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θa –  air temperature [
θs  –  surface temperature 
φa –  relative humidity of air 
v  –  air flow [m/s] 
Im  –  global solar radiation 
vw  –  velocity of wind 
pa  – air pressure [Pa]

Building of the Slovak National Bank in Bratislava was built in 1997
Sustainable development program of 
design and implementation to 
solution of intelligent buildings.

Fig. 1. View of the Slovak National Bank building in Bratislava

Rys. 1. Widok budynku Narodowego Słowackiego Banku w Bratysławie

Symbols 

[°C] 
surface temperature [°C] 
relative humidity of air [%] 

global solar radiation [W/m2] 
velocity of wind [m/s] 

] 

1. Introduction 

Building of the Slovak National Bank in Bratislava was built in 1997–2002
Sustainable development program of the European building industry found response in its 
design and implementation to the ecological and energy efficient architectural
solution of intelligent buildings.  

 

 

View of the Slovak National Bank building in Bratislava 

Widok budynku Narodowego Słowackiego Banku w Bratysławie 

2002 (Fig. 1). 
European building industry found response in its 

energy efficient architectural-technical 
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2. Subject, goal and methodology of this paper 

Subject of this paper is natural physical cavity (the dynamics of air flow – flow rate is 
based on natural convection and wind effect) of the double-skin transparent façade with 
corridor-type cavity (width = 600 mm), with interlaced function (inlet – outlet) of air 
distribution channels, with year-round open circuit and effective height equal to the height 
of one floor. Outer skin of the façade is glazed with single safety glazing system (Fig. 2). 

Goal of this paper is the quantification of thermal, aerodynamic and energy regime of 
the natural physical cavity of the double-skin transparent façade. 

Methodology of this paper is experiment in-situ. That means under the load of real 
conditions of the exterior climate on the building.  

3. Experiment in-situ. Basic data, physical parameters, measuring technology 

The experiment was carried out on 17th floor, 56.3 m above the terrain. Orientation of 
the experimentally examined part of the cavity was SW (240°). Duration of the experiment 
was 18 months (6 months test series, 12 months measurement). 

We monitored the following physical parameters in the experiment (Fig. 2): 
A. Temperature 

θae  – air temperature of the exterior climate [°C] (Fig. 4), 
θai  –  air temperature of the interior climate [°C] (Fig. 4), 
θ1 = θa,INLET  – air temperature at inlet to the facade [°C], 
θ2 = θa,OUTLET  – air temperature at outlet from the facade [°C], 
θ3 = θam,d1  – air temperature in the lower part of the cavity – inlet module [°C], 
θ4 = θam,d2  – air temperature in the lower part of the cavity – outlet module [°C],  
θ5 = θam,s1  – air temperature in the central part of the cavity – inlet module [°C] 

(Fig. 5), 
θ6 = θam,s2  – air temperature in the central part of the cavity – outlet module [°C], 
θ7 = θam,h1  – air temperature in the upper part of the cavity – inlet module [°C], 
θ8 = θam,h2  – air temperature in the upper part of the cavity – outlet module [°C], 
θ9 = θsim,OUT,1  – temperature on the internal surface of the cavity – outer skin of the 

double-skin facade – inlet module [°C] (Fig. 6), 
θ10 = θsim,INT,1  – temperature on the internal surface of the cavity – inner skin of the 

double-skin facade – inlet module [°C], 
θ11 = θsim,OUT,2 – temperature on the internal surface of the cavity – outer skin of the 

double-skin facade – outlet module [°C], 
θ12 = θsim,INT,2  – temperature on the internal surface of the cavity – inner skin of the 

double-skin facade – outlet module [°C], 
θ13 = θsi,1  – temperature on the internal surface of the double-skin facade – inlet 

module [°C] (Fig. 6), 
θ14 = θsi,2  – temperature on the internal surface of the double-skin facade – outlet 

module [°C]. 
B. Relative humidity 

φae  – relative humidity of the external climate air [%] (Fig. 4), 
φai  – relative humidity of the internal climate air [%] (Fig. 4). 
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Fig. 2. Examined physical parameters of the double
inlet module, A2 – vertical section 
 

Rys. 2. Parametry fizyczne badanej 
wlotowy, A2 – przekrój
 

A1 

B 

Examined physical parameters of the double-skin transparent façade: A1 – vertical section 
vertical section – outlet module, B – horizontal section through inlet and 

outlet modules  

badanej podwójnej transparentnej fasady: A1 – przekrój pionowy
przekrój pionowy – moduł wylotowy, B – przekrój poziomy

modułów wlotowego i wylotowego 

A2 

 

vertical section – 
horizontal section through inlet and 

przekrój pionowy – moduł 
przekrój poziomy wzdłuż 



Fig. 3. Data acquisition switch 
unit 

Rys. 3. Akwizycja danych 
jednostki przełącznika

Fig. 6. Probes for surface tempe
rature measurement 

Rys. 6. Sondy do pomiaru 
temperatury powierzchni

C. Air flow 
v1 = vm,d1  – air flow in 
v2 = vm,s1–2  – air flow in 

and outlet module 
v3 = vm,h2 – air flow in 

D. Solar radiation 
Im,v,SW  – global solar radiation falling on vertical plane with SW aspect 
Im,v,p  – global solar radiation falling on vertical plane with SW aspect 

transmitted through 

        
Fig. 3. Data acquisition switch 

. Akwizycja danych 
 

Fig. 4. Temperature and humidity 
convertor 

Rys. 4. Czujnik do pomiaru 
temperatury i wilgotności 

Fig. 5. Sheltered probe for air tem
perature measurement

Rys. 5. Osłonięty czujnik do 
pomiaru temperatury 

i wilgotnoś

        
Probes for surface tempe-

. Sondy do pomiaru 
powierzchni 

Fig. 7. Probes for air flow velocity 
measurement 

Rys. 7. Sondy do pomiaru 
prędkości przepływu powietrza  

Fig. 8. Solarimeter

Rys. 8. Solary

air flow in the lower part of the cavity – inlet module [m·s–1],
air flow in the central part of the cavity on the boundary between inlet 
and outlet module [m·s–1) (Fig. 7), 
air flow in the upper part of the cavity – outlet module [m·s–1

global solar radiation falling on vertical plane with SW aspect 
global solar radiation falling on vertical plane with SW aspect 
transmitted through the outer transparent skin [W·m–2] (Fig. 8

15 

 
Fig. 5. Sheltered probe for air tem-

measurement 

ęty czujnik do 
pomiaru temperatury 

wilgotności 

 
Solarimeter 

. Solarymetr 

, 
boundary between inlet 

1]. 

global solar radiation falling on vertical plane with SW aspect [W·m–2], 
global solar radiation falling on vertical plane with SW aspect 

8). 
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E. Wind 
vw,x – wind velocity (m
In the experiment in-

recorded: 
– air temperature: θ1, θ

HAYASHI DENKO Co.
– surface temperature: θ

DENKO Co., Ltd., Tokyo, Japan
– relative air humidity: φ

s.r.o., Prague, Czech Republic
– velocity of air flow: v1

– global solar radiation: 
the Netherlands, 

– wind – velocity and direction: 
weather station IMS AMS 111 from MicroStep 
Continuous record of 

acquisition switch unit AGILENT 34970A from AGILENT TECHNOLOGIES, CA, USA.

4. The methodology of processing the experiment results

From the extensive long
cavity of the double-skin transparent façade, for the purpose of this paper, we selected only 
summer period (the highest energy efficiency) and that in the form of the typical situations 
Table 1, Fig. 10. The determining inputs for their selection were:
– the global solar radiation falling on a vertical plane 
– the global solar radiation 

Im,v,p [W/m2], 
– the wind velocity vw,x 
– the velocity of the air flow in the cavity:
 v1 ≡ vmA1 [m/s] in the lower part of the inlet module A1,
 v3 ≡ vmA2 [m/s’ in the upper part of the outlet module A2 

Fig. 9. Automatic mobile weather station 

Rys. 9. Automatyczna stacja do pomiaru 
komfortu wewnętrznego 

velocity (m·s–1) and wind direction (N, NE, E, SE, S, SW, W, NW)
-situ, the above mentioned parameters (Fig. 2) were scanned and 

, θ2, θ3, θ4, θ5, θ6, θ7, θ8, θai, θae: by shielded sensors Pt 100 from 
HAYASHI DENKO Co. Ltd., Tokyo, Japan, 
surface temperature: θ9, θ10, θ11, θ12, θ13, θ14: by sensors Pt 100 from HAYASHI 
DENKO Co., Ltd., Tokyo, Japan, 
relative air humidity: φae, φai: by converters MWPA 12-3321423 from SENZORIKA 
s.r.o., Prague, Czech Republic, 

1, v2, v3: by converters EE61-VC5 from E+E Elektronik, Austria
global solar radiation: Im,v,p, Im,h: by pyranometers CM11 from KIPP&ZONEN B.V., 

velocity and direction: v, (N, NE, E, SE, S, SW, W, NW): by automatic mobile 
weather station IMS AMS 111 from MicroStep – MIS, Slovak Republic. 
Continuous record of the scanned physical parameters was processed by d

AGILENT 34970A from AGILENT TECHNOLOGIES, CA, USA.

The methodology of processing the experiment results 

From the extensive long-term experimental examination of the physical regime of the 
skin transparent façade, for the purpose of this paper, we selected only 

summer period (the highest energy efficiency) and that in the form of the typical situations 
10. The determining inputs for their selection were: 

global solar radiation falling on a vertical plane (SW) Im,v,SW [W/m2], 
global solar radiation (SW) transmitted through the outer transparent skin 

[m/s] and its drection (N, NE, E, SE, S, SW, W, NW),
velocity of the air flow in the cavity: 

in the lower part of the inlet module A1, 
in the upper part of the outlet module A2 – Fig. 2. 

rection (N, NE, E, SE, S, SW, W, NW) (Fig. 9). 
) were scanned and 

s Pt 100 from 

: by sensors Pt 100 from HAYASHI 

3321423 from SENZORIKA 

VC5 from E+E Elektronik, Austria, 
: by pyranometers CM11 from KIPP&ZONEN B.V.,  

, (N, NE, E, SE, S, SW, W, NW): by automatic mobile 

l parameters was processed by data 
AGILENT 34970A from AGILENT TECHNOLOGIES, CA, USA. 

n of the physical regime of the 
skin transparent façade, for the purpose of this paper, we selected only 

summer period (the highest energy efficiency) and that in the form of the typical situations – 

transmitted through the outer transparent skin  

and its drection (N, NE, E, SE, S, SW, W, NW), 



Time θai φsi v1 

6.8.05 

15:55 
23,17 54,23 0,59 0,60

Fig. 10. The example of measured values from the experiment for the typical situation IV.B 

Rys. 10. Przykład zmierzonych warto

v3 θ1 θ2 θ3 θ4 θ5 θ6 θ7 θ8 

0,60 25,06 28,96 30,97 35,51 34,78 34,25 35,16 29,95 

10. The example of measured values from the experiment for the typical situation IV.B 

. Przykład zmierzonych wartości z doświadczenia dla typowej sytuacji – IV.

17 

 

 

 

θae Imvp 

21,62 506,78 

10. The example of measured values from the experiment for the typical situation IV.B – Table 1 

 B tabeli 1 
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The concept for the typical situations connected with the selection of experimentally measured 
values of physical parameters characterizing the physical regime of the cavity during the effect 

Inputs for the 
Im,v,p [W/m2] 

I 0 

II 0–200 

III 200–400 

IV 400–600 

 

Fig. 11. The distribution of the aerodynamical coefficients of external pressure on the surfaces of the 
external walls of the double
in  Bratislava  for  the 

Rys. 11. Podział aerodynamicznych współczynników ci
zewnętrznych podwójnych fasad transparentnych w budynku Słowackiego Banku Narodo
wego w Bratysławie ze wzgl
 

The concept for the typical situations connected with the selection of experimentally measured 
values of physical parameters characterizing the physical regime of the cavity during the effect 

of the wind (vw,x > 0,5 m/s) 

Inputs for the selection of the parameters 
Typical situation

v1 or v3 [m/s] 
A 0,2–0,4 I.A
B 0,4–0,8 I.B
C 0,8–1,2 I.C
A 0,2–0,4 II.A
B 0,4–0,8 II.B
C 0,8–1,2 II.C
A 0,2–0,4 III.A
B 0,4–0,8 III.B
C 0,8–1,2 III.C
A 0,2–0,4 IV.A
B 0,4–0,8 IV.B – 
C 0,8–1,2 IV.C

The distribution of the aerodynamical coefficients of external pressure on the surfaces of the 
external walls of the double-skin transparent façade of the building of the Slovak National Bank 

the  selected  wind  directions. Altitude level of 17th floor, H = 56,3

. Podział aerodynamicznych współczynników ciśnienia zewnętrznego na powierzchni
podwójnych fasad transparentnych w budynku Słowackiego Banku Narodo

wego w Bratysławie ze względu na wybrane kierunki wiatru. Wysokość pomiaru 
H = 56,3 m) [2] 

T a b l e  1 

The concept for the typical situations connected with the selection of experimentally measured 
values of physical parameters characterizing the physical regime of the cavity during the effect 

Typical situation 

I.A 
I.B 
I.C 
II.A  
II.B 
II.C 
III.A  
III.B  
III.C 
IV.A  

 Fig. 10 
IV.C 

 

The distribution of the aerodynamical coefficients of external pressure on the surfaces of the 
ade of the building of the Slovak National Bank 

= 56,3 m) [2] 

trznego na powierzchnię ścian 
podwójnych fasad transparentnych w budynku Słowackiego Banku Narodo-

 pomiaru – 17 piętro, 
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The aerodynamical coefficient of the external pressure on the building Cpe [–] is highly 
variable – Fig. 11. The air, because of the wind effect, enters into the geometrically defined 
cavity in principle by both openings (lower and upper). If the cavity is filled by air during 
the wind blast (pae = pam [Pa]), then the air in the cavity moves in the direction of the ope-
ning with the lower aerodynamical coefficient of external pressure (up or down direction). 

In the subject methodology we therefore applied the higher from the velocities of air 
flow through the cavity (v1 or v3 [m/s]). This velocity of air flow through the cavity is  
a function of the velocity during the wind blast vw,N [m/s], the temperatures of the exterior 
climate θae [°C], the aerodynamical coefficients of local resistances ξx [–] and the 
resistances of the friction along the length of air flow trajectory through the cavity, the 
effect of the global solar radiation Im,v,SW [W/m2] and the conditions of natural convection. 
Theoretical expression of the relation between the velocity during the wind blast vw,N [m/s] 
and the velocity of air flow in the cavity v1 or v3 [m/s] is highly demanding and therefore it 
is preferable to determine this relation experimentally. 

5. The results of the experiment 

From the sequence of measured values of the examined physical parameters we can 
observe that: 
– Interaction between the air temperature of the exterior climate θae [°C] and the thermal 

comfort temperature θai [°C] for office work in light to medium dress corresponds with 
the designed climatic and energy concept of the building. For 26 ≤ θae [°C] ≤ 32 the 
temperature of the interior climate is in the range 22 ≤ θai [°C] ≤ 27. 

– If the exterior climate is characterized by the absence of the global solar radiation  
Im,v = 0 [W/m2] or during the dark hours of the day, the maximum and also the average 
air temperature in the cavity during the wind effect (vw > 0,5 m/s) is equal to the 
temperature of the exterior climate θam ≈ θae [°C]. 

– If the exterior climate is characterized by the effect of the global solar radiation  
Im,v ≠ 0 [W/m2], then the increase of its value also increases the air temperature in the 
cavity max θam [°C] and avg θam [°C] during the effect of the wind – Fig. 12. 

– The increase of the air temperature in the cavity ∆θam = θam – θae [K] is not linear as it is 
assumed by the actual theoretical calculations – Fig. 13.  

– The highest increase of the air temperature in the cavity max ∆θam [K] during the wind 
effect is approximately in the middle of its effective height. The second highest increase 
of the air temperature in the cavity ∆θam [K] during the wind effect is approximately in 
one sixth of the upper part of the effective height. 

– Even if the effect of the wind blast “flushes” the air through the whole cavity, still there 
is a sign of stagnation of air of higher temperatures in the upper part of the inlet module 
and in the lower part of the outlet module – Fig. 13, Fig. 14. 

– During the effect of the wind the values of the maximum air temperature in the cavity 
max θam [°C] are from 1 to 4 K higher than the average air temperatures in the cavity 
avg θam [°C]. 

– Considering the pattern of the increase of the air temperatures in the cavity during the 
wind effect (Fig. 13) in the inlet and outlet module, the centroidal temperature can be 
found approximately in the halfway of the effective height H/2 [m]. 
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– Considering the dynamics of the air motion in the cavity during the effect of the wind 
blasts it is correct to express its temperature by the average value avg 
Fig. 14) and also utilize it for the quantification of the heat demand for natural 
ventilation from the cavity.

– The processing of the typical situations from the 
(Table 1, Fig. 10) to the level which is represented by 
the graphical dependance of the average air temperature in the cavity avg 
the effect of the global solar radiation 
vw,N [m/s], which creates air flow motion in the cavity 

Fig. 12. Dependence of the average air temperature in the cavity avg 
global solar radiation 
 

Rys. 12. Zależność średniej temperatury powietrza w pustce powietrznej avg 
całkowitego promieniowania słonecznego 
 

Considering the dynamics of the air motion in the cavity during the effect of the wind 
blasts it is correct to express its temperature by the average value avg θam [

) and also utilize it for the quantification of the heat demand for natural 
ventilation from the cavity. 
The processing of the typical situations from the long term experimental measurement 

) to the level which is represented by Fig. 13 and Fig. 14 allows to plot 
the graphical dependance of the average air temperature in the cavity avg θ

the effect of the global solar radiation Im,v,p [W/m2] and the effect of the wind 
, which creates air flow motion in the cavity v1,3 [m/s] – Fig. 12. 

 

Dependence of the average air temperature in the cavity avg θam [°C] from the effect of the 
global solar radiation Im,v,p [W/m2] and the wind effect vw,N [m/s] or the air flow motion in the 

cavity v1,3 [m/s] 

redniej temperatury powietrza w pustce powietrznej avg θam [°C] od skutków 
całkowitego promieniowania słonecznego Im,v,p [W/m2] oraz efektu wiatru v

ruchu powietrza w pustce v1,3 [m/s] 

Considering the dynamics of the air motion in the cavity during the effect of the wind 
[°C] (Fig. 13, 

) and also utilize it for the quantification of the heat demand for natural 

long term experimental measurement 
allows to plot 

the graphical dependance of the average air temperature in the cavity avg θam [°C] from 
and the effect of the wind  

 

from the effect of the 
or the air flow motion in the 

[°C] od skutków 
vw,N [m/s] lub 



– In general, it is needful to state that the experimentally acquired average and maximum 
increase of the air temperature in the cavity as a function of the effect of the global solar 
radiation and the effec
∆θam ≈ 22 K (Fig. 14
value max ∆θam ≈ 10 K [2]. 

 

Fig. 13. Typical increase of the air temperature in the natural physical cavity 
transparent façade during the effect of the wind. Typ
 A1 – inlet module of the cavity, A2 

Rys. 13. Typowy wzrost temperatury powietrza w naturalnej pustce po
transparentnej spowodowany działaniem wiatru. Typowa sytuacja IV.B, 
 A1 – moduł wlotowy pustki, A2 

– The values of the increase of temperatures in the natural physical cavity tha
acquired by the experiment during the comparable load by the effect of the global solar 
radiation Im ≈ 600 W/m
value than by the theoretical calculation. This is the most significant knowledge from 
the long term experiment in the field of climatic load on the cavity during the effect of 
the wind. 

 

In general, it is needful to state that the experimentally acquired average and maximum 
increase of the air temperature in the cavity as a function of the effect of the global solar 
radiation and the effect of the wind have higher values of avg ∆θam ≈ 19 K, max 

14) than they were determined by the theoretical calculation of the 
 10 K [2].  

Typical increase of the air temperature in the natural physical cavity of the double
transparent façade during the effect of the wind. Typical situation IV.B – Table 1, F

inlet module of the cavity, A2 – outlet module of the cavity – Fig.

Typowy wzrost temperatury powietrza w naturalnej pustce powietrznej podwójnej fasady 
transparentnej spowodowany działaniem wiatru. Typowa sytuacja IV.B, tabela 1,

moduł wlotowy pustki, A2 – moduł wylotowy pustki, rys. 2 

The values of the increase of temperatures in the natural physical cavity tha
acquired by the experiment during the comparable load by the effect of the global solar 

 600 W/m2 and during the effect of the wind are approximately double in 
value than by the theoretical calculation. This is the most significant knowledge from 
the long term experiment in the field of climatic load on the cavity during the effect of 
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In general, it is needful to state that the experimentally acquired average and maximum 
increase of the air temperature in the cavity as a function of the effect of the global solar 

≈ 19 K, max  
) than they were determined by the theoretical calculation of the 

 

of the double-skin 
Table 1, Fig. 10;  

ig. 2 

wietrznej podwójnej fasady 
abela 1, rys. 10;  

The values of the increase of temperatures in the natural physical cavity that are 
acquired by the experiment during the comparable load by the effect of the global solar 

and during the effect of the wind are approximately double in 
value than by the theoretical calculation. This is the most significant knowledge from 
the long term experiment in the field of climatic load on the cavity during the effect of 
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The new knowledge about 
windless climate conditions acquired by 
useful in the following fields:
– formation and development of the t

new façade technology of buildings,
– design of the dynamic simulation software for 

regimes of natural physical cavities,
– design of etalons for fine

climate dependent problem,
– confrontation of the existing models of outdoor climate in the form of test reference 

years of a specific locality with 
 

Fig. 14. Typical increase of the air temperature in the natural physical cavity of the double
transparent façade during the effect of the wind. Typ
 A1 – inlet module of the cavity, A2 

Rys. 14. Typowy przyrost temperatury powietrza w pustce powietrznej podwójnej fasady 
transparentnej spowodowany działaniem
 A1 – moduł wlotowy pustk

 

6. Conclusions 

ew knowledge about the physical regime of the natural physical cavity under the 
windless climate conditions acquired by the experimental in-situ research are important and 
useful in the following fields: 

formation and development of the theory of natural physical cavities with application of 
ade technology of buildings, 

dynamic simulation software for the calculation experiments of energy 
regimes of natural physical cavities, 

alons for fine-tuning of the existing numerical calculation software for this 
climate dependent problem, 

existing models of outdoor climate in the form of test reference 
years of a specific locality with the condition of the real climate. 

increase of the air temperature in the natural physical cavity of the double
transparent façade during the effect of the wind. Typical situation IV.A – Table 1, 

inlet module of the cavity, A2 – outlet module of the cavity – Fig.

Typowy przyrost temperatury powietrza w pustce powietrznej podwójnej fasady 
transparentnej spowodowany działaniem wiatru. Typowa sytuacja IV.B, tabela 1,

moduł wlotowy pustki, A2 – moduł wylotowy pustki, rys. 2 

 

 

natural physical cavity under the 
situ research are important and 

heory of natural physical cavities with application of 

calculation experiments of energy 

existing numerical calculation software for this 

existing models of outdoor climate in the form of test reference 

 

increase of the air temperature in the natural physical cavity of the double-skin 
Table 1, Fig. 10;  
ig. 2 

Typowy przyrost temperatury powietrza w pustce powietrznej podwójnej fasady 
abela 1, rys. 10 
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