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Abstract

The aim of the work is, to provide an easy to handle planning support tool that takes into
account the different influencing parameters regarding the resulting room conditions
and therefore the comfort in the room. The prediction of thermal comfort in buildings
plays a key role in constructing energy efficient buildings and at the moment it cannot
be fully implemented. In the completeness complex flow processes in different fagade
systems, the dynamic of building elements’ performance in combination with the control
system is a great, so far, unresolved challenge.

For the development of a simplified calculation model a series of measurements have
been done in an existing office building with different facade systems. The measure-
ment results show that there is an impact on the cooling capacity of a cooling ceiling
and the operative temperature and therefore also on the comfort by different fagade sys-
tems. Furthermore the measurements are used for the validation of the mathematical
model.

For the thermal calculation a room model based on the program Matlab/Simulink was
built. A CFD Model (with the program Comsol) realizes the mapping of the air flow.
The boundary conditions for the CFD Model are the results of the thermal calculation.
The goal is to define a sufficiently accurate picture of the flow characteristics in rooms.
The results of the CFD calculations allow a simplified integration into the thermal model
using distribution factors and mass balances.

The validation of the calculation results with the measurement results shows that a fully
coupled simulation (coupling of thermal and air flow calculation) is not required for the
prediction of room conditions and the thermal comfort in rooms. Neglecting the flow
characteristics in rooms can lead to incorrect results, especially for complex facade
systems in combination with component activation (e.g. cooling ceiling).

Based on the validated model, recommendations for future office and class room de-
signs in net energy producing buildings can be formulated. To accomplish this, simula-
tions over typical day to day cycles as well as yearly cycles can be conducted.
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1 Basic Information and Motivation

1.1 Motivation

In the field of energy efficient buildings massive changes due to building standards took
place over the last 10 years. At the moment the goal is to develop plus energy buildings
(residential and non-residential) and the vision is to build plus energy districts and cities.

Necessary aspects such as energy efficient devices, avoidance of stand-by losses, re-
duction of losses due to building service systems, highly efficient delivery systems, in-
novative fagade systems and components with integrated energy supply by photovoltaic
or solar thermal are the focus of current research topics in this field. The research and
development in the field of sustainable design led to improvement in methods, the de-
sign process and products.

The calculation or prediction of the thermal comfort in the common areas of buildings
plays a key role and at the moment it cannot be fully implemented. In the completeness
complex flow processes in closed and open fagades, the dynamic of building elements’
performance in combination with the control system which should guarantee a flexible
usage of rooms are a great, so far unresolved challenge.

One of the key influence factor on comfort is the air velocity in the occupational area.
The aim of this research is to develop a mathematical model that rebuilds the necessary
detail of the calculation focusing on the effect of air flow on the capacity of cooling
ceilings and the comfort in the room. The calculation should include the interaction of
complex fagade systems and the rooms’ ventilation and cooling system.

The vision is, to provide an easy to handle planing support tool that takes into account
the different influencing parameters regarding the resulting room conditions and there-
fore the comfort in the room. One of the requirements for the use of design tools also
in an early planing phase is, that they need to be fast and flexible.
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1.2 State of the art

At the moment there are detailed studies for the different disciplines like on the building
physics part (especially facades) and on the building service systems part (e.g. cooling
ceilings). The interaction of the different disciplines is known by now but not well inves-
tigated by now. One of the results of the work of Fonseca (2011) [21] which describes
the modeling of a hydronic ceiling system is, that the influence of the fagade needs to
be considered.

The following sections give an overview on studies regarding the modeling of fagade
systems and on activated building elements. Furthermore the implementation in dom-
inant building simulation programs like TRNSYS, Energy Plus, ESP-r and IDA Ice is
discussed.

1.2.1 Studies on facade system

Regarding facade systems there are detailed studies investigating the topic of the ef-
ficiency of facade systems and the influence on the building like the review on solar
facades (Quesada et al. 2012) [38] or the effect of multi skin fagades on the energy de-
mand of Radhi et al. (2013) [39]. The effect of facade systems on the energy demand
are also part of the work of Hamza (2008) [27] where double skin facades are com-
pared to single skin fagades. The focus within this study is set on hot and arid regions.
The details of double skin fagades are discussed in Hien (2005) [29] and Shameri et al.
(2011) [42].

Details on energy efficiency of glazing and shading systems regarding design, physical
properties and economy can be found in Wagner (2007) [52].

Mathematical models for the detailed calculation of facades system are developed
amongst others the work of Ghadamian et al. [22] which describes the analytical so-
lution for energy modeling of double skin facades.

Most of the existing models are for external double skin fagades, this work deals with
the effect of single storey double skin facade (internal) on the HVAC system and the
comfort within the room. The diving force of the natural ventilated single storey double
skin facade is natural buoyancy, therefore the air flow is not easy to control and the
dependence on weather conditions (mainly solar radiation) makes it discontinuous.

1.2.2 Studies on activated building element

Detailed studies of the behaviour and efficiency of cooling ceilings and the impact on
the room, like the work of Causone et al. (2009) [16] which describes the experimental
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evaluation of heat transfer coefficients between radiant ceiling and room or the experi-
mental evaluation of the cooling capacity like it is done in Chictote et al. (2012) [15] are
existing.

The description of the thermal behaviour of cooling ceilings is done by Beck (2002).
Detailed descriptions of the heat transfer coefficients of cooling ceilings are made by
the work of Bernd Gllick in (Glick, 1999 [25] and 2003 [23]). The book TABS Control
(Todtli et al., 2009 [49]) gives a good summary and overview about possible control
strategies for energy efficient operation of thermal activated building elements.

The study of Fonseca (2011) [21] worked out, that mathematical models of cooling ceil-
ings were developed as stand-alone tools to evaluate their performance under test bed
conditions. These models does not take into account influencing factors like buoyancy
regarding to different facade systems and cannot be used to make reliable predictions
regarding room conditions and comfort within the room.

1.2.3 ”Dominant” Building Energy Programs

TRNSYS

TRNSYS is a transient simulation software tool developed in 1975, it is a modular struc-
tured program, where components are described by different so called "types” and there
is a graphical interface (TRNSYS simulation studio) to link the different types together.

According to the program documentation [44] and the mathematical reference [45] the
modeling of a cooling ceiling panel is done by integrating an active layer to the construc-
tion within the building description. The German standard DIN 4715-1 [7] for chilled
ceiling panels is the basis for the model. Parameters like pipe spacing, inside diameter
and specific heat coefficient of fluid have to be defined, additional values (specific norm
power, specific norm mass flow rate, norm area and norm number of loops) for the def-
inition of the performance at test conditions after the German norm DIN 4715-1 [7] for
the chilled ceiling panel are needed. The German standard DIN 4715-1 [7] has been
replaced by the DIN EN 14240 [4].

The division of the radiative norm power into a radiative and a convective part is nor-
mally done by the knowledge of the mean surface temperature t,, kd. According to DIN
4715-1 [7] the mean fluid temperature ty is the standard output for a cooling ceiling
panel. To get a heat transfer coefficient U, rx the resistance network at test conditions
is calculated by the given input. In figure [T.]the resistance model for chilled ceiling test
conditions after DIN 4715-1 [7] is shown.
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Figure 1.1: Resistance network according to DIN 4715-1 [7]

thermal resistance fluid to pipe in (m?2 K)/W

thermal resistance pipe in (m2 K)/W

thermal resistance in x-direction in (m? K)/W

thermal resistance of chilled ceiling panel at test conditions in
(m® K)/W

thermal resistance upper wall at test conditions well insulated in
(m® K)/W

thermal resistance combined heat transfer to the room in

(m? K) /W

mean fluid temperature in °C

mean temperature of chilled ceiling in °C

operative temperature room in °C

operative outside temperature in °C

The resulting heat transfer coefficient is calculated according to equation|1.1

where
UWI’X

I:>sp,1orm

. 4 PS norm
Uwix = 0.6 exp (0 0469 P )

3.6

heat transfer coefficient in kJ/(h m? K)
specific norm power after DIN 4715-1 7] in kJ/(h m?)

(1.1)

The details regarding the calculation can be found in the TRNSYS documentation Vol-
ume 5 - Multizone Building modeling with Type56 and TRNBuild [43].

The test according to DIN 4715-1 [7] is useful to compare different types of chilled
ceiling elements, but it is not taking influences of HVAC systems (like ventilation) or
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different effects due to fagade systems into account. Furthermore it is considered that
the load distribution is homogeneous.

Energy Plus

The development of the Energy Plus program started in 1996, actually there were de-
veloped two software tools - first DOE-2 and second BLAST - both were supported by
the department of Energy (DOE) from the United States of America. The Energy Plus
program [36] combines these two tools

The modeling of active elements is done by electric resistance wires embedded in a
component. The calculation of cooling ceilings is done according to the description
done by Karadag (2009) [31] , for active ceiling components this model is selected as
default by Energy Plus. In the work of Karadag (2009) [31] the development of radiative
and convective heat transfer coefficients for cooling ceilings are described. The con-
vective part is simulated numerically first (by ignoring the radiative part), the radiative
part is calculated theoretically for different surface emissivities, room dimensions and
thermal conditions in a second step. Out of this studies new equations regarding the
convective and the total heat transfer coefficients for cooling ceilings were developed.
The resulting equation for the heat transfer coefficient for cooling ceilings is shown in

equation[1.2]

he = 3.1 AT??2 (1.2)
where
he ... surface exterior convective heat transfer coefficient in W/(m? K)
AT ... temperature difference between surface temperature and air

temperature in K

For the calculation it is considered as a stationary building element and that the tem-
perature (medium + surface) is constant.

IDA ICE

The program IDA Indoor Climate and Energy (IDA ICE) is a thermal simulation tool
based on a modular system which was developed since the early 90’s. The main focus
of the program is whole year detailed and dynamic multi-zone simulation of indoor cli-
mate and energy demand. For the calculation of active building elements the program
provides the "Slab Cooling and Heating” extension.

According to the program documentation if IDA ICE [13] the cooling ceiling object is
inserted on the ceiling of a zone by dividing the construction into two parts. The calcu-
lation is done by a heat exchanger model which is corresponding to the piping layer.
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The active layer can be treated as an infinitely conductive plane within the ceiling, which
means all 2D effects are not considered. The heat transfer is calculated by a logarithmic
temperature difference between the fluid and the active layer (which has a constant
temperature). The total heat transfer coefficients are an user defined input and includes:

e Convection between medium and tube wall
e Heat conduction through the tube walls
¢ “Fin efficiency” corresponding to the distance between immersed tubes or actual

fins

For the steady state case the modeling is done according to the resistance method of
the standard EN 15377-1 [5]. The schematic overview of the method is shown in figure
[1.2)the calculation details can be found in the standard EN 15377-1 [5]

resistance network overall resistance network

. %RZ%—RW—Rr—Rxﬂc
1
8y
O— R —% 9. 9,
oO—— R, —— 0
RZ
L,
Figure 1.2: Resistance network according to EN 15377-1 [5]
where
R¢ thermal resistance between supply temperature and the average
temperature of the conductive layer in (m? K)/W
Rw thermal resistance fluid to pipe in (m? K)/W
Rr thermal resistance pipe in (m? K)/W
Ry« thermal resistance in x-direction in (m? K)/W
Ry thermal resistance upper wall at test conditions well insulated in
(m? K)/W
R2 thermal resistance combined heat transfer to the room in
(m? K)/W
Iy supply temperature of cooling medium °C
Ue mean temperature of the conductive medium in °C
- mean cooling medium temperature in °C
Ur2 operative temperature room in °C
Ve 1 operative outside temperature in °C
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ESP-r

The ESP-r system is a building simulation program as a result of sustained develop-
ments since 1974 and it’s still ongoing. The main goals are

e describe real-life performance,

e support early design phase of buildings, and

e performance assessments

The way of modeling cooling ceilings in ESP-r is to model the panel as a thin zone
bounded by the metal of the panel and with high internal heat transfer coefficients. With
the two zone model there is the possibility to extract heat from the room zone. The
way of modeling gives a good representation of the radiant and convective heat transfer
with the room (depending on the used boundary conditions) but there is no information
regarding the fluid temperature.

The review of the program documentations shows that at the moment the interaction
between complex facade systems and the capacity of the cooling ceiling is not covered
by any of the common building simulation tools. There is the possibility of coupling air
flow simulations and thermal simulations tools to close the gap and get reliable results
on room conditions and thermal comfort.

1.2.4 Studies on co-Simulation

Due to multiple coupled physical phenomena (air flow, convection, conduction and
radiation) the behaviour of double skin fagades is very complex. Both, experimental
and numerical models for the optimization of the performance of double skin fagades
have been developed e.g. network models (Tanimoto et al., 1997) [48], zonal models
(Jiru et al., 2008 [30, vgl.]), energy simulation with coupled air flow models (Stec et al.
2005) [47] and detailed computational fluid dynamics studies (Manz, 2005) [35].

Currently, all linked methods of flow-, radiation- and building element simulation are
very time intensive the calculation scheme follows the illustration in figure [1.3] The aim
of this work is to develop an approximation that provides a sufficiently accurate picture
of the influence of three-dimensional flow phenomena in rooms on the heat and mass
flow at surfaces for low flow-rates.

1.2.5 Conclusio State of the Art

The literature review shows, that non of the discussed (mostly used) building energy
programs (TRNSYS, Energy Plus, Idalce and ESP-r) can simulate the interaction of
complex fagade systems and cooling ceilings with the required level of detail. Although
there are "work-arounds” if specific parameters are known. For example in ESP-r it

7
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INPUT co-SIMULATION
Thermal
— Building
Building Simulation
Envelope
I A}
7 \ 4
HVAC
System CFD
Simulation

Figure 1.3: CO-simulation - state of the art

is possible to integrate a simplified air flow modeling by mass balances, which allows
to describe the effect of buoyancy in dependence of fagade systems and the cooling
ceiling within the model if they are defined by a second party tool.

There is the possibility of doing coupled air flow and thermal simulations to get reliable
results on room conditions and thermal comfort. These simulations are very time con-
suming at the moment and therefore not appropriate for the use of early planing phase
support.

1.3 Hypotheses

The focus of the dissertation is set on the cooling of buildings the behaviour of cooling
ceilings in interaction with complex facade systems should be described by a mathe-
matical model. To achieve the goal of energy efficient buildings, zero emission buildings
or energy active buildings there is the need of new and in some parts complex building
concepts. For the acceptance and success of new concepts the comfort for users com-
pared to conventional systems should have a significant improvement, at least it should
not get lower. This makes it no longer possible to separate the civil engineering and
building physics design from the service systems design of a building.

The cooling ceiling is a system which guarantees high comfort because of the high pro-
portion of radiation, but with the current office building standard the limit of the capacity
is reached. Due to the combination of high glass content and high internal heat gains
and the rising share of engineering (architecture and user comfort due to electrical
equipment) the cooling capacity is not sufficient. Within the work studies on increas-
ing the cooling capacity of a cooling ceiling with different fagade systems should be
discussed.

The goal of the work is to develop a mathematical model as a first step for an easy to
handle design tool that can predict comfort in room for different building concepts. The
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key issue is the integration of a simplified model of complex flow phenomena within the
room.

According to Feist (1994) [20] mathematical modeling and measurement have different
functions in a process of understanding and complement each other. Neither can the
mathematical modeling make measurements completely unnecessary (measurement
are the only way for the validation of modeling) - nor is it feasible and reasonable to
want to answer any questions by measurements (generalizable statements are limited
by finitely amount of measurement variants and cannot be done).

Therefore the work is divided in two main parts (see figure[1.4), on the one hand there
are in-situ measurements in an existing office building for

e temperatures (air, surface and operative),

e humidity,

e capacity of the cooling ceiling and

¢ air flow measurements done by tracer gas measurements.
Measurements on comfort with comfort level probes are carried out too. On the other
hand there is the part of the mathematical modeling, which is divided into 3 subtasks
itself

¢ the thermal modeling,

e the air flow modeling and the combination of these two model parts

o the development of the air flow integrated room model

PART 1 - IN-SITU MEASUREMENTS

- existing office building
- long term measuremet
- 3 years of measurement data,
- time intervall 1 minute
- measurement of
- temperatures (air, surface, operative)
- humidity
- cooling capacity of the cooling ceiling
- comfort
- air flow
--> validation data for the modeling

PART 2 - MATHEMATICAL MODELING

- room model development
- design day simulations

- thermal model: Matlab/Simulink

- air flow model: Comsol Multiphysics
- reference year(s) simulation

- room modeling: Matlab/Simulink

- simplification of the air flow model

- intergration of the simplified air flow

modeling

--> design tool to predict comfort in rooms

Figure 1.4: Schematic overview of the 2 main parts of the work including the subtasks
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In figure [1.5] the schematic overview of the development of the room model is shown.
The grey marked area includes the input data which are the building informations like
the envelope, but also the geometric data and the information regarding the HVAC
system, in this case it is the information regarding the cooling ceiling (mass flow, flow
and return temperature and active cooling area).

The blue marked area refers to the measurement results taken from the in-situ mea-
surements, they were used for the validation of the mathematical model in different
steps of the model development. The main measurement results which were compared
are the operative temperature in the room, the capacity of the cooling ceiling and the
measurement results on the air distribution in within the room.

The red area in the figure represents the modeling part. To keep the model simple and
as fast as possible and needed for the planning phase of a building the idea is to make a
design day simulation part to define inputs for the reference year(s) simulation part. The
design day simulation can be a coupled thermal and air flow simulation that provides
information of the interaction between building elements and building service systems.
For example an output could be the capacity of the cooling ceiling in dependence of the
solar radiance and the room conditions or the air velocity within different room areas
regarding different facade systems.

INPUT MODELING VALIDATION
Design Reference (MEASUREMENT)
Day Year(s)
- Operative
EBu”ng Thermal | Building Temperature
nvelope Model » Model
—N <—
— V]
Cooling
HVAC .
Capacity
System A 4 v
Air Flow q
RESULTS E:> Air
Model Distribution

Figure 1.5: Schematic overview of the development of an enhanced room model

The development of the air flow integrated room model is an interactive work between
different mathematical model parts (thermal modeling, air flow modeling) and measure-
ment results to validate the model parts and the final room model.
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2 Description of Measurement Set-up

2.1 Introduction

According to Feist (1994) [20] the reliable measurement of building physical param-
eters is a challenge in itself: the basic for correct measurement results of the room
air temperatures is a good knowledge of the theory (sensor screening against radia-
tion, time constant of the sensor, self-heating, long-term stability, ...). Consumption
measurements are often based on the volume or flow rate measurement. Volume flow
measuring devices often have start-up volume flows, below which they do not run or at
least they have an extremely inaccuracy. Such aspects have to be considered carefully
when doing measurements. A reliance on measured values is therefore justified only if
you know exactly what was measured.

2.2 Building / Room Set up

A series of measurements have been done in an existing office building with different
room set ups (different facade systems due to the combination of glazing and shading
and differences on the active cooling area of the room). On the 34th floor there were
built 4 identical rooms, each of about 11 m2. The fagade is a west-orientated totally
glazed surface, as the rooms are situated on the 34th floor, there is no shading due
to other buildings or geographical surroundings. The floor plan of the tested rooms is
shown in figure The configuration of the test rooms is typical for single person
offices in Austria.

s | & | & =

]

room 01 room 02 room 03 room 04

Figure 2.1: floor plan - test room

In figure the dimensions of the room are visualized. On the left side there is the
floor plan for one room with a room depth of 4.10 m and a width of 2.6 m. On the right
side the section view is shown, the main heights are marked. The room height is 2.8 m
the occupied area of the room, the height in the facade area is 3.0 m, the floor height is

11
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3.5m. The test rooms are adjacent and are separated by a gypsum plasterboard wall.
The floor is a raised floor which is caused to it’s air leading properties (the supply air
is realized over the raised floor) open throughout the whole storey. It's not possible to
close the floor, because than the test rooms would be without fresh air. The suspended
ceiling of the measurement rooms is separated by a foreclosure (mineral wool) around
the rooms and also between these rooms.

2.6m

3.0m 3.5m

4.1m

2.8m
A | y

Figure 2.2: Room dimensions; left side: floor plan of the measurement room; right
sight: section view of the measurement room

2.2.1 Basic Building Information

The office building is located in Vienna, Austria and it's a tower with a fully glazed
facade. The U-Value of the room envelope:

glazing: U = 1.10 W/(m? K)

frame (percentage 8 %): U = 2.95 W/(m? K)

ceiling / floor: U = 1.45 W/(m? K)

Interior wall (gypsum cardboard): U = 0.65 W/(m? K)

interior door: U = 1.80 W/(m? K)

Within the building there is the possibility to test different facade systems by changing
the shading element and due to the possible change from single skin fagade to single
storey double skin facade.

2.2.2 Facade System

Four rooms were realized for the measurements, one of them was used as a reference
room, which means that the conditions in this room were not changed during the whole
measurement time. The basic set up is a single skin fagade and a fully closed screen

12
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(shading system 1). The technical data of the shading system (reference room — type
1) is:

solar transmittance: 7 = 0.19

reflectance: p = 0.37

absorptance: a = 0.44

light transmittance: 7. = 0.19

Different fagade systems were tested, the schematic overview of the single skin fagade
and the single storey double skin fagade is shown in figure [2.3] The following bullet list
summarize the 5 different fagades systems (combination of glazing and shading)
Facade system 1: single skin fagcade with internal shading element type 1
Fagade system 2: single skin facade with internal shading element type 2
Facade system 3: single storey double skin fagade with internal shading element
type 2

Fagade system 4: single skin fagade with internal shading element type 3 (blinds)
Fagade system 5: single storey double skin fagade with internal shading element
type 3 (blinds)

ITNTT 1T 71 N S

i &

single storey double

single skin facade skin facade

Figure 2.3: schematic section of the two facade types; left side: single skin facade;
right side: single storey double skin fagcade

13
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The technical data for the fagade system is described in the following part

Technical data of the outside pane:
e QOutside pane: 6 mm coated
e 16mm gap between the panes (argon filled)
¢ Inside pane 10 mm laminated safety glass
e Total solar energy transmittance: g = 0.35
e Solar transmittance: 7 = 0.33
¢ Reflectance: p = 0.41
e Absorptance outside pane: a. = 0.25
e Absorptance inside pane: «; = 0.01
e Heat transfer coefficient U = 1.29 W/(m? K)

The technical data of the shading system - type 2 (screen) is:
Solar transmittance: 7 = 0.11

Reflectance: p = 0.39

Absorptance: a = 0.50

Light transmittance: 7. = 0.10

The technical data of the shading system - type 3 (blinds) is:
Solar transmittance: 7 = 0.08

Reflectance: p = 0.39

Absorptance: « = 0.54

Light transmittance: 7. = 0.08

The technical data for the 2nd glazing is summarized in the following itemisation
e insulation glass pane
e heat transfer coefficient U = 1.1 W/(m? K)

14
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2.2.3 Cooling
Refrigeration Supply

The energy supply is a conventional system. For the cooling of the building there are
two chillers, each of 2900 kW and the re-cooling units are situated on the top of the
building. The schematic overview of the cooling system for the building for the part of
the cooling ceiling is shown in figure [2.4]

secondary circuit

7 heat exchanger
cooling ceiling

—— primary circuit

dividing
chiller 1 network

return return

chiller 2

flow flow

Figure 2.4: Schematic overview of the refrigeration supply; there a 2 chillers in the
situated in the cellar each of 2900 kW
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Cooling of the Room

The cooling of the rooms is mainly done with a suspended cooling ceiling. The cooling
ceiling consist of capillary pipes which were integrated within the suspended ceiling
(aluminium panels). The cooling ceiling is shown in figure The description of the
cooling is done in this section.

i

Figure 2.5: Pictures of the cooling ceiling

The cooling area is splitted into a fagade area and a room area. The cooling medium
temperature can variate between 14 °C to 19 °C in dependence of the ambient temper-
ature. The schematic overview of the cooling area is shown in figure [2.6]

|
i M P
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toaling ceiling  \cooling ceiling "‘-\_exh;-:L.s)l air
facgde area room area lights %
] 1/
solar shading
2nd ngl room corridor
/glaz
gypsum plaster-
board wall
hegting - convector raised floor (supply air) raised floor |
A 1 / ; |
: e = = e == = == == = =
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- # ¥ // g 4 3 / 3 7 / S /
/A [
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‘ !
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Figure 2.6: Schematic overview of the cooling system of the room, the location of the
cooling ceiling is highlighted; the dark blue area represents the active cooling area in
the room zone; the light blue area represents the active cooling area in the fagade zone
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Active Cooling Area

According to EN 14240 [4] the cooling capacity is referenced to the active cooling area
and not to the room area. In figure on the left side, the active cooling area of the
cooling ceiling regarding the room area is shown and you can see that 4 rows of ceiling
panels are activated, the first row next to the corridor is not activated. A reduction of
the cooling area due to columns is not given in the room area. The active area of the
cooling ceiling in the room area for the 2-axis measurement rooms is 5.56 m?.

. — —
| i F cooling ceiling - room zone
Y active cooling area: 5.56 m? 1

SN  FAF TN LGN LG TN TGS CIF LI TN CEF OGS CIFETAG IS CEF TSI E S s (S FITL LG L P F S LG F s EEEECE—

Figure 2.7: active cooling area - room area; the active cooling area is 5.56 m?

In figure on the right side you can see that 3 ceiling panels are occupied by the
facade towards the corridor with capillary pipe mats. This area describes the cooling
ceiling of the facade area. Furthermore it is important to note that in every fourth window
axis the cooling area is reduced by a column. The active area of the cooling ceiling in
the facade area for the 2-axis measurement rooms is 3.19 m?.

cooling ceiling - fagade zone
active cooling area: 3.19 m?

Figure 2.8: active cooling area - fagade area; the active cooling area is 3.19 m?

In total there is an active cooling area of 8.75m? for each of the 2-axis measurement
rooms, the cooling areas (fagcade and room) are overlapping in order to increase the
cooling capacity next to the facade. Based on the room area there is a rate of cooling
area of about 80 %.
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One room was tested with additional cooling elements (the picture of the mounted
cooling elements are shown in figure [2.9) which were placed in the area next to the
facade. Due to the additional cooling elements there is an increase of the cooling area
of 0.84m?2. In figurethe additional area is highlighted

=4

room 3 - additional cooling elements
active cooling area: 0.84 m?

=

additional cooling
elements

S | S | N |

Figure 2.10: schematic overview - additional cooling element

18



2.2. Building / Room Set up

Summary of the Active Cooling Area for the Measurement Rooms

The summary of the active cooling area is visualized in table 2.1] for each room.

Table 2.1: Summary of active cooling area for each room

| amount | m m m?
room01 |left 4 0.57 1.22 2.78
; 0.45 1.22 1.10
i 0.45 1.00 0.45
4.33
right 4| 0.57 1.22 2,78
3 0.45 1.22 1.65
0 0.45 1.00| 0.00
4.42
total 8.75
room 02 left 4 0.57 1.22 2.78
3| 0.45 1.22 165
0 0.45 1.00 0.00
4.42
right 4| 0.57 1.22 2.78
2| 0.45 1.22 1.10
1 0.45 100 0.45
433
total 8.75
room03 |left 4| 0.57 1.22 2.78
2| 0.45 1.22 1.10
1| 0.45 1.00 0.45
I _ 4.33
right 4] 0.57 1;:22 2.78
3 0.45 1.22 165
0 0.45 1.00 0.00
4.42
total 8.75
add. coolingel. - left 0.42 1.10 0.46
add. coolingel. - right 0.42 0.90 0.38
add. cooling el. - total | 0.84
room 04 left 4| 0.57 1.22 2.78
3| 0.45 1.22 165
0.45 1.00 0.00
4.42
right 4l 0.57 1.22 278
2 0.45 1.22 110
1 0.45 1.00 0.45
4.33
total 8.75

19



2. DESCRIPTION OF MEASUREMENT SET-UP

2.2.4 Ventilation

The fresh air supply is done by a mechanical ventilation system. The design of the
ventilation system is as full air conditioning — heating, cooling / dehumidification and
humidification. Due to the hight of the building and the single skin fagade there is no
possibility of natural ventilation by windows. The ventilation system has a heat and
moisture recovery. The schematic overview of the ventilation plant is shown in2.11

heat and

moisture return air

recovery  fan filter ~ damper
exhaust air return air
fresh air @ supply air

damper filter heating cooling humidifier heating  supply
unit unit unit fan

Figure 2.11: schematic overview of the ventilation system

The schematic overview of the ventilation system for the test rooms is shown in figure
The supply air for the rooms is realized via the raised floor, the whole floor is air
leading (marked by the violet area). The air outlet is over “slot diffusers” next to the
fagade. There is a volume flow rate of about 50 m3/h for each room with a supply air
temperature of about 21 °C. The exhaust air is realized by exhaust air lights. There
are flexible ducts between the lights and the suspended ceiling in the corridor. The
suspended ceiling in the corridor is air leading as well (yellow range).

room corridor

raised floor (supply air)

Figure 2.12: schematic overview of the ventilation system of the measurement rooms

20



2.3. Measurement Set up

2.3 Measurement Set up

The measurement set-up for the test rooms is described in this section, all measure-
ment categories are mentioned and the description and positioning of the individual
sensing elements is done. Due to the volume of measurement results some are pre-
sented in own chapters, like the results on the operative temperature (see chapter (3),
the cooling capacity of the cooling ceiling (see chapter [4) and the tracer gas measure-
ments (see chapter [B). The other results are briefly presented within this section.

2.3.1 Measurement equipment

The measuring system is situated next to the measurement rooms and contain the
following elements

e Agilent 34980A: 2 module cards 34922A, 1 module card 34921A

e Keithley 2010: 1 module card

o 25 temperature / moisture sensors type: LinPicco moisture and temperature mod-
ules

e 40 PT 1000 temperature sensors - type: Heraeus PT1000

¢ 10 medium temperature meters type: thermocouples type K, 1.5mm

e 2 comfort level probe type: ThermoAir 6

e heat flow measurement: 2 x Phymeas 250 mm x 250 mm / 4 x Ahlborn 250 mm x 250 mm

e 5 illumination meters type: Voltkraft
o 1 illumination meter type: Testo 545
e 3 pyranometers type: CM3

To record the outdoor conditions, a weather station with a temperature and humidity
sensor and the measurement of the radiation was installed on the roof of the building.
The radiation measurement was situated on the west side fagcade using a pyranometer.
The values for these parameters were taken every minute.

The impact of internal loads is realized by a heat mat with a load of about 45 W/m? and
it is activated by a timer. The operating time is from 8am to noon and from 1pm to 5pm.
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The schematic overview of the measurement equipment for

the rooms s shown in figure

[2.13] where the green marked positions are regarding temperature measurements, the
blue ones are regarding humidity measurements and the red ones are referencing to

the heat flow measurements. The measurement interval
measurement parameters are:

operative temperature

air temperature

surface temperature

humidity

heat flow

flow and return temperature of the cooling medium

is on minute and the main

jheat flow
airftemperature
«surface temperature Jr’ }1’ Jr ﬂ. 71’
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O] air temperature - mass flow cooling water
. g -f.
hunidity surface temperature - air flow
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Figure 2.13: Measurement equipment of the test rooms

Additionally the mass flow of the cooling medium and the

air flow were measured pe-

riodically. The main measurement points for the cooling capacity are also described

separately in the section [2.3.5]
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2.3.2 Air Temperature / Moisture

The moisture and temperature measurement was done with LinPicco temperature and
humidity modules like the pictures in figure show. The air temperature and the
humidity was measured in different positions as is it marked in figure to get an
overview of the temperature and humidity range within the test area of the building. The
measurement was done with humidity plus temperature transducers based on polymer
capacitive sensor. The available field for moisture measurement is from 5% to 95 %
while for temperature measuring is from —10°C to +70°C. The sensors are like mm-
icrophonettype container in size. The measuring accuracy for humidity is +3 % between
20 % and 80 % and otherwise +5 %, for temperature there is a measuring accuracy of
+ 1.5K.

Figure 2.14: Photo of the measurement of the air temperature and the humidity; Lin-
Picco; no direct radiation on the sensor

The schematic overview of the measurement point is shown in figure [2.15] the position
of the air temperature and moisture meters is marked by the green points. In total there
were measured 25 positions in different room heights. The height of the sensors is
written next to the sensor number, when no height is described th logger is mounted in
the height of the operative temperature meters (1.20 m above the floor).

23



2. DESCRIPTION OF MEASUREMENT SET-UP
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Figure 2.15: Measurement points for the measurement of the air temperature and the
humidity within the rooms

The air temperature within the room area from 0.20 m above the floor to 0.20 m below
the cooling ceiling panel is very similar for the different measurement locations (see
figure2.16). The air temperature close to the cooling ceiling varies between 16 °C and
21°C, there is a difference of about 2 K compared to the room air temperature. In figure
[2.16] the line for LP02 represents the measurement results for the air temperature 0.20
m below the cooling ceiling next to the facade and LP03 is regarding teh area next to
the door. The air temperature next to the floor show a very constant value of about
21°C (see figure [2.16).
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Figure 2.16: Measurement results for the air temperature in room 03
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2.3. Measurement Set up

In figure the measurement results for the air temperature in the area of the feet
for room 02 (LP18) and for room 03 (LP13) are compared. The results show that the
temperature is more or less constant during the whole day, the mean value of the air
temperature in regarding the floor area is 20.85 °C.
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Figure 2.17: Measurement results for the air temperature in the area of the feet; room
02: LP18 and room 03: LP13

The measurement results on relative humidity are shown in figure [2.18|for room 03. The
results show that the relative humidity is between 50 % and 60 % within the room area.
Next to the cooling ceiling it’s higher (around 70 %) which is due to lower temperatures.
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Figure 2.18: Measurement results for the air temperature in room 03
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2. DESCRIPTION OF MEASUREMENT SET-UP

2.3.3 Operative Temperature - Black Ball Measurement

The temperature measurement was done with PT1000 temperature sensors Heraeus
M22. Platinum temperature sensors of the M-series are characterized by long-term
stability and accuracy over a wide temperature range and compatibility. They are used
in particular for applications with high consumption volumes, typically uses are for the
automotive industry, white goods, HVAC systems, power generation, and equipment
and machinery for medicine and industry.

The specification is done in accordance with DIN EN 60751 [9], the sensors are suitable
for a temperature range from -70 °C to +500 °C, with the following classes apply for the
following temperature ranges:

e -70°C bis +500°C: class B

e -50°C bis +300°C: class A

e +0°C bis +150°C: class 1/3 DIN
The self-heating of the sensor is 0.4 K/mW at 0°C, and the response for air streams
(velocity v = 2 m/s) are:

e to5 = 3.0 seconds

e tg9 = 10.0 seconds

The operative temperature was measured in different depths of the room in a black ball
with a diameter of 100 mm, each at a height of 1.20 meters. Figure shows pictures
of the measurement set up.

Figure 2.19: Pictures of the measurement of operative temperature; in the picture it is
seen that the measurement was done with black balls (PT1000 sensors inside; diameter
of 100 mm) in 3 depths of the room

The schematic overview of the measurement points for the floor plan is shown in figure
The section view is shown in figure In total 10 points within the 4 rooms
were measured. In room 01 and room 4 the operative temperature in the middle of the
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2.3. Measurement Set up

room and next to the fagade (1 m distance) were measured. In room 2 and room 3 the

operative temperatures next to the door were measured additionally to get an idea of
the temperature range within the room.
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Figure 2.20: Measurement operative temperature, where PT are the temperature sen-
sors (PT1000) of the air temperatures
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Figure 2.21: Measurement operative temperature, where PT are the temperature sen-
sors (PT1000) of the air temperatures

The results on operative temperatures and the conclusions are shown in chapter 3}
section [3.3] the summary of the measurement results is done in section[3.4]
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2. DESCRIPTION OF MEASUREMENT SET-UP

2.3.4 Cooling Medium Temperature Measurement

The flow and return temperatures of the cooling medium are measured by insertion
probes like they are shown in figure As temperature sensors thermocouples
type K were used, the are characterized as class 1 according to the standard EN 60584-
1 [8]. They are valid in a temperature range from -40°C to + 375°C, with a allowed
tolerance of +£1.5°C. The response time of the sensor is specified by tg.9 = 3 seconds

Figure 2.22: Pictures of the flow / return temperature measurement

The measurement points for the flow and return temperatures of the cooling medium
are shown in figure 2.23] where the blue points mark the measurement locations. In
total 10 sensors were available and the positions for the temperature measurements for
the flow and return temperature were changed.
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Figure 2.23: Measurement positioning flow / return temperature; the blue points mark
the measurement positions; in total 10 sensors were available and the positions for the
temperature measurements for the flow and return temperature were changed
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2.3. Measurement Set up

2.3.5 Mass flow - cooling ceiling

The measurement of the mass flow through the capillary pipes was measured by differ-
ential pressure meter compatible to the mounted valves, which were fabricated of the
company Oventrop. The measurement uncertainty is 2 % of the measured value due
to the manufacturer’s information. In figure [2.24] the areas which are supplied by one
mass flow are highlighted. In the plan there are 6 different zones, 2 zones for each
room for the cooling ceiling and 2 additional zones for the cooling elements next to the
fagade in room 3. The colours of the floor plan are referring to the measurement results

(see figure [2.25)
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Figure 2.24: Overview of cooling ceiling sections regarding mass flow of the cooling
medium

The measurement was done by point measurements, and the result is shown in figure
[2.25]for 3 point measurements. The measurement results are very similar, only in room
4 the results of the first measurement show a higher mass flow rate than the other two
measurements shown in this diagram.
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Figure 2.25: Result of the measurement of the mass flow

The mass flow was measured periodically, the measurements did not show relevant
differences. For further investigations the mass flow was assumed to be 2251/h for the
cooling ceiling and 120 I/h for the additional cooling elements. Control measurements
took place in with respect to the measurements, in relevant time periods every 2 days
and were done by an ultrasonic flow measuring meter.
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2. DESCRIPTION OF MEASUREMENT SET-UP

2.3.6 Volume flow

The supply air is realised by slot diffusers next to the fagade, each room has two supply
air outlets, pictures of the air outlet is shown in figure [2.26]

4

Figure 2.26: Picture of the supply air outlet next to the facade

The supply air volume flow was measured by point measurements with a special meter
which was built to measure the air flow in this building. The measurement results are
shown in table 2.2

Table 2.2: Measurement results for the supply air flow for each air outlet

room 1 room 2 room 3 room 4
convector | convector | convector | convector | convector | convector | convector | convector
rightside | leftside | rightside | leftside | rightside | leftside | rightside | leftside

23m3/h 23 m3/h 20m3/h 20mé/h 20m3/h 22mé/h 23mé/h 23m3/h

To get the real supply air flow the measurement results have to be multiplied by 1.2
(according to manufacturer information). The actual supply air flow for each axes is
shown in table 2.3

Table 2.3: Supply air flow for each air outlet

room 1 room 2 room 3 room 4
convector | convector | convector | convector | convector | convector | convector | convector
rightside | leftside | rightside | leftside | rightside | leftside | rightside | leftside
27.6m3/h | 27.6 m3¥/h | 24.0m3/h | 24.0m3*/h | 24.0m3*/h | 26.4m3*/h | 27.6m3/h | 27.6m3/h

According to the measurement there is an air change rate between 1.6 1/h to 1.8 1/h.
The supply air flow was not changed during the whole measurement period. For all
further investigations it was assumed to be 25 m3/h for each axes. The supply air flow
was controlled manually every two month.
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2.3. Measurement Set up

2.3.7 Supply Air Temperature

The supply air temperature measurement was done by LinPicco temperature and hu-
midity modules, the description and the specification of the inaccuracy of the sensors is
done in subsection The measurement of the supply air temperature was done in
2 rooms (room 02 and room 03) with a time step of one minute during the whole mea-
surement period. The temperature was taken directly at the air outlet (slot diffusers next
to the facade, see figure [2.26). In figure [2.27]the position of the temperature meters is
highlighted.

o 1 | |
(I Il Il PCZER| i e .
room 01 room 02 room 03 room 04

Figure 2.27: Measurement supply air temperature - positioning

The measurement results shown in figure [2.28] show that the supply air temperature
variate between 20.5°C and 22.5°C and the results for both measurement locations
do not have significant differences. The supply air temperature was measured during
the whole measurement period wit a time step of 1 minute for 2 locations. The results
do not show significant differences due to the supply air outlet. The supply air variate
between 20.5°C and 22.5°C during the measurement period.
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Figure 2.28: Measurement results on the supply air temperature
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2. DESCRIPTION OF MEASUREMENT SET-UP

2.3.8 Comfort Level Probe

The determination of the resulting thermal comfort is an important issue during the de-
sign of facade systems. Especially for highly glazed office spaces the correct calculation
of the local heat balance is not often well known. Using EN ISO 7730 [11] could lead to
underestimation of the energy balance if the direct solar radiation is not accounted for.

The comfort in rooms is one of the most influencing factors due to new building con-
cepts. For the acceptance and success of new concepts the comfort for the users
compared to conventional systems should have a significant improvement, at least it
should not get lower.

Therefore measurement on thermal comfort for the room types were done. The mea-
surements were done according to EN ISO 7726 [10]. In the standard a measurement
period of 180 seconds with 5 measurements per second is required. The air temper-
ature is measured too. For the calculation of the draught rate (according to EN ISO
7730 [11]) the values of the air temperature should be between 20°C and 26 °C.

The output data is summarized in the following bulleted list:
¢ highest air velocity: highest value of the test series
e mean air velocity: arithmetic mean value of the test series
e minimum air velocity: lowest value of the test series
e standard deviation: standard deviation of the test series
¢ intensity of turbulence: intensity of turbulence of the test series
e draught rating DR: according to EN ISO 7730 [11]

The measurement was done with comfort level probe type "Thermo Air6”, in combina-
tion with PT1000 temperature sensors the degree of turbulence was measured. The
probe ThermoAir6 is suited for measuring small flow ranges of gaseous media. It has
an integrated temperature compensation and an individual calibration in the company’s
accredited SCS wind tunnel are a guarantee of high precision. The flow sensor Ther-
moAir6 has a measuring range of 0.01 m/s to 1.0 m/s and 0.15 m/s to 5 m/s. The mea-
suring accuracy of the air flow at a temperature of 22°C is £1 %fs. and +1.5 %rdg. be-
tween 0.01 m/s and 0.1 m/s between 0.15 m/s and 5.0 m/s itis 0.5 %fs. and +1.5 %rdg..
In figure [2.29| the comfort sondes are shown.
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2.3. Measurement Set up

Figure 2.29: Pictures of the comfort measurement; the measurements were carried out
in the room on the basis of a grid; for each room set up 12 measurements were carried
to evaluated the comfort

To evaluate the comfort of the room, for each room 12 measurements points were taken.
The rooms were divided into four zones (see figure and the for each position the
comfort was measured in three different heights - 0.30 m above the floor, 1.20 m above
the floor and 1.80 m above the floor as it is shown in figure The tree heights
represent the comfort near the feet (0.30 m), the comfort in the area of the head for
sitting person (1.20 m) and the area of the head for a standing person (1.80 m).
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Figure 2.30: Schematic overview of the four room zones due to comfort measurements
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Figure 2.31: Schematic overview of the tree different height of the measurement points
for the measurements due to comfort; the heights represent the comfort near the feet
(0.30 m), the comfort in the area of the head for sitting person (1.20 m) and the area of
the head for a standing person (1.80 m

The measurement results show a good acceptance for the single storey double skin
facade. The results are shown in figure According to figure the highest
percentage of dissatisfied is expected in the area of the feet. The results show a draught
rate of about 16 %. Compared with the results on the single skin facade (see figure 2.33)
there is a reduction of the percentage of dissatisfied, especially in the area of the head
(sitting person).
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Figure 2.32: Measurement results - draught rate in % for the single storey double skin
facade; the point in the diagram refer to the schematic overview of the measurement
points in the floor plan and the section of the measurement points (2.31); 1/3
means left side of the room, next to the fagade in a height of 1.8 m
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Figure 2.33: Measurement results - draught rate in % for the single skin facade; the
point in the diagram refer to the schematic overview of the measurement points in the
floor plan and the section of the measurement points (2.31); 1/3 means left side
of the room, next to the fagade in a height of 1.8 m
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2. DESCRIPTION OF MEASUREMENT SET-UP

The additional cooling elements next to the fagade increase the active cooling area and
therefore the cooling capacity for the room. This room concept is reviewed in terms
of comfort. The measurement results show that there is a decrease of comfort due
to the cooling elements In figure [2.34] the measurement results for one week for the
point 1/2 (1.5 m from the fagade, height 1.2 m above the floor) are shown. The comfort
draught rate increase from about 15 % to 22 % due to the additional cooling elements.
The low surface temperature of the elements leads to an cold air flow and therefore to
discomfort.

25 — draughtratein %

] |
.. ¢ 452 SR |
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with additional cooling elemet # without additional coolin element

Figure 2.34: Measurement results - draught rate in percentage for one week; compar-
ison of the draught rate due to the additional cooling element, the red points how the
measurement results without cooling elements, the orange ones the results with cool-
ing elements; both measurements were done at point 1/2 which means 1.5m from the
facade and in a height of 1.2m above the floor

The measurement results on comfort measurement show that there is an increase of
comfort due to the change from single skin fagade to the single storey double skin
facade. The additional cooling elements lead to an increasing draught rate.
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2.3. Measurement Set up

2.3.9 Heat Flow Measurement

In figure[2.35]the positioning of the heat flow measurement is shown, the orange marked
squares represent the measuring point on the ceiling of the room, the red one these on
the floor. For each measurement point the air temperature and the surface temperature
next to the heat flow measurement was taken. In figure [2.35|these two measurements
are marked with the green points, the light green ones for the air temperature and the
dark green ones for the surface temperature. The heat flow measurement was done to
validate the thermal model regarding the heat flow.
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Figure 2.35: measurement points for the measurement of the heat flow; th orang points
are measurement points on the ceiling, the red ones those on the floor; with each mea-
surement point two temperatures were taken - the air temperature (light green pints)
and the surface temperature (dark green points)

In technical data for the heat flow measurement according to the data sheets is sum-
marized in the following paragraph. The heat-flow plates have a dimension of 250 mm
x 250 mm, wherein the active surface has a dimension of 180 mm x 180 mm. The re-
lationship between heat flux and thermal voltage is set according to test reports, the
results are shown in the following list:

Phymeas 137004: 1 mV — 5.21 W/m?

Phymeas 137005: 1 mV —> 4.52 W/m?

Ahlborn 1030007: 1 mV —> 4.80 W/m?

Ahlborn 1030008: 1 mV — 4.59 W/m?

Ahlborn 3100009: 1 mV —> 4.72 W/m?

Ahlborn 3100010: 1 mV —> 4.74 W/m?

The calibration was carried out with a single plate equipment at an average temperature
of 23°C and a heat flux of about 100 W/m?. For the measurement the sensor was
embedded between two moss rubber sheets. The relative uncertainty is 5%
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2. DESCRIPTION OF MEASUREMENT SET-UP

2.3.10 Intensity of lllumination

The measurement of the intensity of illumination was done in 2 rooms (room 01 and
room 02) with a time step of one minute during the whole measurement period with
luxmeter (pictures of the measurement are shown in figure [2.36). To compare the
results on operative temperature there should not be a difference on the light intensity
due to shading systems (comparison of screen and blinds). If the blinds are fully closed,
the illuminance is not high enough for a working place and additional lighting would be
used. To compare the effectiveness of the different shading systems the position of
the elements of the blinds were adapted manually so that the light impact is the same
compared to the screen. To get comparable measurement results of the light meters
the were adjusted in a first step. The sensors were positioned in one room next to each
other, to make sure that they measure the same illuminance.

Figure 2.36: Picture of the measurement of the intensity of illumination

The measurement points of the light intensity are highlighted in figure [2.37] There are
3 measurement points, 2 in room 01 and 1 in room 2. In room 01 the light intensity was
measured in the middle of the room and with a distance of 1 m from the entrance to the
room (deepest point of the occupied zone). In room 02 the measurement point is 1m
from the entrance to the room.
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2.3. Measurement Set up
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Figure 2.37: Sensor location of the light meters; 2 meters are situated in room 01 - one
in the middle of the room and the other one 1m from the entrance; 1 meter is situated
in room 02 - 1m from the entrance

The intensity of illuminance was compared by the deepest point within the occupied
zone. In figure [2.38| the measurement results of the light intensity are shown. As the
controléf the blinds was done manually there are some differences in light intensity. The
biggest difference is after the attendance time, there is an higher illuminance due to the
screen. From the morning till around 5.30 pm there is a good accordance of the light
intensity of the two rooms.
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Figure 2.38: Measurement results of the light intensity for room 01 (LX1) and room 02
(LX2); both 1 m from the entrance of the room

For the results on operative temperature the light impact into the room should be taken
into account to compare different shading systems (in this case screens with blinds).
To get comparable results on operative temperature the blinds were controlledmman-
ually so that there is the same intensity of illumination compared to the screen. The
measurement results show a good accordance of the light intensity for the two rooms.
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2. DESCRIPTION OF MEASUREMENT SET-UP

2.3.11 Solar Radiation

The measurement of the incident solar radiation was done with pyranometer type Kipp
& Zonen CMS3. The sensor CM3 is an instrument to measure the solar irradiance, it's
a second class pyranometer according to the definition of the standard ISO 9060 [12].
It measures the solar energy that is received from the whole hemisphere (180 degrees
field of view).

According to the inspection reports the sensors were calibrated by comparison with an
outdoors calibrated reference pyranometer (CM3 FT014), they were mounted horizon-
tally side by side. The source for the calibration is a 1000 W tungsten-halogen lamp wit
a colour temperature of 3300 K. The calibration measurement was done with an normal
angle of incident. The sensitivity of the CM3 sensors was specified at a temperature of
20°C and an irradiation of 500 W/m? with +0.5% for all three sensors that were used
for the measurement.

One of the radiation meters was used on the outside of the building, the incident radi-
ation on the facade was measured and the other two radiation meters were placed in
the measurement area (see figure [2.39), one meter measure the radiation after the first
glazing without shading. The second meter was placed 1m from the fagade in room 03,
the incident radiation through the whole fagcade system (single skin fagade plus shading
or single storey double skin fagcade plus shading) was measured.

R O O I
PY2
room 01 room 02 room 03 room 04

Figure 2.39: Position of the radiation meters, one after the first glazing (PY1) and the
second meter 1m from the facade (PY2) in room 03 - to measure incident radiation
through the whole fagade system
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2.3. Measurement Set up

In figure the results of solar radiation are shown for the measurement point 1 m
from the facade and after the first glazing. The facade system for the measurement is
single storey double skin fagade and a fully closed shading system. The results show a
strong reduction of solar radiation due to the fagade system.

300 + solar radiation in W/m?

250
200 A
150
100 4
0 . —

06/09 12:00 06/09 15:00 06/09 18:00 06/09 21:00 07/09 00:00

incident radiation - after first glazing (PY1) —— incident radiation - room (PY2)

Figure 2.40: Measurement results - incident solar radiation; the yellow line represents
the results for the measurement after the first glazing; the brown curve represents the
measurement results of the incident radiation 1 m from the fagcade in room 03; the
facade system referring to the measurement results is single storey double skin fagade
and fully closed shading elements
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2. DESCRIPTION OF MEASUREMENT SET-UP

2.3.12 Tracer Gas Measurement

This section gives an short overview of the measurement set up, the details on mea-
surement variations and results can be found in chapter[5] section[5.3and section|5.4].

As tracer gas CO, was used, as sensors Johnson Controls CD-W00-00-0 CO, transmit-
ter were applied. They are suitable for measuring and transmitting CO, levels, ranging
from 0 to 2000 parts per million (ppm). The accuracy at 25°C is specified with to be
smaller than £40 ppm CO- + 3.0 % of reading, these specification includes manufactur-
ing deviation and drift. The operating temperature is specified between -5°C to +45°C,
the humidity range should be between 0% and 85%. The sensors have a warm-up
time of 1 minute and the response time (0 % to 63 %) is 1 minute.

In figure [2.41] photographs of the measurement set-up are shown, where the first figure
from the left side to the right side shows a view into the room from the door side, the
second one gives a picture of the sensor in the raised floor, the third one visualize the
meters in the ceiling area and the last one shows the position of the sensor above the

second layer glazing.

Figure 2.41: Pictures of the CO, meters; from left to right side: room, floor, ceiling,
facade
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2.3. Measurement Set up

To measure the air flow in the room, a grid of 27 CO, sensors was set up. In figure
the position of the CO, sensors is shown, where the left side is the floor plan and the
right side shows the section of the room.
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200022 200019 2000-15
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b ® 200023 ® 200018 * 2000-14
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2000-12 2000-09 2000-05
2000-17 @ ® 00015
2000-16 2000-14 °
5000-03
5000-01

Figure 2.42: Measurement set up — floor plan (left side) and section (right side) includ-
ing the sensor numbers, where the first 4 numbers are the maximum concentration rate
and the last 2 are the numbers are the unique sensor identification numbers

The measurement itself was done by CO, injections and the concentration at the mea-
surement points was logged. A defined amount of CO, was injected on five different
positions of the room:
e Inj 1: directly into the room, floor area (by a frame with small openings)
Inj 2: ceiling — height of the concrete ceiling
Inj 3: ceiling — height of the suspended cooling ceiling
Inj 4: Supply air area
Inj 5: Fagade area
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3 Measurement Operative Temperature

3.1 Introduction

According to EN ISO 7730 [11], the operative temperature shall be determined as the
average size of air temperature and the radiation temperature. This temperature is
measured with a globe thermometer according to EN ISO 7726 [10]. The standard ball
has a diameter of d, = 150 mm and an emissivity of ¢ = 0.95. Regarding the shape
and the diameter of the ball there is much discussion and various statements what
shape, size and colour represents best of the human being. For the measurements of
the operative temperatures in this case black balls with a diameter of dx, = 100 mm are
used.

3.2 Building / Room set up

A series of measurements have been done with different room types. The detailed
description of the in-situ measurements is found in chapter[2, section[2.2] The relevant
data for the measurement of the operative temperature is summarized in this section.

3.2.1 Basic Building Information

Four rooms were realized for the measurements in an existing office building which is
located in Vienna, Austria. It is a tower with a fully glazed fagade. The test-rooms are
adjacent and are separated by a gypsum plasterboard wall. The suspended ceiling of
the measurement rooms is separated by a foreclosure (mineral wool) around the rooms
and between these rooms. The floor is a raised floor which is caused to its air leading
properties (the supply air is realized over the raised floor) open throughout the whole
storey. It is not possible to close the floor, because than the test rooms would be without
fresh air.

For detailed description regarding the ventilation system see chapter [2, section [2.2.4]
The ventilation of the rooms is done by an mechanical ventilation system, where the
supply air is done by the raised floor. The return air from the room is realized by exhaust
air lights. In total there is an air change rate of 1.6 1/h to 1.8 1/h with an supply air
temperature between 20.5°C and 22.5 °C. The measurement results on the air change
rate and the supply air temperature are described in chapter[2] section[2.3.7]and section
2.3.6!
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3. MEASUREMENT OPERATIVE TEMPERATURE

Within the building there is the possibility to test different fagade systems by changing
the shading element furthermore there is also the possibility to change the single skin
facade to a single storey double skin fagade. Another change on boundary conditions
is due to the active cooling area in the room.

The effect on operative temperature by the change by changing the boundary conditions
of the room were tested. In total there were tested 5 different fagade systems, the
overview is shown in the following list, the differences regarding the optical properties
of the shading systems are summarized in table [3.1]

Facade system 1: single skin facade with internal shading element type 1
Facade system 2: single skin facade with internal shading element type 2
Facade system 3: single storey double skin facade with internal shading element
type 2

Facade system 4: single skin fagade with internal shading element type 3 (blinds)
Facade system 5: single storey double skin facade with internal shading element
type 3 (blinds)

Table 3.1: Summary of the differences regarding optical properties of the tested shad-
ing systems

optical properties shading system 1 shading system 2 shading system 3
Solar transmittance t 0.19 0.11 0.08
Reflectance p 0.37 0.39 0.39
Absorptance a 0.44 0.50 0.54
Light transmittance 1, 0.19 0.10 0.07

The cooling of the room is done by suspended cooling ceilings. The detailed description
is found in chapter [2| section The cooling ceiling is equal in each room. In one
room there were mounted additional cooling elements in the fagade area to measure
the effect of an additional active cooling area on the operative temperature and the
comfort in the room. The detailed description of the cooling elements and the results
on the comfort can be found in chapter 2 section[2.2.3]and section
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3.2. Building / Room set up

3.2.2 Measurement positions operative temperature

The schematic overview of the measurement points of the operative temperature is
shown in figure [3.1] On the left side there is the floor plan, on the right side the section
view is shown.

f room01 1 room 02 I room03 M1 room 04 I -
* . i :
. . @ n | | N
Py
: 1.20m
N | e g g i -u !

Figure 3.1: measurement points for operative temperature; left side: floor plan of the
measurement rooms; right sight: section view; the red points mark the sensor positions

The aim of the measurements is to figure out the influence on the operative temperature
and the cooling capacity of a cooled ceiling by changing the room set up in the following
three categories:

e change of facade system

e change of shading system

e change of active cooling area

figure [3.2) shows an overview of the room types and measurement variations.

One of the rooms was used as a reference room (room 04). In this room the boundary
conditions (facade system, shading type, active cooling area) were not changed. The
other rooms serve as test room where different set-ups due to fagade system, shading
types and active cooling area were realized. Room 01 is the room with shading element
type 2, which is a screen and the measurement was done for the single skin fagade
(facade type 1) and the single storey double skin facade (facade type 2). Room 02 has
the same measurement variation as room 01, this room has shading elements type 3
(blinds). Room 03 has the same boundary conditions as room 01 (facade system and
shading type), the difference to room 01 are the additional cooling elements which were
situated nest to the fagade to increase the active cooling area and therefore the cooling
capacity for the room.

On the pictures at the right corner of each room the view to the outside through the
shading elements is shown. There is a difference between room 04 and room 01/room
03, shading type 1 (screen in room 04) is more transparent than shading type 2 (screen
in room 01 and room 03), but with both shading systems there is a view to the outside.
The picture for room 02, shading type 3 (blinds) shows that with closed blinds there is
no view to the outside.
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3. MEASUREMENT OPERATIVE TEMPERATURE

room 01 room 02 room 03 room 04
with / without additive with / without additive with / without additive without additive glazing
glazing glazing glazing

shading element:
= typel

. |(reference
! |[room)

shading element: shading element:
type 2
+ cooling

element

shading element:
type 2 R
(basic
room type)

Figure 3.2: floor plan - test room

In total 7 room types were tested. A short overview of the measurement variations due
to fagade system, shading system and cooling system is shown in figure 3.3 and is
summarized in table [3.21

In figure[3.3]the 7 room types are visualized in the section view, the used colours refer to
the colours in figure[3.2]and table[3.2] The first picture shows room type 0 - which is the
reference room with a single skin fagade and shading type 1 (screen type 1), which is
highlighted by the violet line in the fagade area. The next picture describes room type 1
- the difference to room type 0 is the shading system, it is changed from shading system
1 to shading system 2 (another screen type), the change is highlighted by the green line
in the facade area. On the third picture room type 2 is visualized, the change from room
type 1 to room type 2 is regarding the fagade, the fagade is changed from single skin
facade to single storey double skin facade. The next picture shows room type 3, the
difference to room type 0 is again the shading system, is is changed to shading system
3 (blinds). The 5th picture visualize room type 4, the difference between room type 3
and room type 4 is the fagade system, it is changed from single skin fagade to single
storey double skin fagade. The last two pictures are describing room type 5 and 6, these
to room types have additional cooling elements in the facade area where room type 5 is
representing the single skin fagade room set up and room type 6 has fagade system 2
(single storey double skin fagade). The shading of room type 5 and 6 is shading system
2 (screen type 2).
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3.2. Building / Room set up

room type 00 room type 02 roomtype 04  room type 05 room type 06
[ — I — . P — - — S
single single single 5'?5;";:'“ single
single skin single skin storey skin storey g starey )
facade facade double skin facad double skin shading double skin
h ) pcade type 2 facade
shading shading facade shading facade dditional ‘
type 2 type 2 shading type 3 shading additiona shading
type 2 type 3 cooling type 2
. [ 1] | elements additional
-"ir_...:.t o el [ L W{: - “‘i__.:..l T T "‘I, LT LT % cooling
s P | nil T e |7 O e | P 14 Y elements

Figure 3.3: Visualization of the room types by section views; room type 0: single skin
facade shading system 1 (screen type 1); room type 2 single skin facade, shading sys-
tem 2 (screen type 2); room type 2: single storey double skin fagade, shading system 2;
room type 3: single skin facade, shading system 3 (blinds); room type 4: single storey
double skin fagade, shading system 3; room type 5: single skin facade, shading system
2, additional cooling elements; room type 6: single storey double skin facade, shading
system 2, additional cooling elements

Table 3.2: summary measurement variation, room types, where room type 0: single
skin facade shading system 1 (screen type 1); room type 2 single skin facade, shading
system 2 (screen type 2); room type 2: single storey double skin fagade, shading sys-
tem 2; room type 3: single skin facade, shading system 3 (blinds); room type 4: single
storey double skin fagade, shading system 3; room type 5: single skin fagade, shading
system 2, additional cooling elements; room type 6: single storey double skin facade,
shading system 2, additional cooling elements

name room facade shading addn:::rz:‘]ecr::crlmg

Room type 0 - single skin screen 1. =0.19

1 single skin screen 1,.=0,10
Room type 2 1 single storey double skin | screen 1, =0,10

2 single skin blinds ---
Room type 4 2 single storey double skin blinds
Room type 5 3 single skin screen 1, =0,10 yes
Room type 6 3 single storey double skin | screen 1, =0,10 yes

To make is easier to read the colour of the font can be found in the following diagrams,
so the purple line show the results of the reference room (type 0), the green ones the
results of room number 1 (type 1 + 2), the red ones room number 2 (type 3 + 4) and the
blue ones room number 3 (type 5 + 6).
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.3 Measurement Results on Operative Temperature

The operative temperature is one of the influencing factors on comfort. According to EN
ISO 7730 [11] there are 3 categories (A, B and C) with different acceptance of predicted
percentage of dissatisfied people (PPD). To reach category B the maximum operative
temperature in summer should be lower than 26 °C. Category B means that the PPD is
less than 10 %.

In the reference room (room type 0) the boundary conditions were not changed during
the whole measurement period, in order to compare the operative temperatures of the
different room types. During the measurement period it was noticed that most of the
screens are used half opened, regarding this fact the measurement of the operative
temperature was done with full closed and half closed (1.25 m distance from the floor)
shading systems.

In the first measuring period (first summer period) there were 19 days, which could be
used for the evaluation of the operative temperature regarding different room set-ups.
In table [3.3|the days and the room boundary conditions are summarized.

Table 3.3: Summary of measurement set up - first measurement period

1] 2| 3] 4] 5| 6 7] 8 9]10]11]12] 13] 14] 15[ 16] 17[ 18] 19

single skin facade

single sorey double skin facade
shading system fully closed
shading system half opened

The measurement results of the first measurement period were validated with a second
measurement period in the second summer. Especially the results on screen type
3 were proven, because the values seems not to be correct. After the validation of
the measurement results of the first summer period, the boundary conditions of the
room set up were not changed in the second summer period. During the llong time
measurementdf the second summer period the room conditions were as listed in table
The Evaluation is shown for 3 days (27.07 / 19.08 and 20.08) because these days
have almost similar boundary conditions in terms of incident solar radiation and eternal
temperature and were the only days with solar radiation during the whole day.
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3.3. Measurement Results on Operative Temperature

Table 3.4: Summary of measurement set up for the “long term” measurement during
the second summer period

name room facade shading additional cooling
element
Room type 0 - single skin screen 7. =0.19
Room type 2 1 single storey double skin | screent, =0,10 -
2 single skin blinds ---
Room type 6 3 single storey double skin | screen 1. =0,10 yes

For the conclusion regarding the operative temperature the maximum values for the
operative temperatures (5 pm values) were compared.
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.3.1 Adjustment of the Rooms

The first step before starting testing different fagade systems was to do the adjustment
of the rooms. The comparison of the operative temperatures is shown in figure
(centre of the room) and figure[3.5)(1 m distance to the fagade). The room temperatures
were measured with the single skin facade and without shading. That is also the reason
for the high temperatures. In figure [3.4]and figure [3.5)you can see that in all four rooms
the same temperature is measured in the middle of the room and next to the fagade.
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Figure 3.4: Comparison operative temperature test room and reference room - centre
of the room
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Figure 3.5: Comparison operative temperature test room and reference room - 1m
distance to the facade
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3.3. Measurement Results on Operative Temperature

3.3.2 Results: Single Skin facade, Shading System completely closed

The measurement results for the maximum operative temperature are shown in figure
[3.6] for the measurement points next to the fagade (1 m distance to the fagade) and in
figure [3.7]for the measurement points in the centre of the room.
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room type 5 - facade external temperature - - - - solar radiation

Figure 3.6: Operative temperature next to the fagcade; fagade: single skin fagade; shad-
ing system fully closed; the colours in the diagram are referring to (3.2
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Figure 3.7: Operative temperature in the centre of the room ; facade: single skin
fagade; shading system fully closed; the colours in the diagram are referring to[3.2]

The summary of the measurement results regarding the maximum operative temper-
ature for the single skin facade and with fully closed shading system is done in table
3.5
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3. MEASUREMENT OPERATIVE TEMPERATURE

Due to the change from room type 0 to room type 01 (change of the screen type) the
operative temperature next to the fagade is reduced of 1.0K, in the middle of the room
the reduction is 1.4 K. The additional cooling element within the facade area leads to a
temperature reduction of 1.1 K for both measurement points (next to the fagade / middle

of the room) compared to room type 1.

Table 3.5: Summary of measurement results of the maximum operative temperature
in the centre of the room and next to the fagade for the first measurement period. The
results are for the facade system: single skin facade and the shading system is fully

closed
sensor location
room type =
1 m distance to the fagade centre of the room

room type O 29.7°C 28.8°C
room type 1

room type 3

room type 5 26.8°C 26.2°C

3.3.3 Results: Single Skin Facade, Shading System half opened

The results for the fagade area are shown in figure [3.8]and for the centre of the room in

figure
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Figure 3.8: Operative temperature next to the facade; fagade: single skin facade; shad-
ing system half opened; the colours in the diagram are referring to[3.2]
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3.3. Measurement Results on Operative Temperature
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Figure 3.9: Operative temperature in the centre of the room ; facade: single skin
fagade; shading system is half opened; the colours in the diagram are referring to [3.2]

The summary of the measurement results regarding maximum operative temperature
for the single skin fagade and with half closed shading system is done in table 3.6

Due to the change of the shading system (change from screen to blinds) there is a
temperature reduction of 0.3 K in the centre of the room and of 0.4 K next to the fagade.
Compared to the room type 1 the additional cooling elements lead to a reduction of the
operative temperature of 1.4 K next to the facade and 1.8 K in the middle of the room.

Table 3.6: Summary of measurement results of the maximum operative temperature
in the centre of the room and next to the facade for the first measurement period. The
results are for the fagcade system: single skin facade and the shading system is half
closed

sensor location
room type =
1 m distance to the fagade centre of the room
room type O -
room type 1
room type 3
room type 5 28.3°C 27.9°C
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.3.4 Results: Single Storey Double Skin Facade, Shading System
completely closed

The change from the single skin facade to the single storey double skin facade leads
to a reduction of the operative temperature. Figure [3.10] show the influence regarding
different boundary conditions like shading type and cooling area next to the facade for
a reference day, in figure [3.11]the results in the centre of the room are shown.
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Figure 3.10: Operative temperature next to the facade; facade: single storey double
skin fagade; shading system fully closed; the colours in the diagram are referring to
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Figure 3.11: Operative temperature in the centre of the room ; fagade: single storey
double skin facade; shading system fully closed; the colours in the diagram are referring

to[3.2]
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3.3. Measurement Results on Operative Temperature

The summary of the measurement results for the single storey double skin facade and
with fully closed shading system is done in table [3.7]

The change from single skin fagade to single storey double skin fagade leads to a reduc-
tion of the operative temperature of 1.2K next to the facade and 0.7 K in the centre of
the room (both values are for room 02, comparison of room type 1 and 2). The change
of the shading system from screen to blinds (comparison of room type 2 and 4) show a
reduction of 0.3 K next to the facade and an increase of 0.3 K in the centre of the room.
The results of room type 6 (additional cooling elements) show a reduction of operative
temperature of 1.7 K next to the fagade and in the centre of the room (comparison with
room type 2).

Table 3.7: Summary of measurement results of the maximum operative temperature
in the centre of the room and next to the facade for the first measurement period. The
results are for the fagade system: single storey double skin fagade and the shading
system is fully closed

L sensor location
description =
1 m distance to the fagade centre of the room
room type 0 28.7°C 28.0°C
room type 2 27.1°C 26.7°C
room type 5 26.8°C 27.0°C
room type 6 25.4°C 25.0°C
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.3.5 Results: Single Storey Double Skin Facade, Shading System Half
Opened

Figure show the influence of different boundary conditions like shading type and
cooling area for half closed shading systems. In figure [3.13|the results for the centre of
the room are shown.
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Figure 3.12: Operative temperature next to the facade; facade: single storey double
skin fagade; shading system half opened; the colours in the diagram are referring to[3.2]
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Figure 3.13: Operative temperature in the centre of the room ; fagade: single storey
double skin fagade; shading system is half opened; the colours in the diagram are

referring to
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3.3. Measurement Results on Operative Temperature

The summary of the measurement results regarding maximum operative temperature
for the single storey double skin fagcade and with half closed shading system is done in
table

The change from single skin fagade to single storey double skin facade leads to a
reduction of the operative temperature of 1.6 K next to the fagade and 1.2 Kin the centre
of the room (both values are for room 02, comparison of room type 1 and 2). The
change of the shading system from screen to blinds (comparison of room type 2 and
4) show a reduction of 0.3 K for both measurement positions. The results of room type
6 (additional cooling elements) show a reduction of operative temperature of 1.6 K next
to the facade and 1.8 K in the centre of the room (comparison with room type 2).

Table 3.8: Summary of measurement results of the maximum operative temperature
in the centre of the room and next to the fagade for the first measurement period. The
results are for the facade system: single storey double skin facade and the shading
system is half closed

_— sensor location
description -
1 m distance to the fagade centre of the room
room type 0 - -
room type 2 28.5°C 28.1 °C
room type 5 28.2°C 27.8°C
room type 6 26.9°C 26.3°C
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.3.6 Summary of Measurement Results - First Summer Period

The measurement results show the impact of different boundary condition (see defini-
tion of the room types on the operative temperature in the room on two positions -
the first one next is to the fagcade and the second one is in the centre of the room. The
results are summarized separately for the two measurement points.

Operative Temperature next to the Facade

In figure [3.14]the measurement results on operative temperature next to the fagade are
shown. The values represent the maximum operative temperature during the operative
time (5pm values). The measurement results show a temperature difference of 1.4K
due to the change from screen type (different optical properties, see table [T0.7). The
enhanced facade system with the single storey double skin facade (room type 2) leads
to a reduction of 1.2K compared to room type 1 (single skin fagade). The additional
cooling elements in the fagade area cause a reduction of the operative temperature of
1.1 K (also compared to room type 1.

The reduced use of the shading elements (half opened; the shading systems were
opened 1.25 m from the bottom) to increase the sight to the outside (most used in
this building) leads to the following differences on operative temperature: The change
of the shading element from type 2 to type 3 (screen to blinds) reduces the operative
temperature of 0.5K (both situation with the single skin facade). The additional cooling
elements lead to a reduction of the operative temperature of 1.4 K (compared with room
type 1). The comparison of the single skin fagade to the single storey double skin facade
(values for room 2, comparison of room type 1 and 2) show a temperature difference of
1.5K.

31 temperature in °C

30
measurement
29 results are not
plausible -
28 validation

27 during a second
measurement

26

25

24 O

. O,

roomtypeQ roomtypel roomtype2 roomtype3 roomtyped roomtype5 room type6

m shading fully closed schading half opened

Figure 3.14: Operative temperature next to the facade; room types: table [3.2); red:
fully closed shading elements; orange: half closed shading elements

60



3.3. Measurement Results on Operative Temperature

Operative Temperature in the Centre of the Room

The measurement results with fully closed shading elements show, that the change of
the screen type from type 1 to type 2 lead to a reduction of the operative temperature of
1.4 K. The change of the facade system from a single skin fagade to the single storey
double skin facade reduces the operative temperature in the middle of the room of
about 0.6 K. The additional cooling elements in the facade area causes a reduction of
the operative temperature of 1.1 K.

The change of the shading element from type 2 to type 3 (screen to blinds) reduces
the operative temperature of 0.3K (both situation with the single skin facade). The
additional cooling elements lead to a reduction of the operative temperature of 1.5K
(compared with room type 1). The comparison of the single skin fagade to the single
storey double skin facade (values for room 2, comparison of room type 1 and 2) show
a temperature difference of 1.3K.

In figure [3.15] the results on maximum operative temperature during the operative time
(5.00 pm values) for the different room types (description see table are show. The
red bars are regarding the results on fully closed shading elements, the orange ones
represent the measurement results for half closed shading systems.

30 temperature in °C

29 measurement
78 results :l-,\re not
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roomtype 0 roomtypel roomtype2 roomtype3 roomtyped4 roomtype5 roomtype6

M shading fully closed schading half opened

Figure 3.15: Operative temperature in the centre of the room room types: table [3.2);
red: fully closed shading elements; orange: half closed shading elements
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.3.7 Measurement Results - Next to the Facade - Second Summer
Period

Figure shows the different operative temperatures during a warm sunny day for
four different facade systems for one of the reference days during the second summer
period. The black line is the ambient temperature, the dotted grey one the solar radi-
ation (global; beam + diffuse) on the west fagade. The maximum values for operative
temperature are summarized in table [3.9] for three reference days with solar radiation
during the second summer period. The results show that there is a temperature differ-
ence of about 5K due to the different room set-up (different facade + shading system,
additional cooling element).

33 - temperaturein °C radiation in W/m?* ~ 800
31 - 700
. - 600
27

- 500
25

- 400
23

- 300
21
19 - 200
17 - 100
15 - T T T T T T ™ 0

T T T
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00

room type O - facade room type 2 - facade room type 3 - facade

room type 6 - facade external temperature - - - = solar radiation

Figure 3.16: Operative temperature next to the fagade for a warm sunny day for 4 room
types - room type 0: reference room; room type 2: screen type 2, single storey double
skin facade; room type 3: shading type 3, single skin fagade; room type 6: shading type
2, single storey double skin fagade, additional cooling elements

Table 3.9: Maximum operative temperature (5pm) next to the facade for three different
days during the second summer period measurement for 4 room types - room type 0:
reference room; room type 2: screen type 2, single storey double skin facade; room
type 3: shading type 3, single skin fagade; room type 6: shading type 2, single storey
double skin facade, additional cooling elements

room type / measurement days 27.07. 19.08. 20.08.
room type 00 e 31.0 29.8_ 30.0
room type 02 °C 26.8 26.3 26.5
room type 06 °C 26.1 24.8 25.0
external air temperature °C 26.8 25.7 27.8
solar radiation W/ m?2 710.6 583.3 615.8
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3.3. Measurement Results on Operative Temperature

In figure results regarding maximum operative temperature (5pm values) for the
measurement position next to the facade for the different room types are visualized.
The measurements show that there is a decrease of 1.4K due to the change of the
shading type (from type 1 to type 2). The change from shading type 2 to shading type 3
cause a decrease of 0.9 K. The comparison of the operative temperature with the single
skin fagade and the single storey double skin fagade show a temperature difference of
1.2K (both measurements with shading type 2). With the additional cooling elements
there is a reduce of the operative temperature of 1.5 K (comparison of room type 1 and
room type 5)

31 temperature in °C

30
29
28

e

roomtype0 roomtypel roomtype2 roomtype3 roomtyped4d roomtype5 roomtypeb

M shading fully closed schading half opened

Figure 3.17: Summary of measurement results regarding maximum operative temper-
ature (5pm values) for the position next to the facade for the different room types for the
second summer period
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.3.8 Measurement Results - Centre of the Room - Second Summer
Period

Figure shows the different operative temperatures during a warm sunny day for
four different room types. The black line is the ambient temperature, the dotted grey
one the global solar radiation on the west facade. The maximum values for operative
temperature are summarized in table [3.10] for three days with solar radiation during
the second summer period. The results show that there is a temperature difference
of about 4.5K due to the different room set-up (different fagade + shading system,
additional cooling element).

31 - temperaturein°C radiation in W/m?* - 800
29 - - 700
27 A A - 600
25 - - - 500
23 - i \ - 400
21 - : - 300
19 - - 200
17 Ao A e - 100
15 1 t \ t i \ t f = 0

T T
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00

room type 0 - centre room type 2 - centre room type 3 - centre

room type 6 - centre external temperature - - - = solar radiation

Figure 3.18: Operative temperature - centre of the room

Table 3.10: Maximum operative temperature (5pm) in the centre of the room for three
different days during the second summer period measurement for 4 room types - room
type 0: reference room; room type 2: screen type 2, single storey double skin facade;
room type 3: shading type 3, single skin fagade; room type 6: shading type 2, single
storey double skin facade, additional cooling elements

room type / measurement days 27.07. 19.08. 20.08.
room type 00 °C 30.7 28.3 28.7
room type 02 °C 26.6 256 25.8
room type 06 °C 253 24.3 24.5
external air temperature °C 26.8 257 27.8
solar radiation W/ m2 710.6 583.3 615.8
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3.3. Measurement Results on Operative Temperature

In figure results regarding maximum operative temperature (5pm values) for the
centre of the room for the different room types are visualized. The measurements show
that there is a decrease of 1.4 K due to the change of the screen type (from type 1 to
type 2). The change from screen type 2 to screen type 3 cause a decrease of 0.1 K, so
these two shading systems are moretheless equal to the operative temperature in the
centre of the room. The comparison of the operative temperature with the single skin
facade and the single storey double skin facade show a temperature difference of 0.6 K
(both measurements with screen type 2). With the additional cooling elements there is
a reduce of the operative temperature of 1.1 K (comparison of room type 1 and room

type 5)

30 temperature in °C

29

28

R

roomtype0 roomtypel roomtype2 roomtype3 roomtyped4d roomtype5 roomtypeb6

MW shading fully closed schading half opened

Figure 3.19: Summary of measurement results regarding maximum operative temper-
ature (5pm values) for the centre of the room for the different room types for the second
summer period
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3. MEASUREMENT OPERATIVE TEMPERATURE

3.4 Summary in-situ Measurements - Operative
Temperature

Through an intensive set of measurements different fagade systems were tested due
to the operative temperature in the centre of the room and close to the facade and the
resulting cooling capacity. The room conditions were changed in the following three
fields:

e change of shading system

e additional cooling element

e additional internal glazing

In figure the result on the maximum operative temperature in the centre of the
room for the different room types is shown. The change of the shading type from shad-
ing type 1 to shading type 2 reduces the maximum operative temperature of 1.4 K. The
maximum operative temperature with room type 1 (shading type 2) is 27.4°C. Due to
the second glazing the operative temperature can be reduced of 0.7 K. With the addi-
tional cooling element the maximum operative temperature can be reduced of 2.5K.
The measured maximum operative temperatures and temperature difference to the ref-
erence room is shown in table [3.171

Table 3.11: Summary of measurement results of the maximum operative temperature
in the centre of the room

Room Room Room Room Room

type O type 2 typed | type5 | typeb
temperature —totally closed | 28.8°C| 27.4°C| 26.7°C| 27.3°C| 27.0°C| 26.2°C| 25.0°C
temperature difference -l -14K| -21K -15K -1.7K| -25K| -3.8K
temperature — half closed -| 29.3°C| 28.1°C| 29.0°C| 27.8°C| 27.9°C| 26.3°C
temperature difference -l +2.0K| +14K| +1.7K +0.8K| +16K +13K

31 —temperaturein °C

W facade type 1,
screen half closed

M facade type 2,
screen half closed

m facade type 1,
screen closed

facade type 2,
screen closed

room 4 room 1 room 2 room 3

Figure 3.20: Measurement results on operative temperature - centre of the room
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3.4. Summary in-situ Measurements - Operative Temperature

The measurement results next to the facade (distance of 1 m to the fagade at the be-
ginning of the working area) show a higher reduction of the maximum operative tem-
perature. The results of the measurement are shown in figure3.21], the summary of the
measured temperatures and the temperature difference to the reference room is shown
in table The change of the shading type from shading type 1 to shading type 2
reduces the maximum operative temperature of 1.4 K. The maximum operative temper-
ature can be reduced of 1.2K due to the second glazing from 28.3 °C (facade type 1)
to 27.1°C (fagade type 2). With the additional cooling element there is a reduction of
the maximum operative temperature of 2.9 K.

Table 3.12: Summary of measurement results of the maximum operative temperature
next to the fagcade

Room Room Room Room Room

type 0 type 2 typed | type5 | type6
temperature —totally closed | 29.7°C| 28.3°C| 27.1°C| 27.4°C| 26.8°C| 26.8°C| 25.4°C
temperature difference -l -1.4K| -26K| -23K -3.0K| -29K| -43K
temperature — half closed -| 30.1°C| 285°C| 29.6°C| 28.2°C| 28.3°C| 26.9°C
temperature difference -l +1.8K| +14K| +24K +1.7K| +15KH +15K

31 -—temperature in °C

. e T

29

28 M facade type 1,

27 screen half closed
M facade type 2,

26 pooeeeenneee screen half closed

Y — m facade type 1,

screen closed
24 A facade type 2,
23 screen closed

room 4 room 1 room 2 room 3

Figure 3.21: Measurement results on operative temperature - 1 m distance to the
facade
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4 Cooling Capacity of the Cooling
Ceiling

4.1 Introduction

Using the existing regulations to calculate the capacity of cooling ceilings could lead
to wrong results. The cooling load calculation according to VDI 2078 [6] considers the
cooling load as a purely convective load and is unsuitable. Basic differences and poten-
tial error in calculating the cooling load according to standard - VDI 2078 [6] (simplified
procedure) are:

e The calculation of the cooling load is carried out for a room air temperature, be-
cause of the high proportion of the radiation of the cooling ceiling the calculation
regarding a room temperature, is more appropriate

e The storage capacity of the ceiling is significantly reduced by the installation of
a cooling ceiling in the relevant ceiling surface. The premise of the weight fac-
tors according to the standard is a storable ceiling, therefore, the thermal storage
capacity which is used in the calculation according to standard is too high.

e The convective heat transfer is significantly higher for cooling ceilings compared
to horizontal ceiling surfaces

e The absorbed radiation of the cooled surface need to be dissipated by the cool-
ing medium immediately, the calculation according to the standard is assuming a
proportional distribution of the radiation within the room area. This assumption is
very inconvenient for cooling ceilings

An extension of the standard (sheet 1) [1] has been worked out, these differences are
intended to compensate. A new cooling load standard is in preparation which will take
into account the potential errors in the load calculation for radiant cooling ceilings.

Furthermore the different effect of gains due to the fagade system can result in a rele-
vant difference of the capacity of cooling ceilings and on the comfort in rooms. Using
EN ISO 7730 [11] could lead to underestimation of the energy balance if the direct solar
radiation is not accounted for. The detailed calculation of the total solar energy transmit-
tance for solar protection devices combined with glazing is given in the EN 13363-2 [3].

The literature study has shown that the cooling capacity of the cooling ceiling is af-
fected by many boundary conditions and for a consideration and overall assessment,
the cooling power must be considered as a function of the physical building constraints.
To determine the cooling capacity of the test rooms (detailed description see chapter[2)
measurements were performed and the results are summarized in this chapter.
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4. COOLING CAPACITY OF THE COOLING CEILING

4.2 Building / Room Set up

To develop methods to integrate the cooling capacity of cooling ceiling and the comfort
in the room to an enhanced room model a series of measurements has been done in an
existing office building with different room types (combination of fagade system, shading
system and active cooling area). The detailed description of the measurement set-up
is done in chapter [2] a short summary regarding the main points of the measurement
is done within this section.

There were built 4 identical rooms with 11 m?, with west orientated glazed surfaces.
The cooling of the test rooms is provided by cooling ceilings, the schema of the cooling
is shown in figure [4.1]

A LIS cooling
roomarea lgnts

2™ glazing room corridor

Figure 4.1: Schema of the cooling ceiling in the test rooms; left side - floor plan; right
side - section view; the cooling ceiling is divided into two parts - the room area (dark
blue) and the facade area (light blue); these two parts are arranged overlapping to
increase the cooling capacity next to the fagade

The flow and return temperature was measured by temperature meters. The mass flow
was measured by differential pressure meter. Furthermore, the operative temperature
was measured in different depths of the room by PT1000 temperature sensors in a
black balls with a diameter of 10 cm, each at a height of 1.20 meter. Figure [4.2] shows
the schematic diagram of the measuring points.

In total there the cooling capacity of 6 room types was measured. the summary of the
measurement variations is shown in table [4.1] for the detailed description of the different
room types see chapter[3]in section[3.2.2]
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4.2. Building / Room Set up

flow / return temperature ! L operative temperature operative temperature =
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Figure 4.2: Schema of the cooling ceiling in the test rooms; left side - floor plan; right
side section view; the blue points mark the measurement points of the flow and return
temperature of the cooling medium; the red points mark the measurement position of
the operative temperature

Table 4.1: summary measurement variation, room types (detailed description see
chapter [3]in section[3.2.2)

name room fagade shading Rl el
element
1 single skin screen 1, =0,10
Room type 2 1 single storey double skin | screen 1. =0,10 ---
2 single skin blinds ---
Room type 4 2 single storey double skin blinds
Room type 5 3 single skin screen 1, =0,10 yes
Room type 6 3 single storey double skin | screen 1, =0,10 yes

The basis for the measurement of the cooling capacity of cooling ceilings is the EN
14240. The measurements were done in a real office building and not by test plant
conditions. The system boundary of the measured rooms is the surrounding surfaces.

The cooling capacity is based on the average temperature difference between the op-
erative temperature in the middle of the room and the mean medium temperature (see

equation4.1)
t t
At =g — vt (4.1)
2

where

t; ... reference temperature (operative temperature in the centre of the room) in °C

tv ... flowtemperature of the cooling water in °C

tr ... returntemperature of the cooling water in °C
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4. COOLING CAPACITY OF THE COOLING CEILING

4.3 Cooling capacity for a day with solar radiation - single
skin facade

The calculation of the specific cooling capacity is based on the active cooling area. The
following sections describe the measurement results for the single skin fagade (room
type 1, room type 3 and room type 5).

The measurement results on cooling capacity are shown in dependence of the tem-
perature difference between the operative temperature in the middle of the room and
the mean medium temperature for each room. The dots represent the measurement
results and the lines are the resulting approximation.

All measurement results are referring to a clear sunny day (with direct solar radiation).

4.3.1 Cooling capacity for a day with solar radiation - room type 1

In figure [4.3] the measurement results regarding the cooling capacity for room type 1
(single skin fagcade, shading type 2 (screen)) are shown. The points represent the mea-
surement results and the line is the resulting approximation. Room type 1 represents
the basic room conditions, the other room types are compared to room type 1.

140 + cooling capacity in W/m?
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temperature difference in K -
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Figure 4.3: Measurement results for the cooling capacity of the cooling ceiling for room
type 1 (single skin fagade, shading type 2 (screen)); the dots represent the measure-
ment results, the line is the resulting approximation; the values are referring to the active
cooling area and not the floor area.

2
coolingarea

in dependence of 9 K temperature difference between the operative temperature in the
middle of the room and the mean medium temperature for room 01.

The measurement results for room type 1 show a cooling capacity of 82 W/m
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4.3. Cooling capacity for a day with solar radiation - single skin fagade

4.3.2 Cooling capacity for a day with solar radiation - room type 3

In figure [4.4] the measurement results regarding the cooling capacity for room type
3 (single skin facade, shading type 3 (blinds)) are shown. The points represent the
measurement results and the line is the resulting approximation.The difference to room
type 1 is the shading system - room type 1 uses screens and room type 3 blinds. The
optical properties of these two shading systems can be found in chapter |2 section
2.2.2

140 < cooling capacity in W/m?
120 |
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Figure 4.4: Measurement results for the cooling capacity of the cooling ceiling for room
type 3 (single skin fagcade, shading type 3 (blinds)); the dots represent the measurement
results, the line is the resulting approximation; the values are referring to the active
cooling area and not the floor area.

The measurement results for room type 03 show a cooling capacity of 77 W/ mgoonngarea
in dependence of 9 K temperature difference between the operative temperature in the
middle of the room and the mean medium temperature for room 03. Compared to room
type 01 the change of the shading system leads to a reduction of the cooling capacity

of about 5 W/m?

coolingarea*
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4. COOLING CAPACITY OF THE COOLING CEILING

4.3.3 Cooling capacity for a day with solar radiation - room type 5

In figure the measurement results regarding the cooling capacity for room type 5
(single skin fagade, shading type 2 (screen) plus additional cooling elements next to the
facade) are shown. The points represent the measurement results and the line is the
resulting approximation. The difference to room type 1 is the additional active cooling
area due to the cooling elements next to the facade.

140 coalinglcapacityin W/m? .
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Figure 4.5: Measurement results for the cooling capacity of the cooling ceiling for room
type 5 (single skin facade, shading type 2 (screen) plus additional cooling elements
next to the fagcade); the dots represent the measurement results, the line is the resulting
approximation; the values are referring to the active cooling area and not the floor area.

2
coolingarea

The measurement results for room type 05 show a cooling capacity of 88 W/m
in dependence of 9 K temperature difference between the operative temperature in the
middle of the room and the mean medium temperature for room 03. Compared to room
type 01 the additional cooling elements lead to an increase of the cooling capacity of
about 6 W/m?

coolingarea*
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4.4. Cooling capacity for a day with solar radiation - single storey double skin fagade

4.4 Cooling capacity for a day with solar radiation - single
storey double skin facade

The calculation of the specific cooling capacity is based on the active cooling area. The
following sections describe the measurement results for the single storey double skin
fagade (room type 2, room type 4 and room type 6).

The measurement results on cooling capacity are shown in dependence of the tem-
perature difference between the operative temperature in the centre of the room and
the mean medium temperature for each room. The dots represent the measurement
results and the lines are the resulting approximation.

All measurement results are referring to a clear sunny day (with direct solar radiation).

4.41 Cooling capacity for a day with solar radiation - room type 2

In figure [4.6) the measurement results regarding the cooling capacity for room type 02
(single storey double skin fagade, shading type 2 (screen)) are shown. The points
represent the measurement results and the line is the resulting approximation. The
difference to room type 11 is the change of the fagade system from single skin fagade
to single storey double skin facade.
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Figure 4.6: Measurement results for the cooling capacity of the cooling ceiling for room
type 2 (single storey double skin fagade, shading type 2 (screen)); the dots represent
the measurement results, the line is the resulting approximation; the values are referring
to the active cooling area and not the floor area.

The measurement results for room type 02 show a cooling capacity of 102 W /m?

coolingarea

in dependence of 9 K temperature difference between the operative temperature in the
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4. COOLING CAPACITY OF THE COOLING CEILING

middle of the room and the mean medium temperature for room 03. Compared to room
type 01 the change from single skin facade to single storey double skin facade leads to
an in increase of the cooling capacity of about 20 W/m?

coolingarea*

4.4.2 Cooling capacity for a day with solar radiation - room type 4

In figure [4.7] the measurement results regarding the cooling capacity for room type
04 (single storey double skin facade, shading type 3 (blinds)) are shown. The points
represent the measurement results and the line is the resulting approximation. There
are two differences to room type 1, first the change of the shading system from screens
to blinds and second the change of the fagade system from single skin fagade to single
storey double skin facade.
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Figure 4.7: Measurement results for the cooling capacity of the cooling ceiling for room
type 4 (single storey double skin facade, shading type 3 (blinds)); the dots represent the
measurement results, the line is the resulting approximation; the values are referring to
the active cooling area and not the floor area.

The measurement results for room type 02 show a cooling capacity of 98 W/ mgooﬁngarea
in dependence of 9 K temperature difference between the operative temperature in the
middle of the room and the mean medium temperature for room 03. The comparison
to the basic room set-up (room type 1) show that the change from single skin facade to
single storey double skin fagcade and the change of the shading system leads to an in
increase of the cooling capacity of about 16 W/mZ ;... The change of the shading
system tends to result in a small decrease of the cooling capacity. Compared to room
type 03 the change from single skin fagade to single storey double skin facade leads to

an in increase of the cooling capacity of about 21 W /m?

coolingarea*
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4.4. Cooling capacity for a day with solar radiation - single storey double skin fagade

4.4.3 Cooling capacity for a day with solar radiation - room type 6

In figure [4.8] the measurement results regarding the cooling capacity for room type
06 (single storey double skin facade, shading type 2 (screen) plus additional cooling
elements next to the fagade) are shown. The points represent the measurement results
and the line is the resulting approximation. The differences to room type 1 are the
facade system - single storey double skin facade instead of single skin facade and the
additional active cooling area in the fagade zone.
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Figure 4.8: Measurement results for the cooling capacity of the cooling ceiling for room
type 6 (single storey double skin fagade, shading type 2 (screen) plus additional cooling
elements next to the facade); the dots represent the measurement results, the line is
the resulting approximation; the values are referring to the active cooling area and not
the floor area.

The measurement results for room type 2 show a cooling capacity of 120 W/m(%Oolingarea
in dependence of 9 K temperature difference between the operative temperature in the
middle of the room and the mean medium temperature for room 03. The comparison
to the basic room set-up (room type 1) show that the change from single skin fagade
to single storey double skin fagade and the additional cooling elements lead to an in
increase of the cooling capacity of about 38 W/mZ ;... Compared to room type 5

the change from single skin facade to single storey double skin fagade leads to an in
increase of the cooling capacity of about 18 W/m?

coolingarea*
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4. COOLING CAPACITY OF THE COOLING CEILING

4.5 Cooling capacity for a day without direct solar radiation

The measurement was evaluated for a cloudy day too, the results are presented in
this section. The mean impact for the cooling capacity for the cloudy days is due to
internal loads and there is an impact because of diffuse radiation. The measurement
results show rather flat lines and there is only a small difference between the room
types. In detail there were presented the results for 3 room types - room type 2 (single
storey double skin facade, shading system 2 (screen)), room type 3 (single skin facade,
shading system 3 (blinds)) and room type 6 (single storey double skin fagade, shading
system 2 (screen), additional cooling elements). There are no significant differences
between the room types, therefore not all results were presented. These three room
types represent the full range of applied values.

4.5.1 Cooling capacity for a day without direct solar radiation - room
type 2

In figure the measurement results regarding the cooling capacity for room type 2
(single storey double skin fagade, shading type 2 (screen)) are shown. The points
represent the measurement results and the line is the resulting approximation.

140 +— cooling capacity in W/m?
T
T T

Y3 AN N S S S S

0 l i . i : temperature difference in K -
5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

¢ screen + second skin — e==a3pproximation

Figure 4.9: Measurement results for the cooling capacity of the cooling ceiling for room
type 2 (single storey double skin fagade, shading type 2 (screen)); the dots represent
the measurement results, the line is the resulting approximation; the values are referring
to the active cooling area and not the floor area.

The measurement results for room type 2 show a cooling capacity between 20 W /m?

coolingarea

and 40 W/m?2 in dependence of the temperature difference between the opera-

coolingarea

tive temperature in the middle of the room and the mean medium temperature.
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4.5. Cooling capacity for a day without direct solar radiation

4.5.2 Cooling capacity for a day without direct solar radiation - room
type 3

In figure the measurement results regarding the cooling capacity for room type
3 (single skin fagade, shading type 3 (blinds)) are shown. The points represent the
measurement results and the line is the resulting approximation.

140 -+ cooling capacity in W/m?
T e S e s S

T B i, L

0 . ; i ‘ i ; temperature difference in K -
5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

¢ blinds e====approximation

Figure 4.10: Measurement results for the cooling capacity of the cooling ceiling for
room type 3 (single skin facade, shading type 3 (blinds)); the dots represent the mea-
surement results, the line is the resulting approximation; the values are referring to the
active cooling area and not the floor area.

2
coolingarea

The measurement results for room type 3 show a cooling capacity between 22 W /m
and 42 W/mZ_ ;.. .. in dependence of the temperature difference between the opera-

tive temperature in the middle of the room and the mean medium temperature. Com-
pared with the results of room type 2 there are no significant differences.
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4. COOLING CAPACITY OF THE COOLING CEILING

4.5.3 Cooling capacity for a day without direct solar radiation - room
type 6

In figure the measurement results regarding the cooling capacity for room type
6 (single storey double skin facade, shading type 2 (screen) plus additional cooling
elements next to the fagade) are shown. The points represent the measurement results
and the line is the resulting approximation.

140 +— cooling capacity in W/m?

i i: e

L B e A

temperature difference in K -
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@ screen + cooling element + second skin —Jpproximation

Figure 4.11: Measurement results for the cooling capacity of the cooling ceiling for
room type 6 (single storey double skin fagade, shading type 2 (screen) plus additional
cooling elements next to the facade); the dots represent the measurement results, the
line is the resulting approximation; the values are referring to the active cooling area
and not the floor area.

The measurement results for room type 6 show a cooling capacity between 20 W/ m?oolingarea

and 40 W/mZ_ ;... in dependence of the temperature difference between the opera-

tive temperature in the middle of the room and the mean medium temperature. Com-
pared with the results of room type 2 and 3 there are no significant differences.
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4.6. Single skin fagade versus single storey double skin fagade

4.6 Single skin facade versus single storey double skin
facade

For the summary the results between the single skin facade and the single storey double
skin fagade were figured out.

The calculation of the specific cooling capacity is based on the active cooling area.
In figure there are shown the measurement results on the cooling capacity in
dependence of the temperature difference between the operative temperature in the
centre of the room and the mean medium temperature for room type 01 on the left side
and for room type 02 on the right side. The dots represent the measurement results
and the line is the resulting approximation. The measurement results show an increase
due to the change from single skin facade to double skin facade.

single skin facade single storey double skin facade
140  cooling capacity in W/m? 140 5 cooling capacity in W/m? R R
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L, 454 b ROV, x‘ﬁ
60 60 5 . 2o
624 2 0%
¥ > I/ & g‘%"(
40 1o 40 Jo-of Ll
20 20 4%
‘ ®
0 ¢ temperature differénce in K 0 temperature difference in K |
5 6 7 8 9 10 5 6 7 8 9 10
measurement  e=3pproximation ¢ measurement emmmg3pproximation

Figure 4.12: Measurement results regarding the change from single skin facade to
single storey double skin facade; the measurement results are taken from room 01

In figure the difference is shown for each room type, the results are summarized
in the following itemization:
e comparison of room type 1 and 2 show an in crease of about 20 W/m2_ ;. .. .

e comparison of room type 3 and 4 show an in crease of about 21 W/m?

coolingarea

e comparison of room type 5 and 6 show an in crease of about 18 W/m?

coolingarea

The measurements were done for each room system for a clear sunny day and for a
cloudy day. The difference between the cooling capacities for these two days is shown
in figure for room type 1 on the left side and room type 2 on the right side. The
dotted lines shows the cloudy day, where the mean impact is due to internal loads and
there is an impact because of diffuse radiation. The line is rather flat and there is only
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4. COOLING CAPACITY OF THE COOLING CEILING

140  cooling capacity in W/m?

120

100

80

60

40

20

room 01 room 02 room 03

M single skin facade M single storey double skin facade

Figure 4.13: Measurement results regarding the change from single skin fagcade to
single storey double skin fagcade for all room types; room 01: room type 1 and 2; room
02: room type 3 and 4; room 03: room type 5 and 6

a small difference between room type 01 and room type 02. The continuous line shows
the approximation of the measurement result of the cooling capacity on a clear sunny
day and there is a stronger increase due to the solar impact and a difference between
the two facade systems.

single skin facade single storey double skin facade

140 -cooling capacity in W/m? 140 -cooling capacity in W/m?
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Figure 4.14: Difference on cooling capacity due to the change from single skin facade
(left side) to single storey double skin fagade (right side); dotted lines: results cloudy
days; continuous lines: results clear days
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4.7. Summary cooling capacity for all room types

4.7 Summary cooling capacity for all room types

The summary of the measurement results visualize, that there is an impact on the
cooling capacity by different room set-ups. There is an increase of the cooling capacity
of about 20 W/mZ_ ;... in dependency of the temperature difference between the
operative temperature in the centre of the room and the mean medium temperature
due to the change of the fagcade system from single skin fagade to single storey double
skin fagade. The resulting cooling capacities of the different room types are shown in
figure The colour of the lines is referring to the description of the room types,
which is summarized in table the detailed description of the room types can be

found in chapter[3]in section[3.2.2]

140 Tcooling capacity inW/m?

120
100
80
60
40
20
0 : . : ! difference of temperature (room / cooling ceiling) in K -
5,0 5,5 6,0 6,5 7,0 7.5 8,0 8,5 9,0 9,5 10,0
room type 1 room type 2 room type 3
room type 4 room type 5 room type 6

Figure 4.15: Comparison of the cooling capacity of different room types

Table 4.2: Summary measurement variation, room types (detailed description see
chapter[3]in section [3.2.2)

name room facade shading R el
element
1 single skin screen 1. =0,10
Room type 2 1 single storey double skin | screen 1. =0,10 -
2 single skin blinds ---
Room type 4 2 single storey double skin blinds
Room type 5 3 single skin screen 1, =0,10 yes
Room type 6 3 single storey double skin | screen T, =0,10 yes

The measurement results show that there is an increase of the cooling capacity due to
different fagade systems. The verification of the assumption, that the capacity increase
is because of a higher air flow rate over the ceiling and therefore a higher convection
load, can be done by the mathematical model and is one of the topic for further analysis.
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5 Tracer Gas Measurement

5.1 Introduction

The aim of the tracer gas measurements is to clarify how the facade system and the
cooling ceiling impacts the air movement within a room. Therefore the measurements
with different inject locations and different room set ups were done.

One part of the results show the impact of different fagade systems — single skin facade
versus single storey double skin fagade on the air movement. The measurements show
an increase of concentration within the ceiling zone which is attributed to a higher air
flow rate over the ceiling. Furthermore different set ups of the cooling ceilings were
measured — one with natural ventilation over the suspended cooling ceiling and the
other one without natural ventilation. The measurement results show that there is a
decrease of concentration due to the missing natural ventilation.

The measurement results show a clear difference in the rate of concentration on dif-
ferent room points due to the solar radiation, the location of impact and the room set

up.

5.2 In-situ measurement - Building Information

The detailed description of the test rooms and the general measurement set-up is done
in chapter[2.2] A short summary regarding the main points of the tracer gas measure-
ments is done in this section.

The measurement was done in an existing office building. On the 34th floor a test room
of about 11 m? is situated, this is typical for a single person office in Austria. As the room
is situated on the 34th floor, there is no shading due to other buildings or geographical
surroundings. The facade is a west-orientated totally glazed facade.

Figure shows the floor plan (left side) and the section view (right side) of the mea-
surement room. The floor is raised which is caused to its air leading properties (the
supply air is realized over the raised floor) open throughout the whole storey. It is not
possible to close the floor, because then the test room would be without fresh air. The
suspended ceiling of the measurement rooms is separated by a foreclosure (mineral
wool) around the room. The suspended ceiling in the corridor area is used as exhaust
air duct.
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5. TRACER GAS MEASUREMENT
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Figure 5.1: Floor plan (left side) / section (right side); location of tracer gas injection
is highlighted; floor plan: direct injection to the room (1); concrete ceiling (2) cooling
ceiling (3); supply air area (4); facade area (5)

The U-Values of the surrounding areas of the room are summarized in the following list:
glazing: U = 1.10 W/(m? K)

frame (percentage 8%): U = 2.95 W/(m? K)

ceiling / floor: U = 1.47 W/(m? K)

interior wall (gypsum cardboard): U = 0.65 W/(m? K)

interior door: U = 1.80 W/(m? K)

There is the possibility to change the fagade system from a single skin fagade to a
single storey double skin facade by adding a second internal glazing element. These
two fagade systems were tested, both with an internal shading element. The differ-
ence between these two fagade variations are shown in figure 3, there the difference is
highlighted between picture 1 and 3, or between 2 and 4.

5.2.1 Cooling

The cooling of the rooms is done by a suspended cooling ceiling with capillary pipe
mats, which are place in the ceiling panels. The cooling area is slitted into a fagcade
area and a room area, these are overlapping so that there is a higher capacity in the
facade area. For the room area of the measurement room the active area of the cooling
ceiling is 5.56 m? and for the fagade area it is 3.19 m2. Overall there is an active cooling
area of 8.75m?, based on the room area there is a rate of cooling area of about 80 %.

Through the measurement the boundary conditions of the suspended cooling ceiling
was changed, one time with and one time without natural ventilation over the cooling
ceiling. The difference on room conditions is shown in figure 5.3} for the cooling ceiling
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5.3. Measurement Set up

picture 1 and 3 are without natural ventilation and the 2nd and the 4th one are with
natural ventilation.

5.2.2 Ventilation

There is a mechanical ventilation system. The design of the ventilation system is as full
air conditioning — heating, cooling / dehumidification and humidification.

The supply air for the room is realized via the raised floor, the whole floor is air leading.
The air outlet is over “slot diffusers” next to the fagade. There is a design volume flow
rate of about 50 m?3/h (2.0 1/h) for the room with a supply air temperature of about 21 °C.

The exhaust air is realized by exhaust air lights (light fixture combined with extract air
terminals). There are flexible ducts between the lights and the suspended ceiling in
the corridor the idea of doing the return air in this way is to remove the heat were it is
generated. The suspended ceiling in the corridor is air leading as well.

5.3 Measurement Set up

The goal of the measurement is to paint a picture of the air flow movement in the room
and to see if it's changing by different facade situations. Therefore a series of tracer
gas measurements was done. The ASHREA Handbook of fundamentals (2009) [14]
describes three different tracer gas methods to determine the air change rate:

e concentration decay or growth method

e constant concentration method

e constant injection method

The concentration decay method, measuring the decay of tracer gas is the simplest
and most often used method. Using single point measurements the following three
conditions should strictly be satisfied. For single point measurements the tracer gas
should be uniformly mixed in the enclosure, there should be no unknown tracer gas
sources and the ventilation flow should be the dominant means of the tracer gas re-
moval from space to get reliable results (according ASHREA Handbook of fundamen-
tals (2009) [14]).

According Charlesworth (1988) [37] it is very difficult to achieve a uniformly mixture of
the tracer gas in the entire enclosure of in-situ measurements. To solve this problem
tracer gas concentrations should be measured at several points of the considered ar-
eas and it's assumed that the mean value is the average concentration for the entire
enclosure. As tracer gas carbon dioxid (CO,) was used, as described in Laussmann
(2011) [34] it fulfils the specification of a good tracer gas.
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5. TRACER GAS MEASUREMENT

5.3.1 Sensor Location

To measure the room a grid of 27 CO, sensors was set up. In figure [5.2]the position of
the CO, sensors is shown, where the left side is the floor plan and the right side shows
the section of the room.

The measurement itself was done by CO, injections and the concentration at the mea-
surement points was logged. A defined amount of CO, was injected on five different
positions of the room, the different impact locations are highlighted in figure [5.1}

Inj 1: directly into the room, floor area (by a frame with small openings)

Inj 2: ceiling — height of the concrete ceiling

Inj 3: ceiling — height of the suspended cooling ceiling

Inj 4: Supply air area

e Inj 5: Facade area
2000-04 2000-03
2000-02 @ @ 2000-06
2000-01 2000-05
5000-03 5000-01 A ® 2000-10 ¢ 2000-11 @ 2000-12
i 200007  2000-08  2000-09
2000-04
2000-10 2000-07 2000-03
2000-25 2000-22
200024 @ @ 200023 o o 200025 _ 200021 , 2000-17
2000-22  2000-19  2000-15
2000-02
2000-11 2000-08 0006
2000-21 @ ® 200019
500090 S 000.18 jl o 200024 _ 200020 _ 2000-16
2000-23  2000-18  2000-14
2000-01
2000-12 2000-09 20¢0-05
2000-17 ® 00015
2000-16 2000-14 o
5000-03
5000-01

Figure 5.2: Measurement set up — floor plan (left side) and section (right side) including
the sensor numbers, where the first 4 numbers are the maximum concentration rate and
the last 2 are the numbers referring to the evaluation diagrams
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5.3. Measurement Set up

5.3.2 Measurement Variations

The measurement was done with a single skin fagade and a single storey double skin
facade and with an open suspended ceiling and a closed suspended ceiling (figure[5.3).
For the tracer gas measurement the following 4 room types were tested:
e Room type 1: single skin fagade, closed suspended cooling ceiling (sskin+closedc)
e Room type 2 single skin facade, open suspended cooling ceiling (sskin+openc)
e Room type 3: single storey double skin fagcade, closed suspended cooling ceiling
(dskin+closedc)
e Room type 4: single storey double skin fagade, open suspended cooling ceiling
(dskin+openc)

‘T,—_—Jﬁ T 1 1 “E—Jﬁ 1 1 ‘T,—_—]ﬁ I R A ‘T,—_——lﬁ 1 i I

Tlosed calling Closed celing
shading shading shading shading
2 glazing 2 glazing
room type 1 room type 2 room type 3 room type 4

sskin+closedc sskin+openc dskin+closedc dskin+openc
T T T x| N T T T T T T

s : 7

Figure 5.3: Schematic overview of the four different room types; from left to right: sin-
gle skin facade+closed suspended cooling ceiling; single skin fagade+open suspended
cooling ceiling, single storey double skin fagcade-+closed suspended cooling ceiling; sin-
gle storey double skin fagade+open suspended cooling ceiling

In total there were measured 40 different variants with different boundary conditions
(overview see table5.1). Each variant was measured twice, one time with a clear sunny
sky and the other time with a cloudy sky. The measurement period for each variant is 1
hour due to the air change rate of the room. The measurement interval is 10 seconds.
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5. TRACER GAS MEASUREMENT

Table 5.1: Overview of the measurement variants
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5.4. Measurement results tracer gas measurement

5.4 Measurement results tracer gas measurement

5.4.1 Decay curves - CO, concentration

As a result of the measurement there are curves of concentration for each variant and
each sensor. The measurement period for one variant is 1 hour, but the main air move-
ment is within the first 10 minutes, then the concentration is equal within the room (see

figure[5.5)and

Figure [5.5] visualize the measurement results for room type 4 (single storey double skin
facade+open ceiling) for the different locations in the room. The results are for a clear
sunny day and the CO, impulse was injected directly into the room. In the diagram there
are results for different room heights, where the green line represents the measurement
points in 1 m height, the orange dotted line the measurement results for 2 m room
height and the red line the measurement results for the ceiling (schematic overview of
measurement points and colours referring to the results in figure|5.5/are shown in figure

5.4).

® ® ceiling

height: 2 m

height: 1 m

Figure 5.4: Schematic overview of measurement points and colours referring to the
results in figure 5.5

The location of the measurement is marked in the diagram at the right corner. The
figure shows the change of concentration for different locations within the room and the
measurement results indicate that there is no big difference of concentration due to the
room location.
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Figure 5.5: Measurement result of CO, concentration a different location in the room
with the impact in the room for room type 4, the numbers shown in the legend are
referring to the numbers of the sensor (last two numbers in fig 2). The diagrams show
that there is no big difference in concentration within the defined zones.
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5.4. Measurement results tracer gas measurement

5.4.2 Location of Injection - Impact on the results

The summary of the results for the difference of the CO, concentration in the different
room areas by different location of injection are shown in figure for room type 4
(single storey double skin facade+open suspended ceiling) with solar radiation.

The green line represents the concentration in the raised floor and is constant within the
whole measurement period. The other lines show the different room areas (the room
itself (blue dotted), the facade area (yellow) and the ceiling area(red)). The diagram
shows that there is an “air roll”, the highest concentration rate with the injection direct
to the room is in the fagade area, the second highest concentration rate is in the ceiling
area and the room itself has the smallest concentration rate. With the injection of tracer
on the cooled layer (3rd part of the diagram) the results show a rapid declension of
a cold air-stream, first the concentration raises within the room area and then in the
facade area and the ceiling area.

2000 concentrationin ppm
1800
1600
1400
1200
1000
300
600
400
200

room convector cooling ceiling slab facade

facade sssses room ceiling floor

Figure 5.6: Measurement result of CO, concentration by different impact location for
room type 4 (dskin+openc); with solar radiation; measurement period 1 hour for each
variant; different concentrations in the specified areas within the first 10 minutes, after
the first 10 minutes the concentration is equal in each area independent of the impact
location
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5. TRACER GAS MEASUREMENT

5.4.3 Summary of results for a day with solar radiation

In figure[5.7|there is the summary of the measurement results for the four different room
types for a day with solar radiation visualized.

Figure shows the first 10 minutes after the CO, injection directly into the room.
The values in the diagram are the mean values of concentration for the room area, the
facade area, the suspended ceiling and the raised floor. The concentration of the raised
floor is not changing during the whole measurement, so there is no mass flow from the
room to the floor.

The different rate of concentration in the suspended cooling ceiling show the difference
in the air flow over the cooling ceiling. The measurement results show an increase of
air flow due to the single storey double skin facade (comparing room type sskin+openc
and dskin+openc) and a decrease of air flow due to the closed ceiling (comparing room
type sskin+openc and sskin+closedc to room types dskin+openc and dskin+closedc).

2000 ~concentrationin ppm
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1600 10 min

a4
% »

1400
1200
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800 |
600
400
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sskin+openc dskin+openc sskin+closedc dskin+closedc

facade eesess room ceiling floor

Figure 5.7: Measurement results of CO, concentration for the different room types with
solar radiation, the tracer gas injection directly into the room (floor area). The diagram
shows an increase of concentration in the ceiling area due to the single stores double
skin fagade and a decrease due to the lack of natural ventilation for the cases with the
closed suspended ceiling.
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5.4. Measurement results tracer gas measurement

5.4.4 Summary of results for a day without solar radiation

In figure [5.8| the results for the four different room types for a day without solar radiation
are visualized. There is almost no difference of concentration between the room types.
Due to the lack of buoyancy there is no air roll and the air movement is very small.

In figure [5.8| the first 10 minutes after the CO, injection direct into the room are shown.
The values in the diagram are the mean values of concentration for the room area (blue),
the fagade area (yellow), the suspended ceiling (red) and the raised floor (green).

The different rate of concentration in the suspended cooling ceiling show the difference
in the air flow over the cooling ceiling due to the tested boundary conditions of the room.
The measurement results for the case without solar radiation show almost no difference
of concentration.
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Figure 5.8: Measurement results of CO, concentration for the different room types
without solar radiation, the tracer gas injection directly into the room (floor area). The
diagram shows that there is almost no difference of concentration between the room

types.
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5.5 Conclusions tracer gas measurement

Through an set of tracer gas measurements the impact of air flow due to different room
conditions (facade system, cooling system) were evaluated. The tracer gas measure-
ment results show the impact by different concentration rates. The location of injections
has no impact on the decay curves after the first 10 minutes.

The single storey double skin fagade leads to a significant increase of tracer gas con-
centration within the ceiling zone. The maximum concentration within the suspended
ceiling variate between 720 ppm (room type 1) and 1491 ppm (room type 4). Due to
the second glazing there is an increase of 350 ppm. The difference between the open
and the closed ceiling is about 420 ppm.

The measurement results show an impact on the air flow due to different boundary con-
ditions. The next step for the model development is the detailed mathematical modeling
of the air flow network within the room, which is done by CFD. To reach the aim of the
research, which is the development of a simplified room model which includes the dy-
namic of three dimensional flow phenomena and can determine the impact on comfort
with reasonable accuracy, the set of tracer gas measurement is one part of the model
validation.
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6 Thermal Modeling

6.1 Basic Information

The thermal modeling of buildings is done to fully understand the thermal behaviour of
buildings. A huge range of thermal simulation tools like Energy Plus, Ida Ice, ESP-r,
TRNSYS,... exist to investigate the thermal performance of buildings. Each of these
programs have advantages and disadvantages within the models. The comparison of
simulation tools is done in Crawley et al. (2005) [19] were twenty simulation programs
were compared in terms of

e general model features like

e zone loads like

e Building Envelope, Daylighting and Solar like

e infiltration, ventilation, room air and multizone airflow

e renewable energy systems

e electrical systems and equipment

e HVAC systems

e HVAC equipment

e environmental emissions

o climate data availability

e economic evaluation

e resulting reports

o validation

e user interface, links to other programs and availability

Smaller research studies in the comparison of simulation programs is done e.g. by
Veken et al. (2004) [50] and Sousa (2014) [46]. The study of Veken et al. (2004) [50]
compares the simlation tools EPW, TRNSYS and ESP-r regarding their calculation of
the net energy demand. The resarch work in Sousa (2014) [46] is regarding features in
the programs Energy Plus, ESP-r, IDA ICE, IES VE and TRNSYS.

Feist [20] gives a good overview of different aspects in thermal building simulation.
Different model approaches are described and compared like:

instationary thermal conduction processes (Fourier)

air flow networks (Navier-Stokes)

radiation exchange between surfaces (Plancksches law)

transmission, absorption and reflection of solar radiation

control strategies for heating systems

heat gains within the room
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6. THERMAL MODELING

e infiltration and ventilation

For the development of a simplified room model a thermal model was set up in Mat-
lab/Simulink. The mathematical model is based on separate modules, the model of the
“international Building Physics Toolbox” by Angela Sasic Kalagasidis (2007) was
used as template. The thermal model consists of four main groups - (1) construction,
(2) zone, (3) systems and (4) sources and weather. The calculation of the room tem-
perature and the capacity of the cooling ceiling was done with linked energy balances,
wherein the calculation of components was done one-dimensional. In the following sec-
tions the boundary conditions, the geometry and the calculation of the heat flow through
the individual layers is described.

6.1.1 Room Geometry / Zones

For the calculation, the rooms were divided into 5 zones like it’s shown in figure [6.1]
The calculation zones are listed in the following list:

e zone 01: room

e zone 02: facade

e zone 03: cooling ceiling - facade area

e zone 04: cooling ceiling - room area

e zone 05: raised floor

In figure [6.1] the main impaction parameters are visualized, like the external influences
due to temperature and radiation, the infiltration, the mechanical ventilation system and
the heating and cooling system.

external influences (
: cooling ceiling ! cooling ceiling
facade area room area
< > Infiltration
\ room zone
\,_facade zone

ventilation system
heating

— raised floor

Figure 6.1: Schematic overview - room model
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6.2. Mathematical Model

6.2 Mathematical Model

6.2.1 Energy Balance of Zones

The calculation follows the principle of conversation of energy, which means that sum
of the energy flow must be equal to the periodic change of stored energy. In figure|6.2
the influences on the energy balance for a room are shown, where the red line marks
the zone’s border. The incoming gains are solar gains and gains from the building
system services like heating, cooling and mechanical ventilation. Within the zone the
internal gains like heat impact due to people, lighting and technical equipment have to
be considered within the energy balance. The outgoing energy flow can be summarized
to the part of the ventilation losses and the part of the transmission losses.

internal gains
ventilation heat

loss
solar gains

heating system transmission heat

cooling system loss

air handling system

zonal border

Figure 6.2: Influences on the energy balance of a zone
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6.2.2 Calculation of Components - Heat Balance

The calculation of the components is done equal to the calculation of the zone - it follows
the law of the conservation of energy. The components are divided into layers and the
energy balance is formed for each individual layer.

The physical model for heat storage and heat transport is calculated using the following
equations and is described in the following section for the individual component types in
detail (dividing component, component with outward heat flow component with inward
heat flow) .

The calculation follows the description done in Clarke (2001) [18] and is summarized in
this chapter.

(ctrot + cH00H,0uv (X, 1)) 5T§:’ Y _ VAT (w, T) VT (%, 1) (6.1)
where
Ctr ... specific heat capacity in J/(kg K)
Ptr ... density of the material in dry condition in kg/m3
uy ... percentage water content in kg/m3
T ... temperature in K
Ar(w, T) ... thermal conductivity in W/(m K)

The calculation of the of convective heat transfer, the infra-red radiation exchange and
absorption of solar radiation used as boundary conditions can be calculated by equation

and equation[6.3).

cony (Tair — Tourt) + 0 (T — Teu) + alsor = —=A1 (W, T) VT (%,t)[s_q (6.2)
where

aeonv ... cCONvective heat transfer coefficient in W/(m? K)

Tair ... airtemperature in K

Teuf ... surfacetemperature in K

€ effective emissivity dimensionless

T temperature of the space confinement surfaces in K

o} absorption of solar radiation dimensionless

lsol ... solar radiation in W/m?

To= {/FayTh, + (1 = Fuy) TS, (6.3)

where

Fey ... View factor of the surface to the sky dimensionless

Tey ... skytemperature in K
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6.2.3 Partition walls

The partition walls are computationally divided into 5 layers, whereby the heat flow
through the layers or in the boundary layers is calculated. The calculation scheme of
the partition walls is shown in figure[6.3]

In figure [6.3] the computational structure is illustrated. The balance equation for ther-
mal energy has to be fulfilled in each node. Material depended respectively surface or
weather conditions resistances are between the calculation nodes. Each node corre-
sponds to a temperature node, the balance equations are explained for each node.

surface 1 | layer 1 layer 2 layer 3 | surface 2
Ucorr UsLL U1‘|_ U2;|_ U3‘|_ UsZ‘L lJob,i
T 1l
Tco_r_r \ S1||:_ f T1|_ it Top 0 T3,|_ { Ts,i \ T,
¢ = } I { \ I8N ¢ { IT ’ . { ) | .
III‘ 1|'| b I‘I |'., g 1) |
A1y Psts M. P1, A, P2, A3, pa, As2, Ps2s
Cp.st Cp.1 Co.2 3 Cp.s2

Figure 6.3: Schematic illustration of the layer based model for dividing components
(e.g. walls between zones)
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6.2.4 Model description for the Heat Flow through a Layer

The mathematical modeling of the heat flow through a layer is described in this chapter.
In figure [6.4] the schematic overview of the heat flow and the influencing parameters is
shown.

layer 1 layer 2 layer 3
—Ts,le Ts,ri T
Tle | T i Tri
. L
! |
Ule U u Url
?\‘zv P2, Cp,Z
A1y P1s Cp g d > h3: P3, Cp3

[ A

Figure 6.4: Schematic illustration of the heat flow though a layer

The heat flow through the layer is carried out according to the following calculation
scheme and is regarded as the basis for the calculation of all layers. The principle of
calculation is the energy conservation law, which states that the sum of the inflowing
and outflowing energy in the considered control volume at constant pressure is equal to
the change of the stored energy. For the temperature calculation, the total heat flow into
and out of the control volume describe the change in the temperature is (see equation

[6.4]to equation[6.9).

= ¢ (et an) (6.4
where
dT ... temporal alternation of the layer temperature in K/s
C ... heat capacity of the layer in relation to the surface area
in J/(m? K)
de ... heat flux density - left side in J/(m? s)
ari ... heat flux density - right side in J/(m? s)
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The heat capacity of each layer is calculated by equation

C = pcpd (6.5)
where
C ... heatcapacity of the layer in relation to the surface area
in J/(m? K)
p ... density of the material in kg/m3
g, ... specific heat capacity of the material in J/(kg K)
d ... thickness of the layer in m

The heat flux density of the respective direction is calculated by equation

d = Jcond + Yconv (66)
where
deond --- conductive heat flux density in J/(m? s)
deonv ... CONvective heat flux density in J/(m? s)

The heat flux from thermal conduction consists of the portion of the left side and the
right side, the thermal coefficient of the half layer is calculated using equations[6.7]and
6.8l

deondle = U (Tspe — T) (6.7)
Qeond,ri = U (Ts,ri - T) (68)
where
deondje --- conductive heat flux density - left side in J/(m? s)
deondre  --- cConductive heat flux density - right side in J/(m? s)
U ... thermal transition coefficient of the half of the layer in W/(m? K)
Tsle ... temperature on the left boundary layer in K
Tsri ... temperature on the right boundary layer in K
T ... layer temperature in K
U= % (6.9)
2
where
U ... thermal transition coefficient of the half of the layer in W/(m? K)
A ... thermal conductivity in W/(m K)
d ... thickness of the layerin m
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Equation shows principle of the calculation of the temperature at the layer bound-
ary (Ts e and Ts ), the calculation is shown on the left side layer, the right sided layer
temperature is calculated analogously

_UT + U Tie

sle =~y Uy (6.10)
where
Tse ... surface temperature, left-sided layer boundary in K
T ... layer temperature in K
Te ... leftlayer temperature in K
U ... thermal transition coefficient of the half of the layer in W/(m? K)
Usie ... thermaltransition coefficient of the left layer in W/(m? K)

6.2.5 Model Description for the Outward Heat Flow

The difference of the outer surface layer node to the inside layer node is that the node
is positioned on the outer layer boundary, therefore, the heat transmission coefficient
(u-value) is based on the total layer thickness. Furthermore, the heat flux density is
calculated from the outside by the adjacent air.

ZAext
Qdiff
I Ts,ri
|

TL,ext
o

ext ' | T, | T,
Tsky I
OlS,:;ky | u Un

A, P, Cp
d

Figure 6.5: schematic illustration of the heat flow of the outside construction layer
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The balance equation (equation is valid also for the calculation of this node. The
definition of the heat flux density from the outside is done according to equation

d = (Text — Tsurf) ac + (laiff + lair) o+ (Tr — Tourf) €t (6.11)

where

Text ... outside air temperature in K

Ts ... surface temperature in K

ac ... convective heat transfer coefficient in W/(m? K)

lsigg ... diffuse solar radiation on the surface in W/m?

lgr ... direct solar radiation on the surface in W/m?

Q@ ... absorption coefficient of the surface

T, ... temperature of radiation of the surroundings in K

€ ... emissivity value of the surface

Qo ... radiant heat transfer coefficient in W/(m? K)

For the components with heat flow from the outside the solar heat gains, which have a
significant impact on energy demand / energy consumption of the building as well as on
the comfort of the room, are added as an additional and essential factor. Basically, the
solar irradiation is influenced by building on Riccabona (2008) [40] by various factors
like the following itemisation shows:

e the season

¢ |ocation

e above sea level

e haze, cloudiness, fog

e horizon

e neighbouring buildings

e Overhanging components

e window recesses

The solar gains are depending of the intensity of the global radiation and the energy
transmission of the outer shell. The calculation regarding a monthly balance sheet pro-
cedure is done by equation [6.12, analogues this equation can be applied with variable
time steps.

Qs = Z (ls,j ZAG,m,j> (6.12)

i

where
Qs ... monthly solar gains in kWh
s ... total energy of the solar radiation on a area unit with an orienta-
tion j during the respective month in kWh/m?
Acm; -.. effective collector area of the glazing area in m?
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6. THERMAL MODELING

The solar heat gain through the fagcade construction are described by the following bal-
ance equations.
The input variables include the sun angle, the direct solar radiation, diffuse solar ra-
diation and the reflected radiation.

Equation describes the direct radiation on a surface. For cos(ysr) the relationship
of equation [6.14]is valid.

lgir,s = (1 — rg) lgircos (ysF) (6.13)
where
lairs ... direct solar radiation on a surface in W/m?
rF ... reflectivity of the surface
lgirn ... directsolar radiation on a surface normal to the sun in W/m?
cos (ysg) = cos (yg) sin (ys) + sin (yg) cos (ys) cos (Jas — ag|) (6.14)
where
ye ... degree of slope in radians (horizontal = 0)
ys ... solar altitude in radians (horizontal = 0)
as ... orientation of the sun in radians (north = 0)
ar ... orientation of the surface in radians (north = 0)

The diffuse radiation on a surface is described by the relationship shown in equation
6.15

2

lgitr,s = (1 —rF) IdifF,H(COSy?F) (6.15)
where
lsifr,s ... diffuse solar radiation on a surface in W/m?
lagen ... diffuse solar radiation on a horizontal surface in W/m?
rF ... reflectivity of the surface
YE ... degree of slope in radians (horizontal = 0)

The environment reflected radiation on a surface is determined by equation|(6.16

2

|giffrefl = ru (Siny?F) (Iir,nsin (ys) + laifr,H) (6.16)

where

1 o1

lars ... diffuse reflecting solar radiation on a surface in W/m?

laigen ... diffuse solar radiation on a horizontal surface in W/m?

lgirn ... directsolar radiation on a surface normal to the sun in W/m?

YE ... degree of slope in radians (horizontal = 0)

ys ... solar altitude in radians (horizontal = 0)

rF ... reflectivity of the surface

For the evaluation of the heat input from solar radiation the total solar energy transmit-
tance factor (g-value) is the factor to determine. The g-value indicates what percentage
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6.2. Mathematical Model

of the incident radiation energy becomes effective. For the evaluation of the heat impact
the g-value of the whole facade system is relevant, the values for a component alone is
not relevant for the calculation of the total heat impact. The combination of glazing and
shading defines the effective g-value for the room, significant factors on the g-value are
summarized in the following list according to Riccabona (2008) [40].

e characteristics of the glazing

o type, fittig position and position of the shading system
e direction of arrival of the radiation

e wind velocity and wind direction

The three characteristic parameters absorption, transmission and reflection the require-
ment of equation|[6.17|is valid.

a+d+7=1 (6.17)
where
a ... absorption coefficient
6 ... reflection coefficient
T ... transmission coefficient

A part of the incident solar radiation on the outer pane is reflected, one absorbed and
one part passes through. The transmittance percentage apply to the interior surfaces
and is again divided into three parts. The reflective part again applies on the outer
glass. The unit size is depending on the spectral range and the properties of the building
materials.

In figure [6.6the influences on the facade due to radiation are illustrated schematically.

external glazing ' internal glazing

intermediate space

legend

l... solar radiation intensity
a.. absorption coefficient
r.. reflectance

t.. solar transmittance

q.. secondary heat emission

Figure 6.6: Schematic illustration of the heat flow from the outside construction layer
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6.2.6 Model Description for the Inward Heat Flow

The inner surface layer nodes is, as the outer layer positioned on the boundary of the
surface. Therefore the heat transfer coefficient (u-value) is based on the total layer
thickness as a change to a internal node calculation. Furthermore, the heat flux density
is calculated from the inside through the adjacent indoor room conditions.

Ts,le -

Figure 6.7: schematic illustration of the heat flow for the inside construction layer

The balance equation (equation is valid also for the calculation of this node. The
definition of the heat flux density from the inside is done according to equation|(6.18

q = (Ta — Tsurf) ac + Grad (6.18)
where
T, ... inside air temperature in K
Teuf ... surface temperature in K
Qe ... convective heat transfer coefficient in W/(m? K)
Orad ... radiation on the surface in W/m?
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6.2.7 Model Description for the Cooling Ceiling

The modeling of the cooling ceiling is divided in two parts, one part is the modeling of the
concrete ceiling which is done according to the layer description of components. The
second part is the modeling of the cooling layer and the air gap between the concrete
ceiling and the cooling elements. The schematic overview of the thermal design values
of the cooling ceiling and the ceiling construction is shown in figure [6.8]

concrete ceiling

air gap

capillary tube mats
_— pillary

mat of fibres

Tttt t-

tn o y=t, top heat flux density

Figure 6.8: Schematic overview the cooling ceiling construction and its thermal design
values according to the description done in Gliick (2003) [23]

where
ta ... temperature air gap
tm ... temperature metal panel
tmi ... surface temperature metal panel
ty ... cooling medium temperature
to ... surface temperature capillary pipes
t1 ... surface temperature fibre mats / capillary pipe facing surface of the
metal panel
top ... oOperative temperature of the room
as ... heattransfer coefficient air gap
a; ... heattransfer coefficient room
af ... heattransfer coefficient cooling medium
A ... thermal conductivity cooling medium
As ... thermal conductivity gap between fibre mats and metal panel
Am ... thermal conductivity fibre mats
XAp ... thermal conductivity metal panel

The calculation was done according to the descriptions for capillary pipe cooling sys-
tems done in Glick (2003) [23] and are summarized in this section. The inputs and out-
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6. THERMAL MODELING

puts characterizing the cooling ceiling layers "air”, "cooling medium” and "metal panel”
are shown in figure[6.9] The assumption for the calculation is, that there is a good heat
conductivity between the the cooling medium and the surface of the metal panel fac-
ing the room. By Gliick (2003) a characteristic parameter describing the part heat
transfer coefficient (see equation|[6.19) was defined where the mean influencing factors
on the heat transfer coefficient and therefore on the capacity are the tube distance and
the intensity of the connection between the pipes and the metal panel.

INPUT values

- cooling medium temperature

- mass flow cooling medium

- pipe diameter

- active cooling area

- effective ventilation cross section
= Oe, room

- ac, concrete ceiling

= U, coolig ceiling

Calculation Scheme

layer concrete layer air layer
ceiling” gap cooling
medium
layer cooling N layer
I:Eiling g pane|
effective
ventilation area Trad
cooling - |
. ! metal pane
e cosling ceiling air gap Oe aie gap medium
lcll‘c,r.on-:rrete ceilingh ac,ronm
convective part i
P > heat flow input_|
from the facade from
room

convetion ceiling --> room
—

Figure 6.9: Summary of input values and calculation scheme for the cooling ceiling
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4]
K= T—— (6.19)
where
k ... partheat transfer coefficient in W/(m? K)
g ... specific power (heat flow density) in W/m?
tm ... mean ceiling panel temperature (facing room) in K
Tq ... mean cooling medium temperature in K

The heat flow is defined between the the room with an operating temperature tqp in
direction of the suspended ceiling surface with the temperature t,,; as long as the re-
quirement t,, > tm; is true. The heat transfer is described by the basic characteristic for
underfloor heating systems according to DIN EN 1264 [2], which is shown in equation
This approach has been proven by scientific studies like the PhD of Kllpmann
(1991) [33] and test bed measurements like shown in Gliick (1997) [24].

a; =8.92  [tm — top|! (6.20)
where
Qi ... heat transfer coefficient in W/(m? K)
tm ... mean ceiling panel temperature (facing room) in K
Top ... operative temperature of the room in K

The heat flows is along the metal panel towards the contact point with the capillary pipe.
The fibre mat is practically not involved in this heat transfer () fibremat) < Anetalpanel)-
The one-dimensional heat conduction is anzusetzten for the calculation of the heat con-
duction of the metal panel. For perforated metal panel elements the share of perforation
has to be considered by a equivalent thickness of the panel. Furthermore the absorbed
heat flow of the metal panel has to be transported through the fibre mat to the capillary
pipes. To achieve a acceptable heat transfer process the contact area between the
tubes, the fibre mats and the metal panel should be as big as possible. Finally the heat
flow of the pipe wall to the cooling medium (water) needs to be calculated. Due to the
small contact area (pipe dimensions) the calculation needs to be two-dimensional.

The definition of the heat transfer coefficients is depending on the connection of the
capillary tube mats with the fibre mats and the metal panels. The studies done in Gliick
(2003) [23] show that there is a difference in the cooling capacity of 40 % to 50 % in
dependence of the contact type (inlaid or glued capillary pipes).
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7 Air Flow Modeling

7.1 Introduction

The air flow model is one part of the development of a air flow integrated room model
which should calculate reliable results on comfort including the interaction of the enve-
lope and the HVAC system.

One of the key issues for the calculation of a rooms condition and the resulting thermal
comfort is the knowledge of the air flow distribution in the room. A simplified but still
accurate enough air flow model should be built to determine the effect of different fagade
types on the cooling capacity of a cooling ceiling. A parametric study using the program
COMSOL Multiphysics 4.3a was done. The output of the calculations was compared
with the results of the in-situ measurements.

7.2 Method

The software program COMSOL Multiphysics version 4.3a was used, with the aim to
calculate the impact of air movement with different fagade systems on the cooling ca-
pacity of the cooling ceiling. The influence on the cooling capacity due to the facade
systems was measured by an intensive set of measurement and the results presented
in chapter[2] [3] [4] and [5] are used for the validation of the mathematical model.

The physical model "non isothermal flow” was used for the air flow calculation. The
main equations are summarized in the following list

e Navier Stokes (momentum balance and mass balance),

e heat balance and

e energy transport (convection and conduction)

One of the main topics is the modelling of the facade, because the simulation program
COMSOL Multiphysics version 4.3a consider all radiation as the same, it's not possible
to make a distinction between large infra-red radiation and the solar spectrum (UV, light
and short IR). This problem can be solved by calculating with temperatures around 0K
if only the fagade is considered. With the calculation around 0K the infra-red radiation
is negligibly small compared to the incident solar radiation. This “simplification” is no
longer possible if the room is also part of the analysis, because the surface to surface
radiation should be taken into account and thus both types of radiation have to be
considered. The incident solar radiation is taken into consideration by heat inputs in
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the individual layers of the fagade according to its absorption and solar transmission
coefficient in this model.

7.3 2D-Model

7.3.1 Geometry and mesh properties

The geometry of the simulation model is according to the architectural plans a section
through the room. A simplification of the model, from three dimensions to two was done.
The symmetry is along the depth of the room (see figure[7.1). The main geometric data
of the room is summarized in table [711

In figure on the left side picture the section through the 3D model is marked with
a red area, the cut is in the middle of one facade axes and not in the centre of the
facade length for a room. The room consists of two similar fagade axes and between
the two parts there the frame of the fagade and the suspension of the ceiling elements
is situated.

On the right side the simplified 2D model is sketched, the additional second skin is
marked by the red line at the inside of the single skin facade. The cooling ceiling is
highlighted by the light blue lines. The air in let position is visualized by the violet line on
the floor of the room, and the return air position is between the cooling ceiling panels
regarding the room area and is shown by the two yellow lines.

cooling ceiling

1 _second skin

inlet

Figure 7.1: Simplification of the model geometry from three dimensions to two dimen-
sions
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Table 7.1: Summary of the room / model dimensions taken for the 2D air flow model of
the room

Description Height in m Width in m
Room height 3.40

Room depth 4.10 -
Facade —exterior glass 3.07 0.01
Argon 3.07 0.01
Facade—interior glass 3.07 0.01
Gap between glass and screen 3.07 0.03
Screen 3.07 0.01
Gap between screen and 2nd glazing 3.07 0.11
2nd glazing extern 2.74 0.01
2nd glazing argon 2.74 0.01
2nd glazing intern 2.74 0.01

7.3.2 Facade system

With the CDF Model the impact of two facade systems

e Facade system 1: single skin facade with internal shading element and

e Facade system 2: single storey double skin facade with a shading element be-

tween the 2 glazing elements

on the capacity of the cooling ceiling should be tested. Figure 7.2 shows the schematic
overview both facade systems, where the left picture visualize the single skin fagade
and the right one the single storey double skin facade. s of the glazing and shading
according to the technical data shown in table[7.2]

\“\T}'\V_F
[“E

e
facade type 1 facade type 2
single skin single storey
. shading shading
I 2nd skin

Figure 7.2: Facade type 1 (left side): single skin fagade with internal shading element
/ fagade type 2 (right side): single storey double skin fagade with a shading element
between the glazing elements
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In table the technical data for the fagade systems is summarized. The detailed
description of the fagade systems and the technical data is done in chapter[2] The total
solar energy transmittance g-value of the glazing of the single skin facade is g = 0.35
according the technical data sheet. The modeling of the solar radiation through the
facade systems and the impact on the room is done by heat sources to the layer

Table 7.2: Summary of the technical data for the facade systems, single skin fagade:
column 2 and 3; single storey double skin fagcade: coloum 2, 3 and 4

Parameter description Outside pane Shading system 2" skin
Total solar energy transmittance: g=0.35
Solar transmittance: t=0.33 t= 0.11 t=0.55
Reflectance: p =041 p =0.39 p=0.24
Absorptance outside pane: o =0.25 a=0.50 ac=0.25
Absorptanceinside pane: ;i =0.01 - a;i=0.01
Light transmittance: - 7 =0.10 -
Heat transfer coefficient: U=1.29 W/m* U=1.1W/m%

7.3.3 Boundary Conditions

The heat flux of the external wall is defined by an inward heat flux according to equation
1, the heat transfer coefficient for the external wall is 20 W/(m? K) and the external tem-
perature is text is 32 °C for the basic simulation with an solar radiation of 800 W/m?2. The
temperatures of the enclosing surfaces for the basic condition variant are summarized
in table [7.3] The surface temperatures regarding the floor, the partition walls and the
non-activated part of the ceiling is an input of a simplified thermal design day simulation
of the room, the surface temperatures of the cooling ceiling are due to the results of
the thermal imaging of the cooling ceiling which was done within the framework of this
work.

Table 7.3: Summary of the temperatures of the surrounding surfaces for the basic
simulation with an solar radiation of 800 W/m?

Description Tem:)ne::ture

Floor 23.0
Partition wall 25.0
Ceiling—room 23.0
Ceiling facade 32.0
Cooled ceiling (bottom) 18.5
Cooled ceiling (top) 18.5
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7.3.4 Material Properties and initial Conditions

The material properties of the surrounding surfaces and used materials are shown in
table The dynamic viscosity, the heat capacity and the thermal conductivity of the
layer "air” are temperature dependent and the values are shown in figure The
density of the layer "air” is calculated in dependency of the air temperature and the air
pressure and the values are shown in figure

Table 7.4: Summary of the material data - input values for the air flow calculation

Dynamic Ration of :te:tczanps:::r Densi Thermal
Description viscosity specific heat S conductivity
pressure
I P e ; /(kgK) .............. kg/m3 ............. W /(mK)
Air (room) &(T[1/K]) 14 cp(T[1/K])| p(pal1/Pa],T[1/K]) k(T[1/K])
Facade external glazing 480 2200.000 1.100
Argon --- -—- 520 1.784 0.018
Facadeinternal glazing - - 480 2200.000 1.100
Screen --- --- 1700 1150.000 0.260
2" skin—external --- - 480 2200.000 1.100
2" skin —internal 480 2200.000 1.100
Aluminium --- --- 900 2700.000 160.000
1007.5 | cpinlJ/kgK 2.00E-05 €inPas 0.029 kinW/mK
1007, O5E-
007.0 1.95E-05 0028
1006.5 1.90E-05
0.027
1006.0 1.85E-05
0.026
1005.5 1.80E-05
0.025
1005.0 1.75E-05
1004.5 Tin°C 1.70E-05 Tin°C 0.024 Tin°C
10 30 50 10 30 50 10 30 50

Figure 7.3: Heat capacity (cp), dynamic viscosity () and thermal conductivity (k) in
dependence of the temperature in°C
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rholpA.T)

A 177

¥ 0.02

Figure 7.4: Density (p) in dependence of the temperature in K and the pressure in Pa

The surface emissivity for the surfaces is shown in table the references for the
emissivity values are the handbook of Chemistry and Physics (2009) [28], the DMIC
Report (1962) [17], the Thermal Radiation Properties Survey (1960) [26], the "Leitfaden
zur Infrarottechnik” (guidline for infrared technologies) [32] provides by testo and the
data provided at the homepage of viZaar AG [51]. The initial temperature condition to
is 294.15 K, the initial pressure p,es is 1 atm.

Table 7.5: Summary of the surface emissivity for the different material within the room

Description Surface emissivity
Floor 0.70
Aluminium - grey paint 0.95
Glass 0.80
Screen 0.88
Concrete —ceiling 0.94
Plaster —partition wall 0.94

7.3.5 Mesh and Solver Settings

One output of the CFD calculation is the cooling capacity of the cooling ceiling, due
to this issue, the calculation was done with the Low Reynolds number k — e turbulence
model. The mesh of the complete model consists of 100698 (facade type 1) and 120508
(facade type 2) elements. The summary of the solver settings is shown in table [7.6]

The CFD modeling was also done with the simplification of wall factors, in figure [7.5]
the picture of the mesh regarding the single storey double skin facade is shown. With
boundary setting of the wall factor calculation the elements can be reduced from 100698
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Table 7.6: Solver settings

Description Type

Type of analysis: non isothermal flow Non-isothermal flow
Linear system solver: MUMPS
Relative tolerance 0.001
Pivot threshold 0.1
Memory allocation factor 1.2

to 37657 for fagcade type 1 and from 120508 to 51539 for facade type 2 and the calcula-
tion time is reduced. The evaluation of the results show, that the values for the tempera-
tures in within the room area and the surface temperatures as well as the velocity fields
are similar, statement regarding the cooling capacity cannot be done with the simplified
model.

w
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‘o '0.5 iy 1.5 kD g '3 R

Figure 7.5: Visualisation of mesh geometry for the simplified modeling (wall functions)
for the single storey double skin fagade
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7.4 Results CFD Simulation

7.4.1 Operative Temperature

In figure[7.6]the results of the operative temperature in the middle of the room are shown
for the two fagade systems. The results for the single skin fagade show an increase of
the operative temperature from 24.7 °C to 28.5 °C with an increasing solar impact. The
mean capacity of the cooling ceiling variate between 40 W/m? and 80 W/m? cooling
area. The effect of the single storey double skin facade is a smaller increase of the
operative temperature in the middle of the room due to a higher efficiency of the cooling
ceiling. The diagram shows, that the operative temperature stay around 26 °C and the
cooling capacity increase due to the solar impact.
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Figure 7.6: Comparison of operative temperature and the cooling capacity for facade
type 1 (left side) and facade type 2 (right side); the temperature is below 27°C with
facade type 2, the cooling capacity is increasing with the increasing solar radiation; with
facade type 1 the operative temperature is getting above 27°C and the cooling capacity
is lower.

7.4.2 Cooling Capacity

The cooling capacity was calculated for both facade types with different incident ra-
diation (from 100 W/m? to 800 W/m?2): In figure the results on cooling capacity in
relation to the room depth for fagade type 2 for a temperature difference between the
mean medium temperature and the operative temperature in the middle of the room of
9K are visualized.

The results for the cooling capacity of the cooling ceiling as a function of the depth of the
room for the 2 facade systems is shown in figure[7.8] The calculation results show that
there is an increase of the cooling capacity by comparing the single skin fagade (grey
line) and the double skin fagade (black line). Especially next to the fagcade but also
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lﬂ Z; cooling ceiling

2nd internal glazing

cooling capacity in W/m? (cooling area)
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0.0 0.4 0.8 12 1.6 2.0 2.4 2.8 3.2 3.6 4.0

Figure 7.7: Cooling capacity in dependence of the room depth for fagade system 2;
temperature difference between mean medium temperature and operative temperature
in the room is 9K

throughout the room. The difference is minimal where the cooling ceiling is arranged
overlapping.
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Figure 7.8: Cooling capacity in dependence of the depth of the room with an incident
solar radiation of 800 W/m? and a temperature difference of 9K between the mean
medium temperature and the operative temperature in the middle of the room.
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7. AIR FLOW MODELING

Figure shows the resulting mean cooling capacity with different impacts due to the
incident solar radiation for the two fagade systems. The temperature difference between
the mean medium temperature and the operative temperature in the middle of the room
is 9K.

120 cooling capacity in W/m? (cooling area)
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# facade system 1 ¢ facade system 2

Figure 7.9: Resulting cooling capacity in dependence of the incident solar radiation;
the temperature difference between the mean medium temperature and the operative
temperature in the middle of the room is 9 K.

The comparison of the measurement results and the results of the CFD calculation
is shown in figure There is a good agreement between both for the operative
temperature and the cooling capacity. The measurement results are taken by a series
of measurement in an existing building. The description for the measurement set-up
is done in chapter [2l The results on operative temperature are presented in chapter
Chapter [4] describes the measurement results regarding the cooling capacity of the
cooling ceiling.

In figure on the left side the operative temperatures for two facade systems single
skin fagade and singe storey double skin fagade with screen type 2 as shading system
are shown. The left part in this diagram represents the result of the CFD calculation
and the right part the measurement results, where the light blue colour refers to fagade
system 1 and the dark blue is regarding facade system 2. The compared value are for
the position in the centre of the room, and the difference of the operative temperature
in the middle of the room is about 0.2K.
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7.4. Results CFD Simulation

The right side diagram in figure [7.10] show the results regarding the cooling capacity of
the cooling ceiling. The lines represent the measurement approximation done by the
measurement results (detailed description see chapter [4). The points view the results
out of the CFD calculation for the different tested boundary conditions. The diagram
show a good agreement between the measurement results and the results of the CFD
calculation for the cooling capacity of the cooling ceiling for both fagade systems.
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temperature difference in K
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Figure 7.10: Measurement results on operative temperature (left side) and cooling
capacity (right side; (M)..measurement; (C)..CFD calculation) — there is a good accor-
dance between the measurement results and the CFD calculation; the difference of

operative temperature is about 0.2K
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7. AIR FLOW MODELING

7.4.3 Air velocity

In this section the results on air velocity are discussed for the two fagade systems (single
skin facade and single storey double skin facade).

Velocity Single Skin Facade

The velocity was evaluated for two areas of the room, once in three different heights of
the facade and second on the entrance to the open cooling ceiling ceiling. The areas
are marked in figure for the single skin facade (fs1)

A 0.42

0.45

section - ceiling 04

0.35

section -|facade top

e section|- facade middle

K
= —— i

Figure 7.11: Visualization of the regarded areas for the velocity study; the colours of
the cutting lines are referring to the diagrams

The results for an incident radiation of 800 W/m? and an external temperature of 32°C
for fagade system 1 - single skin fagade - are shown in figure were the left side
represents the results for the fagade area and the right side represent the result for the
ceiling gap. The mean velocity within the facade gap is 0.04 m/s, for the ceiling gap
there is a mean velocity of 0.03 m/s.
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Figure 7.12: velocity field within the facade area (left diagram) and the ceiling gap (right
diagram) for fagade system 1 (single skin fagade), simulation result for an incident solar
radiation of 800 W/m? and an external temperature of 32°C

Velocity Single storey double skin Facade

For the single storey double skin facade the velocity was also evaluated for two areas
of the room, once between the two layers of the facade system 2 and on the entrance
to the open cooling ceiling ceiling. The areas are marked in figure [7.13] for the single
storey double skin facade (fs2).
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Figure 7.13: Visualization of the regarded areas for the velocity study; the colours of
the cutting lines are referring to the diagrams

For fagade system 2 - single storey double skin facade - the results for an incident
radiation of 800 W/m? and an external temperature of 32°C are shown in figure
were the left side represents the results for the fagade area and the right side represent
the result for the ceiling gap. The mean velocity within the fagade gap is 0.20 m/s, for
the ceiling gap there is a mean velocity of 0.05 m/s.
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Figure 7.14: velocity field within the facade area (left diagram) and the ceiling gap (right
diagram) for fagade system 2 - single storey double skin fagade, simulation result for an
incident solar radiation of 800 W/m? and an external temperature of 32°C

The comparison of the distribution of the air flow is shown in figure [7.15] for the single
skin fagcade left side and the single storey double skin facade (right side). The results
are regarding an incident radiation of 800 W/m?2. The total amount of air (about 50
m3/h) was divided according to the results of the air flow calculation for the two fagade

systems.
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Figure 7.15: Air distribution for the two facade systems for an incident radiation of 800
W /m?; left side: single skin fagade; right side: single storey double skin fagade
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7.4. Results CFD Simulation

Design Day Simulation - Air Velocity

For the calculation of the air velocity a "design day” simulation was done with the CFD
model. The external temperature and solar radiation of this day are shown in figure[7.16]
The boundary conditions regarding the surface temperatures were adapted according
to the results of the thermal simulation, the range of the temperatures for the different
surfaces are summarized in table [7.7

35  temperaturein °C solar radiation in W/m? —- 1200
20 - 1000
25

- 800
20

- 600
15

- 400
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5 - 200
0 -0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

external temperature solar radiation

Figure 7.16: Design Day - external temperature and solar radiation

Table 7.7: Summary of the temperature range for the surrounding surfaces for the
design day simulation

Minimum Maximum
Description temperature temperature
in °C in °C
Floor 21.0 23.0
Partition wall 20.0 25.0
Ceiling —room 21.0 23.0
Ceiling facade 21.0 32.0
Cooled ceiling (bottom) 18.0 19.0
Cooled ceiling (top) 18.0 19.0
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7. AIR FLOW MODELING

The results of the mean velocity in dependence of the temperature difference of the air
temperature in the room and the inside surface temperature of the facade (facade area)
or the suspended cooling ceiling (ceiling area), are shown in figures and

The results regarding the single skin facade are shown in figure the mean air
velocity is very similar in both areas (fagade area - orange marked dots; ceiling area -
blue marked dots). The mean velocity for the fagade area is 0.03 m/s and for the area
regarding the cooling ceiling there is a mean air velocity of 0.02 m/s.
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Figure 7.17: Simulation results regarding the mean velocity in the considered areas for
the design day for facade system 1 - single skin fagade; results regarding the fagade:
v_mean_fas(fs1); results regarding the ceiling: v_mean_ceil(fs1)

In figure [7.18| the result on the mean air velocity in the fagade area and regarding the
cooling ceiling are visualized, where the red dots belong to the results concerning the
facade are and the blue ones to the cooling ceiling. The mean velocity for the facade
area is 0.16 m/s and for the area regarding the cooling ceiling there is a mean air
velocity of 0.03 m/s.
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0.25 + velocity in m/s

facade system 2 - single storey double skin facade
E L 4 *
0.20 B
. ee *e & o
0.15 -mmmmmm oo ® ’Q --------------------------------------------
o |
0.10 rrmemeeseeaes R s . L, - L
0.05 --seeeeeeees ¥ s S SN SN
069 |
0.00 . temperature difference in K —|
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

@®v_mean_ceil(fs2) ®v_mean_fas(fs2)

Figure 7.18: Simulation results regarding the mean velocity in the considered areas for
the design day for fagcade system 2 - single storey double skin fagade; results regarding
the facade: v_mean_fas(fs2); results regarding the ceiling: v_mean_ceil(fs2)

The results of the mean velocity in dependence of the temperature difference (air tem-
perature / surface temperature) were compared for both fagade systems The results
are visualized in figure were fs 1 means facade system 1 - single skin facade and
fs2 facade system 2 - single storey double skin fagade. The results out of the CFD sim-
ulation regarding the convective heat flow show a higher velocity and therefore a higher
convective heat flow regarding the change from single skin fagade to single storey dou-
ble skin facade is assumed. For the fagade area the total convective heat flow for the
single storey double skin facade is 5 times the value for the single skin facade, for the
ceiling the factor between the two fagade systems is 1.5.
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Figure 7.19: Comparison of the velocity - thermal calculation (velocity is calculated
from the convective heat flow due the temperature difference air temperature and sur-
face temperature; left side - facade area; right side - ceiling area)
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7.5 Conclusions of the CFD calculation

The comparison of in situ measurements of operative temperature and the cooling ca-
pacity of a cooling ceiling and the calculation results of the CFD calculation show good
agreement. The CFD model can therefore be used to characterize different fagade sys-
tems regarding their impact on operative temperature and the capacity of the cooling
ceiling.

The comparison of the two facade systems — the single skin facade (type 1) and the
single storey double skin fagade (type 2) — show that there is a decrease in operative
temperature and an increase of the cooling capacity.

The CFD calculation results show the cooling capacity in dependence of the solar ra-
diation the temperature difference between the mean medium temperature and the op-
erative temperature in the middle of the room and the depth of the room. The results
show, that there is an impact due to the solar radiation and the characteristics of the
cooling capacity within the room geometry. The increase of the cooling capacity due to
a higher air flow rate is limited on the first 3 m from the facade, then there is no longer
an impact due to solar radiation.

The evaluation of the air velocities show, that there is an higher convective air flow
rate due to the single storey double skin facade, than it is calculated regarding the
temperature differences of surface temperature and air temperature. The simulation
results show, that for the fagade area the velocity is 5 times higher and for the cooling
ceiling the velocity is 1.5 times higher with the single storey double skin fagade than
with the single skin facade.

The results of the CFD calculation can be used for an enhanced building model for
future building design. There are two possibilities to integrate the results. First the
results regarding the cooling capacity can be integrated directly and second there is the
possibility of using the so called speed factors and increase the convective heat flow
within the thermal model.
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8 Air Flow Integrated Room Model

8.1 Introduction

The measurement and the calculation results show an impact on the cooling capacity
by changing air flow conditions within the room. The design of the facade system can
increase the capacity of a cooling ceiling and therefore decrease the operative temper-
ature in the room. Neglecting the flow characteristics in the room can lead to incorrect
results, especially for complex facade systems in combination with component activa-
tion (e.g. cooling ceiling).

Therefore an enhanced building model for the design of future buildings, taking into
account the interaction of building envelope and building service systems should be
developed using the results of the air flow calculation.

There are three ways of integrating the results from the air flow calculation to the room
model.

o direct integration of the calculated cooling capacity to the room model

o use of the splitting factors for the air flow

e integration of temperature depending "speed factors” of the convective heat flow

For the room model the decision was to integrate the speed factors, because it allows
the most flexibility in terms of system changes and the results for the air velocity can
be generated by the air flow model using the wall function. The comparison of the
simulation results done with the model using the wall function and with the model using
the Low Reynolds number k — e turbulence model show the same results for the air
velocity in the regarded areas. For a direct cooling capacity integration the detailed
model has do be used because with the model using the wall functions there are no
reasonable results.

8.2 Model description

The room model is built in Matlab/Simulink as an “extension/enhanced” thermal model.
The results of the air flow calculation which was done by CFD simulations with the pro-
gram COMSOL Multiphysics version 4.3a and validated with a series of measurements
are included in the room model. The model is divided in the following main parts (see
figure - blue frames):

e input

e geometry
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8. AIR FLOW INTEGRATED ROOM MODEL

e room

e enclosing surfaces
o facade

e ventilation

e internal heat gains
e output

The schematic overview is shown in figure |8.1] where the blue frames highlight the dif-
ferent parts of the room model, the green frame visualize the summary of the integration
of the temperature depending air flow. The main parts of the model are described in
the following sections.

geometry

GFL . Enegy o T}
,..gains "]

ey
ineut- | lH ' . ZONE

venti]aﬁézn

Scoped
Ol

|_ ~— . enclosing
S S S o115

09 E-Haizung -

walls

Figure 8.1: schematic overview of the room model; the main parts of the model are
highlighted - room, enclosing surfaces, facade/facade types/shading control; cooling
ceiling; ventilation; internal heat gains; geometry; input and output
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8.2. Model description

8.2.1 Zone

The mapping of the zone comprises the summary of the calculation of the various input
parameters and is shown in figure [8.2] The input variables include the geometry (grey
frame), the calculation of the components (turquoise frame), the internal loads (red
frame), the ventilation (violet frame), the calculation of the cooling ceiling (light blue
frame) and the radiation (yellow frame). The resulting temperatures (air temperature,
perceived temperature, mean radiant temperature) are calculated and given as output
(blue frame) from the zone.
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Figure 8.2: schematic overview of the model part - zone; summary of the various input
parameters like geometry (grey frame), the calculation of the components (turquoise
frame), the internal loads (red frame), the ventilation (violet frame), the calculation of
the cooling ceiling (light blue frame) and the radiation (yellow frame); Output: resulting
temperatures (blue frame)
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8.2.2 Geometry

The module geometry describes the necessary input for determining the required ge-
ometry data for further simulations, an overview is shown in table [8.1]

Table 8.1: Summary of the geometric input parameters

nb symbol description INPUT unit
1 Lr lenght of the facade 2.7|m

2 tr depth of the room 4.6/m

3 Hr height between floors 3.5/m

4 hr ceiling height 3.0/m

5 STWN number of columns in north facing partition wall 1|unit

6 Stw,s number of columns in south facing partition wall 0 unit

7 Or orientation of the facade (m=Sud, /2 =Ost, 37/2 = West) 371/2|rad

In figure |8.3| schematic overview of the module geometry is shown, the left blue frame
marks the input data shown in[8.1]
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Figure 8.3: schematic overview of the model part - geometry; overview of the geomet-
ric input and calculated output parameters

134



8.2. Model description

The subsystem calculation processed on the data for the output (in figure[8.3) the output
is marked by the third frame. In table the parameter for further calculations are

summarized.

nb symbol
1 Ar
2 Of
3 AR
4 AKD,Raum
5 AKD,R aktiv
6 Axp Rand
7 Acr
8 VR
9 Atw,N

10 | Awge

11 Amws

12 Lr

13 ZUL

Table 8.2: Summary of the geometric output data

description

facadearea

orientation of the facade
frame area

cooling ceiling area

active cooling ceiling area
cooling ceiling edge surface
floor area

room volume

partition wall area - north
partition wall area - corridor
partition wall ares - south
lenght facade

number of supply air outlets

CALCULATED unit
VALUE

mZ
rad
mZ
mZ
mZ
mZ
mZ
m3
mZ
mZ
mZ
m
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8.2.3 Facade

The modeling of the fagade system is one of the main points of the room model. The
focus is set on the interaction between the fagade system and the building service
system (in this case the cooling ceiling). This section describes the calculation model
of the considered facade systems within the in-situ measurements.

Facade Types

Four rooms were realized for in-situ measurements, the detailed description of the room
set up and the measurements can be found in 2| Different facade systems were tested,
the schematic overview of the single skin facade and the single storey double skin
fagade is shown in figure[2.3] The following bullet list summarize the 5 different fagades
systems (combination of glazing and shading)

Facade system 1: single skin facade with internal shading element type 1
Facade system 2: single skin facade with internal shading element type 2
Facade system 3: single storey double skin facade with internal shading element
type 2

Fagade system 4: single skin fagade with internal shading element type 3 (blinds)
Facade system 5: single storey double skin facade with internal shading element
type 3 (blinds)

Within the room model the fagade system was integrated by the following 4 facade
types:

Single skin fagade, without shading

Single skin facade, with shading

Single storey double skin facade without shading

Single storey double skin fagcade with shading

The differences are due to the shading element (with/without) and the layers of the
facade (single skin fagade versus single storey double skin fagade). The shading sys-
tem was modeled by its optical properties, the summary of the relevant values for the 3
tested shading types is shown in table [8.3]

Table 8.3: Summary of the differences regarding optical properties of the tested shad-
ing systems

optical properties shading system 1 shading system 2 shading system 3
Solar transmittance t 0.19 0.11 0.08
Reflectance p 0.37 0.39 0.39
Absorptance o 0.44 0.50 0.54
Light transmittance t, 0.19 0.10 0.07
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8.2. Model description

For the modeling the main difference except the amount of layers is due to the air
flow. A schematic overview for the different fagade systems is shown in figure [8.4] The
coloured frames refer to the systems of the modeling (see figure [8.5), the schematic
picture of the air flow is shown by the violet arrows.
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Figure 8.4: schematic overview of the facade types, the colours refer to the model
components in figure [8.5; the air flow for the different fagade types is highlighted with
the violet arrows
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In figure the modeling of the facade type single storey double skin facade plus
shading is visualized. The red frames mark the calculation of the layers according to
the description of the thermal modeling done in chapter [} The green frames mark the
integration of the convective air flow according to the results of the air flow calculation
(see chapter|[7} section[7.4.3).
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Figure 8.5: schematic overview of the model part - facade type; the picture show
the facade type: single storey double skin facade plus shading; the red lines mark the
calculation of the layers - the layers were adjusted to the fagade type; the green field
mark the integration of the air flow
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8.2. Model description

Control of Facade and Shading System

This part describes the selection of the calculated facade type and if the shading is
used or not. The modeling of the fagade and shading type selection is visualized in a
schematic overview in figure The red frame mark the selection of the fagade type,
where 0 is for single sin fagade and 1 is for single storey double skin fagade.

The modeling for the two fagade systems is marked by the blue frames on the left side,
where the upper switch is for facade type 01 (single skin facade) and the switch below is
for facade type 2 (single storey double skin fagade). The control signal if the shading is
on or off is given by a link named "screen”. For the validation of the model the shading
was fully closed. The input for the facade systems is given by the calculation of the
layers according to the thermal modeling and the schematic overview of figure [8.4]

The output of the control strategy is marked by the blue filed on the right side. The out-
puts are the heat flow and the temperature for the used fagade system in combination
with the shading system (according to the thermal modeling) and the calculated air flow
for the fagade (according to the air flow modeling).
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Figure 8.6: schematic overview of the model part - control facade and shading sys-
tem; the red field mark the selection of the fagade type; the upper switch is for fagade
type 01 (single skin facade) and the lower switch is for fagade type 2 (single storey
double skin facade); the marked field on the right side summarize the output
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8. AIR FLOW INTEGRATED ROOM MODEL

8.2.4 Enclosing Surfaces

This section describes the modeling of the enclosing surfaces like the floor / the ceiling
and the partition walls. The modeling is done according to the description of the thermal
modeling (see chapter 6|

Partition Walls

In figure [8.7] the modeling of the partition walls is shown. The upper red frame marks
the inputs coming from the zone modeling like the zone temperatures (mean radiant
temperature, operative temperature, air temperature) and additional input values for the
component like the heat transfer coefficients or the boundary conditions. The red frame
below show the modules for the layer calculation and the third red frame show the link
to the input of the area of the partition wall.

The output of the calculation, which are the heat flow and the temperatures is marked
by the blue frame at the right side of the picture.
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Figure 8.7: schematic overview of the model part - partition walls; 1st red frame
(top): inputs coming from zone modeling; 2nd red frame (middle): modules for the layer
calculation; 3rd red frame (bottom): link to the input data for the calculation; blue frame:
outputs and results of the partition wall calculation
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8.2. Model description

Raised Floor

The modeling of the raised floor is done according to the schematic overview in figure
where the red frame marks the thermal calculation of the component layers accord-
ing to the description of chapter[] The floor is divided into layers. The raised floor is air
leading and therefore coupled with the module "ventilation”. The subsystem marked by
the blue frame is the visualization of the connection to the ventilation modeling.
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Figure 8.8: schematic overview of the model part - raised floor; red frame: thermal
calculation of the floor; blue frame: integration / coupling to the ventilation of the room
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8. AIR FLOW INTEGRATED ROOM MODEL

Cooling Ceiling

The modeling of the cooling ceiling is divided into two parts - the cooling ceiling in the
facade area and the cooling ceiling in the room area - regarding the system design of
the building (detailed description see chapter [2, section 2.2.3). Figure shows the
modeling of the cooling ceiling regarding the room area, the model of the cooling ceiling
belonging to the facade area is designed similar. The red frame marks the thermal
modeling of the layer of the construction. The blue frame highlight the layer "air” and
the subsystem of the layer calculation is shown. The integration of the air flow with the
modeling of the temperature depending "speed factor” is done within this layer of the
cooling ceiling and is highlighted by the green frame. The "speed” factor for the cooling
ceiling is defined due to the result of the air flow modeling and the definition is done in

chapter[7] section[7.4.3

The results of module "cooling ceiling” are temperatures and the heat flow whcih are
inputs for the module "zone”. The simplified air flow calculation with the "speed factor”
is effecting on the module "temperature depending air flow”.

P Sohiote i) Saohecht | Sohech kY Bt b
— . . layer

e cooling ceiling

integration
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Figure 8.9: schematic overview of the model part - cooling ceiling; red frame: thermal
calculation of the construction layers; blue frames: calculation of the layer "air’; green
frames: integration of the simplified air flow modeling
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8.2. Model description

8.2.5 Internal Gains

The internal gains are considered according to the schematic scheme shown in figure
The heat gains are divided in a convective and a radiative part, furthermore there
is a division due to different initiators like lights, technical equipment and people. The
required input values like amount of people, degree of illumination / heat impact due to
lights and technical equipment is marked by the red frame. The control of the internal
gains is done by timer. For the calculation internal ains are assumed from 8.00am to
12.00am and from 1.00pm to 5.00pm. The output of the internal gains is reflecting on
the zone calculation (see chapter 9 section [8.2.1)
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Figure 8.10: schematic overview of the model part - internal gains; red frame: input

values - heat gains due to lights, technical equipment and people; blue frame: control
of the internal gains
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8. AIR FLOW INTEGRATED ROOM MODEL

8.2.6 Ventilation

The supply air of the room is realized via the air leading floor (description see chapter
section The modeling of the air flow is done by integration of the volume flow
per each axes according to the measurement results presented in chapter [2 section
The supply air temperature was measured too (for results see chapter 2] section
and is integrated within the model by an external time series. Figure [8.71] show
the schematic overview of the ventilation module, where the red frame marks the input
due to volume flow rate and the blue one the control strategy by an hourly basis linked
to the supply air temperature.
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Figure 8.11: schematic overview of the model part - ventilation; red frame: input
of volume flow rate; blue frame: control strategy of ventilation system and supply air
temperature
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8.2. Model description

8.2.7 Weather

The external boundary conditions like temperature , humidity and radiation are provided
by an external data file. Figure|8.12/shows the schematic overview of the weather data,
where the input is marked by the red frame, the blue one marks the output values for
further calculations and the yellow one marks the calculation of the radiation on the
surface.
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Figure 8.12: Schematic overview of the model part - weather; red frame: input data
file; blue frame: output for further calculation; yellow frame: calculation of the radiation
on the surface
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8. AIR FLOW INTEGRATED ROOM MODEL

8.3 Summary Air Flow Integrated Room Modeling

A room model was developed that integrates the thermal calculation and a simplified
illustration of the three-dimensional flow phenomena. The integration is required for a
correct calculation of transfer systems to the room (eg chilled ceilings).

The thermal calculation is based on the descriptions in chapter [6 which represent
a summary of the description done in Clarke (2001) [18]. The consideration of the
indoor air flow was determined by an air flow calculation. The results are presented in
chapter[7] For the integration of the air flow speed factors were evaluated with the CFD
calculation.
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9 Validation of the Integrated Room
Model

9.1 Introduction: Validation Enhanced Room Model

To validate the room model, it was compared with the available measurement data
for operative temperature in the centre of the room and the cooling capacity (detailed
description see chapter 2] and[5). The detailed comparison is done on room type
2 (single storey double skin facade), the calculation results for all room types is shown
in subsection

9.2 Air Flow Integration - Comparison of the Speed Factors

The calculated speed factors (result of the air flow calculation) were compared to the
results of the air flow integrated room model. The results are shown in figure [9.1]
where the air velocity in dependence of the temperature difference between the air
temperature in the centre of the room and the surface temperature of the cooling ceiling
or the fagade is shown for the fagade area (red) and the ceiling area (blue). The lines
represent the results of the air flow calculation, the dots the results regarding the air
flow integrated room model.
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Figure 9.1: Comparison of the speed factors - result of the air flow calculation (lines)
and output of the air flow integrated room model simulation (dots) for the fagade area
(red) and the cooling ceiling area (blue)
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9. VALIDATION OF THE INTEGRATED ROOM MODEL

9.3 Comparison Measurement Results and Calculated
Results on the Cooling Capacity

The comparison of the measurement results and the calculation results of the capacity
of the cooling ceiling for room type 2 was done and the results are shown in figure[9.2]
The cooling capacity of the cooling ceiling is shown in dependence of the temperature
difference between the mean medium temperature and the operative temperature in
the centre of the room, where the blue dots represent the measurement results and the
red ones the calculated cooling capacities. The results of cooling capacity are related
to the active cooling area in the room and not to the floor area. The comparison show
a good accordance between these two values, the range of the calculated results is
smaller than the measurement results.
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Figure 9.2: Comparison of the capacity of the cooling ceiling in dependence of the
temperature difference between the mean medium temperature and the operative tem-
perature in the centre of the room; red: calculation results, blue measurement results

9.4 Comparison Measurement Results and Calculated
Results on Operative Temperatures

The room model was validated by comparing the calculation results with the available
measurement data. For comparison the period from June 20th till the august 20th of
the second summer period was used, where the data of July 27th was compared in
detail. The results for the operative temperature in the centre of the room for this day
are shown in [9.3] where the blue line represents the measurement data and the red
line the calculated results of the developed room model. Both curves are for room type
2 (single storey double skin fagade and screens as shading system).
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9.4. Comparison Measurement Results and Calculated Results on Operative
Temperatures
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Figure 9.3: Comparison of the measurement results (blue line) and the results of the
developed room model (red line) for room type 2; the difference between the mea-
surement results and the simulation results around 5pm is due to the gap between the
fagade and the screen - direct sun is shining on the black ball meter (see figure [9.4)

The results show a good accordance, the difference during the lunch time is due to
hourly time step of the simulation and a logging period of 1 min for the measure-
ment data. The difference between the measurement results and the simulation results
around 5.00 pm is due to the gap between the facade and the screen, which allows that
direct sun is shining on the black ball meter (see figure [9.4).
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Figure 9.4: Comparison of the measurement results (blue line) and the results of the
developed room model (red line) for room type 2 - explanation of the differences
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9. VALIDATION OF THE INTEGRATED ROOM MODEL

9.5 Calculation Results for the different Room Types -
Design Day

In figure the results for room types 1, 2, 3 and 6 are visualized. The summary of
the boundary conditions for the different room types is shown in table[9.1] The diagram
shows the results for July 27th and the results are for the centre of the room. This
diagram can be compared with the measurement results shown in figure [3.10] for the
room types 0, 2, 3 and 6.
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Figure 9.5: simulation results - room type 0/1/2/3/5; the simulation results are in a
good accordance to the measurement results (see figure [3.20)

Table 9.1: Summary of boundary conditions referring to figure

name room fagade shading additional cooling
element
Room type 0 - single skin screen 1, =0.19 ---
1 single skin screen 1. =0,10 ---
Room type 2 1 single storey double skin | screent, =0,10 ---
2 single skin blinds -—-
Room type 6 3 single storey double skin | screent, =0,10 yes
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9.6. Summary Validation Air Flow Integrated Room Model

9.6 Summary Validation Air Flow Integrated Room Model

The air flow integrated room model was validated by comparing the measurement re-
sults on cooling capacity of the cooling ceiling and the results on operative room tem-
perature in the centre of the room for room type 2 (single storey double skin fagade
and screen as shading system). Furthermore the output values for the air velocity was
compared to the air flow modeling results on air velocity.

The comparison of the simulation results with the air flow simulation results respec-
tively the measurement results regarding the "speed factors”, the cooling capacity of
the cooling ceiling and the operative temperature in the centre of the room show a good
accordance.

The calculated results for the operative temperature of the room model were validated
with measured data of the test rooms and the comparison show a good correspon-
dence. The differences between the measurement data and the calculated results with
respect to the operating temperature are due to the time step or to structural conditions
which have not been modeled.

With the developed room model the effect of different fagade systems in combination
with cooled ceilings can be evaluated. The enhanced room model combines the build-
ing physical planning and the building service planning and statements in terms of ther-
mal comfort, with complex flow phenomena in closed or open fagades and the dynamics
of cooling delivery systems, can be done.
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10 Summary and Outlook

10.1 Introduction

The goal of the work is to develop a mathematical model as a first step for an easy
to handle design tool that can predict comfort in room for different building concepts.
The key issue is the integration of a simplified model of complex flow phenomena within
the room. The work is divided in two main parts. On the one hand there are in-situ
measurements in an existing office building for (1) temperatures (air, surface and oper-
ative), (2) humidity, (3) capacity of the cooling ceiling and air flow measurements done
by tracer gas measurements. Measurements on comfort with comfort level probes are
carried out too. On the other hand there is the part of the mathematical modeling, which
is divided into the following 3 subtasks (1) the thermal modeling, (2) the air flow mod-
eling and the combination of these two model parts (3) the development of the air flow
integrated room model

In figure the schematic overview of the development of the room model is sum-
marized. The development of the air flow integrated room model is an interactive work
between different mathematical model parts (thermal modeling, air flow modeling) and
measurement results to validate the model parts and the final room model.

INPUT MODELING VALIDATION
Design Reference (MEASUREMENT)
Day Year(s)
- Operative
EBuH(?lng Thermal | Building Temperature
nvelope Model "I Model
—N <—
— V]
Cooling
HVAC .
Capacity
System A 4 A 4
Air Flow .
RESULTS E:> Air
Model Distribution

Figure 10.1: Schematic overview of the development of an enhanced room model
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10. SUMMARY AND OUTLOOK

10.2 Summary of the work

The literature review shows, that non of the discussed (mostly used) building energy
programs (TRNSYS, Energy Plus, Idalce and ESP-r) can simulate the interaction of
complex fagade systems and cooling ceilings with the required level of detail. Although
there are "work-arounds” if specific parameters are known. For example in ESP-r it
is possible to integrate a simplified air flow modeling by mass balances, which allows
to describe the effect of buoyancy in dependence of fagade systems and the cooling
ceiling within the model if they are defined by a second party tool.

There is the possibility of doing coupled air flow and thermal simulations to get reliable
results on room conditions and thermal comfort. These simulations are very time con-
suming at the moment and therefore not appropriate for the use of early planing phase
support.

10.2.1 Measurement Results

A series of measurements have been done with different room types. The detailed
description of the in-situ measurements is found in chapter 2] section

The measurements took place in the 34th floor of an exiting office building in Austria.
Four identical room each of around 11 m? were built. They were orientated to the west-
side and have a fully glazed facade. In total 7 room types were tested, a summary
regarding the measurement variations due to fagade system, shading system and cool-
ing system is shown in figure [10.2]and is summarized in table [10.1]

room type 00 room type 02 room type 04 room type 05 room type 06
y ] | o . - q i - - W T FL—L *’1 T ]
[ =SS | gy P |y T _ |,/ — — e | [ —e
single skin single skin storey skin storey shadin storey )
facade facade double skin facade double skin g double skin
shading shading facade hadi facade type 2 facade
type 2 type 2 shading shading shadin, addntpna\ shading
ype yp type 3 g cooling
type 2 type 3 type 2
elements additional
F{: B 7 vi ’ g ’; ; s k;-' > ";,. ¥ A — "#: cooling
—_— I — I — | Com |F elements

Figure 10.2: Visualization of the room types by section views - summary (detailed
description see chapter|[2.3.3)
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10.2. Summary of the work

Table 10.1: measurement variation, room types - summary (detailed description see

chapter[2.3.3)
name room facade shading addlt::ra:ec’:)tolmg

Room type O - single skin screen 7. =0.19
1 single skin screen 7. =0,10 ---
Room type 2 1 single storey double skin | screen 1. =0,10 ---
2 single skin blinds ---
Room type 4 2 single storey double skin blinds
Room type 5 3 single skin screen 1. =0,10 yes
Room type 6 3 single storey double skin | screent, =0,10 yes

Chapter[2.3]shows the detailed description of the measurement set-up. The schematic
overview of the measurement equipment for the rooms s shown in figure where
the green marked positions are regarding temperature measurements, the blue ones
are regarding humidity measurements and the red ones are referencing to the heat flow
measurements. Additionally the mass flow of the cooling medium and the air flow were
measured periodically. The main measurement points for the cooling capacity are also
described separately in the section[2.3.5]
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Figure 10.3: Measurement equipment of the test rooms
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The relevant results regarding the measurement of the operative temperature is sum-
marized in chapter [10] section[10.2.1] The main outcome of the measurements of the
cooling capacity of the cooling ceiling is shown in chapter [10.2.1] The results of the
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10. SUMMARY AND OUTLOOK

airflow measurements done by tracer gas are summarized in section {10.2.1L To make
is easier to read the colour of the font in table[T0.1] were used for creating the diagrams
referring to the 7 different room set ups.

Operative temperature

The aim of the measurements is to identify the impact on operative temperature in the
centre of the room and close to the fagade regarding different facade systems. The
impact of the different facade systems on the resulting cooling capacity was evaluated
too. The room conditions were changed in the following three categories: (1) change of
facade system, (2) change of shading system and (3) change of active cooling area

In figure[10.4]the result on the maximum operative temperature in the centre of the room
for the different room types is shown. The change of the shading type from shading
type 1 to shading type 2 reduces the maximum operative temperature of 1.4 K. The
maximum operative temperature with room type 1 (shading type 2) is 27.4 °C. Due
to the second glazing the operative temperature can be reduced of 0.7 K. With the
additional cooling element there is a reduction of the maximum operative temperature
by 2.5 K. The measured maximum operative temperatures and temperature difference
to the reference room is shown in table [10.2

Table 10.2: Summary of measurement results of the maximum operative temperature
in the centre of the room

Room Room Room Room Room

type 0 type 2 type 4 | type5 | type6
temperature —totally closed 28.8°C| 27.4°C| 26.7°C| 27.3°C| 27.0°C| 26.2°C| 25.0°C
temperature difference -l -1.4K| -21K| -15K/ -1.7K| -25K| -3.8K
temperature —half closed -l 29.3°C| 28.1°C| 29.0°C| 27.8°C| 27.9°C| 26.3°C
temperature difference -l +2.0K| +14K| +17K +0.8K| +1.6K +13K

31 —temperaturein °C

M facade type 1,
screen half closed

M facade type 2,
screen half closed

m facade type 1,
screen closed

facade type 2,
screen closed

room 4 room 1 room 2 room 3

Figure 10.4: Measurement results on operative temperature - centre of the room
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10.2. Summary of the work

The measurement results next to the fagade (distance of 1 m to the fagade at the be-
ginning of the working area) show a higher reduction of the maximum operative tem-
perature. The results of the measurement are shown in figure10.5] the summary of the
measured temperatures and the temperature difference to the reference room is shown
in table The change of the shading type from shading type 1 to shading type 2
reduces the maximum operative temperature of 1.4 K. The maximum operative temper-
ature can be reduced of 1.2 K due to the second glazing from 28.3 °C (fagade type 1)
to 27.1 °C (fagade type 2). With the additional cooling element there is a reduction of
the maximum operative temperature of 2.9 K.

Table 10.3: Summary of measurement results of the maximum operative temperature
next to the fagcade

Room Room Room Room Room

type 0 type 2 typed | type5 | type6
temperature —totally closed | 29.7°C| 28.3°C| 27.1°C| 27.4°C| 26.8°C| 26.8°C| 25.4°C
temperature difference -l -1.4K| -26K| -23K -3.0K| -29K| -43K
temperature — half closed -| 30.1°C| 285°C| 29.6°C| 28.2°C| 28.3°C| 26.9°C
temperature difference -l +1.8K| +14K| +24K +1.7K| +15KH +15K

31 -—temperature in °C

. e T
29
28 M facade type 1,
27 screen half closed
M facade type 2,
26 pooeeeenneee screen half closed
Y — m facade type 1,
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24 A facade type 2,
23 screen closed

room 4 room 1 room 2 room 3

Figure 10.5: Measurement results on operative temperature - 1 m distance to the
facade
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10. SUMMARY AND OUTLOOK

Cooling Capacity

The summary of the measurement results visualize, that there is an impact on the cool-
ing capacity by different room set-ups. The resulting cooling capacities of the different
room types are shown in figure The colour of the lines is referring to the descrip-
tion of the room types, which is summarized in table [T0.1] the detailed description of
the room types can be found in chapter [3]in section [3.2.2)
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Figure 10.6: Comparison of the cooling capacity of different room types

The measurement results show that there is an increase of the cooling capacity due
to different fagade systems. There is an increase of the cooling capacity of about 20
W /mZ, gjingarea iN dependency of the temperature difference between the operative tem-
perature in the centre of the room and the mean medium temperature due to the change
of the fagade system from single skin fagade to single storey double skin fagade. The
verification of the assumption, that the capacity increase is because of a higher air
flow rate over the ceiling and therefore a higher convection load, can be done by the

mathematical model which is summarized in chapter[10.2.2]
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10.2. Summary of the work

Tracer Gas Measurement

The aim of the tracer gas measurements is to clarify how the facade system and the
cooling ceiling impacts the air movement within a room. Therefore the measurements
with different inject locations and different room set ups were done. As tracer gas CO,
was used, as sensors Johnson Controls CD-W00-00-0 CO, transmitter were applied.

1 (5)

= 1t

l F T T T T T T = T T
:i i (L g (D) z

(4) x Ji -4—.;—1 e
2.6m g @)
3.0m 2.8m 3.5m
4.1m
OIN

(3) (
‘L' (1 |
; LK 4 - ” : .'“f ff. .‘E. T 7 . ' T

Figure 10.7: location of tracer gas injection - summary (detailed description see[2.2)

The detailed description of the test rooms and the general measurement set-up is done
in chapter Figure shows the floor plan (left side) and the section view (right
side) of the measurement room where the location of the tracer gas in injections are
highlighted. (direct injection to the room (1); concrete ceiling (2) cooling ceiling (3); sup-
ply air area (4); facade area (5))The tracer gas measurement results show the impact
by different concentration rates. The location of injections has no impact on the decay
curves after the first 10 minutes.

Representative for the tracer gas measurement the measurement results of CO, con-
centration for the different room types with solar radiation, the tracer gas injection di-
rectly into the room (floor area) are shown in figure The diagram shows an in-
crease of concentration in the ceiling area due to the single stores double skin facade
and a decrease due to the lack of natural ventilation for the cases with the closed sus-
pended ceiling.

The single storey double skin facade leads to a significant increase of tracer gas con-
centration within the ceiling zone. The maximum concentration within the suspended
ceiling variate between 720 ppm (room type 1) and 1491 ppm (room type 4). Due to
the second glazing there is an increase of 350 ppm. The difference between the open
and the closed ceiling is about 420 ppm.
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Figure 10.8: Measurement results of CO, concentration for the different room types
with solar radiation, the tracer gas injection directly into the room (floor area). The
diagram shows an increase of concentration in the ceiling area due to the single stores
double skin facade and a decrease due to the lack of natural ventilation for the cases
with the closed suspended ceiling.

The measurement results show an impact on the air flow due to different boundary
conditions. These results were used for the detailed mathematical modeling of the
air flow. To reach the aim of the research, which is the development of a simplified
room model including the dynamic of three dimensional flow phenomena and possible
to determine the impact on comfort with reasonable accuracy, the set of tracer gas
measurement turned out to be the key part of the model validation.

10.2.2 Mathematical Modeling

The mathematical modeling was divided into three main parts - (1) the thermal mod-
eling, (2) the air flow modeling and combining the first two (3) the air flow integated
model. The thermal model was set up in Matlab/Simulink and the air flow modeling was
done with the program Comsol Multiphysics. These two models form the basis for the
air flow integrated room model, which was realised in Matlab/Simulink.

Thermal Modeling

For the development of a simplified room model a thermal model was set up in Mat-
lab/Simulink. The mathematical model is based on separate modules, the model of the
“international Building Physics Toolbox” by Angela Sasic Kalagasidis (2007) [41] was
used as template. The thermal model consists of four main groups - (1) construction,
(2) zone, (3) systems and (4) sources and weather. The calculation of the room tem-
perature and the capacity of the cooling ceiling was done with linked energy balances,
wherein the calculation of components was done one-dimensional. The thermal cal-
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culation is based on the descriptions in chapter [6} which represent a summary of the
description done in Clarke (2001) [18].

external influences ’7
: cooling ceiling g cooling ceiling
facade area room area
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< ¥ Infiltration
\ room zone
\_facade zone

ventilation system
heating

I raised floor

Figure 10.9: Schematic overview - room model

The thermal model is the first part of the air flow integrated room model. For the calcu-
lation, the rooms were divided into 5 zones like it's shown in figure[10.9] The calculation
zones are (1) zone 01: room, (2) zone 02: fagade, (3) cooling ceiling - facade area, (4)
zone 04: cooling ceiling - room area and (5) zone 05: raised floor. In figure [10.9] the
main impaction parameters are visualized, like the external influences due to temper-
ature and radiation, the infiltration, the mechanical ventilation system and the heating
and cooling system.

Air Flow Modeling

The air flow model is the second main part of the development of a air flow integrated
room model which should calculate reliable results on comfort including the interaction
of the envelope and the HVAC system. The software program COMSOL Multiphysics
version 4.3a was used, with the aim to calculate the impact of air movement with differ-
ent fagade systems on the cooling capacity of the cooling ceiling. The influence on the
cooling capacity due to the fagade systems was measured by an intensive set of mea-
surement and the results presented in chapter 2} [3] [4| and [5] are used for the validation
of the mathematical model. The geometry of the simulation model is according to the
architectural plans a section through the room. A simplification of the model, from three
dimensions to two was done. The symmetry is along the depth of the room
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The validation of the calculated results was done by the collected measurement data
and is shown in figure[10.70] There is a good agreement between both for the operative
temperature and the cooling capacity.

28 --operative temperature in °C [ 140 cooling capacity in W/m?
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CFD calculation measurement 6 7 8 9 10

Figure 10.10: Measurement results on operative temperature (left side) and cooling
capacity (right side; (M)..measurement; (C)..CFD calculation) — summary

In figure [T0.10]on the left side the operative temperatures for two fagade systems single
skin fagade and singe storey double skin fagade with screen type 2 as shading system
are shown. The left part in this diagram represents the result of the CFD calculation
and the right part the measurement results, where the light blue colour refers to facade
system 1 and the dark blue is regarding facade system 2. The compared value are for
the position in the centre of the room, and the difference of the operative temperature
in the middle of the room is about 0.2 K.

The right side diagram in figure show the results regarding the cooling capacity
of the cooling ceiling. The lines represent the measurement approximation done by the
measurement results (detailed description see chapter [4). The points view the results
out of the CFD calculation for the different tested boundary conditions. The diagram
show a good agreement between the measurement results and the results of the CFD
calculation for the cooling capacity of the cooling ceiling for both fagade systems.

The comparison of the two facade systems — the single skin fagade (type 1) and the
single storey double skin facade (type 2) — show that there is a decrease in operative
temperature and an increase of the cooling capacity.

In figure the distribution of the air flow for the single skin fagade left side and
the single storey double skin fagade (right side) according to the results of the air flow
calculation is shown. The results are regarding an incident radiation of 800 W/m? and
the total amount of air (about 50 m3/h).
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Figure 10.11: Air distribution for the two facade systems for an incident radiation of 800
W /m?; left side: single skin fagade; right side: single storey double skin fagade

The results of the mean velocity in dependence of the temperature difference (air tem-
perature / surface temperature) were compared for both facade systems The results are
visualized in figure[10.12] were fs 1 means facade system 1 - single skin facade and fs2
facade system 2 - single storey double skin facade. The evaluation of the air velocities
shows, that there is an higher convective air flow rate due to the single storey double
skin fagade. The velocities were calculated with respect to the temperature differences
of surface temperature and air temperature. The simulation results show, that for the
facade area the velocity is 5 times higher and for the cooling ceiling the velocity is 1.5
times higher with the single storey double skin fagade than with the single skin facade.

The comparison of in situ measurements of operative temperature and the cooling ca-
pacity of a cooling ceiling and the calculation results of the CFD calculation show good
agreement. The CFD model can therefore be used to characterize different fagade sys-
tems regarding their impact on operative temperature and the capacity of the cooling
ceiling as an input for the air flow integrated room model. There are two possibilities to
integrate the results. First the results regarding the cooling capacity can be integrated
directly and second there is the possibility of using the so-called speed factors and
increase the convective heat flow within the thermal model.

10.2.3 Air Flow Integrated Room Model

The aim of the work is to develop an enhanced building model for the design of future
buildings, taking into account the interaction of building envelope and building service
systems. The realisation is done by a mathematical model that combines the thermal
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Figure 10.12: Comparison of the air velocity —> resulting speed factors - summary
(detailed description see chapter|/.4.3|)

modeling part with an simplified air flow calculation. A room model was developed that
integrates the thermal calculation and a simplified illustration of the three-dimensional
flow phenomena. The integration is required for a correct calculation of transfer systems
to the room (eg chilled ceilings).

The room model is built in Matlab/Simulink as an "extension/enhanced” thermal model.
The results of the air flow calculation which was done by CFD simulations with the pro-
gram COMSOL Multiphysics version 4.3a and validated with a series of measurements
are included in the room model. There are three ways of integrating the results from
the air flow calculation to the room model: (1) direct integration of the calculated cool-
ing capacity to the room model, (2) use of the splitting factors for the air flow and (3)
integration of temperature depending "speed factors” of the convective heat flow. For
the room model the decision was to integrate the speed factors, because it allows the
most flexibility in terms of system changes and the results for the air velocity can be
generated by the air flow model using the wall function. The comparison of the simu-
lation results done with the model using the wall function and with the model using the
Low Reynolds number k — e turbulence model show the same results for the air velocity
in the regarded areas. For a direct cooling capacity integration the detailed model has
do be used because with the model using the wall functions there are no reasonable
results.

The model is divided in the main parts: (1) input, (2) geometry, (3) room, (4) enclos-
ing surfaces, (5) fagcade, (6) ventilation, (7) internal heat gains and (8) output. The
schematic overview is shown in figure[10.13] where the blue frames highlight the differ-
ent parts of the room model, the green frame visualize the summary of the integration
of the temperature depending air flow.
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Figure 10.13: schematic overview of the room model; the main parts of the model are
highlighted - room, enclosing surfaces, facade/facade types/shading control; cooling
ceiling; ventilation; internal heat gains; geometry; input and output

To validate the room model, it was compared with the available measurement data
for operative temperature in the centre of the room and the cooling capacity (detailed
description see chapter |2, [3| [4]and [5). The detailed comparison is done on room type
2 (single storey double skin fagade), the calculation results for all room types is shown
in subsection

For comparison the period from June 20th till the august 20th of the second summer
period was used, where the data of July 27th was compared in detail. The results for the
operative temperature in the centre of the room for this day are shown in[10.14] where
the blue line represents the measurement data and the red line the calculated results
of the developed room model. Both curves are for room type 2 (single storey double
skin fagade and screens as shading system). The results show a good accordance,
the difference during the lunch time is due to hourly time step of the simulation and a
logging period of 1 min for the measurement data.

After the successful validation of the air flow integrated room model the calculation was
done for each room type to show the difference on operative temperature. In figure
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Figure 10.14: Comparison of the measurement results (blue line) and the results of the
developed room model (red line) for room type 2 - summary

the results for room types 1, 2, 3 and 6 are visualized for the design day July
27th. The summary of the boundary conditions for the different room types is shown in
table[10.1] The diagram shows the results for the operative temperature in the centre of
the room. This diagram can be compared with the measurement results shown in figure
[3.10] for the room types 0, 2, 3 and 6. The simulation results are in a good accordance
to the measurement results (see figure [3.20)
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Figure 10.15: simulation results - roomtype 0/1/2/3/5;

The calculated results for the operative temperature of the room model were validated
with measured data of the test rooms and the comparison show a good correspon-
dence. The differences between the measurement data and the calculated results with
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respect to the operating temperature are due to the time step or to structural conditions
which have not been modeled.

For the air flow integrated room model the studies show, that the integration of tem-
perature depending "speed factors” of the convective heat flow is the simplest but still
accurate enough way of realization. The need of detail is defined by the desired out-
put, which in this case is the cooling capacity of cooling ceilings and the impact on the
room temperature and therefore on the comfort in the room. The integration of "speed
factors” allows the most flexibility in terms of system changes and the results for the air
velocity can be generated by the air flow model using the wall function.

10.3 Outlook

The simplification of the complex flow phenomena within the room by integrating speed
factors calculated by an air flow model lead to similar results as the in-situ measure-
ments for the cooling capacity of a cooling ceiling and the operative temperature. Within
the work a validated air flow integrated room model was developed.

The air flow calculation done with the program COMSOL Multiphysics 4.3a needs inputs
from a thermal calculation for the boundary conditions on surface temperatures and the
solar radiation through the fagade system is integrated by heat impacts directly to the
different layers of the fagade and the floor area. This is due to the radiation calculation
of the program and is one point of improvement.

To get an easy to handle design tool for a planing support in an early stage planing
phase of an building an interface and defined output values need to be realized. With
the developed room model the effect of different fagcade systems in combination with
cooled ceilings can be evaluated. The enhanced room model combines the building
physical planning and the building service planning and statements in terms of thermal
comfort, with complex flow phenomena in closed or open fagades and the dynamics of
cooling delivery systems, can be done.
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