (for the
experiments numbered 4, 5, 6 and 7, 8, 9). Each group included three
measurements as 1-3, 4-6, 7-9, and 10-12 had different air mass flow
rates namely low, medium and high as shown in Table 1.

2.5. Database of the climate of Istanbul

By using the monthly average daily meteorological data (tempera-
ture, wind, solar radiation) of Istanbul province in January (when the
outdoor environment average temperature is the lowest) and July
(when the outdoor environment average temperature is the highest)

Table 1
Experimental measurement data under steady-state condition.
Exp. no Lamp no Cavity depth (m) Mass flow Totar (W/m?) Towe CC) Tin (°C) Tinter CC) V (m/s) Height y (m) Tca (°C) Tpr (°C) Tsy (°C)
1 8 0.35 low 365.4 27.36 24.97 17.02 0.769 0.80 18.38 22.55 26.43
1.45 25.56 27.99
2.10 19.16 25.22 28.40
2 med. 362.8 25.50 25.18 18.38 1.028 0.80 19.23 22.40 25.04
1.45 25.09 26.42
2.10 19.77 24.62 26.97
3 high 364.6 22.32 25.19 18.23 1.316 0.80 18.95 21.69 23.68
1.45 24.20 24.66
2.10 19.37 23.65 25.37
4 0.25 low 330.8 26.23 23.61 17.06 1.405 0.80 18.39 20.91 24.53
1.45 23.66 25.75
2.10 18.84 23.20 25.29
5 med. 331.5 24.23 23.72 16.88 1.694 0.80 17.84 20.02 22.82
1.45 22.62 23.83
2.10 18.20 22.10 23.58
6 high 334.9 22.14 23.66 17.38 2.124 0.80 18.15 19.90 22.13
1.45 22.27 22.85
2.10 18.39 21.65 22.66
7 4 0.25 low 170.9 14.62 26.67 8.30 1.134 0.80 8.73 12.44 12.31
1.45 15.33 13.79
2.10 9.32 15.72 14.03
8 med. 176.5 13.30 26.55 9.32 1.704 0.80 9.47 12.16 11.74
1.45 14.74 12.85
2.10 9.83 14.97 13.09
9 high 178.7 11.88 26.28 9.85 2.156 0.80 9.85 12.07 11.51
1.45 14.43 12.28
2.10 10.11 14.51 12.55
10 0.35 low 196.8 16.39 28.28 10.13 0.690 0.80 10.47 15.11 14.88
1.45 17.99 16.39
2.10 11.14 18.48 16.92
11 med. 192.4 15.44 28.26 11.41 0.908 0.80 11.54 15.09 14.51
1.45 17.65 15.65
2.10 11.98 17.94 16.19
12 high 196.8 12.90 28.00 11.38 1.170 0.80 11.46 14.44 13.52
1.45 16.79 14.27
2.10 11.80 16.98 14.92
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depending on the placement of the double skin fagcade on the all car-
dinal points and intercardinal points, its energy performance was given.
Solar radiation and outside temperature values were taken from the
CMSAF (re.jrc.ec.europa.eu/pvgis/apps4/pvest.php) and general di-
rectorate of Turkish State Meteorological Service (www.mgm.gov.tr)
references as monthly average daily solar radiation and outside tem-
perature values for January and July.

3. Methodology

For the DSF in Fig. 4, nodal energy analysis was conducted. DSF was
examined by dividing into three main zones which were primary facade
(PF), secondary facade (SF) and cavity air (CA). Nodal network is a
mathematical approach to define and to model a physical problem.
Three zones of the DSF can be set up easily and solved quickly by using
this nodal approach. Energy balance was set up for these nodes. Energy
balance for the SF is given in Eq. (1),

Lotar ¢sp = Usp (Tsp — Tour) + hea (Tsp — Tea) + he (Tsp — Tpr) (@)

where h, shows the radiant heat transfer coefficient which is used to
define the thermal radiation on the facing surfaces of the primary and
secondary facades. For the CA, energy balance is defined in Eq. (2).

. dTpa
me, = hcaL(Tpr — Tea) + heaL(Tsp — Tea)
Pay 2
Eq. (3) is written for the energy balance of the PF.
LotarTsr opr = Upp (Tpp — Tin) + hea(Tpr — Tea) + by (Tpr — Tsr) 3)

With the solution of this equation set (Egs. (1)-(3)) with three un-
knowns together with the change in the air temperature in the cavity,
the temperature values of the interior surfaces of the DSF which faced
the cavity were calculated along the height of finite zone (L) of the
cavity in y-direction. For this solution, firstly, interior surface tem-
peratures of DSF depending on the cavity air temperature are shown in
Egs. (4) and (5) modified from the reference (Eicker, 2003).

(B xsp + hytspocpr) sotar + My Upp Tin + BUsp Tour (Bhca + hrhca) Tea ()

Tsr ) =

AB — h?
@
_ (Azsp xpr + hyocsp)Isolar + AUpr Ty + hy Usp Tous + (Ahca + hrhea) Tea ()
Tor () = 2
AB—h,
()

Egs. (4) and (5) were used to describe Tpr and Tsr as a function of
cavity air temperature, Tcs. In order to calculate Tpr and Tsr values
along the height of the cavity, first, the change in T¢4 along the height
of the cavity was solved depending on the separation of the variables
(Eicker, 2003). The result is given in Eq. (6),

Cl thn + CZ T;mt + C3Isolar

C, + Tye™?

Teay) = (1 — )

(6)

where C;, C5, C3 and Cy4 values and the parameter Z were defined by
Egs. (7)-(11), respectively (Eicker, 2003),

hcahy Upr + hcaAUpr

G

AB — h} @
C, = hcahy Usp + heaBUsr
AB — h} ®
= hcahytsp opr + heaB &sp + heahy s + heaAtspopr
AB — h} 9
2h&,h, + hE B + hE,A
C4:2hCA_( caltr + Nca 2+ caA)
AB — h 10)
z= 5
cpm 1)
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where A and B were defined in Egs. (12) and (13) as below.

A =Us+ hca + h, 12)

B= UPF + h'CA + hr (13)

The coefficients C; to C4 were related to the convective heat transfer
coefficient and the thermal radiation in the cavity, and the overall heat
transfer coefficient to the indoor and to the outdoor surfaces. Solar
radiation values and the radiation properties of both of these glasses
were also used in calculating these values (C; to C4). As these coeffi-
cients were temperature dependent, Tpp, Tsr and Tcy were determined
iteratively. Fig. 4 includes the nodal representation of the DSF and it
was used in the calculations of the equations given in Egs. (1)-(3). The
parameters and the thermophysical properties which were used here
were defined in detail respectively below.

3.1. Parameter calculations of the secondary fagade

Related values given in Eq. (1) are given in Table 1. The absorption
coefficient (asr) was accepted as 0.12; and the thermal conductivity
coefficient of the glass (kgqss) Was taken as 0.92 W/m K (Cengel, 2007).
The value of outdoor convective heat transfer coefficient (h,,) was
calculated depending on the velocity as it is given in Eq. (14) (Liu and
Harris, 2007).

hoye = 742V + 2.98 14

Velocity value was calculated by using cavity air mass flowrate and
the cross section area of the outside environment of the experimental
room. In this way, the value of the modified overall heat transfer
coefficient of the secondary facade, Ugy is calculated in Eq. (15).

)

In calculating the secondary facade convective heat transfer coef-
ficient, hcs, the Eq. (1) which was acquired as a result of the CFD
analyses in the previous study (inan et al., 2017) was used in Eq. (16).

(16)

lass 1
lg ass
Lout

kglass (15)

Nu = 0.1338Re0844

Nusselt and Reynolds numbers were calculated by using Egs. (17)
and (18), respectively.

Nu = hcaDy
kair (17)
_ YDu
Re=— (s)

By using the mass flow rate which was experimentally measured,
the average velocity value, V was calculated by using Eq. (19),

m=pA.V 19)

where the change of the density (p) of air like the kinematic viscosity (v)
and the thermal conductivity (k) depending on the temperature were
considered. Hydraulic diameter, Dy, was calculated by using cross sec-
tion area and the perimeter of the cavity. So, the convective heat
transfer coefficient, hcs which was assumed to be equal to each surface
of the cavity was obtained by using Egs. (16)-(19).

To calculate the radiative heat transfer coefficient, h, the following
equation below was used (Saadon et al., 2016). Emissivity coefficient of
both primary facade (PF) and secondary facade (SF) were equal to 0.9.
Temperature values were given in K in Eq. (20), and o was the Stephan-
Boltzmann constant given as 5.67E —08 W/m? K* (Cengel, 2007).

3 1
1,

€PF ESF

Tpr + Tsp
2

= 4o
(20)
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3.2. Energy balance of the cavity air

In Eq. (2), the equation of the cavity energy balance, the y direction
showed the height of the cavity. Accordingly, the value of ’ig—;"’ gave the
temperature change of the air of the cavity along the height of the
cavity, y. ¢, was the specific heat of air and it was defined depending on
the change in the temperature of the air. The average convection heat
transfer coefficient for the interior surface of the cavity on the PF was
regarded as equal with the other interior surface of the cavity on the SF.

3.3. Parameter calculations of the primary facade

The transmissivity coefficient (zsz) which was expressed in the Eq.
(3) was accepted as 0.83 and the value of the absorption coefficient
(app) as 0.22 (Cengel, 2007). For PF, the modified overall heat transfer
coefficient is given in Eq. (21).

-1
l ass il
Upp = L + 2 g + lai
hin kglass kair
In the calculation of h;,, experimental data were used. Accordingly,
the energy balance for the double glass was conducted in Eq. (22),

U (Teric — Tpr) = hin (Teric — Tin) (22)

where Tppg was the inner surface temperature of the primary facade,
Upg was the overall heat transfer coefficient of the double glass and it
was calculated as in Eq. (23),

-1
lair

+ —_
kair

where the change of k., depending on the temperature was also con-

sidered. All the numerical analysis of the experimental data mentioned

above were done under steady-state conditions. The values which were

acquired by using all these equations are given together with the other
values below in Table 2.

2D

kglass (23)

4. Results and discussion

4.1. Experimental results under steady-state condition and the model
validation

Together with the change in the temperature of the air, along the
cavity on the surfaces of the primary facade (PF) and secondary facade
(SF) which faced the cavity, the comparisons of the values of the
temperature which were calculated by using the nodal network model
with the experimental measurement results were shown for the dif-
ferent working conditions (Fig. 5). It was seen that the air temperature
in the cavity at two points which were acquired from the experimental
measurement results (mentioned M) were very coherent with the nu-
merical results (mentioned N) which are shown with solid lines in
Fig. 5. When the surface temperatures were compared depending on the
experimental measurement and nodal network results, it was seen that
the temperatures were also very coherent with the measurements in the
middle of the glass surfaces. However, it was seen that the model be-
haved more incompatibly with the measurements at the bottom where
the measurements were also taken as the air temperature measurements
in this zone were taken in a zone which was relatively closer to the air
inlets. This difference in the entrance zone occurred due to the fact that
the flow was not fully developed yet and was affected by the entrance
conditions. Therefore, heat transfer calculations were conducted by
taking half meters of intervals from the bottom and top of this point
based on the measurements in the middle zone. On the other hand, the
main reason of this difference was the nonhomogeneous behavior of the
solar simulator having relatively extensive standard deviation as men-
tioned in the experimental study section. Solar radiation effected
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relatively low at the upper part of the DSF.

In Fig. 5a and b, numerical and experimental results for high mass
flow rate when the cavity were 35cm and 25cm could be seen, re-
spectively. In these experiments, 8 lamps of the solar simulator were
left open and these experiments which were coded as the numbers of 3
in Fig. 5a; and 6 in Fig. 5b are seen, respectively in Table 1. Similar
behavior was also observed in the other experiments numbered 1, 2, 4
and 5 for the 8-lamp configuration.

When the cavity was 25 cm and 35 cm; and 4 lamps of solar simu-
lator were left open; the numerical and experimental results for three
different mass flow rates numbered respectively 7 to 12 in Table 1 were
also calculated and the results were also coherent with each other
(experimental measurements and the nodal model) similar results
shown in Fig. 5 (Inan, 2016).

4.2. Unsteady study for Istanbul climate

After validation, time dependent analysis was studied for Istanbul
climate of Turkey. Using all of the parameters in the nodal network
model which was prepared for the steady-state condition, the nodal
network model for the monthly average daily climate data for Istanbul
province was operated again. The interior environment temperature for
January was accepted as 20 °C and for July as 24 °C. By using the si-
milar value intervals in the previous steady-state numerical model, the
value of the mass flow rate was accepted as 0.5kg/s and the cavity
width as 30 cm. January and July’s solar radiation that reaches building
vertical surfaces at the different orientations, were also similar values in
the previous steady model except East and West orientation for July.
Different from the steady-state numerical model explained previous
section, for Istanbul example, for the all of the nodal network models,
the indoor surface convection heat transfer coefficient was taken as 1/
0.13W/m? K (Eicker et al., 2008). The value of the outdoor surface
convection heat transfer coefficient was calculated as in the Eq. (24)
(Liu and Harris, 2007). Here V,,,, is the value of the wind velocity which
is taken from the meteorological data. Eq. (24) is different from the Eq.
(14) (Liu and Harris, 2007) because of the wind direction.

Rout = 6.31V,, + 3.32 24)

The temperature of the entrance to the cavity of the air, Ty, was
considered to be equal to the exterior environment temperature (T,,,) in
the nodal network models which were prepared for Istanbul province.
In this model, the geometric step of each energy balance volume was
arranged as 10 cm. So, the calculated exit temperature of each control
volume was the enter temperature of the following volume (Fig. 4). On
the other hand, sensible energy storage of the glass material was ne-
glected in the energy analysis applied in every time step. The results of
each time step was the initial condition of the previous step. Detail

Table 2
Heat convection and radiation coefficients and related Nusselt and Reynolds
numbers.

Exp. number Ryt hi, h, Re Nu hca
(W/m? K) - - (W/m? K)

1 4.75 1.34 5.01 28,991 151.7 6.69
2 5.35 2.19 4.96 38,576 185.4 8.21
3 6.01 3.97 4.89 49,481 220.9 9.76
4 5.29 1.98 4.90 40,009 190.2 11.12
5 5.77 4.21 4.83 48,400 217.5 12.70
6 6.48 5.07 4.80 60,605 254.8 14.89
7 4.85 2.79 4.42 34,252 170.5 9.68
8 5.79 2.83 4.38 51,288 226.6 12.80
9 6.53 2.81 4.36 64,756 267.0 15.20
10 4.57 2.77 4.54 27,301 145.4 6.26
11 5.07 2.82 4.52 35,728 175.7 7.59
12 5.68 2.86 4.46 46,069 210.1 9.08
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Fig. 5. Temperatures (°C) by the measurements and the nodal model for the
high flow rate experiments.

calculation steps with all parameters were defined in the flow chart as
shown in Appendix A.

In Fig. 6, temperature distribution was given for South (S) (Fig. 6a)
and North (N) (Fig. 6b) facades at 12 am from the time dependent
analysis by using monthly average daily data on January for Istanbul.
As it was seen in Fig. 7a, South facade had more heat gains due to the
solar radiation effects and relatively higher temperature differences
occurring between the surfaces (Fig. 6a). Energy level of the air in the
DSF cavity increased significantly for both direction as seen in Fig. 6.
This gained energy should be used for air preheating purposes in a
HVAC system.

Using these calculations, to calculate the heat transfer rate per unit
area from DSF due to the temperature difference, Eq. (25) was applied.
Using unit length in the horizontal section, the values of the heat
transfer rate occurred from the unit surface area were given as heat flux
in the results.

q = Upp (Tpr — Tin) (25)

Fig. 7a and b were drawn by using monthly average daily data of
January and July for Istanbul. As it is seen in Fig. 7a, due to the tem-
perature difference, all day, for each direction, heat loss (heating load)
values occurred for the DSF application and since the solar radiation
was present during daytime, heat losses from the facades relatively
decreased under the constant indoor condition at 20 °C. In July, al-
though the average exterior temperature was below 24 °C at nighttime,
thanks to the DSF application, heat loss/gain do not occur and positive
values increase during daytime (Fig. 7b). The heat flux values in the
East and West directions formed different curves despite the symme-
trical solar radiation effect.
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After the heat loss/gain graphics due to the temperature difference,
heat gains thanks to the solar radiation effect for the DSF application
are given in Fig. 8 by using the monthly average daily data for January
(Fig. 8a) and July (Fig. 8b) in Istanbul. Since the South facade is more
effective in January for decreasing of heating load; West and East di-
rections are disadvantage facades for the increasing cooling loads for
July condition in Istanbul as shown in Fig. 8a and b.

Using DSF and decreased the heat gain from the sun in January in
comparison to SSF, the heating load was affected negatively. The DSF
also reduced the heat gain of the solar radiation in July and contributed
positively to the cooling load. The decrease in the cooling load was
significantly larger than the disadvantage of the heating load. Another
important result which was acquired in the nodal network energy
analysis is that the change of the energy of the air in the DSF cavity.
This energy gain in winter can be used for preheating purposes in a
HVAC system. In Fig. 9, at the height of the cavity (and considering the
width of the unit cavity) the rate of increasing of the energy level of the
air is given depending on different directions by using January data of
Istanbul. The height of the cavity is 2.5m and the air temperature va-
lues are chosen at 0.8 m and 1.8 m of the cavity height for calculating of
the thermal energy gain of the air in the cavity. These air temperature
values are given as a solid line in Fig. 6a and b for South and North
directions at 12:00 for Istanbul. The gradient of the cavity air tem-
perature is more than PF and SF temperature gradients (Fig. 6a and b).
So, distinguished energy gain rates for air per unit area (height of 1 m
from 0.8 m to 1.8 m and width of 1 m of the cavity) can be determined
by using cavity air temperature difference (Tex@1.8m — Tent@o.8m)> Mass
flow rate (0.5kg/s) and specific heat at constant pressure values
(1006.16 J/kg °C) for each time step (1 h) for monthly average daily
data (24 h) of January in Istanbul (Fig. 9). For these working condi-
tions, these rates of increasing values at the energy rate of the air are at

18

— —_
e N

Temperature (°C)
]

10
8
6
0.0 0.5 1.0 1.5 2.0 2.5
Height (m)
------ PF ——CA — — SF
a) South (S) fagade
18
16
14

Temperature (°C)
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Fig. 6. Temperature (°C) distributions on January at 12 am for Istanbul.
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a significant level when the heat loss-gain values in the previous gra-
phics (Figs. 7 and 8) are considered. Therefore, using this energy in
terms of reducing the heating load in winter will provide a significant
contribution. The rate of increase at the thermal energy of the air in the
DSF cavity on the South facade is higher comparing to the other di-
rections, as it is expected (Fig. 9).

In order to compare DSF with SSF, a similar nodal network ap-
proach was also used for SSF. Similarly, the monthly average daily
meteorology data for Istanbul were used for SSF. The schematic model
of the SSF which was used for comparison and its nodal network il-
lustration is seen in Fig. 10.

According to the nodal network in Fig. 10, the energy balance is
given in Eq. (26) below.

Lotar Xssr = Ussr (Tssric — Tour) + hin (Tssric — Tin) (26)

Here the time dependent values of Iy, and Ty, for Istanbul were
used as monthly average daily solar radiation and outside temperature
values for January and July. The value of the Ussr overall heat transfer
was calculated in Eq. (27) as below.

-1
USSF = L + 2 L + @
hout kglass

kair
In this way, using the temperature values Tsspc Which were ac-
quired from the Eq. (26), the heat flux values due to SSF were calcu-
lated by using the Eq. (28).

27)

q = hin(Tssrie — Tin) (28)

Accordingly, the heat transfer rate per unit area due to the
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Fig. 11. Heat transfer (in Wh/m?day) comparison of DSF and SSF for different
orientation and month in Istanbul (for an average day).

temperature difference from SSF were also calculated by using the
monthly average daily data for Istanbul for January and July. With the
effect of the solar beam which came perpendicular to the glass surface
in January, the SSF on the South facade received more thermal energy
than the other directions. Heat transfer rate per unit area in July
reached very high values with the effect of the solar radiation. Heat
gain (cooling load) on the SSF on the East and West facades in July were
higher than the other facades as the sun rays come more perpendicular
to the surface.

The daily changes in heat transfer rate values, as daily total energy
transfer for Istanbul, for January and for July are given in Fig. 11 in the
form of Wh/m?day by using monthly average daily data of the men-
tioned months. All day heat transfer values per unit surface areas of DSF
and SSF applications are shown in Fig. 11 for four cardinal directions
with the four intercardinal directions.

Considering all the directions, it was seen that for the DSF system in
which the air flow mode was used, the DSF system offered more ad-
vantages than the SSF in July as seen in Fig. 11. The lowest heat gain for
July was acquired from the DSF which was located on the North di-
rection as expected because of mainly indirect solar radiation. This
advantage was more significant in the South, East, West and their in-
tercardinal directions comparing to the SSF. Using DSF in the North
direction, the cooling load decreased 16% comparing to the SSF; using
DSF in the South direction, the cooling load decreased 24%, and using
DSF in both East and West facades, the cooling load decreased 26%.
While examining the DSF on the intercardinal points, it was found that
comparing to the SSF, for the DSF on the Northeast and Northwest,
there was a 23% decrease in the cooling load, and for the DSF on the
Southeast and Southwest, there was a 26% decrease in the cooling load.
These findings were acquired with the nodal model in which the ex-
terior air curtain of the cavity were ventilated with the air flow mode.
As there was significant heat gain in the cavity air, it was important that
the cavity was ventilated and this gain was disposed out of the cavity.

The double skin facade system in which this exterior air curtain flow
mode was used was disadvantageous on all directions comparing to the
SSF for January because of the diminished solar radiation. However,
this disadvantage which occurred in January was relatively lower
comparing to the advantage in July conditions. Only the South direc-
tion had similar difference between DSF and SSF in January (614 Wh/
m?day as a disadvantage value) and in July (624 Wh/m?day as an
advantage value). But, the difference between advantage (837 Wh/
m?day) and disadvantage (252 Wh/m?day) values increased to 585Wh/
m?day approximately for the East and West directions as the highest
difference because of the relatively higher direct solar radiation effect
at the East and West surfaces in July. This difference decreased for the
SE, SW, NE and NW directions, and it was only 92 Wh/mzday for the
North direction. In winter period, it was required to use the energy
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which was gained from the heated air through the DSF’s cavity and
related it to a HVAC system for a preheating process.

Daily total heat transfer per unit surface area for a time period be-
tween 8:00 am to 18:00 pm was compared with DSF and SSF applica-
tions for different orientation by using January and July monthly
average daily data are given in Fig. 12. These working hours besides of
24 h mentioned in Fig. 11 was more convenient to investigate the en-
ergy performance of DSF which was generally used in the office
buildings. Because of the solar radiation, all heat transfer values were
converted to the positive values as seen in Fig. 12. On the other hand,
symmetric behavior based on the directions shown in Fig. 11 was
changed, because the office working hours was not equally divided as
solar hours. Since the July heat transfers were significantly bigger at the
East, West, Southeast and Southwest directions due to the solar load at
the both two different usages given in Figs. 11 and 12, solar shading
devices or different type glass having low transmissivity usage was very
important.

5. Conclusions

In this study, the nodal network approach which was described by
using the results obtained from the experiments was firstly compared
for that working conditions. This nodal energy balance approach was
used for Istanbul’s climatic condition after reaching acceptable results
for the external airflow mode in the DSF’s cavity. Simplicity of the
nodal model with a low computational demand could be a usable tool
for designers. Heating and cooling loads in DSF for Istanbul were
analyzed and compared with SSF. Convective heat transfer coefficients
inside the both cavity surfaces were determined by using the correlation
obtained from the CFD analysis.

In general, while the usage of DSF showed unfavorable results ra-
ther than SSF in Istanbul for the external airflow mode in the cavity in
January, it showed better energy performance in July. A considerable
energy gain was observed in the cavity during the airflow. Extracting of
this energy to the outside or providing against solar radiation in
summer and linking for air preheating in a HVAC system in winter
season is significant in terms of energy effectiveness of DSF usage. On
the other hand, DSF application was more convenient considering
working hours between 8:00 am to 18:00 pm for office buildings, be-
sides of all day energy performance of SSF for Istanbul climate.
Buildings conditioned 24 h were not appropriate for DSF application
comparing the buildings worked daytime. Using solar shading elements
at the East, West, Southeast and Southwest orientations of the office
buildings with DSF decreased heat gain in summer period due to the
solar radiation decrement.

Future research should address the extension of numerical analysis
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to different working conditions such as shading elements, glazing type
and climatic data from different locations. All these evaluations should
be also included statistical analysis and feasibility estimation for the
comparisons.
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I. Experimental Setup Arrangements
Cavity depth: 0.25 m, 0.35 m
Radiation based on lamp number: 4, 8
Mass flow rate: low, medium, high

11. Defined Properties
Glass properties, Qsr, Qpr, Tsr, s, Epr, k, [
Air thermosphysical properties, ¢, k, p, v
Height of finite zone of the cavity in y-direction, L

]

I11. Experimental Measurements
Radiation, L
Mass flow rate and velocities, m, V, V.
Temperatures, Tsr, Tpr, Tca, Trric, Tout, Tiny Tent

v

V. Calculated Temperatures
Tse(y), Eq.4
Tpi(y), Eq.5
TCA(V), Eq6> Tem and Tex

IV. Calculated Parameters Based On Experimental Measurements
Convection heat transfer coefficients, Aca, hous, hin
Radiation heat transfer coefficient, 4,
Overall heat transfer coefficients, Usy, Upr, Upg

VI. Validation
Tse(y) = Tsr @measurement point
Trr(y) = Tpr @measurement point
Tea(y) = Tea @measurement point

VIIL Time Dependent Analysis for Istanbul Climate (January and July)
i. Numerical Experiment Setup Arrangements
Cavity depth: 0.30 m
Radiation: time dependent
Mass flow rate: 0.5 kg/s
Tin (January 20°C, July 24°C)
ii. Defined properties are same
iii. Climatic Measurements
Radiation, /.(f), monthly average daily data
Velocity, Vou(?)
Temperatures, Toul?), Tendt)=Toult) @first entry of air to the cavity
iv. Calculated Parameters
Convection heat transfer coefficients, zc4, hou(depends on Vi), hin(same, 1/0.13W/m?K)
Radiation heat transfer coefficient, 4,
Overall heat transfer coefficients, Usy, Upr, Upg
v. Calculated Temperatures
TsHy), Eq.4
TrH(y), Eq.5
Tca(y), Eq.6; Ten and T

¥

VIII. Calculated Heat Transfer
For different orientation and month in Istanbul
For different time period
Comparison of DSF and SSF
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