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Summary

This study focuses on the experimental and theoretical analyses of radiant ceiling performance and on
the use of their simulation models as commissioning tools.

A steady state model of such system appears to be an appropriate tool for preliminary calculation,
design and diagnosis in commissioning processes. Therefore, the main objective is to support a
Functional Performance Test of the system in order to verify the radiant ceiling performance in cooling
and/or heating modes. A series of experimental results obtained for seven types of cooling ceilings are
used in order to validate this model.

A dynamic model is also proposed to interpret the interactions of the radiant ceiling system with its
environment (walls, facade, internal loads and ventilation system). This dynamic model is used to
support a global commissioning procedure, to verify the radiant ceiling behavior and to evaluate the
comfort conditions of the occupants. In this modeling the resultant temperature is calculated as a
comfort indicator, as it depends strongly on the transient variation of the surface temperatures in the
room. Dynamic tests in heating and cooling mode are used to validate the model.

As an example of model application, the cooling ceiling system of a commercial building in Brussels is
experimentally evaluated. Commissioning test results show that the influence of surfaces
temperatures inside the room, especially the facade and ventilation are significant and that the radiant
ceiling system must be evaluated together with its designed environment and not as a separate HVAC

equipment.
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Nomenclature

A Area, [m?]

A.U Global heat transfer coefficient, [W K]

C Thermal mass, [J K'l] or empirical convection coefficient, [-]
C Capacity flow rate, [W K'l]

c Specific heat, [J kg™ K]

D Diameter, [m]

E Emissive power, [W m?]

F View factor, [-]

g gravity acceleration, [m2 s'l]

H Height, [m]

h Convection (radiation) heat transfer coefficient, [W m? K™]
J Radiosity, [W m™]

k Thermal conductivity or coverage factor, [W m* K'l] or []
L Length, [m]

m Mass, [kg]

M Mass flow rate, [kg s'l]

MRT Mean radiant temperature, [C]

N Number, [-]

NTU Number of transfer units, [-]

P Pressure [Pa] or Perimeter, [m]

PMV Predicted mean vote index, [-]

PPD Predicted percent dissatisfied, [%0]

Q Heat flow, [W]

Q' Heat flow per unit length, [W m'l]

g Heat flux, [W m™]



R Thermal resistance per unit length, [K m W™]

t Temperature, [TC]

U Overall heat transfer coefficient, [W m K'l]
u Velocity, [m s'l]

w Width, [m]

w Distance between tubes, [m]

Dimensionless numbers

Gr Grashoff number (gB(ts-tw)le\/Z)
Nu Nusselt Number (hL./k)

Pr Prandtl number (v/a)

Ra Rayleigh number (Gr Pr)

Re Reynolds number (CD/ v)

Greek symbols

a Thermal diffusivity, [m* s™]

& Effectiveness [-] or emissivity [-]

n Efficiency [-]

B Expansion coefficient, [K™]

o) Thickness, [m]

P Density or Ceiling panel porosity factor, [kg m'3] or [-]
A, Temperature difference, [K]

U Dynamic viscosity, [Pa s]

y Kinematics viscosity or freedom degree, [m*s™] or [-]
Subscripts

a Air

ave Average

b Black body

conv Convective

comb Combined

CcC Cooling ceiling



effec

ex

exp

fac

FC

HC

ins

int

meas

min

mix

mr

NC

occ

rad

RC

res

su

vent

win

External

Effective

Exhaust

Experimental

Floor or fictitious

Facade (windows and external wall)
Forced convection

Heating ceiling

Internal

Insulation

Interior

Measured

Minimum

mixed

Mean radiant

Natural convection

Occupants

Panels blocks connected in parallel
Radiative

Radiant ceiling

Resultant

Supply

Panels connected in series, side or surface
Tube

Ventilation

Water or wall

Window

Fin distance

Fin base
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Introduction

The demands of building users regarding the environment are growing around the world. In general,
they expect a comfortable and healthy indoor environment without an excessive use of natural
resources and pollution of outdoor environment. Many new products and systems are developed,
such as high efficiency generation systems using renewable, low energy cooling or heating systems,
natural ventilation and fenestration systems and integrated control systems.

Cooling ceiling systems are more and more used in non-residential applications, with a high
percentage of sensible heat removed and low energy consumption. While the primary air distribution is
used to fulfill the ventilation requirements, the secondary water distribution system provides thermal
conditioning to the building. According to Conroy et al., (2005), cooling ceiling systems significantly
reduce the amount of air transported through the building (often only about 20 % of the normal all-air
system air flow rates). This results in the reduction of the fan size, energy consumption and ductwork
cross-sectional dimensions (Feustel and Stetiu, 1995).

Due to the large surface available for heat exchange, the water temperature is only slightly lower than
the room temperature. This small difference allows for the use of either heat pump with very high
coefficient of performance, or alternative cooling sources. Thanks to the new technologies, the original
misgivings towards water piping in ceiling directly above the workplace, with attendant fears of
possible leakage, condensation, unpleasant radiant asymmetry, etc. have generally given way to a
high level of acceptance.

Today, there is an increasing interest in extending its range of application to heating, in order to save
on investment costs on one hand and on the other one, to avoid the use of static heaters under or in
front of glass facades, which are often undesirable for architectural reasons. However, it is important
to note that the commissioning process is especially important in this system, due to the fact that the
system performance depends not only on the individual but also on the global operation of the system
coupled to the ventilation, fenestration, walls and internal thermal loads distribution. The management

of this complexity requires new approaches, new skills and new tools.
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Introduction

Aim of the thesis

This study focuses on the experimental and theoretical analysis and modeling of the radiant ceiling
systems as commissioning tool. The objective is to present the results of the experimental analysis
and its discussion and give some suggestions on the development of individual and global models of
the system and its environment, in order to verify its performance and the comfort level achieved by
the global system during a commissioning procedure. Regarding these issues, there remain a certain
number of incompletely solved questions, which this work tries to answer:
 What is the influence of variables such as water mass flow rate and log mean temperature
difference between the water and the room air temperatures on the (functioning) system?
» How do the ventilation, fenestration, ceiling perforations and thermal load distribution affect the
radiant ceiling performance and thermal comfort?
« How much can radiation and convection heat exchange models be simplified and still remain
accurate enough as a commissioning tool?

» How far can be used a steady state model in commissioning?

The first question has been already tackled before (Fonseca et al., 2003). Complementary information
is provided in chapters 1 and 2.

To answer the second question, an experimental study on the influence of these factors on thermal
comfort and ceiling performance is carried out in chapter 2. A sensitivity analysis concerning these
variables is presented in chapter 3. Experimental analysis and results were already presented in two
publications (Fonseca et al., 2009a and Fonseca et al., 2009b).

The third question is answered in chapters 2 and 5, on the basis of the experimental results obtained
in Fonseca et al., (2003).

The fourth question is answered in chapters 3 and 4, on the basis of results already presented in the
publication Fonseca et al. (2009c¢)

A synthesis of the answers to all these questions is presented in the last part of this work (chapters 5
and 6), where a global model of the radiative and convective exchanges inside the enclosure is

proposed as a commissioning tool.

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
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Introduction

Outline of the thesis

Chapter 1 gives a general description of the components considered in this study as well as the
equations used for their sizing. Most appropriate correlations, methodologies and orders of magnitude

are identified.

Chapter 2 presents the experimental study. The test benches used for the different components are
described. The experimental results are analyzed. The basic information required for the modeling is

also presented.

Chapter 3 describes the steady state radiant ceiling model and the main hypothesis supporting it.

The definition of the radiant ceiling geometry and ventilation parameters allows for use of the
manufacturer data in order to simplify the commissioning process. On the other hand the choice of
resultant temperature as a comfort indicator allows for a relatively easy verification of this parameter in

the room.

Chapter 4 gives a detailed description of the dynamic model, which can be used to support a global
procedure, to verify the radiant ceiling behavior associated to building, thermal loads, fenestration and
ventilation systems and comfort conditions of the occupants. In this model the resultant temperature is
calculated as a comfort indicator, as it strongly depends on the transient variation of the surface

temperatures in the room.

Chapter 5 presents the application of the models, during a commissioning process. The cooling ceiling

system of a commercial building in Brussels is submitted to a functional performance testing

procedure. Both detailed static and dynamic models are used.

Chapter 6 proposes some general conclusions and recommendations to improve the models.

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
By Néstor Fonseca Diaz 0.3



Introduction

Contributions of the thesis

The contributions of this thesis can be divided into three parts:
» one related to the experimental results and methodology.
* another one related to the modeling.

* and a last one focusing on the model application during the commissioning process.

For the experimental analysis, the contribution includes the study of the system in cooling and heating
mode, for seven different configurations of the system. Fifty-six tests are analyzed in which the main
objective is to observe the influence of parameters such as the mass flow rate, supply water
temperature, ceiling perforations, thermal load distribution, fenestration and ventilation system effects

on the radiant ceiling capacity and room comfort conditions.

For the modeling, the main contributions are the development and validation of the radiant ceiling
models and its environment for two systems and seven different configurations, using steady state and

dynamic analysis of the system in cooling and heating mode.

For the model application during the commissioning procedure, the main contributions are the model
theoretical approach used (parameter and geometry definition) to allow and simplifies a Functional
Performance Test of the system in a commissioning process. Additionally, two commissioning study
cases of the system are analyzed as examples of the models application during a commissioning

procedure.

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
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1. Fundamentals

1.1 INTRODUCTION

The system studied here consists of an air distribution system coupled to a cooled or heated ceiling
surface. It takes profit of convection and long-wave radiation to supply or remove heat from a space. It
maintains also acceptable indoor air quality and humidity. In its operation, as an air-conditioning
system, a radiant ceiling system thus separates the task of sensible cooling or heating from those of
air quality and humidity control.
Radiant heating and cooling systems supply or extract heat from a room through the action of
convective and radiative heat exchange between the room environment and heated or cooled panels
situated in the ceiling. The radiation heat exchange can be calculated as function of the room
geometry and surface characteristics. The convective heat transfer is a function of air velocity and
direction at the ceiling level (related to the position of the air inlet), which in turn depends on the room
and diffusers geometry, the location and power of the internal heat sources and interaction with the
heated or cooled facade.
This chapter summarizes the basic aspects related to these issues, always limited to the system
configurations used in this study. The objective of this chapter is to give the following information:
e The main parameters used to describe and specify the commissioning context of this study.
» A brief description of the radiant ceiling concept. These components have been widely studied
in laboratory and this study considers also the test standard performed according to DIN 4715-
1.
 Some practical aspects related to working conditions (heating, cooling, ventilation, control),
information issued from the literature and manufacturers data.
» A detailed analysis of heat exchange and some correlations used to size and to simulate the

thermo-hydraulic performance of radiant ceiling systems.

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
By Néstor Fonseca Diaz 11



Ch. 1 -Fundamentals

1.2 COMMISSIONING CONTEXT

Commissioning is one of the new tools to manage the complexity of today's HVAC systems. It is
actually a quality-oriented process for achieving, verifying and documenting that the performance of
facility systems and assemblies meet defined objectives and criteria (IEA Annex 40, 2003).

The definition in ASHRAE Guideline 1, (1996) is probably close to a standard or consensus definition:
“Commissioning is the process of ensuring systems are designed, installed, functionally tested and
operated in conformance with the design intent. Commissioning begins with planning and includes
design, construction star-up, acceptance, training and is applied throughout the life of the building.
Furthermore, the commissioning process encompasses and coordinates the traditionally separated
functions of systems documentation, equipment start-up, control system calibration, testing, balancing
and performance testing”

Possibly the major reason that commissioning is needed is precisely that in many projects
“commissioning” the project simply consists of turning everything on and verifying that all motors,
chillers and boilers run. The problem becomes serious considering that the most of the global systems
are usually not commissioned. Currently the practice is that each contractor (usually manufacturer is
not the installer) does (for economical reasons) the strictly necessary for its product to be operational.
Therefore despite of the sophisticated BEMS and measurements system provided in the buildings, an
inadequate installation, verification and management of the individual and global system performance
(according to the AS-BUILT files), produce usually the deterioration of components and global system
conditions which implies an increase of the energy consumption and sub-utilization of the expensive

monitoring system (Fonseca et al., 2009 b).

1.2.1 Commissioning process

Commissioning has hierarchically five phases and nine steps:

e Pre-Design Phase: program and planning steps

« Design Phase: preliminary Design and working design steps

Elaboration Phase (Elaboration Step)

e Construction Phase: construction and acceptance steps

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
By Néstor Fonseca Diaz 1.2



Ch. 1 -Fundamentals

» Occupancy and Operation Phase: post-Acceptance and ordinary operation steps

1.2.2 Commissioning types

There are four representative types:

Initial Commissioning: a type of commissioning applied to a construction of a new building and/or an
installation of new systems, which is defined as a systematic process beginning with Program Step
and ending with Post-Acceptance Step

Retro-Commissioning: first commissioning implemented in an existing building in which a
documented commissioning was not implemented before. In many cases, the design documentation of
the existing building was lost or unmatched with the current situation. Therefore, the Retro-
commissioning would include verification process on the design such as shown in parts of the initial
commissioning. It intends to identify any unsolved problems that occurred during construction, just as
commissioning does in a new building and to go beyond this point to identify and correct problems that
were developed during subsequent operation of the building.

Re-Commissioning: a commissioning implemented after the initial commissioning or the Retro-
commissioning when the owner intends to verify, improve and document the performance of the
building systems. Reasons to re-commission a building are diverse. It could be a modification in the
user requirements, the discovery of underperformance of the systems, the necessity to fix faults found
during the initial commissioning, etc. Periodic Re- commission ensures that the original performance
persists. The Re- commission is the event that reapplies the original commission in order to keep the
building systems performance

On-Going Commissioning: a commissioning conducted continuously in order to maintain, improve
and optimize the performance of building systems after the initial commissioning or the Retro-
commissioning. The difference between On-Going commissioning and periodic Re- commissioning is
the fact that the Re- commissioning refers to the original building systems performance, whereas the
On-Going commissioning emphasizes on the performance optimization. The On-Going commissioning
is a successive commissioning procedure during Operation & Maintenance Stage to resolve

operational problems, improve comfort, optimize energy use and if necessary to recommend retrofits.

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
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Ch. 1 -Fundamentals

1.2.3 Functional Performance Testing (FPT)

The FPT is just one part of the whole commissioning process. It has only to be started on the basis of
strict specification, given in the design documentation. The test results and interpretation have to be
incorporated into the AS-BUILT records. Information and testing procedures are viewed from a system
perspective, rather than a component perspective. This is especially critical for functional performance
testing and for the overall success of the system. The FPT of HVAC system means to verify that the
equipment, subsystem and total system work with in harmony (including the stability and durability) to
show the final function of the building air-conditioning.

The functional performance testing as a commissioning tool is devoted to the detection of a possible
malfunction and its diagnosis. The test can be "active" or "passive”, according to the way of analyzing
the component behavior, with or without artificial perturbation. Active tests are mostly applied in initial
commissioning, i.e. at the end of the building construction phase. Later in the building life cycle, i.e. in
re-, retro- and on-going commissioning, a “passive” approach is usually preferred, in order to preserve
health and comfort conditions inside the building occupancy zones (IEA Annex 40, 2003).

In the frame of the program “Commissioning of Building and HVAC systems to improve energy
performance Annex 40" of the International Energy Agency, some FPTs are presented. However there
is no specific information about radiant ceiling systems.

Looking at the related literature, some case studies about this system are presented (AuditAC, 2006;
EIA, 2003) in which the influence of radiant ceiling on building commissioning is usually simplified.
Therefore a FPT for radiant ceiling systems is proposed as a tool for diagnosis in commissioning

processes (Annex 1).

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
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Ch. 1 -Fundamentals

1.3 GENERAL DESCRIPTION OR THE RADIANT CEILING SYSTEMS

The radiant ceiling system may be heated electrically or by means of water circulating in metal or
plastic pipes embedded in the ceiling. In many instances, insulation is placed behind the heat source
to minimize back-loss and also as sound insulation.

Control of the heat output is achieved, in electrical system, by varying the current and in piped
systems, by varying the water temperature or flow rate. The control may be linked to a room
thermostat or to an external temperature sensor.

Three major types of radiant ceiling systems can be distinguished:

» The metallic ceiling panels, which are incorporated into the false ceilings. The parallel water —
pipe circuits are distributed on the upper side of the panels, which form the room false ceiling.
The whole system presents a low thermal inertia and the metal panel is used as a decorative
element.

» The active slab made of concrete is relatively similar to heating floor. The propylene tubes are
embedded in the lower portion of a concrete slab. The cost is low however, due to the high
thermal inertia, it is difficult to control the risk of condensation.

» Another technique, similar to the previous one, uses parallel capillary tube mats made of
polyethylene (inside diameter is about 2.5 mm). The cost is low and the thermal inertia is

reduced (Miriel J. et al., 2002).

The metallic ceiling panels can also be used with capillary tube mats placed directly on top of the
ceiling panels. Depending on the application, both copper and capillary tube mats are usually used
with glass-wool (thermal and sound) insulation above the pipes.

The system is studied here in two constructive versions, used in three and four configurations

respectively: copper tube and synthetic capillary tube mats.

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
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Ch. 1 -Fundamentals

Water supply

Figure 1.1: T1: View of a copper tube secured to steel sheet radiant ceiling

The first constructive version consists of a ceiling in which the copper coils are in direct contact with a
smooth perforated metallic surface. The pipe-radiant panel contact must be established in such a way
to get a minimum thermal contact resistance. Therefore an aluminum extrusion profile is used. A

perforated plate insures suitable convective flow to improve its performance (Figure 1.1).

Figure 1.2: T2: Type 2 Cooper tube radiant ceiling

Figure 1.3:T3: Type 3 Cooper tube radiant ceiling

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
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Ch. 1 -Fundamentals

For the three types of copper tube ceilings studied here, the system design is almost the same. The
differences are only that the type one (T1) (Figure 1.1) considers two synthetic glue layers, one
between the tubes and the aluminum extrusion profile and another between this one and the metallic
plate. Whereas the type two (T2) considers only one layer between the plate and the aluminum profile
ensuring that the tubes are secured to the profile by pressure during its manufacturing process (Figure
1.2). Type 3 (T3) is similar to T2. The only difference is an additional layer of paper between the plate
and the profile used as sound insulation (Figure 1.3).

The main characteristics of the copper tube radiant ceilings tested are presented in Table 1.1.

Table 1.1: Main characteristic of the tested copper tube radiant ceilings

Characteristic T1 T2 T3
On top of a steel On top of a steel On top of a steel
Radiant surface plate plate. plate.
Thickness:0.8mm  Thickness:1.1mm  Thickness 1 mm

Lp: Panel length 1.15m 1.8 m. 1.78 m
W,: Panel width 1.25m. 0.6 m. 0.52m
wi: Tube
separation 100 mm. 145 mm. 100 mm
Panel surface: 1.44 m? 1.08 m? 3.06 m?
Perforated area 21 0 25% 13.6%
()
Ns: Panels in
series 4 6 2or4
N;: Panels in 2 %H?era?ing or %Heit(i)r:;or
parallel (Cooling) Cooling) Cooling)
Upward insulation: 30 mm mineral 20 mm mineral 40 mm mineral

P * wool. wool. wool.
Tube-radiant Aluminum Aluminum Aluminum
surface union interconnection interconnection interconnection
system profile profile profile
De 13 mm 12.5 mm 12 mm
D; 12.5 mm 10.8 mm 10 mm

The second constructive version uses radiant mats consisting of numerous thin capillary tubes (D; =
2.3 mm) made of polyethylene and mounted in parallel (Figure 1.4). The distance between the
individual small tubes is small enough to ensure that a homogeneous temperature is produced on the

bottom side of the ceiling.
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Ch. 1 -Fundamentals

\

Water exhaust

Figure 1.4: View of Synthetic capillary tube mats radiant ceiling

The radiant mats in this system can be incorporated into the ceiling in three configurations: placed on

top of the metal ceiling panels with a layer of mineral wool installed above, embedded into a ceiling

plaster layer, or stretched between insulation and gypsum plasterboard (Figure 1.5).

Gypsum plaster board

6.

Steel perforated Capillary Plaster Caplllary Gypsum plaster board  Capillary
tube tube tube

Figure 1.5: Capillary tube mats radiant surfaces

The capillary tube mats present also different configurations depending on the application. The “U”
mats shown in Figure 1.4, are suitable for application in metal panel ceilings. The “G” and “S” mats

(Figure 1.6) are suitable in particular for application on plaster ceiling and gypsum plasterboards.

_l:r'_ Lnnu.........

Il

U mats G mats l ~ MSmats

Figure 1.6: Capillary tube mats configurations

The main characteristics of radiant ceilings tested are presented in Table 1.2, for the tube mats tested

according to the standard test (DIN) and in laboratory test (TG).
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Table 1.2: Main characteristic of the tested capillary tube mats radiant ceilings

Characteristic DIN U DIN S DIN G TG

On top of a steel Embedded in On top of gypsum On top of a steel
Radiant surface plate. plaster plaster board plate.

Thickness 0.8mm Thickness 26 mm  Thickness 10 mm Thickness 0.8 mm
L,: Panel length 1.37m. 35m 3.7m 1.78 m.
W,: Panel width 0.617 m. 0.87m 0.23m 0.53 m.
wi: Tube
separation 10 mm. 15mm 10 mm. 10 mm.
Panel surface: 0.845 m” 3.06 m? 0.85 m? 0.845 m”
Perforated area 6% e 16 %
(P)
Ns: Panels in 1 1 2 2 or 6 (Heating or
series Cooling)
Np: Panels in
parallel 12 4 6 3

Upward insulation:

20 mm mineral 30 mm mineral

30 mm mineral

wool. wool. wool.
;rtljrbfzg:':ﬂlr?igfq Er']rectg); Oglact(heg ::ltc?(t:ﬁzg below Directly placed on Directly placed on
system plate plastered in. top of the board top of the plate
De 3.4 mm 3.4 mm 3.4 mm 3.4 mm
Di 2.3 mm 2.3 mm 2.3 mm 1 mm
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1.4 WORKING CONDITIONS

The radiant ceiling systems are usually mounted in the false ceiling or embedded into the ceiling and
are designed to cover the sensible cooling of heating load or the room. The heating or cooling ceiling
systems are connected to a closed circuit containing chilled or heated water and coupled to an air

distribution system. The principle scheme of such a system is given in Figure 1.7.

Qheating/cooi’iﬂg

/entilation systen = syliVater extia
Radiant ceilingf| Lights :
= by
. Qs-un
O_ Water supply : Qfac -~
2 : Mw.or:r: ; . Q ]
: roc I 1 Qeqp ligth
1 N
! .
Mw. ren : ﬂw.ea‘f
R ol \
4 Moy
ven

Figure 1.7: Sensible and latent heat loads for a radiant ceiling system

In the following thermal balances, by convention, the algebraic value of each term is positive if the
energy flux goes into the control volume and negative if it comes out of the control volume. The energy
and water mass balances of the office room control volume defined in Figure 1.7 are given by the

following equations, valid in both heating and cooling modes:

. . . . . . . . . dT
Qheating/oooling +Qfac + ven + void +Qi,w + roc +qun +Qeqp + QIightt = CE [\N] (1'1)

=Vl + M

wet kg s (1.2)

w,ven

As the radiant elements are part of the room architecture and exposed directly to the occupant (placed

above the occupancy zone) they are supposed to operate only in dry regime, as shown in Eq. (1.1).
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Therefore, the water supply temperature in the ceiling must exceed the dewpoint corresponding to the
setpoint of indoor humidity ratio. Consequently the latent (moisture) load of the room can be controlled
by the auxiliary ventilation system, which is also designed to provide air renewal for hygienic

requirements (Eq. 1.2). A humidity and temperature control system can be used to avoid the

condensation risk. A schematic diagram of this control system is showed in Figure 1.8. As long as the

sensor is registering a condensation risk, either the flow to the ceiling is cut off by closing the control
valve, or the water supply temperature is raised. When natural ventilation of the room is allowed, the

limitation is related to the outdoor dewpoint.

________ 1
Controller

Dew point

Controlled

Valve

Sensor _Water supply

Figure 1.8: Simplified scheme of ceilings control system.

The water flow rate must be sufficient to maintain a turbulent regime, in order to increase the heat
exchange. The water circuit should be designed to favor the parallel flow and minimize pressure
drops.

The ventilation slot diffusers are usually located between the ceiling panels and above the occupancy
zone. The air should be blown horizontally along the ceiling surface to increase the heat transfer
coefficient and to avoid, thanks to “Coanda effect” (Behhe, 1999) a jet fall in occupancy zone.

The contact quality (bonds between water pipes and ceiling panels) is crucial for radiant ceiling
effectiveness. Identical ceiling modules (as designed) might provide completely different results only
due to a bad contact quality.

In most applications, the thermal and sound insulation of the room ceiling void is recommended (in
some cases required) and direct contact (cold bridges) between ceiling elements and room surfaces is
prohibited. The free air circulation between rooms ceiling voids is allowed only if both rooms are
equipped with the same radiant ceiling system and have identical destination (office room for example)

(Ternoveanu et al., 1999).
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The air velocity pattern at the occupancy zone must fulfill the comfort requirements. This means a
maximum accepted average velocity in the range of 0.15-0.2 m/s with peak values limited to 0.25-0.3
m/s and a maximal allowed vertical temperature gradient of 2-3 K on the total height of the room.

Besides ensuring the heating or cooling of a building, the operation of a radiant ceiling system has
also to prevent or minimize two side-effects associated with the presence of the radiant surface in the
building (prevention of these adverse side-effects limits the heating or cooling power of the system).
The first side-effect is the deterioration of comfort conditions due to the asymmetrical character of the
radiant exchange in a room with a radiant surface. The second side-effect is the condensation risk in

cooling mode.
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15 RADIANT CEILING HEAT EXCHANGE

The two typical individual elements of radiant ceiling considered in this study are presented in Figure
1.9, where:

tavoida IS the air temperature in the ceiling void, [C]

tacaviy IS the air temperature in the radiant ceiling cavity, [C]

t aroom IS the dry air temperature of the room, [C]

t resroom 1S the resultant temperature of the room, [TC]

ty is the temperature of the tube external surface, [C]

tw is the average water temperature inside the tubes, [C]

trco Is the radiant ceiling fin base temperature, [C]

trc, ave IS the average temperature of the radiant ceiling surface, [C]

W 4 is the tube separation, [m]
Wt Wt
! tavoi X
t a void X Void a void
Void "—‘
Insulation

I |
i Gypsum plaster board ‘
|
|

ty
t RC,0  tRrc ave
t t t RC ave

: Room t aroom

res room t 2 room

tres room
Figure 1.9: Schemes of typical radiant ceiling elements

The radiant ceiling can be represented as a fin. The heat exchange of the system considers the
convective resistances on the water side, conduction through the tube shell and union system (tube-
ceiling surface) or through a plaster layer and convective-radiative resistances from the tube and
radiant ceiling surfaces to the cavity and the room. The fin effectiveness, the mixed convection close
to the radiant ceiling surface (generated by the ventilation system) and the panel perforations
influence must be considered.

The connection between the panel surface and the tubes is therefore a critical factor. Poor

connections (higher thermal contact resistance) provide only limited heat exchange between the tubes
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and the panel, resulting in increased temperature differences between the panel surface and the

cooling or heating fluid. Each one of these parameters will be considered here after.
1.5.1 Heat transfer coefficient for internal flow in circular tubes

Heat transfer and pressure drop may have to be identified in the three flow regimes: laminar, transition
and turbulent. In the case of circular tubes, laminar regime exists at Reynolds numbers lower than
2300. Transition between laminar and turbulent regimes occurs in the range of 2300 < Re < 10000.

According to the design criteria, the radiant ceiling should operate in turbulent flow. However this
choice may generate too high pressure drops and also too high pumping energy consumption. This is
why the system is often operating in the transition regime. In this regime, the Gnielinski equation (Eqg.

1.3) (Celata et al., 2007) can be used:

:;(Re—looo.Pm

Nu, = e [] (1.3)
1+1z7?§ (Pr?®-1)

where:

f. = (L82log(Re)-164)~ ] (1.4)

And:
M, /N

Re=4—2- % -] (1.5)
ﬂ-'Di ':uw

Np: number of panels in each blocks connected in parallel

1.5.2 Heat transfer from extended surfaces

The temperature distribution along a one-dimensional fin is described by the following equation:

d’tp. _ h.P
= { -1
dXz AckRC ( RC,average a,RC )

(1.6)

where the air temperature close to the radiant ceiling surface (1, . ) is defined in Chapter 3.
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And P is the fin perimeter and A. is the cross-sectional area of the fin (Figure 1.10). hgc is the radiant

ceiling heat transfer coefficient. It is calculated according to methodology described in Chapter 3.

| 4

. 5.
_f
A,

A, P=2(® 4L,

Figure 1.10: Individual ceiling element as a fin

The solution of Eq. 1.6 gives the following expression for the fin temperature in a section “x™:

teex ~lare _ cOshfm* (L, — X)) 17

trco ~tare coshfn* L) '

with

m? = hg. * P (1.8)
A" Kee

and

w, — D
L.=——= [m] (1.9)
2
The effectiveness of this equivalent fin can be defined by:
M. *tanhfMm* L)

Efin = f " - [-] (1.10)
e * A

where A; is the surface area of the fin (Figure 1.10) and:

M, =hee * P* ke * A, (1.11)
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1.5.3 Radiant ceiling heat transfer coefficient definitions

Both convection and radiation have to be considered:

h =h + N roomrad W m? K" (1.12)

RC,room RC,room,conv

a. Room-Radiant Ceiling convection (h rc room conv)

The convective heat exchange inside the room equipped with a radiant ceiling becomes a complex
process due to the combined effect of ventilation, ceiling perforations, internal thermal load and cooled
or heated facade. Existing correlations were developed from experimental measurements in specific
conditions of ventilation and internal thermal loads (Alamdari and Hammond, 1983; Spitler and Fisher,
1991; Awbi and Hatton, 2000; Novoselac et al., 2006). Experimental studies were performed
considering the individual influence of some parameters on comfort conditions: load distributions
(Behne M., 1996), ventilation (Kulpmann, 1993 and Behne M., 1999) and facade (Fredriksson J. et al.,
2001).

According to ASHRAE System and Equipment Handbook, (2004) only natural convection (NC) should

be considered on the radiant ceiling surface. The law suggested by Incropera, (1996) is:

— 1/n
NuRC,room,NC - Ch,RC,room'RaRC,room [']

The coefficients of this law have the following values:
Chreroom=0.54 and n=4 (for 10°sRa<10") or Cprc, room=0.15 and n=3 (for 10'<Ra<10"). In cooling
mode.

And Cy, rcroom=0.27 and n=4 (for 1055Ra5101°). In heating mode.

The characteristic length is defined as follows:

_Are

Lerene = P [m] (1.13)
RC
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However, among others to make sure that the cooling ceiling system is operating only in dry regime,
moisture has usually to be removed from the room through a mechanical ventilation system which
generates some air movement. Consequently the above-defined natural convection heat transfer
coefficient needs to be corrected by an improvement factor (that is also including the effect of the
perforation and fenestration).

According to the criteria defined by Incropera and DeWitt, (1996), forced convection (FC) is negligible
if (GrL/Re,_Z) » 1. Hence mixed free and forced convection regime is generally one for which (GrL/Re,_Z)
= 1. In this study, the current order of magnitude found for (Gr._/ReLz) is 0.9 to 0.68. Therefore to
combine the effects of natural and forced convection at ceiling surface, the Yuge, (1970) method is

used by means of the following function (Figure 1.11):

v

Nu k¢
Figure 1.11: Combined convective heat transfer in traverse flow.

For : NuRC,room,FC > NuRC,room,NC"";NURC,room,mix = NuRC,room,FC +AR

NuRC,room,mix = For : NuRC,room,FC < NuRC,room,NC"";NURC,room,mix = NuRC,room,NC + AG [-] (1'14)

For : NuRC,room,FC = NuRC,room,NC"";NURC,room,mix = NuRC,room,NC +Ao
With:

AR = Ao eXd_— n* (NURC,room,FC - NuRC,room,NCJ

AG = Ao eXd_— m* (NURC,room,NC - NuRC,room,FCJ

The effect of buoyancy on heat transfer in a forced flow is strongly influenced by the direction of the
buoyancy force relative to that of the flow. For a perpendicular direction (transverse flow) caused by

ventilation system, buoyancy acts to enhance the rate of heat transfer associated with pure forced
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convection. The Yuge method was developed originally for mixed convection on a sphere in
transverse flow. For a flat plate in transverse flow, the adaptation of the coefficients m and n in this

study gives the following results:

o T+ 00LINU e
B 1+ O'lNucc,room,NC
. 0.993
2 + 0'2Nucc,r00m,NC
A, =0.257* NUg roomne

For a ventilated radiant ceiling, the Reynolds number close to the diffusers is usually of the order of
25000. Therefore the equation (Eq. 1.15) can be used for forced convection (FC) on a horizontal plate

in parallel and laminar flow (Incropera and DeWitt, 1996).

NUg roomrc = 0.664Re!’? Pr [] (1.15)
with
Re,_ — uoo LRC,FC

14

The air velocity on the radiant ceiling (u.) and the characteristic length in forced convection (Lgc rc)
(distance of the jet detachment) are defined from diffuser manufacturer’s catalogue.
Finally, we get that the convective heat transfer coefficient on the radiant ceiling surface in mixed

regime is:

h I NuRC,room,comb w m’ K_ll (1.16)

RC,room,conv

The characteristic length (L.rc) has to be experimentally identified due to the fact that, in modern
buildings, there are too many different configurations and possible combinations of ventilation

systems, thermal load types and distributions, as well as facade effects.
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In this study the analysis of ceiling convection is performed by considering that is not possible to get a

correlation law which covers all the possible combinations of a real case.
b. Room-Ceiling radiation (h gc room rad)

In order to analyze the internal radiant exchanges, each surface of the enclosure can be characterized
by its uniform radiosity and irradiation. The net radiative heat flux of the ceiling surface can be

evaluated from Eq. 1.17 and Eq. 1.18 from radiosities (J;), emissivities (& ), areas (A, view factors

( FIj ) and black body emissive powers (Ey):

. N
Quai =2 AF,;(3,-3) (W] (1.17)
=1

-3 N
%:ZA'Fi,j(Ji_Jj) [W] (1.18)
i =1

&.A

The view factors can be calculated using the software EES (Alvarado and Klein, 2008) for the surfaces

considered in Figure 1.12 according to the experimental test conditions.

R <
__Active /Inactive. - -~

,--—"’ir-nternal
“"u\\_f\ialls

S N W

15 surfaces

Figure 1.12: Room radiation surfaces

The net radiant heat flux at the ceiling surface can be determined by solving the unknown J;. This

method assumes that the surface temperatures are uniform and known.
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According to the method proposed by Davies (2004), the heat transfer coefficient for each surface can
be calculated using the transformation “delta to star” to obtain a linearized radiative heat transfer
coefficient. For a parallelepiped enclosure (six surfaces) the delta and star networks transformation

can be represented in Figure 1.13.

Figure 1.13: Delta and star networks of a parallelepiped enclosure.

Where:
T,s: The radiant star temperature, [K]
Tyi: Black-body equivalent radiation temperature of the surface I, [K]

Bi: Delta-star transform of the surface i, [-]

And:

T..S,
= L K] (1.19)

Trs
25

S; is the total physical conductance between the surface node T;and the radiant node T

If the room is represented by three surfaces (radiant ceiling, facade and internal walls) the “delta to

star” transformation can be presented in Figure 1.14.
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Radiant ceiling
%

4
oT]

1—51

€14,

oT}
Internal walls

Figure 1.14: Delta and star networks of three rectangular sides of indefinite length.

where
ALF
B, = AR Fap etc [] (1.20)
AJ.'Fl,Z'AZ'F2,3 + A2'F2,3'A3'F3,1 + AS'FS,l'A‘l'FZLZ
- T.5 +T,.S, +T,.S (K] (1.21)
S+5+S5
and
A h
S =t [W/K] (1.22)
1- £
e |7 d

As the radiosities and temperatures are known and assuming linearization of the heat transfer

coefficient, it can be calculated as:

Qradi
hy =y
A*(T.-T)

W m? K] (1.23)
This coefficient depends therefore on the surface and radiant star temperature definition, emissivities
and view factors between the room surfaces and the radiant ceiling. There is therefore a slight

variation if some part of the ceiling is inactive, with respect to the case in which the total ceiling surface

is active.
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Several methods have been developed to simplify this calculation. For example in the “mean radiant
temperature” method (MRT), the thermal radiation interchange inside an indoor space is modeled by
assumption that the surfaces radiate to a fictitious, finite surface (representing the room walls including
the facade and the floor) that gives about the same heat flux as the real multisurface case (Walton

G.N., 1980). The MRT equation for the radiant ceiling surface may be written as:

QRC,room,rad = ARC,effec *o* Fr,room * ((tRC,ave + 27315)4 - (tmr,room + 27315)4) [VV] (1-24)

with

DA &L

j=RC,ave
t =

mr,room n
DAL

j=RC,ave

(K] (1.25)

When the surface emittances of the enclosure are nearly equal and the surfaces directly exposed to
the panel are marginally unheated or uncooled, the fictitious temperature ty.om become the area-
weighted average uncooled or unheated temperature (AUST) widely used in the related literature
(Kilkis, 1995; Jeong and Mumma, 2004; ASHRAE System and Equipment, 2004). However it has to
be considered that there is usually an important temperature difference between the facade and the
room surfaces.

As a better approximation, the mean radiant temperature of uncooled or unheated surfaces can be
calculated from measurements of the resultant and air temperatures, by correcting the mean radiant
temperature of the room (Eq. 1.26) as the radiant ceiling “sees” an environment which excludes its

own influence (Ternoveanu et al., 1999).

Arcs .1

tmr room — 2% tr% room _ta room - tRC ae | — A [T] (1.26)
A’oom,f,s 1- ARC,S

A\oom,f S

Eq. (1.26) is applicable only if: Tty room - taroomd< 4 K (Kilpmann R.W., 1993).
The radiation exchange factor (F, ,om) for any two diffuse, gray surfaces that form an enclosure can be

calculated from Eq. (1.27) (Incropera and DeWitt, 1996):
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1
I:r,room = H (1-27)
1,1 g PAes | 1)
FRC,f gRC Aoom,f S Ef ,room

Where Fgrc is the radiation view factor from ceiling to a room fictitious surface giving an equivalent
heat transfer, as in the real multi-surface case (1.0 for flat ceiling ASHRAE, 2009).

A rcs, A oomts are the area of radiant ceiling and fictitious room surface (other than the ceiling).

&rc and & om are emissivities of the ceiling (model parameter) and of the fictitious surface (0.98
(ASHRAE 2009)).

The radiation heat transfer coefficient can be expressed as follows:

. (trc.ae + 27315 = (t +27315"*

t

mr,room

h =0*F

RC,room,rad r,room

W m?K?Y (1.28)

RC,ave tmr,room

The radiative heat transfer coefficient can also be linearized according to methodology presented in

Figure 1.15.
Radiant Ceiling
T
Figure 1.15 Simplified room radiation exchange
where
Qrad,i = hr,i *A* (ti _tf) W] (2.29)

The heat transfer coefficient in this case can be also linearized as:

h,=&*o0,* (T -T )T =T W m?K" (1.30)

If the difference between T; and T; is small, the following approximation can be considered:

h, =4%&*0*T W m? K}
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where

T=(T, +T,)/2 [K]

The temperature T is actually the mean radiant temperature viewed by the surface i.

In the previous cases (two and three surfaces), the result of h,; coefficient linearization is exact.
However, for a parallelepiped enclosure of six surfaces, there is an error of about 6 % (Davies 2004).
In this study, the radiation heat transfer coefficient of the radiant ceiling is calculated considering the
star temperature for three surfaces: facade, internal walls and radiant ceiling as the most
representative and useful case for commissioning process.

A comparison is established hereafter between simplified and detailed methods to calculate the

radiant heat flow from the ceiling surface:
For example for the radiant ceiling T1, if QRC,room,rad is calculated following the detailed method (Eq.

1.17 and 1.18) and the laboratory experimental results (section 3.1) in which all surface temperatures
were measured, an average difference of 3.71 % with respect to the simplified method (Eq.1.24) is
obtained (see Figure 1.16) (the same result is found for synthetic capillary tube mats: types U, S, G

tested with all the radiant ceiling active and reference temperature placed at the room center).

-425
-450L
475} e o
-500f °

525} ®

-550F °

QRC;room;rad;simpIified [W]

-575¢

-600 . . hd . . .
-600 -575 -550 -525 -500 -475 -450 -425

QRC;room;rad;detaiIed [W]

Figure 1.16: Comparison between detailed and simplified methods for room radiant heat exchange

In general the differences between simplified and detailed methods shown in Figure 1.16 are due to
the air temperature stratification. For simplified method, the measurements of resultant and air
temperatures at 75 [cm] from the floor are used. For the point which is outside the range the

stratification was particularly important (1.5 [K]).
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If the detailed method is used, it is important to take into account that the surface temperature
uncertainties could be significant, specially glazing surface (Fissore and Fonseca, 2007) and the
global uncertainty increases with the number of measured variables. This is a typical difficulty in the

commissioning process.
1.5.4 Room-resultant temperature

The resultant temperature can be accurately estimated from measured surface temperatures and
corresponding view factors between the person and the surfaces. The mean radiant temperature
(MRT) viewed by a sphere of 60 [cm] of diameter (representing a seat person) placed in different

positions inside the room is calculated according to:

MRT = [F, *T4 " ] (1.31)

S

The view factors (Foj) can be calculated using the software EES (Alvarado and Klein, 2008) for the
configuration presented in Figure 1.17 and the surfaces and the sphere position into the room shown
in Figure 1.18. The number of surfaces and position of the globe sensor are fixed according to the

experimental conditions during laboratory testing and commissioning processes.

Figure 1.17: MRT view factor calculation
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i Inactivi
i ceiling|”

Active Cooling Ceiling

4 w&{qg\emfa.' wails '

24 suifaces

Figure 1.18: Surfaces used for MRT calculation.

The resultant temperature can be calculated as:

(MRT -27315)+t_,,,,
tres,room = 2 : [t] (1-32)

This estimation can be checked at the point(s) where the globe temperature is measured, in the frame

of a commissioning process.

1.5.5 Bi-dimensional Conduction

For one out of the seven radiant ceiling configurations presented in this study, the thermal resistance
between the tubes and ceiling surface takes into account the thermal resistance through a plaster
layer (Figure 1.19). For this configuration, bi-dimensional conduction effects are important and the
tube is considered in the modeling as a horizontal cylinder of characteristic length L,, midway

between parallel planes (Figure 1.19).

Figure 1.19: Conduction shape factor definition
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According to Incropera and DeWiitt (1996), the conduction thermal resistance can be defined as:

In S.L
o D, K m W
= .m

R 2.7TK 4 [

(1.33)

Where, b value is the distance between tube shaft and ceiling surface. kg; is the conductivity of the

plaster layer. The b value is obtained using the experimental results (as a model parameter).

1.5.6 Global heat transfer characteristics

In the frame of an experimental analysis, the A.U value of the radiant ceiling can be calculated as:

Qe
AU :—‘ o W K]
AT,Ln
where
f,q — 1
AT " - w,su w,ex [K]
’ Ln(Arg)
!
Arg = _W.sd resroom [-]
tw,ex _tres,room

(1.34)

(1.35)

(1.36)

The resultant temperature measured with a globe sensor at some selected point inside the room is

used as reference. This U value includes the exchange with the room and also the ceiling void.

The ceiling effectiveness can be defined as follows:

Q.wen'] = g'M W'Cp\N'(tW,SU - tr%,room) [\/v]
£ =1-exg- NTU) [
NTU = A2 g
CW
C,=M,.c,,. W K]

(1.37)

(1.38)

(1.39)

(1.40)
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1.6 CONCLUSIONS

A brief general description of radiant ceiling systems and a detailed analysis of heat transfer used in
this study were developed, covering such topics as materials and working principle, description to
finish with a general description of commissioning processes.

In convection and radiation of the radiant ceiling, it was concluded that the most studied and
documented heat flow patterns are based on natural convection and simplified radiation exchange
between two surfaces. The convective heat exchange on a radiant ceiling surface becomes a complex
process, considering specially the combined effect of ceiling perforation, ventilation and fenestration
systems. There are too many configurations and possible combinations of these elements in the
modern buildings that do not allow to completely describe the phenomenon with a correlative method.
In this study the analysis of ceiling convection is performed by considering that it is not possible to get

a correlation law which covers all the possible combinations of a real case.
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2. Experimental analysis in laboratory

2.1 INTRODUCTION

The aims of this chapter are to give some ideas about the theoretical uncertainty on the different
measured variables and a description of different measurement methods and sensors used to test the
radiant ceiling systems.
The main objective of this chapter is to present the results of the experimental analysis and its
discussion. Another objective is to describe the test benches:
« Two test chambers have been adapted in a way to reproduce as good as possible the
characteristics of real offices located in Brussels.
Fifty-six tests were performed in these two chambers, with the aim to observe the influences
of parameters such as the mass flow rate, supply water temperature and thermal load
distribution, fenestration and ventilation system effects on the radiant ceiling capacity and
comfort conditions.
» A third test bench was used to reproduce the standard test conditions for radiant ceiling
systems according to the German standard DIN 4715-1, (1993). Nine tests were performed

using this bench.

The aim of this kind of test is to compare the performance of different types of cooling ceiling systems.
Therefore a homogeneous load distribution is considered, without influences of ventilation system

and/or facade asymmetry (HLK, 1995; C. Kochendorfer, 1996).
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2.2 MEASUREMENT SYSTEMS AND UNCERTAINTY ANALYSIS

The basic method to evaluate a measurement uncertainty is universal and applicable to all types of
measurements. However this method might be complex, considering that the resulting values are
usually function of many independent variables, measured during the experiment.

The uncertainty methodology used in this work is described in detail in Fonseca N., (2009); Fissore
and Fonseca, (2007) and 1ISO GUM, (1995).

All experimental results must be expressed as:

Y=Y +U....... (k, =...) (2.1)

where
Y is the output magnitude, result whose uncertainty must be estimated.

An estimation of Y can be obtained from a functional relation as:
Y=fF (Xl, X2, X3,...XN)

where the X values can be independent measurements or combinations of other variables.
The ¥ value is the statistic average of n measurements.

U is the expanded uncertainty on Y estimate value and can be obtained as:

U=u,*k, (2.2)

where
uy is the combined uncertainty of Y
k, is the coverage factor. This value depends on the confidence level (it currently varies between 1 and

3).
In order to obtain the combined uncertainty on Y, an uncertainty propagation law can be used such as:
oy, Y . (av ’ oY 1"
U, =|| ——* Uy | | — Uy, | +..on] —* U,y (2.3)
Y 0X, 0X, 0X,

When the partial derivatives involved in the estimation of u, value are defined as functions of other

variable x;, the average values of the n measurements can be used to perform the calculation.

About the use of radiant ceiling simulation models as commissioning tool
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The u,; values represent the individual uncertainties on estimation of each variable involved in the
calculation of uy (if the uncertainty u, depends on the measurement of other variables, the equation
2.3 must be used again until the u,; values correspond to a direct measurements).

The combined uncertainty u,; of each variable measured directly can be finally estimated as:

—_ 2 2 2 2 2 2
uxi _\/U AXi +ucal,xi +udrift,xi +u +u +u

tem, xi met, xi res,xi (2.4)
with

Ua: type A uncertainty, calculated using statistics methods.

Ucal: calibration uncertainty.

U geriva:  drift uncertainty.
Uemp: temperature uncertainty.
Unet:  mMethod uncertainty.

Ures: resolution uncertainty.

All the components of the uncertainty measurements are calculated using the methodology described
in ISO GUM, (1995). Required values of accuracy, resolution, calibration, etc., can be taken from

manuals and equipment calibration certificates.

The coverage factor is calculated as a function of the effective degree of freedom of the Y variable

(v,). Considering a confidence level of 95.45 %, (which is usual for the available instrumentation), the

coverage factor can be calculated as:

237356 2.818745 2546662 , 1761829  0.245458  1.000764
v, V2 % Vi % Yy

k, =1.95996 +

The effective degree of freedom must be calculated from the Welch-Satterthwaite formula as:

4
_ (uy) (2.5)
he oy’ oy \* ay )’
4 4 4
(uxl) * 67 (uxz) | (uxN) bl
%) 0X, N 0X,y
Vxa Vx2 YV
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Temperatures

Temperatures are measured with T thermocouples (copper/copper-nickel) of Class 1 (defined by the

Standard IEC 584-3) with a reference temperature of 0 [C] obtained by a water/ice mixture.

The resultant (globe) and air temperatures as well as room surface temperatures and water
temperatures are measured according to ANSI/ASHRAE Standard 41.1-1986 (RA 91). Air
temperatures are measured at different position from the facade. Figure 2.1 shows the schematic view

of the column used for dry and resultant air temperature measurements.

s
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1800 mm

-
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=
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\:
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o——@
= T
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30 mm
A

Figure 2.1: Air and globe temperatures measuring columns.

Data acquisition system

The signals given by the sensors are measured with the help of 2 to 6 data acquisition cards, which
can measure DC voltage, DC intensities and temperatures. Table 2.1 gives some characteristics of
these cards (Cuevas C., 2007). Temperatures are measured directly with the conversion laws

suggested by the interface software.

About the use of radiant ceiling simulation models as commissioning tool
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Table 2.1 data acquisition system characteristics

Number of Channels 20

Type of measur

DC voltage: £12 V

ements DC current: 0 to 20

mA

Thermocouples: B, E, J,K,N, T, R, S

Supply voltage

12 to 50 VDC

For measurements of pressure, differential pressure and electrical power converters, a resistance of

100 Q was installed in parallel to its outputs to convert its current signals to voltage. Thus, its output

signals of 4-20 mA and 0-20 mA are transformed to 0.4-2 V and 0-2V. This resistance has a tolerance

of £ 0.1 %. The accuracies of the acquisition system for each transducer are given in Table 2.2.

Table 2.2 Data acquisition accuracies

Measuring Scale Accuracy
Temperature 100 to 400 [C] < 0,3 K
Pressure 0-22V 10,01 % rdg + 0,01 % fs]
Electrical power 0-22V 1[0,01 % rdg + 0,01 % fs]

Data processing

The time evolutions of temperatures and powers allow for checking the stability of the tests and

selecting the “good” period, in which a steady state analysis can be applied.

Figure 2.2 shows an example of air and water temperatures evolution and the “good” period selected

to calculate the averages values for further analysis.
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| —twsu —tres center twex ‘

Figure 2.2: Evolution of room and water temperatures.
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Measuring uncertainties

All measurements are performed according to ANSI/ASHRAE Standard 41.1-1986 (RA 91), ASHRAE,
ANSI/ASHRAE Standard 41.2-1987 (RA92) and ANSI/ASHRAE Standard 41.3-1989. Table 2.3 gives
the combined uncertainties (device and data acquisition system) of the main measurements. The air
flow rate is measured according to international standard ISO 5167 (1991).

For the temperatures, two sources of uncertainty are considered: one coming from the thermocouple
tolerance (+0,5 [K]) and the other one coming from the data acquisition system (x0,3 [K]) (method
uncertainty). This gives an overall absolute uncertainty of +0,6 [K] (the relative uncertainty is smaller).
The corresponding cooling effect of the air discharged into the chamber is evaluated with an

uncertainty of +3.5 %. The A.U experimental value is evaluated with an uncertainty of +5.3 %.

Table 2.3: Measuring uncertainties

Variable Measurement range Combined u ncertainty
Temperature AT, 2to 5 [K]. + 0.25 [K].
differentials AT, 10 [K]. + 0.25 [K].

N T
M, 0.0397 kg S.ll'to +0.1% of the measured value
Flows : 0.103 [kg s
V, 96 to 105 [m3 h'l]. + 3.5 % of the measured value
VVf 290 to 500 [W]. + 1 % of the measured value
Electrical powers -
W, 1oads 750 to 1060 [W]. + 1 % of the measured value
About the use of radiant ceiling simulation models as commissioning tool
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2.3 TEST BENCHES DESCRIPTION AND EXPERIMENTAL ANALY SIS

2.3.1 Test bench type 1

2.3.1.1 General description

This test bench is used for the experimental analysis of the radiant ceiling type 1 (T1) in cooling
mode. Ten main tests are performed to observe the influences of the mass flow rate, supply water
temperature and thermal load distribution on the cooling ceiling capacity and on the comfort
conditions. Additionally, during these tests, the facade and ventilation system effects are also
considered. Twelve additional tests are performed to evaluate the influences of ventilation system and
of different thermal load distributions on the cooling ceiling capacity. The most important disturbances
evaluated here are:
e Thermal loads: with or without thermal loads and distributed uniformly or located close to the
facade.
» Facade: with or without facade effect.
» Ventilation: with or without cooling or heating air.
» Fan-coil effect: comparative method. In the same loads conditions, the cooling ceiling is
replaced by a fan-coil which is controlled in such a way to maintain the same comfort level at

the center of the room.

The climatic chamber used is 3.1 [m] in height, 3.6 [m] in width and 6 [m] in length. The cooling ceiling
is placed at 2.7 [m] above the floor level. The chamber has a space to simulate facade and an
adjacent chamber in order to avoid the ambient influence (Figure 2.3). In order to simulate the external
thermal load, the facade air space is heated until reaching the required load in the chamber.

Figure 2.4 shows the water circuit schema. The cooling ceiling (T1) consists of 2 modules (left and
right) each one composed of 4 radiant panels. Sensors are installed on both sides of the circuit (supply
and exhaust), in order to measure temperature and pressure (ISO, 1991). Water flow rate is accurately

measured by timing integration (Figure 2.4). The water temperature differential (tyex — twsy) IS also

directly measured (Fonseca N et al., 2003).

About the use of radiant ceiling simulation models as commissioning tool
By Néstor Fonseca Diaz 2.7



Ch. 2 - Experimental analysis in laboratory
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Figure 2.3: Test chamber views.
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Figure 2.4: Schematic view of the water circuit.

Figure 2.5 shows the air circuit scheme. The ventilation system is provided by the radiant ceiling
manufacturer, in order to adapt it to the panels and modules specifications. It is important to note the
alternative direction facade-hall for the air discharge. The air flow rate measurement supplied by the
discharge boxes is carried out by means of a diaphragm, according to international standard ISO

5167, (1991).
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Discharge air temperature is measured downflow of the air flow rate measurement, in the entrance of

the chamber ceiling. Air is discharged at 15[C] in to the chamber, which is at 25 [C].

r |i | ti]SLI

Symbols
— Air supply circuit

Hall

I Discharge box Facade

cg Coolbattery

g Heating battery

2.74m
Air flow rate
measurement

With
-

Lasu Supply airtemperature

| |

tasub Air temperature at discharge boxes

Figure 2.5: Schematic view of the ventilation system.

During the test, the chamber is over-pressurized; this eliminates any parasitic air infiltration and gives
an opportunity to study the influences of mechanic ventilation on cooling ceiling performances.
For the thermal balance, it is assumed that the air leaves the chamber at the reference temperature
measured at the center of the chamber, considering that there is no specific extraction device.
Internal thermal loads are simulated as shown in Figure 2.6:
» Four fluorescent tubes of 38 W each one (60 % radiative 40 % convective) are placed inside
the cooling ceiling, in accordance with the accessories supplied by the manufacturer.

» Seven electrical convection heaters with a total thermal load of 514 W (99 % convective) are

installed in the room.

Facade

TU.Sm

Hall

1.5m m

Symbols
|:| Lighting

I Internal thermal
loads

Figure 2.6: Occupation thermal loads distribution.
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» The facade air space is heated until reaching the required load in the chamber. Heat
transmission through the facade is measured by 20 flux meters (Figure 2.7). For the
thermal balance only 12 fluxmeters are used (they are included in the zone limited by

dotted line in Figure 2.7). It is considered that the left side zone could be affected by

operating conditions of the facade fan and the right side zone is out of the simulated zone.
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Figure 2.7: Schematic view of heat fluxmeters and temperature distribution on the facade.

At the center of each heat fluxmeter, the internal surface temperature is also measured. For the

same reason as presented before, only 12 measurements are considered.
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Figure 2.8: Internal surface and air temperature measurements
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Figure 2.9: Air and globe temperatures measurements.

Internal surface temperatures and air temperatures of lateral and facade chambers are measured
at points indicated in Figure 2.8. The combination of heat flow measurement, surface temperature
and reference temperature at the center of the chamber, allows for the estimation of a heat
exchange coefficient between the facade and the chamber. The reference temperature is always
taken at the chamber center, at 75 [cm] above the floor, with one of the globe temperature sensors
(Figure 2.9). Figure 2.10 shows the position of air velocity measured during the comfort test. It is
carried out at 6 positions inside the chamber, placed vertically at 10 [cm], 75 [cm], 150 [cm] and

200 [cm] height above the floor.

Facade

Figure 2.10: Position of air velocity measurements.

Air velocity measurements are performed using a thermal anemometer at intervals of 5 minutes during
one hour time. Thermography analyses on modules and walls are carried out for one particular
performance test. The aim of the analysis is to detect any cooling ceiling failure, leakage or incorrect

thermal contact between piping and radiant panels.
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2.3.1.2 Experimental results

Room energy balance
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Figure 2.11: Control volume for the room thermal balance

The thermal balance of the test chamber control volume as seen in Figure 2.11 is given by the

following equation in cooling mode:
Qint,loads + Qvoid + Qi,w + Qfac - Qven - Qoooling + U = Rglobal [VV] (26)
Where the heat flow rate extracted by the cooling ceiling system can be defined as:

Qoooling = M W,SJ'Cp,W'(tw,su _tw,ex) [VV] (27)

The internal thermal load (lighting and convectors) Q is measured directly by watt-meters.

int,loads
The heat gain through internal walls is estimated as a function of the measured surface temperature of
each wall and floor surfaces of the enclosure. The internal heat transfer coefficient is estimated at 8
[w m* K'l]:

- — * * _
Qi w T hint As (ts_w tres,room,center )[\N] (2-8)

The void heat gain is estimated as a function of the measured ceiling back surface temperature (in
contact with the air in the ceiling void) and the average water temperature. The U value is estimated at

1.13 W m K'l] (considering the thermal resistance of 30 [mm] insulation and a not ventilated void of

40 [cm]):

About the use of radiant ceiling simulation models as commissioning tool
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: _ *U * t _ (tw,su +tw,ex)
Qvoid - A:eiling s,ceiling 2 (W] (2.9)
The external heat gain through the facade Qfac is measured directly by watt-meters.

The heat flow rate extracted by the ventilation system can be defined as:

Qven = M a * Cpa * (tres,room,centre - ta,su) [Vv] (210)

In Eq. 2.6, U is the internal energy variation of the control volume. It can be calculated as:

U=C* dT, W] (2.11)
dr
With:
C : global thermal mass of all components included in the control volume, [J K™:
C=(m*c +m,*c,...m,*c,) [0 K™ (2.12)

As the internal energy variation of the control volume is only around 0.3 % of the total thermal
load, the uncertainty of this estimation can be neglected.

ar, . air temperature variation (supposed to represent the state variable, hypothesis used as

dr

better estimation), [K s'l].
The differential dTa/dT is calculated using the method shown in Figure 2.12. Initial and final

temperatures are determined by averaging 5 points at the beginning and 5 other points at the end of

each sampling stabilized period, in such a way to define a period of 60 minutes (Cuevas and Lebrun,

2002).
5 dt=060min. _ 2min
= | e
~ ; N

a

t; dTr ty

Figure 2.12: Method used to determinate dT, /dT.

Rgloba, is the residual of the thermal balance, [W].

The residuals of the thermal balance give an idea about the precision of the measurements.
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Thermal balance results

The estimated values of all terms of the thermal balance are shown in Table 2.4. It is observed that an
average of 76.7 % of the room thermal load is compensated by the cooling ceiling system and 23.3 %
by the ventilation system. The heat gains from the ceiling void and facade represent an average of

10.2 % and 38.5 % of the total thermal load respectively.

Table 2.4: Thermal balance results

Test T1C1 | T1C2 | TIC3 |T1C4 |T1C5|T1C6 |T1C7 |T1C8|T1C9|T1C10
Qcooling [W] | 828.14 | 808.87 | 806.19 | 1065.94 | 837.53 | 856.18 | 849.43 | 927.21 | 967.01 | 1046.48

Qven [wW]| 314.73 | 281.94 | 291.84 | 350.48 | 266.55 | 260.54 | 247.45 | 263.50 | 271.76 | 179.25

Qintioads W1 | 76851 | 800 | 760 | 1057 |637.14 | 662.09 | 652.98 | 655.6 |768.53 | 751.3

Qfac [W] | 500.64 | 491.43 | 471.56 | 421.16 | 458.96 | 505.49 | 489.49 | 478.34 | 308.72 | 290.79

U wy | 977 1.39 1.38 -0.68 6.30 -0.68 1.47 -1.10 | -6.82 -4.47

Qvoid [w] | 104.70 | 97.89 | 97.74 | 126.14 |120.20 | 111.28 | 110.10 | 125.75| 148.84 | 156.90

in [W] |-229.08 | -228.78 | -213.31 | -307.89 | 11.86 |-136.23 | -178.20 | -91.10 | 41.27 | 70.00

Rglobal w] | -7.86 7.13 19.34 | -12.69 | 13.37 | 25.22 | -21.03 | -23.20 | 21.77 | 38.78

The results are shown in Figure 2.13. In average, they are in the order of +2 % of the tested cooling

ceiling capacity.

L]
—~ 3r 2l
3\0/ o] Y
o 2t
Q M
=
=) 1r ]
£
g o
3
= " n
Qo
S Ll
= " " .
3l | » Cooling (T1)
-4 I . .
800 900 1000 1100

Qcooling

Figure 2.13: Thermal balance residual
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Cooling capacity results
Main tests are carried out as a verification of the A.U values as a function of MW and A; . The
resultant temperature at the center of the chamber and 75 [cm] above the floor is used as reference.

«  The water flow rate M varies from 0.0397 gs]to0.1 gs].
h fl M, from 0.0397 [kg s™*] to 0.103 [kg s]

« The log mean temperature difference at the center of the chamber (A; | ) calculated

from Eq. (1.35) varies from 7.63 [K] to 9.95 [K].
The experimental cooling ceiling capacity can be calculated from Eq. 2.7.
The experimental A.U values at the center of the chamber can be calculated from Eq. 1.34.

The test results are presented in Table 2.5.

Table 2.5: Measurements and A.U calculated values

twsu | twex |trefcenter | AT,Ln MW AU center U center | '?:’::ii'?!g

Test | [C] | [C] | [¥] Kl |kgs?| WK™ [Wm™KT| w
T1C1 |12.05|15.87| 23.9 9.78 |0.0656 | 107.0 9.3 1046.5

T1C2 |14.04|17.66| 25.1 9.17 |0.0638| 105.4 9.2 967
T1C3 |14.88|17.03| 245 8.47 0.103 109.5 9.5 927.2
T1C4 |14.89|17.26| 24.1 793 ]0.0856| 107.2 9.3 849.4
T1C5 [14.82| 18.7 25 8.02 |0.0519| 106.8 9.3 856.2
T1C6 |15.68|19.44| 25.6 791 ]0.0532| 105.9 9.2 837.5
T1C7 |14.03|18.87| 26.6 9.95 |0.0526| 107.1 9.3 1065.1
T1C8 |14.66|19.51 25 7.63 ]0.0397| 105.7 9.2 806.2
T1C8 |14.64|19.41| 25.1 7.79 ]10.0405| 103.8 9.0 808.9
T1C10|14.38| 19.4 25 7.84 10.0394| 105.6 9.2 828.1

In the experimental test domain considered, it is observed that the influence of the selected
parameters (M W,AT’Ln) on A.U is negligible. An A.U s average value of 106.4 [W K'l] is observed

(Table 2.5). However, this value is significantly affected by the choice of the indoor reference
temperature as, shown in Table 2.6. The A.U value is reduced when choosing a reference
temperature nearer to the frontage. This decrease reaches 10 % when using as reference the globe

temperature at 0.5 m from the frontage.
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Table 2.6: A.U calculated values using reference temperatures at 1 m and 0.5 m from the facade

t ref center t ref Im t ref 0.5 m M w AU center AU im AU 0.5m

Test [C] [C] [C] kgs™ | WK | WK | WK
T1C1 23.9 24.65 24.77 0.0656 107.0 99.28 98.15
T1C2 251 25.97 26.1 0.0638 105.4 96.59 95.34
T1C3 24.5 25.32 24.77 0.103 109.5 99.45 105.7
T1C4 24.1 24.93 25.25 0.0856 107.2 96.5 93.1
T1C5 25 26.04 26.35 0.0519 106.8 94 90.86
T1C6 25.6 26.62 26.85 0.0532 105.9 93.81 91.42
T1C7 26.6 27.28 27.28 0.0526 107.1 94.69 100.1
T1C8 25 25.91 26.21 0.0397 105.7 93.76 90.52
T1C8 25.1 25.88 26.46 0.0405 103.8 93.66 87.63
T1C10 25 25.85 26.49 0.0394 105.6 94.96 88.31

The test results for the additional tests are presented in Table 2.7, in order to evaluate the influences
of the ventilation system and different thermal load distributions. The resultant and air temperatures
are measured in this case at the center of the chamber.

Table 2.7: Additional tests results

A-UCenter AT Ln ATa vent M Thermal Cog'“ng Without Far']-
Test [WIK] : K] v ~ loads ceiling Facade Caoil
[T] kg s ] | distribution ON ON.
2705a 104.46 9.32 7.3 0.0612 Left X
0506a 104.59 7.48 8.84 0.0526 Without X
0606a 106.78 4.35 5.40 0.0507 Without X X
0606b 110.84 8.45 2.28 0.0521 Facade X
1206a 106.84 7.47 10.72 | 0.0398 Without X X
1206b2 | 119.46 7.32 9.98 0.0403 Facade X X
1206b3 | 115.99 7.49 | Without | 0.0398 Facade X X
1206b4 - - Without 0 Facade - X
1205b5 - - Without 0 Facade - X
1206¢1 101.5 7.66 | Without | 0.0375 Facade X
1206c2 | 105.57 7.84 4.89 0.0394 Facade X
1306b 103.25 7.55 11.73 | 0.0396 Uniform X X

For the test 1206b3 and 1206b2, an increase of 13.6 % and 10.4 % of A.U value with respect to the
main test is observed at the same test conditions. This is due to the air movement inside the chamber,
induced by the fan-coil. For the test 1206a, the fan-coil is also active, but in this case the thermal loads
are off. This explains the reduction of A.U value.

For the test 0606b, the air is injected into the chamber with a temperature close to the room air
temperature, which produces an average increase of the cooling capacity of 4.4 %. Finally, if the
ventilation system is off (test 1206c1) for the same test conditions of the main tests, an average
reduction of the cooling ceiling capacity of 5.6 % is observed. For the other variations the differences

are not significant.
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The heat transfer coefficient in the facade hiy s Obtained for ten main tests (with the cooling ceiling
active, Table 2.8) is compared to the one obtained in the tests carried out with the fan-coil (Table 2.7
test 1206b4 and 1206b5). In case of the main tests, the average heat transfer coefficient is of the
order of 7.1 [W m* K'l]. When using a fan coil hiy o iS reduced to an average value of 6.6 [W m* K'l],

reducing the heat transfer by 7 %.

Table 2.8: Facade internal heat transfer coefficient

qfac tave s,fac ta ave,fac tref center hin fac
Test 5 osded : o
wm?| [C | [T | [C] |[Wm K]
T1Cl| -32.2 28.3 30 23.9 7.32

T1C2| -33.9 29.7 31.5 25.14 7.43
T1C3| -53.7 32.3 34.3 24.47 6.86
T1C4| -54.6 31.9 34.2 24.06 6.96
T1C5| -56.9 32.8 354 | 24.97 7.27
T1C6| -51.2 32.7 35.1 25.62 7.23
TI1C7| -47.4 33.1 35.3 26.6 7.29
TiC8| -52.7 32.3 34.7 24.97 7.19
T1C8| -55 32.7 35.2 25.06 7.20
T1C10| -55.8 32.8 35.3 25 7.15

Pressure drop results

Results of pressure drop measurements are shown in Figure 2.14. Pressure drops can be calculated
as a function of the water flow rate from Eq. 2.13 for Reynolds number varying from 2178 to 5763 and
friction factor varying from 0.036 to 0.048 (commercial copper or plastic pipe with effective roughness

1.5 um (ASHRAE, 2009)):
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ol . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

DP. [bar]

Figure 2.14: Measurement results of Pressure drop.

M,, =010905* DRP.**"  [kgs] (2.13)
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For a nominal water flow rate of 0.0648 [kg s'l], the pressure drop calculated using experimental
equation 2.13 is 0,40 [bar].

It appears that with this type of cooling ceiling, the water flow rate influence on the cooling capacity is
small. Even if the mass flow rate is reduced by 50 %, the A.U values in Table 2.5 remain almost the

same. However, the pumping energy consumption is not negligible. It also appears that the system

COP could be significantly improved by choosing correctly the water mass flow rate.

Comfort conditions results

Measurements of air velocity at the occupation zone are shown in Figures 2.15 and 2.16 in [cm s™].
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Figure 2.15: Right module-Lateral view of the air velocity distribution and measuring results
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Figure 2.16: Left module-Lateral view of the air velocity distribution and measuring results.
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It is observed that, except from the back side of the chamber, close to the floor, where an air velocity
of around 25 [cm s'l] was measured (Coanda effect), the air velocity inside the occupancy zone is
always lower than 20 [cm s™]. This value fulfills the recommended levels of thermal comfort (ASHRAE,
2009; Behne, 1996; Kulpmann, 1993) in order to reduce the draft risk in spaces (undesired local

cooling of the human body caused by the air movement).

Thermography results

The results of thermographic measurements are shown in Figures 2.17 and 2.18. A rather

homogeneous temperature distribution of the cooling ceiling panels is observed.

An average temperature of 31.7 [C] and 24 [C] can be observed for facade and back wall

respectively (Figures 2.17).

VALEURS DES ZONES
[Etiquette Valeur

IARO2 : max. 34.1°C
JARO2 : min. 130.2°C
[ARO2 : moy 132.7°C
IARO1 - max. 33.2°C
JAROT : min. 128.5°C
JARO1T : moy 31.7°C

26.0°C

a)

SRS VALEURS DES ZONES
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IARO1 : max. 24.5°C
IARO1 : min. 22.4°C
IARO1 : moy 23.7°C
IARO2 © max. 24.8°C
IARO2 : min. 18.4°C
IARO2 : moy 24.0°C
IARO3 : max. 24.6°C
L s ARO3 min.  22.3°C
IARO3 : moy 23.7°C

24

2

17.0°C

b)

Figure 2.17: Thermography of the facade a) and back wall b)
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The surface temperature of the panels close to the facade is around 19.5 [C], while the panels close
to the back wall have a surface temperature around 16.8 [C]. The average temperature of the cooling
ceiling is 17.8 [C] (only the active area of the ¢ ooling ceiling is considered) (Figure 2:18).

Thermography results show that the heat sources distribution has a strong influence on the surface
temperature of the cooling ceiling. However the radiant temperature asymmetry defined according to

ASHRAE, (2009) remains within the allowed values for thermal comfort requirements.
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Figure 2.18: Thermography of the ceiling panels close to facade (a), center (b) and back wall (c).
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2.3.2 Test bench type 2

2.3.2.1 General description

This test bench is used for the experimental analysis of the radiant ceiling types T2, T3 and TG, (see
Table 1.1), in cooling or heating mode. Forty six tests were performed to observe the influences of
ventilation system, thermal load type (convective, convective+radiative, with or without thermal load)
and active ceiling position on the comfort conditions and on the radiant ceiling capacity.

The climatic chamber used during the tests was built in such a way to reproduce as accurately as
possible the structure and characteristics of a large commercial building located in Brussels according

to the experiment work developed by Bourdouxhe et al., 1998.
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Figure 2.19: Climatic chamber:

Figure 2.20: Climatic chamber: external and internal views
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The climatic chamber (See Figure 2.19 and 2.20) is a wood structure, strongly insulated, 11.6 [m] long,
6 [m] wide and 3.5 [m] high. It is divided into two principal zones by a facade: the first “external” zone
simulates the exterior climate and the second “internal” zone contains the equipment to be tested and
the hydraulic and ventilation systems used during the test.

As shown in Figure 2.19, the “external zone” is divided into two parts by a mobile partition wall. Four
axial fans, placed on the height of this partition wall are used to create an air circulation all along the
facade. Correct placement of the mobile partition helps to obtain the required air speed along the
facade and the partition wall (4 [m s'l] heating mode and 1 [m s'l] for cooling mode).

In order to carry out the test with as much realism as possible, the “internal” zone containing the
testing equipment is itself subdivided into two zones with the dimensions of two type offices of the real
building (big and small offices). The usable height in the offices is 2.6 [m].

The facade structure is the same as in the real building. It is composed of a double glazing window
and an insulated wall. The windows frame is made of aluminum with warm-edge spacer. The heat
transfer coefficient of the window without the frame is 2.6 [W m™? K] and it has a surface of 8.5 [m?]
for the big office and 5.7 [m?] for the small office.

According to the test to be performed, the facade space is set at a temperature that can vary between
-10 [C] and 30 [T].

The high recirculation flow rate allows for the reduction of the temperature variation along the air
space to less than 1 [K] in both cooling and heating modes.

The maximum heat exchange at the facade occurs in heating mode.

The facade A.U coefficients for the small and big offices are 11.8 [W K'l] and 17.5 [W K'l] respectively
(facade: window and external wall) (Bourdouxhe et al., 1998).

As can be seen in Figure 2.19, the main access to the offices is from the corridor. The latter is also
thermally controlled (humidity and temperature). The two offices and the corridor are covered by a
metal false floor and a fitted carpet. The false floor is in the shape of metal paving 4 [cm] thick placed
on metal supports to allow for an air space of 6 [cm] between the metal paving and the chamber
external wood floor. The vertical walls of the offices are metallic, 6 [cm] thick and filled with mineral
wool. These partitions are attached between the false floor and the false ceiling.

The false ceiling of the offices is composed of “active” radiant panels installed by modules. Each

module is composed of three rows of two panels. The big office is equipped with three modules and
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the small office with two modules. The dimensions of these panels and modules depend on each
radiant ceiling type. Modules are separated by a ‘C’ profile suspension grid (inactive structure) where

the ventilation boxes (two by module) and fluorescent lightings (two by module) are installed.
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Figure 2.21: Hydraulic circuits

Figure 2.21 shows the hydraulic diagram of the active panels. Each panel module is supplied by two
parallel water circuits. The first circuit in each module supplies hot or cold water to the two active
panels connected in series and situated at the facade level. The second circuit supplies only cold
water the other two panel rows of each module. These panels are inactive in heating mode.

As it can be seen in Figure 2.21, each pipe leaving toward a module is equipped with a stop valve and
a control valve. Each return of a module is equipped with a balancing valve and a stop valve. The
circuit also includes a by-pass valve, circulators, electric resistances and water mass flow rate meters.
The entire circuit is thermally insulated.

Due to the thermal insulation of the water supply circuit (located in the corridor), the power released by
the circulators and by the electric resistances is almost entirely injected in the water (the thermal loss
of the supply water circuit is around 0.5 % of the total power of the system). The electric power supply
is measured by electronic watt-meters. The total mass flow rate in the circuit is measured by time

integration and also by water counters.
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In heating mode, the supply and exhaust valves of the cold circuits are closed. Once the three hot
circuits close to the facade are balanced, the mass flow rate is adjusted by a main balancing valve.
The electrical power supplied by the resistances is adjusted in order to maintain the air set point
temperature in the office.

In cooling mode, the six circuits of the modules are open and balanced. The electric resistances are
not used and the cold supply and exhaust water valves are adjusted in order to reach the desired
supply water temperature toward the panels of the active cooling ceiling (to avoid condensation risk).
The ventilation system is shown in Figure 2.22. The supplied air is injected into the office through a
circular diffusers (Figure 2.23) placed close to the facade (105 [m*®h™] for the big office and 70 [m®h™]
for the small office). The return air is extracted from the office bottom and then treated by an Air-

Handing Unit (AHU) to be re-injected into the conditioned space.

== Supply

Return
O Diffuser
@ Air mass flow rate measurement

Figure 2.22: Ventilation system

Supply Return

Figure 2.23: Supply and return Diffusers

The supply air mass flow rates in the ducts are measured with the help of a thermo-anemometer
probe. This probe is installed at the supply duct of each module (80 mm diameter) in the ceiling void of

the corridor (range 0 to 5 [m s™]). For a volumetric flow rate of 35 [m®h™], the air velocity is 1.9 [m s™],
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the Reynolds number is then 10000 and the measurement precision is +0.05 [m s'l]. The internal
thermal loads are injected into the offices by electric convectors or heating carpets adjusted in order to

maintain a set point temperature of 25 [C] in cool ing mode or 22 [C] in heating mode.

Measurements

Internal surface temperatures (facade, mobile wall into the facade, room internal walls, floor, room side
active ceiling and active ceiling surface toward the ceiling void) are measured at 5 points distributed
symmetrically on each surface. Air temperatures of the corridor, facade, chambers and ceiling void are
also measured in 5 points in each space. Air temperature and globe temperatures are measured using
two columns placed inside the chamber at the positions shown in Figure 2.24 and measurements are

vertically placed at 10 [cm], 75 [cm], 150 [cm] and 200 [cm] above the floor.
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Figure 2.24: Air and globe temperatures measurements.

The reference temperature is taken at the chamber center, at 75 [cm] above the floor, with globe
temperature sensor. A maximal vertical variation of air temperature of 1.5 [K] is observed in heating
mode. In cooling mode the variation is around 0.5 [K].

Six watt-meters equip the climatic chamber and enable measuring the electric power consumed by all

the electric circuits in the chamber.
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The stability of the temperature in the chamber is relatively good for all the tests. The maximal
variation of the resultant temperatures during the tests period (after stabilization: 1.5 [h]) is lower than

0.1 [K h™]. The average relative humidity during the test is 53 %.
2.3.2.2 Experimental results
Thermal balances

a. Radiant ceiling balance

Because of the weak water temperature difference across the supply conduits, due to the extend heat
exchange surface, a balance based on water mass flow rate and temperatures is too imprecise.
Therefore, the supply and exhaust conduits “losses” or “gains” to the ceiling void must be estimated.
The total thermal power of the radiant ceiling includes the exchange with the ceiling void.

The thermal balance of the radiant ceiling is given therefore by the following equation in both heating

and cooling modes:

Qheating/cooling = Qg *+Quy W] (2.14)
Where:

Qheaﬁng,coo“ng is the total thermal power of the radiant ceiling, [W]

qu is the total thermal power supplied to the radiant ceiling, [W]

an is the conduits thermal loss (supply and return circuits) in the ceiling void, [W]

And for heating mode:
qu = QER + Qcir - Qcor [\N] (215)
Where:

QER is the power dissipated by the electric resistance immersed into the water supply circuit, [W].
Qcir is the electric power consumed by the circulators, [W].

er is the thermal loss of the conduits in the corridor, [W].
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The thermal test stability is such that the transients are negligible (drift lower than 0.1[K h'l]).
The total thermal power supplied to the system calculated from Eq. 2.14 is accurate to be used as

reference.
Still in heating mode, a check can be made by calculating, with less accuracy, qu by means of a

water energy balance:

Qu =M, Cyltne ~tue) W] (2.16)

The water mass flow rate M w IS determined by counters placed inside the circuits (see Figure 2.21).

In cooling mode, the electric resistance is not used. The cooling power is obtained by injection of cold
water into the circuit.

In cooling mode the power supplied by the system can be calculated as:

qu =M w,in 'CW'(tw,ex - tw,su,in ) - Qcir + Qcor [\N] (2-17)
Where:
M win IS the water mass flow rate injected into the circuit and measured by weight time integration,

kg s'l] (see Figure 2.21).

t is the temperature of the cold water injected into the circuit, [C].

W,Su,in

In this case, Eq. 2.16 can be also used to verify the estimation of the power supplied by the system.

For the systems tested in climatic chamber 2, supply conduits, thermal losses or gains into the ceiling
void vary between 10 % and 20 % of the radiant ceiling power. The heat flow of the radiant ceiling
upward to the ceiling void varies between 5 % and 10 % of the radiant ceiling power. This is not
negligible, however in a real building this energy is not considered as lost. Contrary it is also used for
heating or cooling of the adjacent rooms but its effect is perceived after some time delay, related to the

thermal inertia of the ceiling slab (see Figure 2.25).

About the use of radiant ceiling simulation models as commissioning tool
By Néstor Fonseca Diaz 2.27



Ch. 2 - Experimental analysis in laboratory

b. Room thermal balance

Figure 2.25 shows the control volume and the different terms used to establish the room global

balance.

Radiantfeftin

|
Il
.

0

1
1
[}
]
1
Zmi{ lead f gain) 1

O 1 ’t,-‘_“'-..
ven v e -..__q_Facade
I .I """-._'__}

Corridor  ~~=~_ _

Figure 2.25: Control volume for the room global balance

The thermal balance of the air contained in this control volume (limited by internal walls, facade and

radiant ceiling) is given by the following equation (in both heating and cooling modes):
Qheating/cooling + Qvoid + Qint,gajns + Qi,w + Qfac + Qven +U = Rglobal [VV] (218)

The thermal gains (from lighting and electric convectors) are measured by watt-meters.

The heat flow rates are evaluated by using the method already discussed in the section 2.3.1.
Test results
a. Copper radiant ceiling type 2 (T2)
The tests are performed in the small office of the climatic chamber 2. These results allow to determine
the radiant ceiling emissions in heating (H) and cooling modes (C) respectively (Figure 2.26), with and

without ventilation, with and without internal thermal loads and with different types of thermal loads

(Table 2.9).
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Table 2.9: T2: Tests description

Test T2H1 | T2H2 | T2C1 | T2C2 | T2C3
ventilation ON | OFF | ON | OFF | ON
Heating X X - - -
Cooling - - X X X
Effective aream 2 6.5 6.5 194 | 194 | 194
Without thermal load X X - - -
Convective X X
thermal loads
Convective and radiative
- - - - X
thermal loads

Cooled facade Heated facade

Corridor Corridor

Figure 2.26: T2: Active radiant ceiling panels in heating and cooling mode

The estimated values of all terms of the thermal balance are shown in Table 2.10.

From experimental results, it is observed that, in heating mode, an average of 84 % of the total room
heat losses are compensated by the radiant ceiling system.

In cooling mode an average of 74 % of room heat gains are compensated by the cooling ceiling and
14 % by the ventilation system.

Table 2.10: T2: Thermal balance results

Test T2H1 | T2H2 | T2C1 | T2C1 | T2C1
Qcooling w] | - - | 1484 | 1502 | 1368
Qheating [W] | 806 | 670 - - _
Qven [w] | 156 - 289 - 269

Qirttoads/ gains W1 | 46 | 42.4 | 1748 | 1570 | 1716

Qfac [W]| 750 | 797 | 290 | 237 216
u wy| 98| 52| 72| 63| 45
Qvoid W] | 32.5 26 54.3 | 30.5 | 50.2
Qi,w [W] | 90.4 |108.6 | -317 | -315 | -312.6
Rgloba, W] | 59 | -7.2 | -49 | 26.8 | 37.1
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The residuals of the thermal balance are shown in Figure 2.27. On average, they are in the order of +3

% of the tested radiant ceiling capacity.
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Figure 2.27: T2: Thermal balance residuals

The global heat transfer coefficient of the radiant ceiling is based on the total cooling or heating power
of the active ceiling and therefore includes the power dissipated toward the ceiling void. As well in
cooling as in heating mode its value is affected by four parameters: water mass flow rate and
temperatures, thermal load distribution into the room and ventilation system.

The test results are presented in Table 2.11.

Table 2.11: T2: Measurements and A.U calculated values

ventilation Thermal | twsu | twex | trefcenter AT'L” M., A-Uce-nlter Uce_;ter-l QCOO“”G Qhealiﬂg
Test loads [C] [C] [C] K] kgs™] WK™ [[Wm™ K] W] W]
T2H1 ON Without |35.91| 32.6 | 21.88 | 11.78 |0.06798 | 68.4 105 - 806
T2H2 OFF Without | 36.92 | 34.27 | 21.65 | 14.27 |0.06798 | 46.92 7.2 - 670
T2C1 ON Convective | 16.34 | 18.31 | 25.65 | 8.18 | 0.1998 | 181.4 9.3 1484 -
T2C2 OFF Convective | 16.32 | 18.28 | 26.21 | 8.86 | 0.1998 | 169.4 8.7 1502 -
T2C3 ON Conv+Rad | 15.47 | 17.29 | 2421 | 7.71 | 0.1998 | 177.3 9.1 1368 -

In the experimental domain considered, it is observed that in heating mode, the influence of the
ventilation system on A.U values is considerable. The ventilation plays a beneficial role in the thermal
performance of the radiant ceiling system.

The increase of the ceiling emission is due to the Coanda effect: the air supplied in the office “sticks”
to the ceiling and produces an increase of thermal exchange of about 30 % in heating mode.

In cooling mode the apparent enhancement is of the order of 6 %. However this result must be taken

with a certain caution because it falls within the measurement uncertainty.

About the use of radiant ceiling simulation models as commissioning tool
By Néstor Fonseca Diaz 2.30



Ch. 2 - Experimental analysis in laboratory

b. Copper radiant ceiling type 3 (T3)

The experimental tests are performed in the small office of the climatic chamber 2. These results allow
to determine the radiant ceiling emissions in heating and cooling modes. In heating mode, ten tests
also allow to evaluate the influences of the water log mean temperature difference, outside air

temperature difference (room-facade zone), internal temperature difference (room-upper zone) and

ventilation system, according to the tests listed in Table 2.12.

In cooling mode, eight tests are performed to analyze the influences of effective ceiling area and its
position inside the room (close to the facade (FC) or to the corridor (CR)) (Figure 2.28), the type or

internal thermal loads (convective (Conv) or radiative (Rad)) and ventilation effect, according to the

test listed in Table 2.13.

Table 2.12: T3: Test description in heating mode

Test T3H1 | T3H2 | T3H3 | T3H4 | T3H5 | T3H6 | T3H7 | T3H8 | T3HY | T3H10
ventilation ON | ON | ON | ON | OFF | OFF | ON | ON | ON ON
AT’,_n K] 228 | 242 | 226 | 237 | 25 | 246 | 235 | 241 | 16.1 | 15.1
Amm K] 19.9 | 31.1 | 306 | 22.8 | 27.8 | 124 | 9.9 | 31.4 | 305 | 31.6
At’im K] 0 05 | -12| 01| 06 | 42 | 45 | 7.3 | 89 4.4
Ceiling position FC | FC | FC | FC | FC | FC | FC | FC | FC FC
Effective area [m ]| 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7

Heated facade Heated facade Heated facade  Cooled facade
‘ S Cooling
‘ B Heating

Corridor

Corridor

Corridor

Corridor

Figure 2.28: T3: Active radiant ceiling panels in heating and cooling mode

Table 2.13: T3: Test description in cooling mode.

Test T3C1 | T3C2 | T3C3 | T3C4 | T3C5 | T3C6 | T3C7 | T3C8
ventilation ON ON ON | OFF | ON ON ON ON
Effective area[m % | 11.2 | 11.2 | 11.2 | 11.2 | 11.2 | 7.4 3.7 3.7
Ceiling position - - - - - CR FC FC
Thermal load: Conv - - - X - - - -
Thermal loads: " . " i X X % %
Conv +Rand
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The estimated values of all terms of the thermal balance are shown in Tables 2.14 and 2.15. It is
observed that, in heating mode, an average of 95 % of the room heat losses are compensated by the

radiant ceiling system.

In cooling mode, an average of 78 % of room heat gains are compensated by the cooling ceiling

system and 22 % by the ventilation system.

Table 2.14: T3: Thermal balance results for heating mode.

Test T3H1 | T3H2 | T3H3 | T3H4 | T3H5 | T3H6 | T3H7 | T3H8 | T3H9 | T3H10

Qheating [w] 911 991 946 957 702 702 1018 | 1004 624 585

Qven W] 173.9 | 145.7 | 145.7 | 152.72 - - 171.5 | 162.1 | 1245 | 145.7

Qugansl | 15 | 15 | 15 15 15 | 15 | 15 | 15 | 15 15

Qfac W] 234 365.7 | 359.8 | 338.7 | 326.9 | 143.5 | 139.9 | 369.3 | 358.7 | 371.6

U W] -8.3 5.2 -7.8 -6.5 6.4 -10.2 121 9.2 -4.1 -3.2

Qvoid W] 74 76.96 | 79.9 79.9 74 68 71 62.2 23.7 32.6

in (W] -458.2 | -461.2 | -337.3 | -418.8 | -303.5 | -511.6 | -622.4 | -475.6 | -117.6 | -53.9

Ryobas W1 | -224 | -384 | 304 | 246 | 19 | -164 | 402 | -41 | 104 | -7

Table 2.15: T3: Thermal balance results for cooling mode.

Test T3C1 | T3C2 | T3C3 | T3C4 | T3C5 | T3C6 | T3C7 | T3C8

Qcooling [wW]| 704 | 739 765 872 | 955 | 540 | 309 | 312

Qven [w] | 91.6 | 101 |117.48 - -30.5 | 148 |150.4| 148

Qitioags W1 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200

Qfac W] | 41.2 | 78.8 74 85.8 87 89.4 | 88.2 | 84.7

U w] | 52 6.7 -6.1 49 | 54 | 25 3.4 2.8

Qvoid wp| 74 7 79.9 | 79.9 74 68.1 74 62.2

in [W] | 461.7|489.4| 555 |488.9|551.8|339.3(108.5|124.8

Ryoba W] |-136 | 11.8 | 204 | 222 | -17 | 112 | 11.8 | 14.4

According to Figure 2.29, the residuals correspond to an average of +4.5 % of the tested radiant

ceiling capacity.
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Figure 2.29: T3: Thermal balance residuals

The test results are presented in Table 2.16 and 2.17.

Table 2.16: T3: Measurements and A.U calculated values: heating mode

ventilation Thermal | tusu | e | trefcenter AT,Ln MW A-UCEﬁltef Ucegle[l Qheating
Test loads | [C] | [€C] [C] K] kg s WK™ | [Wm™K™] W]
T3H1 ON Without | 49 |42.8| 23 22,9 |0,035 39.8 10.7 911
T3H2 ON Without | 49 |42.7| 215 24.2 |0,0375 40.9 11.1 991
T3H3 ON Without | 49.1 | 43 | 23.3 225 |0,0369 42 11.3 946
T3H4 ON Without | 49 |42.8| 22.1 23.6 |0,0369 40.5 10.9 957
T3H5 OFF Without | 49.1 | 44.4 | 21.7 25 |0,03555| 28.1 7.6 702
T3H6 OFF Without | 49.1 | 44.5| 22.1 24.6 |0,03639| 285 7.7 702
T3H7 ON Without | 49 | 43 | 22.4 23.6 |0,0405 43.1 11.6 1018
T3H8 ON Without | 49 |42.8| 21.7 241 |0,03861| 41.6 11.2 1004
T3H9 ON Without {39.3(35.2| 21 16.1 |0,03638| 38.7 10.4 624
T3H10 ON Without | 39.3 | 35.4| 22.2 151 |0,03583| 38.7 10.7 585
Table 2.17: Measurements and A.U calculated values: cooling mode
ventilation Thermal ifrf:adrl:]/g Lwsu | twor | € refconter AT"—” Mw A'U°92‘e' U“’Z”‘efl Qoooling
Test loads [C] |[€] [C] K] kg s™] W K™] [Wm™ K. W]
T3C1 ON Conv+Rad | 11.2 |15.1|17.7| 231 6.6 |0.06567 | 106.7 9.5 704
T3C2 ON Conv+Rad | 11.2 |15.2|17.8| 235 6.9 |0.06639| 106.9 9.5 739
T3C3 ON Conv+Rad | 11.2 |15.1|17.9| 235 6.9 |0.06664| 110.8 9.9 765
T3C4 OFF Conv 11.2 |15.0183| 252 8.4 |0.06369| 103.6 9.2 872
T3C5 ON Conv+Rad | 11.2 |15.0|185| 256 8.7 | 00644 | 110 9.8 955
T3C6 ON Conv+Rad | 7.4 |152|184| 25 8.0 |0.04053| 67 9.0 540
T3C7 ON Conv+Rad | 3.7 |15.4|18.7| 24.4 7.2 |0.02233| 4238 11.6 309
T3C8 ON Conv+Rad | 3.7 |15.4|18.7| 243 7.1 |0.02236| 43.9 11.9 312
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As with the radiant ceiling types T1 and T2, the ventilation plays a beneficial role in the thermal
performance of the radiant ceiling: the heat transfer increases are of about 32 and 5 % in heating and
cooling modes, respectively.

In general, the global heat transfer coefficient of the radiant ceiling system in heating mode is 10 %
higher than in cooling mode, when the ventilation system is active. This is due to a higher temperature
difference between the room air and the ceiling surface in heating mode.

In cooling mode there is a reduction of 8 % of the heat transfer coefficient when the active panels are
placed close to the corridor (Test T3C6 in Table 2.17), due to the “contact interruption” between the
radiant ceiling and the facade (Figure 2.28). For the same reason, if the active ceiling is placed close
to the facade there is an increase of the heat transfer coefficient of 20 % due to the higher air velocity

and the temperature gradient in this zone (Tests T3C7 and T3C8 in Table 2.17).

c. Capillary tube mats: type “G” (TG)

The tests performed in the big office of the climatic chamber 2, allow to determine the radiant ceiling
emissions in heating and cooling modes, with and without ventilation and without thermal loads except

for the lightings, (Table 2.18).

Table 2.18: TG: Test description

Test TGH1 | TGH2 | TGH3 | TGH4 | TGH5 | TGH6 | TGH7 | TGH8 | TGC1 | TGC2 | TGC3
Ventilation ON ON ON ON OFF OFF OFF OFF ON ON ON
Heating X X X X X X X X - - -
Cooling - - - - - - - - X X X
Without thermal load X X X X X X X X - - -
Thermal loads ) ) ) ) X X X
Con +Rand
Effective area [m ?] 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 194 194 194

The estimated values of all terms of the thermal balance are shown in Table 2.19.
In heating mode, an average of 95 % of the room heat losses are compensated by the radiant panels.
In cooling mode, an average of 6 7 % of the room heat gains are compensated by the cooling ceiling

system and 19 % by the ventilation system.
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Table 2.19: TG: Thermal balance results

Test TGH1 | TGH2 | TGH3 | TGH4 | TGH5 | TGH6 | TGH7 | TGH8 | TGC1 | TGC2 | TGC3
Qcooling W] - - - - - - - - | 1102 | 1404 | 758
Qheating W] | 874 | 1106 | 881 | 618 | 1058 | 846 | 861 | 567 - - -
Qven W] | 173 | 162 | 162 | 132 - - - - 304 | 281 | 278
Qimgams,loadS w]| 15 15 15 15 15 15 15 15 | 1592 | 1941 | 1045
QfaC [W] | 498.7 | 745.6 | 751.6 | 317.3 | 770.2 | 559 |573.5 |419.7| 63.4 | 3.1 | 174.1
U wj| 72 | 44 | 98 | 63 | 55 | 32 | 42 | 71 | 62 | 49 | 92
Qvoid W] | 812 | 965 | 80.3 | 55.9 | 124.3 | 112.7 | 104 | 76.4 | 93 | 7.7 | 89
QLW W] |-150.3 | -135.7 | -129.9 | -101.6 | -149.7 | -218.6 | -182.7 | -76.8 | -239.2 | -288 |-200.2
Rglobaj W] | -21.4 | -23.2 | 222 | -19.9 | 343 | 325 | 20 | 16.2 | -13.3 | -16.3 | -17.4

According to Figure 2.30, the residuals correspond to an average of +4 % of the tested radiant ceiling

capacity.

(églobal /Qcooling/heating )*100(%)

T

B Heating (TG)
A Cooling (TG)

500 600 700 800 900 1000 1100 1200

Qcooling

Figure 2.30: TG: Thermal balance residuals

The test results are presented in Table 2.20.
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Table 2.20: TG: Measurements and A.U calculated values

e |vertaion | Tl |t g B | My (At || Do | Qg | Qo
Kl |kgs™] w] W]
TGH1 ON Without |42.839.9| 21.8 19,8 0.09 44.8 6.9 - 874
TGH2 ON Without |47.1(43.3| 21.3 24,2 | 0.086 46.5 7.1 - 1106
TGH3 ON Without | 43.1| 40 21.8 19,9 | 0.085 44.7 6.9 - 881
TGH4 ON Without |35.5|33.4| 20.3 13,9 0.085 43.8 6.7 - 618
TGH5 OFF Without | 48.3| 45 21.4 25,6 | 0.0925| 41.81 6.4 - 1058
TGH6 OFF Without |44.1|41.4| 215 21,45 | 0.0925 39.9 6.1 - 846
TGH7 OFF Without |44.4|41.4| 20.8 | 22,29 |0.0836 | 38.95 6.0 - 861
TGHS8 OFF Without |37.0(35.1| 21.4 14,88 | 0.0903 | 38.57 5.9 - 567
TGC1 ON Conv+Rad | 15.2 [17.7| 25.9 | 9,472 | 0117 | 1185 6.1 1102 -
TGC2 ON Conv+Rad | 13.2 | 16.5| 26.2 11,42 | 0116 | 1254 6.5 1404 -
TGC3 ON Conv+Rad | 17.3 | 19 24.5 6,394 | 0.117 120 6.2 758 -

For capillary tube mats as for copper tubes ceiling, ventilation plays a beneficial role.

In heating mode, the air supply permits an increase of about 11 % of the thermal exchange.

If the ventilation system is active, the global heat transfer coefficient is 9 % higher in heating than in
cooling mode.

In similar test conditions, one observes a reduction of global heat transfer coefficient when passing
from the capillary mats to the copper ceiling systems (T1, T2 and T3).

The reductions are of the order of 23 % and 15 % with and without ventilation, respectively.

This is due to the increase of the thermal contact resistance for capillary tubes mats considering the

additional air layer between the tubes and the ceiling metal panel.

2.3.3 Test bench type standard DIN 4715-1

2.3.3.1 General description

This test bench is used for the experimental analysis according to the standard test conditions of the
German norm DIN 4715-1, (1993) for the radiant ceiling types (DIN U, DIN S and DIN G see Table
1.2) from test reports of HLK laboratory of Stuttgart University, (1995, 2002 and 2003), in cooling

mode. Nine tests are performed to compare the performance of the different types of cooling ceiling

configurations.
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Figure 2.31: Plant view of test chamber according to DIN 4715-1
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Figure 2.32: Lateral view of test chamber according to DIN 4715-1

The climatic chamber used in this case is strongly insulated, 2.54 m high, 3.79 m wide and 3.79 m
long. The cooling ceiling is placed at 2.25 m above the floor level, the ceiling surface is 14.36 m?
(Figure 2.31 and 2.32). The active cooling ceiling surface is 10.14 m? (70.6 % of ceiling surface).

Hydronic system is performed by panels connection following Tichelmann loop principle (Figure 2.31).
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Figure 2.34: Positions of air velocity and temperature measurements and thermal loads distribution

Figure 2.31 shows the water circuit scheme. The cooling ceiling consists of 2 modules (left and right),
each one formed by 6 radiant ceiling panels, all of them connected in parallel. The thermal occupancy
load is generated by electrically heated people simulators. In this case, the tests are performed without
ventilation and without facade effect. The resultant (globe) temperature is always taken at the center of
the chamber at 1.1 m above the floor. Air and globe temperatures are measured inside the room at the
position shown in Figure 2.33 and Figure 2.34. Figure 2.34 shows the six positions of air velocity

measurements for comfort test.
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2.3.3.2 Experimental results

The main test results for cooling ceiling mats configurations tested are presented in Table 2.21. The
cooling power is measured with £3 % accuracy. Water temperature difference and globe temperature
were measured with PT100 sensors with a deviation lower than £0.02 K and +0.04 K respectively. The
mass flow rate is measured with a magnetic inductive volumetric flow meter with uncertainty of + 0.5 %

of the measured value.

Table 2.21: Main results of cooling ceiling mats tested.

“U” mats “S” mats “G” mats
Variable On top of a steel plate. Embedded in plaster On top of gypsum plaster
board

TestN° 1 2 3 1 2 3 1 2 3
M " [kg h™] 379.3 | 379.1 | 380.6 | 393.1 | 392.11 | 391.51 | 289.54 | 290.73 | 284.53
t a res (Globe 1.1m) [T] 26.34 | 26.03 | 26.75 | 2579 | 2579 | 25.79 | 26.06 | 26.07 | 26.54
twsu [T] 19.47 | 16.01 | 13.74 | 17.02 | 14.68 | 12.07 | 1867 | 16.06 | 13.22
twex [T] 20.67 | 17.82 | 16.14 | 18.68 | 16.80 | 14.78 | 19.96 | 17.85 | 15.72
Gexp W m?] 52.2 78.8 | 1050 | 62.2 79.6 | 1019 | 427 59.3 81.4
A . Ucenter W K. 84.4 87.7 90.2 95.8 96.8 | 1088 | 64.8 66.7 68.5
U center W m?K"] 8.3 8.6 8.9 7.8 7.9 8.2 6.3 6.5 6.7
t w void average [T] 26.5 26.4 26.4 | 19.91 | 1845 | 1661 | 25.8 26.2 26.8
t ¢ room average [T] 26.7 26.6 26.6 25.7 25.6 25.6 26.1 26.5 27.1
t av w room West [T] 26.6 26.5 26.6 25.7 25.8 25.7 26.1 26.5 27.1
t av w room North [T] 26.8 26.8 26.8 25.7 25.8 25.7 25.9 26.3 26.9
t av w room South [T] 26.7 26.6 26.6 25.9 25.8 25.8 25.9 26.3 26.9
t av wroom Est [T] 26.5 26.4 26.4 25.8 25.7 25.8 25.8 26.2 26.8

According to DIN 4715-1 the tests were also performed with the half of the water mass flow rate.
It is observed that for the considered conditions, the influence of the water mass flow rate on (Jvalue

is negligible. For “S” mats configuration embedded in plaster (without upward insulation) the results
show that the system is submitted to some heat gain from the ceiling cavity (t w void average iN Table
2.21). Therefore, a thermal (and acoustical) insulation is recommended to reduce cooling of the floor
above.

If the two capillary mats configurations on top of a ceiling surface are compared, the results show that
the cooling capacity of the system is reduced by 24 % when the gypsum plaster board is used as a

radiant surface.
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Comfort conditions

Air velocity measurement results for the cooling mats configurations tested are shown in [m s™] in

Figures 2.35. The measured air velocity inside the chamber is always lower than 0.18 [m s™]. Lower

values were measured for “G” mats on top of the gypsum plasterboards with a maximal value of 0.06

[m s'l], which corresponds to the lower cooling ceiling capacities.

Lateral view: U mats. Left Module

Lateral view: U mats. Right Module
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Figure 2.35: Air velocity measurement results for “U” “S” and “G” mats.
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These values fulfill the recommended levels of thermal comfort according to ASHRAE, (2009). Since,
the tests were performed without ventilation, they are only an indicative of the buoyancy natural

convective air movement inside the chamber.

Thermography

Thermographic results for “U” mats configuration are shown in Figure 2.36. A maximal water

temperature difference of 1K between supply and exhaust condition is observed in each panel.

-

b) Half of the ceiling panels on the return side

Figure 2.36: Thermography of the ceiling panels for capillary “U” mats configuration
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2.4 CONCLUSIONS OF THE EXPERIMENTAL ANALYSIS

For the radiant ceiling system tested, the water mass flow rate has a small influence on the radiant
ceiling capacity, but the corresponding pressure drop deserves to be carefully identified.

The test results also show that the influences of heat sources distribution and surfaces temperatures
inside the room are considerable.

The resultant temperature varies significantly close to the facade, therefore the cooling or heating
ceiling capacity evaluated at the center of the room could be insufficient to assure the comfort of the
occupants.

The applicability of a certain heat sources concentration, which is closely related to the actual
conditions, must be taken into account and the radiant ceiling must therefore be evaluated together
with its designed environment and not as a separate HVAC equipment.

In the experimental domain considered, it is observed that, in heating mode, the influence of
ventilation system on A.U values is significant. An increase of the thermal exchange with the active
panels, of about 30 % in heating mode is observed. In cooling mode the enhancement is apparently in
the order of 6 %, however this result must be taken with a certain caution, because it can be due to the
measurement uncertainty.

For the test conditions presented in this study and when the ventilation system is activated, the global
heat transfer coefficient of the radiant ceiling system in heating mode is always 10 % higher than in
cooling mode.

It is also observed that, a “contact interruption” between the radiant ceiling and the facade (an inactive
ceiling zone for example) can produce a reduction of 8 % of the cooling capacity.

Due to the increase of the thermal contact resistance for capillary tubes mats (considering the air layer
between the tubes and the ceiling metal panel) for similar test conditions, the global heat transfer
coefficient on the ceiling surface is lower than the radiant ceiling systems with copper tubes (T1, T2
and T3). Therefore, for the test performed (in heating or cooling mode) and average reduction of 23 %
and 15 % is observed, with and without ventilation respectively.

From the standard tests (used to compare different systems) it is observed that the cooling capacity of
the system with capillary tubes mats on top of the gypsum plaster board is reduced by 24 % with

respect to the traditional metal plate as radiant surface.
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3. Static modeling of the radiant ceiling

systems

3.1 INTRODUCTION

A few currently available computer models of radiant ceiling systems were developed specially as
design tools for radiant cooling systems and usually as stand-alone programs to evaluate their
performance. In general, these models cannot be used to determine the global behavior of radiant
ceiling systems (cooling and heating) in any conditions other than specific design conditions and
without considering, for example, the effect of fenestration and ventilation systems or ceiling
perforation.

The model developed by Kilkis et al., (1995) proposes a design procedure for radiant cooling systems
that assumes steady-state conditions where the radiant and convective heat exchange is simplified as
in most of the cases considered in the related literature (ASHRAE System and Equipment, 2004;
Jeong and Mumma, 2004; Udagawa, 1998).

This chapter presents the results of a theoretic-experimental study performed to develop a
computational model of radiant ceiling systems. The model considers the radiant ceiling as a fin. Only
the dry regime is considered. From ceiling and room dimensions, cooling ceiling material description
and room surface temperature measurements, supply water and air mass flow rates and
temperatures, the model calculates the cooling ceiling capacity, average ceiling surface temperature,
water exhaust temperature and room resultant temperature as a comfort parameter.

Fin efficiency, mixed convection close to the cooling ceiling (generated by the ventilation system) and
panel perforations influence are studied. The theoretical approach gives to the user an appropriate
tool for preliminary calculation, design and diagnosis in commissioning processes where the main
objective is to support a Functional Performance Test of the system in order to verify the main radiant
ceiling performance of the system in cooling or heating mode. A series of experimental results

obtained on seven types of cooling ceilings are used in order to validate the model.
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3.2 COPPER TUBE RADIANT CEILING MODELING

The main geometric characteristics of this configuration are summarized in Table 1.1. An individual
element for the modeling can be chosen, as shown in Figure 3.1 for the copper tube ceiling T1 in
cooling mode.
Considering the symmetry between tubes, the applicable boundary conditions are:

* No heat flow in the fin representing the ceiling at midway between the tubes

» Ceiling fin base temperature (trc o) corresponding to the fin temperature immediately below the

tube.

On the axial orientation, a nominal tube length inside the panel of Ly, has to be chosen (Figures 3.1).
The following basic assumptions are used in the simulation model:

e Uniform air temperature and humidity inside the room

e Steady-state, one-dimension heat transfer

» Mechanical ventilation in the space above the ceiling

* Transition or turbulent flow inside the tubes (design condition).

Wt t W
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3 R .
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Figure 3.1: Individual copper tube cooling ceiling element and its equivalent thermal circuit
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3.2.1 Model description

The cooling ceiling can be characterized by its inputs, outputs and parameters: Figure 3.2 and Table

3.1.
Measurements  Inputs Quitputs

t wsumeas twse |:> E> Qsystem
t a.room.meas t a reom t
t o void meas E> t 2 void RGs aver
Eiwis.meas MRT RADIANT CEILING tuor
t e.w.i.s.meas MODEL
t win.i.s.meas Hw_m,mq.q t res room
Hw,.m,mas p Lon
P atmmeas atm

¢ Wk meas Parameters
RGavorsmRas Ceiling and room dimension

¥ res.roommeas Thermal properties of materials

Cooling ceiling contac gap resistance
Empirical ceiling convection coefficient

Figure 3.2: Definition of the model inputs outputs and parameters

The performance test for commissioning process (see Annex 1) consist of measuring the variables
defined as model inputs (including the verification measurements, see Figure 3.2) and calculates and
compares the radiant ceiling capacity, ceiling surface average temperature, water exhaust
temperature and resultant temperature. The experimental data provided by the manufacturer can also

be used in order to identify the model parameters (first parameter identification).
a. Heat flow definitions

According to Figure 3.1, in cooling mode, the total water enthalpy flow rate per unit of length

corresponds to the addition of the total thermal energy extracted by the radiant ceiling panel (Q,;c)

with the heat gain through the tube external surface from the ceiling cavity (Qt"cavity):

Q.t'otal = QRC + Q.t',cavity [\N m_l] (3-1)

with
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t

Qtotal = ——

-t

t

R, +R

W m (3.2)

Table 3.1: Model inputs, outputs and parameters description

tRe ave : Average radiant ceiling temperature, [C].
ststem : Total heat power of the radiant ceiling system, [W].
Outputs
twex . Exhaust water temperature, [C].
tesroom - Resultant temperature, [C].
tw, su : Supply water temperature, [C].
M w : Water mass flow rate, [kg s™].
Inputs tiwis : Surface temperature of room walls and window, [C].
t a, room : Room air temperature, [C].
t a, void : Void air temperature, [C].
Patm : Atmospheric pressure, [Pa].
Lp L wom : Paneland room length, [m].
W, W oom - Panel and room width, [m].
H room : Room height, [m].
N, : Number of panel’s blocks connected in parallel [-].
] - N : Number of panels connected in series [-].
Radiant ceiling i i
D; : Tube internal diameter, [m].
and Room
D, : Tube external diameter, [m].
geometry
Wy : Tube separation, [m].
Yo, : Panel porosity factor [%6].
Ore : Ceiling plate thickness, [m].
Parameters
[ : Insulation thickness, [m].
Contac gap ) ) ) )
_ 551 : Thickness gap of tube- interconnection profile, [m].
resistance
Kre : Ceiling panel thermal conductivity, W m™ K]
Thermal — T T
) Ky : Tube thermal conductivity, [W m™ K™]
properties of i __ —
] K ins : Insulation thermal conductivity, [W m™ K™]
materials _ —
Ks1 : Gap thermal conductivity, [W m™ K™]
K s - Interconnection profile thermal conductivity, [W m™ K™]
Convection h re.rooms N Recaviy - Empirical ceiling convection coefficients from

coefficients

diffuser air velocity and characteristic length (U., Lrc rc)-
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Definition of the radiant ceiling parameters such as geometry and ventilation indicated in Table 3.1
allows for the use of manufacturer technical information on radiant ceiling systems and diffusers. On
the other hand the choice of the resultant temperature as a comfort indicator enables a relatively easy

verification of this parameter in the room.

Considering constant tube surface temperature, the water average temperature is estimated from the

log mean temperature difference for each block of panels connected in series by:

- T Lt
t — tw;ave _ D; Y 2
————— = exp =
tt - tw;su MW c
N p;w
P [T] (3:3)

The total heat flow extracted by the radiant ceiling panel (Q'RC) corresponds to the sum of the heat

flows (convection + radiation) coming from the ceiling cavity (Ql‘?c,cavity) and from the room (Q','qcyroom)

according to:

QRC = QI‘?C,room + Q'I'?C,cavity [\N m-l] (3-4)

The radiant ceiling average temperature is one of the outputs of the model. It can be calculated with

reference to the fin effectiveness according to Eq. 3.5 (Figure 3.3).

Insulation

a, cavity

: h RC,cavity \
Cavity
ta,RC ’ hRC I I — I — I — O -
Room
t t RC.0 t RC,ave
a, room
h RC,room

Figure 3.3: Heat transfer definition on an individual ceiling element considered as a fin

tRC,ave :ta,RC _gﬁn'(ta,RC _tRC,O) [CC] (3-5)

The radiant ceiling heat transfer coefficient hgc as a fin can be defined as follows:
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hRC = hR(:,room + hRC,cavity [VV m-2 K-l] (3-6)

The air temperature close to the radiant ceiling surface (t, c) is defined as a weighted average of

t and t . The weighting factors are the heat transfer coefficients:

a,cavity a,room

h t +h t

ta,Rc — RC,roon;]‘ a,room RC ,cavity "*a,cavity [QC] (3'7)

RC,room + hRC,cavity

Total heat transfer capacity of a radiant surface to the room and cavity are determined by two heat

transfer mechanisms: convection and radiation:

h =h + hRC,room,rad [\N m-2 K-l] (3'8)

RC,room RC,room,conv

— -2 -1
hRC,cavity - hRC,cavity,conv + hRC,cavity,rad [\N m*K ] (3-9)

The radiant ceiling heat transfer coefficient of the ceiling to the room and cavity are defined using the
methodology described in section 1.5.3. The simplified method for radiant heat exchange can be used
to calculate the heat transfer coefficient between the radiant ceiling and the cavity. Only natural

convection is considered between the cavity surfaces and the air into the cavity.

The air velocity on the cooling ceiling surface (U_) and characteristic length in forced convection

(Lgc rc ) (distance of the jet detachment) are considered here as model parameters and defined from

diffuser manufacturer's catalogue. The characteristic length of mixed convection (Lc,RC) is a

parameter to be identified on the basis of experiments, considering that there are too many possible
configurations of ventilation systems, thermal load types and distributions and possible facade effects
to find a correlative method for the entire possible combinations of a real case in a building.

The effectiveness of this equivalent fin can be defined by the methodology discussed in section 1.5.2.
In the current technical literature, the perforations effect of the metal panels commonly used as radiant
ceiling surface is not considered (ASHRAE, 2004; Kilkis, 1995; Udagawa 1998; Miriel et al., 2002;
Jeon and Mumma, 2004). In this modeling, a simplified approach is used. It is based on the definition

of a fin porosity factor 0 (% percentage of perforated area). The following effects are considered:

environmental heat transfer area, heat conduction inside fin and surface temperature.

The fin geometry (see Figure 1.10) can be therefore redefined as:
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p=2 %% 41 (1+p) [1  (Perunitof length) (3.10)
P

A =0 (1-p) [m]  (Per unit of length) (3.11)

A =PL (1-p) [m]  (Per unit of length) (3.12)

where P is the fin perimeter, A. is the cross-sectional area of the fin and A; is the surface area of the

fin.

Finally, the heat gain from ceiling void through the insulation (Figure 3.1) can be expressed as a
function of the air void temperature (taken as an input in this model) and the void thermal resistance

(combination of conduction and convection through the insulation).

b. Thermal resistance definitions

Water to internal tube surface thermal resistance ( R\'N):

R, = [K.mw] (3.13)

The Reynolds number Re calculated from the conditions of the model experimental validation varies
between 2168 ~5743 for the copper tubes and 4108~12214 for the capillary tubes which will be
considered later. The Gnielinski equation (Eq. 1.3) can be used for forced convection inside tubes in

transition or turbulent flow (Celata et al., 2007).

Tube shell thermal resistance ( Rt'):

[K.mw™ (3.14)
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Radiant ceiling thermal contact resistance ( Rch ):

Thermal resistance between tube and ceiling plate for the radiant ceiling T1 is divided into 3 parts

(Figure 3.1): contact resistance between tube external surface and interconnection profile (R;l bond
contact gap 1), conductive resistance through the interconnection profile ( R;z) and contact resistance

between interconnection profile and ceiling plate ( R;S bond contact gap 2).

The total resistance is:

Rt‘,RC = Rsl + R;2 + R;S [K. m W_l] (3.15)
with
In D, +29,
‘ D, .
Ry = BT — [K. mw™] (3.16)
"hsl

where 551 is the bond thickness gap; this parameter is experimentally identified.

As the cross section shape and geometry of the interconnection profiles are difficult to evaluate, a

fictitious rectangular cross section is defined for the modeling, with base As, (contact surface) and

thickness O, (see Figure 3.4):

|
AL\: 652
i

AsZ

Figure 3.4: Interconnection profile modeling assumption: relation between As, and the “true” area.

Therefore:
. 0.
R, = AS—SZK K. mw7] (3.17)
2"'s2

The net effect of these simplifications on R;Z calculation is relatively small, considering the high
thermal conductivity of the interconnection profile (usually made of aluminum).

For R;3, the same methodology is used, but it is assumed that:
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— 553
AS3 'k33

where 04 =04 and A, = A,,.

[K.mw™] (3.18)

Ry

For type T2 radiant ceiling, R;l (bond contact gap 1) is replaced by the contact resistance of an air

layer considering that the tubes are secured to the interconnection profile by pressure during its
manufacturing process. Type T3 is considered in a similar way to T2; but takes into account the
thermal resistance of an additional layer of paper between the plate and the profile used as sound

insulation (Figure 1.3).

Ceiling plate thermal resistances ( R,;C):

1
hRC,cavity 'ARC,cavity

1
hRC,room 'ARC,room

Agc, cavity aNd Agrc room are the ceiling element surfaces in contact with the air ceiling cavity and room

[K.mw7] (3.19)

RRC,cavity =

[K.mw7] (3.20)

RRC,room -

respectively. A similar approach is used to define the thermal resistance of the tube surface inside the
ceiling cavity.

For radiant ceiling T1, the convective heat transfer coefficient of the copper tube radiant ceiling tested
is currently found in the range of 5.9 ~ 6.5 [W m™? K] with Ra = 3*10° (see section 1.5.3). If only
natural convection is considered and the effect of the perforations is neglected, this coefficient would
be underestimated by about 47 %.

In order to analyze the internal radiant exchanges between the room internal surfaces and the radiant
ceiling, the detailed method discussed in section 1.5.3 is used. The current order of magnitude found
for hrc roomrad USING this methodology is 5.25 [W m K'l] for the radiant ceiling T1.

The simplified method described in section 1.5.3 is used to calculate the radiative heat transfer
coefficient between the ceiling and the cavity and tube surface. A difference of 4 % is found between

the results obtained with detailed and simplified methods.
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c. Room-resultant temperature

The room-resultant temperature can be calculated according to the methodology described in section
1.5.4. The mean radiant temperature can be calculated in a simplified way from Eq. 1.26 using the
resultant and air temperatures measurements. However in this model, it is accurately estimated on the
basis of the calculated mean radiant temperature (MRT calculated at the same position of the globe
sensor position) from Eq. 1.31 and the measurements of air and surfaces room temperatures.

From the experimental results on the radiant ceiling T1, it is observed that if the mean radiant
temperature is calculated using the simplified method (tmrom EQ. 1.26), there is no significant
difference with respect to the detailed method (Eq.1.31). This result is valid only in the case of
measurements of air and resultant temperatures at the center of the chamber (average difference of
0.1 [K]) (see Table 3.2). On the other hand, if the measurements are performed close to the facade
(0.5 m) the difference can reach 1.8 [K] (see Table 3.3). The difference is due to the temperature

gradient between the facade, ceiling and other surfaces, underestimated by the globe thermometer.

Table 3.2: Simplified (tmnrr0om) @nd detailed (MRT) mean radiant temperature calculation at the center of

the room.
It;és;room;meas;i N{a;room;meas;i i MRTi ‘ - tmr;room;i
['C] [°C] [°C] [°C]
238 238 2633 2638
251 251 27 B7 27 28
245 244 268 26 B9
241 24 26,15 26,16
25 249 2709 27 08
256 255 27 98 27 ba
266 267 280 2884
25 249 26 B8 27
2501 25 26 B9 2713
25 25 26 B9 269

Table 3.3: Simplified (tmroom) @nd detailed (MRT) mean radiant temperature calculation at 0.5m from

the facade.
.t-res;room;meas;i . .ta;room;meas;i - l\"l”q-l—DSm;i . -tmr;room;DSm;i
[°C] [°C] [°C] [°C]

2477 24 26 26 35 27 98
26,1 2549 27 B9 28932
2477 2521 26 81 26 26
2528 24 86 26,18 2795
2635 2581 2712 2929
26,85 2632 280 28972
2728 2733 2803 2971
2621 26 86 26,71 2876
26 46 2578 2672 2953
26 49 2579 2672 2961

About the Use of Radiant Ceiling Simulation Modelsa s Commissioning Tool
By Néstor Fonseca Diaz 3.10



Ch. 3 - Static modeling of the radiant ceiling systems

d. Global heat transfer characteristics

The global heat transfer characteristics can be calculated according to the methodology described in
section 1.5.6. From the panel geometry and the total water enthalpy flow rate per unit of length, the

total heat flow transferred to the water is calculated as follows:

Oy = O Ly e e W] (321)
system total *—tp * W '
t

3.2.2 Validation of the copper tube radiant ceiling model

The model has four main parameters: two of them (room and ceiling dimensions and thermal
properties of materials) are set with the help of manufacturer datasheets, whereas the two others
(contact gap resistance and empirical ceiling coefficients) require some experimentation. It is
considered that there are too many possible configurations and combinations of these elements in
modern buildings what enables the complete description of the phenomenon with a correlative
method.

As an example of the validation process, the model parameters are identified by using separately the
tests carried out with the radiant ceiling type T1. The A.U experimental values (from the resultant

temperature t.s0om Measured at the center of the room) are presented in Table 3.4.

Table 3.4: Experimental and calculated values for copper tube radiant ceiling

Al AUexp,i ‘U Er'mrAU,i ‘-’ Ly e b e expi U Ermrt,w,ex,i Itcc,average,i ayoid | Yesroom | taroom Ty su _‘ MW |
[k [k [ [°C] [°C] [°C] [*C] [*C] [*C] [°C] [ko/s]
1076 107 © -0.5943 15.89 15.87 -0.02071 6.5 229 239 238 12.05 0.0556
106.9 106.4 -1.648 17 .69 17 BB -0.028493 18.22 2417 251 251 14.04 0.0633
106.3 109.5 3151 16.98 17.03 0.04758 18.03 23.97 245 24.4 14.58 0.103
105.3 107.2 1.892 1723 1726 0.02522 18.02 23.38 241 24 14.89 0.0556
105.9 106.58 0.9036 18.75 187 -0.04656 18.686 24.24 25 249 14.82 0.0519
105 105.9 -0.07153 1944 1944 0.004503 1958 25.M 256 255 16.68 0.0532
107.9 1071 -0.7334 189 18.87 0.0285 1914 2483 266 BT 14.03 0.0526
105.4 1067 0.3003 1962 19.51 -0.005421 19.13 2397 25 249 1466 0.0397
105.4 103.8 -1.641 1048 19.41 -0.07322 19.13 239 251 25 14.64 0.0405
1057 1056 -0.07346 19.4 19.4 -0.003516 19.02 2418 25 25 14.38 0.0394
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The model parameters are identified with the help of the EES software (Klein and Alvarado 2001), by
minimization of the error function 6, which depends on the relative errors of the following variables:

heat transfer coefficients and water exhaust temperatures. This function is defined as follows:

6= %ZZ jism i meas [ (3.22)

where V; is the variable “j", m is the number of variables considered for the minimization and n is the
number of tests.

After minimization of the function 6, the following parameters are identified for T1 radiant ceiling:

0s1 = 0.41 [mm] (bond thickness gap)
Lere=0.41[m] (Radiant ceiling characteristic length)
€ rc=0.90 [-] (Radiant ceiling thermal emissivity)

K re=52 [W m* K'l] (Radiant ceiling panel thermal conductivity)

The model results for these conditions are also shown in Figures 3.5 and Table 3.4.

Figure 3.5 shows the comparison between measured and simulated water exhaust temperatures.

20

19+

18r

twex [Tl

17r

16+

15 L L L L

15 16 17 18 19 20
tW;EX;EXp [C]

Figure 3.5: Simulated versus measured water exhaust temperature
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The model error is defined here with a method similar to that recommended by the ASHRAE Guideline
2, (2005) for experimental data analysis. An average error and standard deviation are defined as
follows:

£ =2 Vi - .gm)=%i U{%_Zn‘,(fi —E)ZTS (3.23)

n
i=1 i=1

where Vi neas IS the measured variable and V; 4 is the simulated one. The model errors are presented

in Table 3.5. The confidence limits are defined by the following equation:

_ . Zo
g+ (3.24)

Vn
with a coefficient Z = 1.96 for a probability of 95 %

Table 3.5: Cooper tubes radiant ceiling model errors
Variable Average error Standard deviation Minimal deviatio n Maximal deviation Confidence limits
A.U 1.08
W K—l] 0.15 15 -1.64 3.15 077
0.008

twex [K] -0.013 0.034 -0.07 0.05 0.03

A good agreement is observed between simulated and measured values.

It is also important to note that, for this type of radiant ceiling, the obtained values for the heat transfer
coefficient on the water side (forced convection in tubes with diameters 10 mm, h,, =1513 [W m* K'l])
are much bigger than on the air side (hgcroom = 11.5 [W m K'l]). This explains that the A.U values

presented in Table 3.4 do not vary very much as a function of the mass flow rate.

3.2.3 Sensitivity analysis

The objective of this analysis is to observe the influence of a possible error due to for example
information uncertainty of selected parameters on the model response (after minimization procedure
for the radiant ceiling T1). This is explained by the fact that some of them are taken from manufacturer
information or laboratory test estimation. The influence of the main parameter variation on the model is
evaluated by means of the error function 6. Three global parameters are considered:

» Thermal contact resistance: by the influence of the bond thickness gap (6s;)
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» Convective coefficient: by the influence of the characteristic length (L. rc), diffuser air velocity
(u,) and panel porosity factor (p).

* Thermal properties of materials: by the influences of panel conductivity (kgc), emissivity (€rc)

and tubes conductivity (k).

The sensitivity analysis is performed varying the identified parameters within £ 5 %. The response of
the model is evaluated through the ratio between the error function 6 and the minimum error 6., (with

the selected parameter values after minimization of the function 6) (see Figure 3.6).

1,3

= Lere .

1N =)/

g /amin [']
&

mj» E’:@%@i\&ﬁé&ﬁé

0,94 0,96 0,98 1 1,02 1,04 1,06

In
i

Parameter,.t,, / Parameter;gentifiea [-]

Figure 3.6: Sensitivity analysis results

It is observed that the model is highly sensitive to the error on the characteristic length (Lcrc) and to
the thermal properties of the radiant ceiling surface (kec, €cc). In a smaller degree, it is also sensitive to
the panel porosity factor (o) and the bond thickness gap (ds1). An error of the other parameters slightly

disturbs the response of the model.
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3.3 SYNTHETIC CAPILLARY TUBE MATS RADIANT CEILING M ODELING

The main geometric characteristics of this configuration are summarized in Table 1.1. An individual

element and its equivalent thermal circuit for each tested configuration are shown in Figures 3.7, 3.8

and 3.9.
tw
W : r .
t avoid Ry, TQt'omf
Void |-—X—-
R; ,
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t 4
AT fp—
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I QRC‘mfd
R i i
tRC | Rs1 B0ac tacavity '—Dﬂj—"t ey
tRC,U t RC ave .
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t aroom 1 it —
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R;?C,mmn o RCcavity
RCroom
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Figure 3.7: Tube mats on top of the metal ceiling panels
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Figure 3.8: Tube mats embedded into the ceiling plaster.
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Figure 3.9: Tube mats on top of the gypsum plasterboards
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3.3.1 Model description

Almost the same model as the copper radiant ceiling is used, with the following changes:

» For tube mats on the top of the metal panels (Figure 3.7), the thermal resistance between the
tubes and ceiling plate (f;::) is reduced to a fictitious thermal resistance (&;;) through a
reduced air layer of thickness &g, which is a parameter to be identified on the basis of
experimental results. In addition, considering the reduced space between the capillary tubes
and the corresponding reduced fin length L. (Figure 1.10), the model assumption made for
holes influence considers that the fin surface (A increases as a function of perimeter

increase, therefore A; must be defined as follows:

A, =P.L.  [m](Per unit of length) (3.25)

e For tube mats embedded into the ceiling plaster (Figure 3.8), two-dimensional steady-state
conduction heat transfer is considered. According to the experimental measurements and
theoretical studies on the basis of numerical and analytical solutions for transient heat
conduction, for capillary tubes embedded into the ceiling plaster, the time reaction of the
ceiling is less than 15 minutes (the ceiling construction is thinner than 15 mm), then the
thermal inertia can be neglected. (C. Rao et al., 2006; Tadeu and Simoes, 2005; J Miriel et al.,
2002; Antonopoulos A., et al., 1997). The thermal resistance between the tubes and ceiling
surface (Rysl) is defined therefore by reference to a horizontal circular cylinder of characteristic
length Ly, midway between parallel planes according to Eqg. 1.33 and methodology described
in section 1.5.5. The distance between the tube axis and the ceiling surface (b value in Figure
3.8) is a model parameter which must be experimentally identified.

e For tube mats on the top of the gypsum plasterboards (Figure 3.9), there is no air circulation

between room and ceiling cavity.

3.3.2 Validation process

The A.U experimental values can be calculated using the methodology described in section 1.5.6

according to:
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AU, = Acc arect Yexp W m? K" (3.26)

U exp = qexp /AT,Ln,exp \4 m? K-l] (3.27)

For the tested mats configurations, the radiant ceiling thermal power ..., in [W m™] is obtained from
experimental results according to DIN 4715-1 in cooling mode, with constant water mass flow rate and
3 levels of water supply temperature (laboratory reports: FTZ, 2000,2003 and HLK Stuttgart University,
1995). The experimental log mean temperature difference at the center of the chamber is also
calculated from Eqg.1.35. The results are shown in Table 3.6.

Without ventilation and without facade effect, the heat transfer coefficient hrcroomconv Varies between
3.3 and 3.8 [W m? K] for Ra =5.6*10" [-] and hrcroomrad = 5.2 W m? K™].

After error minimization, the model parameters are:

For “U” mats configuration is J&;= 0.28 [mm].
For “S” mats b=11.9 [mm].

For “G” mats J;= 0.36 [mm].

The model results for these conditions are shown in Table 3.6.

Figure 3.10 shows the comparison between measured and simulated results of the exhaust water

temperature.

Table 3.6: Experimental and calculated values for synthetic capillary tube mats.

M Al Alleyn Eraray [A1inem | &1 | twexewm | twex [ Hexp Y 20 ta room b it tresroom |tecaverage
ats (K] | [WIK] | K] [K] [K] [°C] [C] [kais] | [¥Wim2] [C] [*C] [*C] [*C] [*C]

7 B84.53 84.43 -0.1585 B.251 B.251 2067 2067 0.1054 522 19.47 270 223 2634 21.42

87.61 g7y  0.08324 9.085 9.087 17.82 17.82 0.1053 78.8 16.01 26.85 2057 26.03 1895

U 90.14 902 | 0.0B0DBS 77 1197 16.14 16.14 01057 105 13.74 2T 2004 B75 17 B4

100.4 100.5 0.35374 12.32 1231 1475 1475 01088 101.9 12.07 26.2 1B8.7 2579 15.43

96.93 96.83  -0.1009 10,01 10.01 16.8 | 16.81 0.1089 79.6 14.63 26.1 18.1 2579 17.31

S 95 47 9576 07013 781 7908 1868 | 1863 0.109 R22 17.02 261 199 2579 15.09

______ 6534 B4.85 -0.4942  B724 BT 19.96  19.97 0.08043 427 1867 2632 22.68 26.06 2113

BE.55  BE.BS 0.09806  9.036  9.056 17.85 17.85 0.08076 59.3 16.06 2634 216 26.07 19.44
G B8.1  BE.55 0.4422 1213 1213 1572 1572 0.07904 g1.4 1322 27.09 21.08 26.64 17.86
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Figure 3.10: Simulated versus measured exhaust water temperature for capillary tube mats

The model errors are presented in Table 3.7. A very good agreement is observed between simulated
and measured values. It appears that, with the capillary tube mats radiant ceiling, the heat transfer

coefficients (forced convection in tubes with diameters of 2.3 mm, h,, = 9341 [W m K'l]) are much

bigger on water side than on air side (h¢croom = 8.8 [W m* K'l]). This also makes that, (and even more

than the previous case), the water flow rate influence on A.U value is negligible. But the pressure drop

is important as well. This makes that pumping energy consumption is no longer negligible and can

significantly affect the global COP of the cooling system.

Table 3.7: Cooper tubes radiant ceiling model errors

Mats Variable Average error Standard deviation Minimal deviation ~Maximal deviat ion  Confidence limits
v AU 0.018 0.15 0.2 0.08 0.15
W K] - : : ’ -0.19
0.005
twex [K] 0.003 0.001 0.001 0.004
0.001
S AU 0.47
-0.14 0.54 -0.7 0.38
WK™ -0.75
t K] 0.007 0.002 0.009 0.005 0.005
w,ex . . ' ’ -0.009
G AU 0.015 0.47 0.5 0.44 0.51
WK™ : ' ' : -0.54
0.007
twex [K] -0.003 0.009 -0.001 0.003
-0.013
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3.4 CONCLUSIONS

The modeling and experimental validation of four different radiant ceiling systems are presented here
as a part of the study of the system in cooling mode. A good agreement is found between simulated
and measured values. The results show that the average difference between simulated and measured

A.U values and exhaust water temperatures are lower than +0.15 [W K™] and +0.01 [K] respectively.

The definition of the radiant ceiling geometry and ventilation parameters allows for the use of the
manufacturer technical information of radiant ceiling systems and diffusers in order to simplify the
commissioning process. On the other hand the choice of the resultant temperature as comfort

indicator enables a relatively easy verification of this parameter in the room.

The steady state model permits to support a Functional Performance Test of the system to verify the
main radiant ceiling performance and to compare them with data given in AS-BUILT files. The
experimental data provided by the manufacturer can be used in order to identify the model parameters

(first parameter identification).

It is also observed that if only natural convection is considered (as a current modeling practice) the
heat transfer coefficient can be underestimated by around 47 % (due to the ventilation, panel

perforation and facade effects).
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4. Dynamic thermal modeling of radiant ceiling

systems and its environment

4.1 INTRODUCTION

The analysis of the radiant ceiling system becomes even more complex considering that its behavior
must be studied by coupling it with the corresponding structure of the building (facade, walls, internal
loads and ventilation system), climate and functioning conditions (Fonseca et al., 2009 b). This is due
to the fact that the resultant temperature in a space is not only depending on the air temperature, but
also on the transient variation of the surface temperatures in the conditioned space.

The model developed by Kilkis, (1995) proposes a design procedure for radiant cooling systems that
assumes steady-state conditions where the radiant heat exchange with the facade and walls is
simplified as in most of the model developed in the related literature (ASHRAE system and equipment,
2004; Jeong and Mumma, 2004); Koschenz and Dorer, (1996) propose that the design of radiant
cooling systems should be done based on dynamic calculations. However, their design procedure
does not use a truly dynamic method. Niu and van der Kooi, (1994) suggest a similar approach. The
usual practice (Koschenz and Dorer, 1996) connects a model of cooled or heated ceiling with
TRNSYS, (2009) modules for the other room surfaces.

The specific TRNSYS module developed for radiant ceiling, considers it as an “active layer” added to
the wall, floor or ceiling definition. Two types of radiant ceilings are considered: concrete core cooling
or heating and capillary tube mats system. This model is based on the German norm DIN 4715-1,
(1993) for the chilled ceiling panels. Therefore, additional parameters to define the performance in this
type of test conditions are needed. These parameters, such as the specific nominal power, mass flow
rate, area and number of loops can be obtained from the producer of chilled ceiling panels. However,
as the aim of this kind of test (DIN 4715-1, 1993) is only to compare the performance of different types
of cooling ceiling systems, a homogeneous load distribution was considered without the influence of

the ventilation system and/or the facade asymmetry effect (HLK, 1995; Kochendorfer C., 1996).

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
By Néstor Fonseca Diaz 4.1



Ch. 4 - Dynamic modeling with Interactions with the room

The ENERGYPLUS, (2008) program that is based on the most popular features and capabilities of
BLAST and DOE-2 (and Zweifel, 1993 and Bruce et al., 1994), considers only the case of tubes
embedded in a wall, ceiling, or floor or runs current through electric resistance wires embedded in a
surface or a panel. This model considers that the building element that contains the hydronic loop is
stationary and that its temperature along the length of the tubing is constant. In other words, it is
assumed that the water tubing itself has no significant effect on the heat transfer process being
modeled. The radiant ceiling is then simplified using these assumptions and the effectiveness-NTU
method, as a heat exchanger with laminar or turbulent flow into the tubes (despite that operating
regime of the radiant ceiling is often transition flow). Consequently, none of the large building energy
programs publicly available (TRNSYS, ENERGYPLUS) has the capability to simulate buildings cooling
or heating by radiant ceiling systems with the required detailed level. In this study, a separate dynamic
model simulates the specifics of radiant cooling systems performance, but integrated with its
environment. The resultant temperature is therefore calculated as a comfort parameter for design

purposes and especially for commissioning processes.

About the Use of Radiant Ceiling Simulation Models as Commissioning Tool
By Néstor Fonseca Diaz 4.2



Ch. 4 - Dynamic modeling with Interactions with the room

4.2 DYNAMIC MODELING

The dynamic model developed in this study basically focuses on the heat exchange between a room
and the adjacent zones. The dynamic thermal balances in dry regime of the active radiant ceiling,
room and ceiling void, the external and internal walls thermal balance (including a possible inactive
ceiling zone) as well as ceiling and floor slabs are considered. The window behavior is modeled
assuming steady-state condition, considering the low thermal inertia of the fenestration system.
Therefore, the main model inputs are the air temperature of the adjacent zones (lateral rooms, corridor
ceiling and floor adjacent zones and facade outside conditions), the water temperature and mass flow
rate, the internal thermal loads or gains and the supply air temperature and mass flow rate at the
diffuser discharge. The cooling ceiling model can be characterized by the inputs, outputs and

parameters shown in Figure 4.1.

Measurements  Inputs OQutputs
IWSH meas ! W SsU d
; adi meas I, adj stsrem
T3 su vent meas 15 suvem :RC s aver
I‘aexven:meas Iaexvenr DYNAMIC RADIANT !WGX
Q:' Joadmeas Q! Aoad CEILING MCDEL !“:: 1L
W.SU,meas Mw,,m 1
gleb, meas I glob a,reom
!WGE,MMEES l‘Iﬁ‘ir,a,w i
Lo, extmeas Lo _I:r T_-.r tr__Er ik
P atm meas P atm ﬂ_
Parameters
T R¢ avers meas Ceiling and room dimension
La room meas Thermal properties of materials
T res room meas (ceiling and walls)
: W3 Mo Cooling ceiling contac gap resistance
bl )t Empirical ceiling convection coefficient
Walls thermalcapacities and
R-C parameters®, 8

Figure 4.1: Definition of the cooling ceiling model inputs, outputs and parameters

The model allows for the estimation of the water exhaust temperature, radiant ceiling average surface
temperature, resultant and dry air room temperatures, radiant ceiling power and also internal surface
temperatures of the room in order to compare with measurements taken during the commissioning

process.
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4.2.1 Radiant ceiling system model

For the dynamic radiant ceiling modeling, the treatment of convection, radiation and conduction heat
transfer is almost the same as the static modeling described in details in Chapter 3 and Fonseca et
al., (2009). Basically, to consider the transient behavior, the internal energy variation of the ceiling and

of the water is included in the energy balance. For the copper tube radiant ceiling (for example) (see
Figure 3.1), the total thermal power extracted by water (Qtotd ) in cooling mode can be calculated from

the dynamic water and ceiling thermal balances as:

U w = Qtota] - QRC - Qt,cavity [\N] (4-1)
U RC = QRC - QRC,cavity - QRC,room - Qi,load,RC [VV] (42)
and

AU, =["U,d, 9] 4.3)
AUre = [Ure d, [9] (4.4)
AU w = CW'(tw,ave - tw,ave,l) [‘]] (4-5)
AU RC = CRC '(tRC,ave - tRC,ave,l) [‘]] (4-6)
where

twaves IS the initial water average temperature, [C]

trc.ave 1 IS the initial radiant ceiling average temperature, [C]

QRC is the total thermal energy extracted by the radiant ceiling panel, [W].

Q.t’ca\,ity is the heat flow rate through the tube external surface from the ceiling cavity, [W].
QRC’cavity is the heat flow (convection + radiation) coming from the ceiling cavity, [W].

QRc,room is the heat flow (convection + radiation) coming from the room, [W].

Qi,load,r,RC is the radiative fraction of the room internal thermal load on the radiant ceiling, [W].
C, is the thermal mass of the water into the active radiant ceiling, [J K'l]

Cq. s the global radiant ceiling thermal mass (tubes, union system and metalic plates) , [J K'l]
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The water average temperature is estimated from the log mean temperature difference for each block

of panels connected in series from Eg. 3.3.
4.2.2 Thermal zone model

Two zones are considered in this global model: the room and the ceiling void. Each zone is
represented by means of a sensible convective thermal balance. The dynamic behavior of each zone
is modeled by an air thermal capacity corrected by taking into account the thermal capacity of the
furniture or ducts included in the zones.

The main sensible air room thermal balance can be expressed by:

U a = QRC,conv,i,s + Qinac,RC,conv,i,s + Qi ,w,left,conv,i,s + Qi,w,right,conv,i,s + Qi ,w,bottom,conv,i,s + Qi ,w, floor ,conv,i,s

+ ' e,w,conv,i,s + Qwin,conv,i,s + Qi Jload ,conv + Qven [\N] (4'7)
AU, = L“U' d. [9] (4.8)
AU a = Ca'(ta,room - ta,room,l) [‘]] (49)

Ca = I:f,i,c 'Cp,a'pa'vroom [‘] K-l] (4-10)

The thermal balance considers the convective heat flow rate on each surface in contact with the air

room, including the possibility of an inactive ceiling surface. The air capacity is corrected by a

hypothetical factor (F. . ), supposed to consider the capacity of all internal surfaces and equipment

f.ic
(walls and furnitures) inside the room. Lebrun et al., (2006) proposes a factor of 5.
The Q

Joad conv Value is the convective portion of the internal thermal load and Qven is the sensible

contribution of mechanical ventilation system.
The convective heat transfer coefficients on the internal side of the room walls (external, left, right and
back (close to the corridor)) are calculated using the Churchill and Chu correlations (Incropera and

DeWitt, 1996), over the entire range of Rayleigh number (Ra):
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1/6
Nu = | 0.825 + 0.387. Ra [ (4.11)

9/16 8/27
1+[0.492}
Pr

And for the external surface of the external wall for Reynolds number (Re) from 5*10° to 10° and

Prandtl number (Pr) from 0.6 to 60 by:
Nu = (0.037.Re**-871) Pr** [ (4.12)
For the floor surface the Mc Adams correlations are used (Incropera and DeWitt, 1996):

«  For an upper cooled surface: Ra from 10° to 10%°

Nu = 0.27.Ra¥* [] (4.13)

RC,room
«  Or for an upper heated surface: Ra from 10* to 10°
— 14
Nu = 0.54.Rafe oo [ (4.14)
The convective heat exchange on the radiant ceiling surface (active or inactive) are calculated
according to the methodology described in Chapters 1 and 3.
The thermal balance of air inside the ceiling void can be expressed in a similar way as:
U a,void = QRC,void,conv + Qinac,RC,void,conv + chiling,s!ab,void,conv + Qducts,void,conv + Qlight,back,void,conv [\N] (4'15)

The void thermal balance considers the convective heat flow rate on each surface in contact with the
air void, including the convective heat gain or load from lighting back and water and air conduits

(determined from ASHRAE Fundamentals, 2009). The air thermal capacity is also corrected by a

hypothetical factor (Ff’i’C = 2), taking into account the capacity of ventilation ducts and water

conduits placed inside the usually tight ceiling void (see Figure 4.2).

Ceiling slab

chiling slab, void, conv

Figure 4.2: View of the ceiling void
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4.2.3 Walls ceiling model

The heat flow passing through the room envelope is the sum of two contributions: the heat
transmission trough windows (without energy storage) and opaque massive walls (with energy
storage). A two-port R-C network model is used to simulate each surrounding wall (floor and ceiling
slabs, external wall, inactive radiant ceiling and partition walls). The parameters of this wall R-C
network are adjusted through a frequency characteristic analysis. This building zone model has been
successfully validated by means of analytical, experimental and comparative validation tests
(Bertagnolio et al., 2008).

In the present study, isothermal boundary conditions (Masy, 2008) are used for external and internal
walls. The admittance matrix method is used to calculate the whole wall transmittance and admittance
whose modulus are imposed to the 2R1C model in order to adjust its parameters.

The balances of the considered nodes are given here after. Solar gains and infrared losses are taken

into account and injected or taken out of the outdoor surface node of the external wall (Figure 4.3).

erszun - Qe,szky erwlrad‘ijs

tCJQ,W

RE.W.COHU.&S Rejw,convjijs

ta,adj,f \ Y j \ )

tCtJ'OOﬂl

Y
R wout Re,wji.n
e,w,ou CQ.TW Ca

b
Figure 4.3: Equivalent R-C Two-port network for the room external wall

The (convective) thermal balance on the external wall can be expressed as:

U = Quuew ~ Qinew Wi (4.16)
av,, =["U,,.d, ] (4.17)
AU, =Coulteow ~teows) 9] (4.18)
Cow = @ MeCpon [ KY (4.19)

The balance of the external side of the wall gives:

Qe,w,out = Qe,w,oonv,e,s + Qe,w,sun - Qe,w,sky [VV] (4-20)
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where

S _ ta,adj,f _te,w,e,s
Qe,w,out -

R W] (4.21)
_ 1 1
Re,w,conv,e,s - A\E\T [K W ] (4-22)
. te wes tc e,w
Qewou = R — R = (W] (4.23)
,W,out ,W,conv,e,s
Re,w,out = (1_ He,w ) Re,w,total [K W-l] (4-24)
_ 1 1
Re,w,total - F [KW™] (4.25)

The He’W and @, values are the accessibility and proportion parameters respectively (R-C network)

of the considered wall. They are obtained using the methodology proposed by Masy, (2008).

The balance of the internal side of the external wall gives:

Qe,w,in + Qe,w,i,load,rad + Qe,w,rad - Qe,w,conv,i,s = 0 [\N] (4'26)
with

Ao

Qe,w,i,load,rad = Qi,load,rad Dadjw (W] (4.27)
Aroom,i ,s,total

where

Badiw =1~ Bag re [-] (4.28)

The coefficient @4 rc is the radiative fraction of the internal thermal load or gain to the radiant ceiling

(from the view factors).

and

Qi joactraa = Qi joat Hicadraa * Quunin W] (4.29)
with

Bioad rad =1~ R joad conv [ (4.30)
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The coefficient @ .. cony IS the convective fraction of the internal thermal load or gain (from ASRAE

Fundamentals, 2009 information). The sun heat radiation though the window is considered here as an
internal thermal load and distributed on each internal wall surface.

Finally, the conductive heat flux through the wall can be defined as follows:

t -t

Qe,w,in = s el [\N] (4-31)
Re,w,in - Re,w,conv,i,s

where

Re,w,in = He,w'Re,w,total [K W-l] (4-32)

For the internal walls, the methodology is almost the same, obviously without the effect of the sun and

infrared radiation with the sky considered in the external wall surface.
In order to analyze the internal surface radiant exchanges (Q'W’rad) for a multi-surface case, each

surface i of the enclosure can be characterized by its uniform radiosity and irradiation according to the

methodology described in Chapter 1 and 3.

4.2.4 Solar gains and infrared losses

The equation used to compute solar gains and infrared losses through the external wall and window

are taken from Masy, (2008) and Bertagnolio et al., (2008).

The absorbed solar radiation on external wall can be calculated as:

an,e,w = ae,W'Ab,W'I sun,e,w [VV] (433)
where
| anew = larectew + 0-5: 4o -@lDEO + 0.5 4 [W m?| (4.34)

_ I:e,w,S'Fs + I:e,w,W'FW + I:e,w,E'FE + Fe,w,N 'FN + Fe,w,Shadow
I:e,w - ['] (4-35)
O,
Oow = Fows + Foww * Fome * Fown * Fowsmaton [] (4.36)
| direct.en = (I R )-Feuw W m™?] (4.37)
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The infrared losses can be calculated as:

Qir,win,sky = 0.5 win-Avin-lir n W] (4.38)
Qir,e,w,§<y = 0'5'£ir,e,w'p\9,w'| ir,h [\N] (4-39)
where

Qo is the external wall absorption factor, [-].

Isun,e,w

is the equivalent radiation reaching the external wall, [W m'z].

larectew IS the direct radiation reaching vertically the external wall, [W m'2].

Iglob

is the global radiation reaching a horizontal surface, [W m™].

Albedo is the reflective factor of the ground,

L it
Eirew

lirn

is the diffused radiation reaching a horizontal surface, [W m'z].

is the opaque frontages infrared emission factor.

is the pre-computed infrared loss of an horizontal surface (obtained thanks to linear
interpolation between 100 and 45 [W m™]. These extreme values correspond respectively to

serene and cloudy sky (Davies, 2004)).

The Fe\ factors are the fraction of the external wall surface in different orientations . F values are the

projection factors for a vertical wall in the principal orientations. Few shadow IS the fraction of shadowed

external wall surfaces. The factors 0.5 in Eq. 4.38 and 4.39 are added because a vertical wall faces

only half of the sky. The global and diffuse radiations come directly from the meteorological data.

The solar gain directly injected in the zone through windows is composed of direct, diffuse and

reflected radiation. For each orientation, the three contributions are included in the global solar

radiation as:

an,win = A\Nin

|Fwin,S'|sun,s+F I +F | +F I |
‘ W] (4.40)

where the F,;, factors are the fraction of the glazed surface in different orientations and lg,, is the

equivalent global radiation for each orientation.

The ogyin value is the sum of the F factors for the window.

O

Wi

n = I:win,S + I:win,W + I:vvin,E + I:win,N + Fwin,Ehadow ['] (4'41)

where Fyin shadow 1S the fraction of shadowed glazed surface.
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The three contributions are included in the global solar radiation for each orientation I, s etc, as:

lans = Fuins:ldreas T SF .(0.5.1 ;,,-albedo+0.5.1 ;) W m?] (4.42)

win,hemis glob

| direet.s = (I P g )-Fs W m?] (4.43)

where lgrect s IS the direct radiation reaching the vertical glazed surface South oriented. The coefficient
SFuins is the solar factor for the South oriented windows and SFyi, nemis IS the solar factor related to the
hemispherical (reflected and diffuse) radiation.

The factors 0.5 in Eq. 4.42 are added because a vertical wall faces only half of the sky. The global and
diffuse horizontal radiations come directly from meteorological data. The solar factors for direct
radiation globalizes the reflection, absorption and transmission factors of the double glazing windows
in one value and is computed as a function of the incidence angle of direct radiation and can be

calculated for the South oriented window and related to a hypothetical hemisphere (reflected and

diffuse) as:

(6,
S:win,S = S:win,O' 1-tan ? ['] (4-44)
SFinhenis = Fhemis-SFuino [-] (4.45)

where SFno is the normal solar factor of the window, p and fhemis are correlation factors, Svendsen
and Laustsen, (2002) suggest p =3 and fyemis= 0.86 for a double glazing with low emittance coating.

Finally 6 is the Incidence angle.

4.2.5 Resultant temperature

The operation conditions and performance of a radiant ceiling system during the commissioning
processes must be evaluated not only in terms of system capacity but also considering the comfort of
the occupants. As the radiant ceiling can be correctly operating according to the design conditions
(AS-BUILT files), its operation must be also related to its global behavior considering the interaction
with the fenestration and ventilation system. The resultant temperature is therefore used in the model
as comfort variable in order to evaluate the global system performance and can be calculated
according to the methodology described in section 1.5.4 and the calculated values of air and surface

temperatures.
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4.3 DYNAMIC MODEL VALIDATION

The validation process is performed using the test bench type two (see section 2.3.2) for the radiant
ceiling T3 in cooling and heating mode.

The contact thermal resistance and heat transfer coefficient of this type of radiant ceiling are obtained
in steady state conditions from experimental tests (Fonseca et al., 2009) and used in the dynamic
model as parameters. The modifications considered here are the distance and velocity of the jet
detachment defined from diffuser manufacturer's catalogue for the specific diffuser model (this
parameters as well as the R-C network parameters are used to adjust the model as shown in Figure
4.1). The model outputs (air temperatures, water exhaust temperature and internal room surface
temperatures) are compared directly with measurements performed during the regulation test
(Aparecida C. et al., 2000).

The tests used to validate the model simulate the actual conditions of a building office built to
reproduce as accurately as possible the structure and functional characteristics of a large commercial

building located in Brussels.

4.3.1 Heating mode validation

The test duration is nine and a half hours (measurements in time interval of 10 seconds). The main

objective is to simulate the heating during the first hours in the morning, after a night cooling, without

ventilation and without lighting.

24 - ,
S — 1
22
20 1 2
18 4
o 16 -
‘:14- 1 —tres center
8121 2 —taroom
£ 10
] 3—taext
f= %
£ 81
S 54
4 4 1 Y
2 1 3
0:00 1:12 2:24 3:36 448 6:00 712 824 9:36 10:48

time [hh:mm]

Figure 4.4 Air experimental conditions for heating mode validation.
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Figure 4.5 Detail on air experimental conditions for heating mode validation.

The experimental conditions of the external air (simulated in facade t,¢x) and room air temperatures
(resultant and air temperatures at the center of the office) are shown in Figure 4.4 and Figure 4.5.

In Figure 4.5 it is observed that during the test, the air temperature is systematically lower than the
resultant temperature. This is due to the radiant ceiling operation (the water temperature is around 49
[€]) and a limited convective effect in heating mo de.

The water temperature measurements are shown in Figure 4.6.
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Figure 4.6 Water experimental conditions for heating mode validation.

The initial perturbation shown in Figure 4.6 is due to the fact that water exhaust of each panel block is
mixed into the collector with the water previously stored in the system (panels and conduits) as a
consequence of the by-pass effect (see section 2.3.2.1 and Figure 2.21).

In heating mode, only six panels placed close to the facade are operating. They are connected in

three blocks, each one with two panels connected in series (see Figure 4.7). Figure 4.7 also shows the
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time function intervals when each block of panels is operating, according to the activation signal of

mass flow rate control valve (MF for cooling mode (inactive) and MC for heating mode (active) in

Figure 4.7).
3 -
Cooled Facade ;3 1
] m—MCS
[Trrrm 1o S
W ——————— Mc4
[ |11 [ MF4
1 1 118 il | —
08
FMF3-MF4--MF5| 06 I : Mc3
T 00 A T
o L
000 112 224 336 448 600 T2 824 936 1048
- time [hh:mm]
Corridor [ —mca —wrs MC4 —MF4 —MC5 —MF5 |

Figure 4.7: Panel’s block water regulation in heating mode.

It is observed in Figure 4.7 that, at the beginning of the test (around 4 h), all of the three blocks of
panels in heating mode close to the facade (MC) are active, after when the air temperature set point is
reached, only one of them continues operating (MC3 in Figure 4.7) while the other two only operate
sporadically. It is supposed that the hydraulic regulation system allows the mass flow rate to be
perfectly equilibrated in the panels, however it is important to note that the regulation is made for

nominal conditions (all the panel actives).

Results

Direct comparison between the model results and measured values of the internal wall and window
surface temperature at the internal surface and water exhaust temperatures are shown in Figures 4.8,
4.9 and 4.10 respectively.

The error indicator RMS (root-mean-square) (Masy, 2008) is used to compare the measured and

calculated values of the temperatures profiles of n measurements according to:

n

Z (tmeas - tmodel )2
RMS = |[= - K] (4.46)
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Figure 4.8: Comparison: Measured and calculated temperature of internal wall at the internal surface.

The initial perturbation in the wall surface temperature shown in Figure 4.8 (and also in other model
outputs) is probably due to that the initial test conditions are not totally stabilized and could disturb the
initial model response. An average error RMS value between simulated and measured values of
internal surface temperature (left side) of +0.23 [K] is observed, which is within the measurement

uncertainty variation.

21+
201 17twin;i;s;meas
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Figure 4.9: Comparison: Measured and calculated temperature of window internal surface.

In Figure 4.9 a RMS value of +0.3 [K] between simulated and measured values is observed. However
the model response for the window surface temperature presents an important variation with respect
to the experimental values at 3 h time of the test. Due to the regulation, two out of three blocks of
panels close to the facade are deactivated at this time and the model does not perfectly follow this
perturbation due to the model assumptions related to the system regulation and actual valve time

response.
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Figure 4.10: Comparison: Measured and calculated room air temperatures.

26}
251
24} ]
2l
22}
21}
20

tres:room:meas [oc]

\\ / 171:res;room;meas il
19} 2tresroomie
18 s 1 L " 1 . L . 1 L L 1 L

ts [h]

Figure 4.11: Comparison: Measured and calculated room resultant air temperatures.

For air and resultant room temperatures in Figure 4.10 and Figure 4.11, a RMS error between
simulated and measured values of £0.23 [K] is observed. It is also observed that the calculated value
is systematically lower than the measured value. This is due to the fact that the comparison is based
on the resultant and air temperatures (taroom and tesroom) Measured at the center of the chamber and
75 [cm] above the floor, while the model considers homogeneous air conditions. Therefore the
temperature stratification induced during the test in heating mode (see Chapter 2) is not considered

and can explain an important part of the model error.
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Figure 4.12: Comparison: Measured and calculated water exhaust temperature.

Figure 4.12 shows that the water exhaust temperature calculated by the model follows relatively well
the average measured value. However the dynamic behavior is not well represented (RMS of +2.32
[K]). It is basically due to the hydraulic circuit and the regulation system implemented (operation
conditions of the control valve) (see Figure 2.21). In this circuit the measured water exhaust
temperature corresponds to the mixing at the blocks exhaust and considers the by-pass effect. The
by-pass makes it possible to operate in cooling (all the panels active) or in heating mode (panels
active only close to the facade) in the configurations presented in Figure 4.13. However, it is important
to note that in real buildings, the hydraulic circuit is simpler than considered here (as it is shown below

for commissioning process in Chapter 5).

Heated facade Heated facade Heated facade  Cooled facade

B Cooling
B Heating

Corridor Corridor Corridor Corridor

Figure 4.13: Operating conditions of the radiant ceiling system T3.
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4.3.2 Cooling mode validation

The test duration is thirteen hours (measurements in time intervals of 10 seconds). The main objective
of the test is to simulate the cooling mode operation of the system with ventilation (air renovation 105
m°h™) and the injection of the internal thermal loads of 1196 [W] during the ceiling operation. The
experimental conditions of external air (simulated in the facade t,e«) and room air temperatures

(resultant and air temperatures at the center of the office) are shown in Figure 4.14.

temperature [°C]

1—tres center 2—ta room3—ta ext

0:00 224 4:48 712 9:36 12:00 14:24

time [hh:mm]

Figure 4.14 Air experimental conditions for cooling mode validation.

In Figure 4.14 can be observed that during the test, the air temperature is systematically higher than
the resultant temperature. This is due to the radiant ceiling operation (the water temperature is around
14 [C)).

The water temperature measurements are shown in Figure 4.15.

E " | I “lx l l|' ‘7:‘[ l “ .y' -. \ "‘i .I‘ .‘ | ,’r f‘- "!‘.‘ :
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temperature [°C]

0:00 2:24 448 9:36 12:00 14:24

712
time [hh:mm]

Figure 4.15: Water experimental conditions for cooling mode validation.
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In Figure 4.15, the water exhaust temperature significantly varies due to the mixing in the collector.

In cooling mode, all the ceiling panels are operating. They are connected in three blocks, (see Figure
4.16) each one supplied by two parallel circuits. Figure 4.16 also shows the time function intervals
when each block of panels are operating, according to the activation signal of mass flow rate control

valve.

Heated Facade

T AR
U A
MO ATKATA =

0:00 224 448 712 9:36 12:00 1424

Corridor time [hh:mm]
[ —mc3 —wrs MC4 —MF4  —MC5 —MF5_|

Signal
-

B —
1

Figure 4.16: Panel’s block water regulation in cooling mode.

It is observed in Figure 4.16 that most of the time, the blocks of panels are simultaneously operating in

cooling mode (MF actives in Figure 4.16).

Results

The direct comparison between the model results and the measured values of the internal wall at the
internal surface, window internal surface and water exhaust temperatures are shown in Figures 4.17,

4.18 and 4.19 respectively.
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Figure 4.16: Comparison: Measured and calculated temperature of internal wall at the internal surface.
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In Figure 4.16, a RMS value of 0.4 [K] is observed, which is within the measurement uncertainty
variation. The error also considers the temperature stratification induced experimentally during the test
in cooling mode (see Chapter 2). It is assumed in the model that surface wall and windows
temperatures are homogeneous, however the measured values consider the average temperature of
five zones for each surface.

281 r T r : ' : . : : r

|

1 lwin;i;s;meas

twin;i; ;meas [ocl

2_twin;i;s

8 9 10 11 12 13
Figure 4.17: Comparison: Measured and calculated temperature of window internal surface.
In Figure 4.17, the model response of the window surface temperature does not show the perturbation

observed during the heating mode validation. This is because during the considered test period in

cooling mode, all the panels were active simultaneously. A RMS value of £0.15 [K] is observed.

2751

265

26

ta:room:meas IOC]
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Figure 4.18: Comparison: Measured and calculated room air temperatures.
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Figure 4.19: Comparison: Measured and calculated room resultant air temperatures.

For air and resultant room temperatures in Figure 4.18 and 4.19, RMS values of +0.28 [K] and +0.18
[K] respectively are observed. This can be explained by the fact that the air stratification is not taken
into account by the model. Due to the lower temperature gradient between the ceiling surface and air

and resultant temperatures, the air stratification is lower in cooling mode.
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Figure 4.20: Comparison: Measured and calculated water exhaust temperature.

Figure 4.20 shows that the water exhaust temperature calculated by the model follows relatively well
the measured average temperature. However, for the same reason as presented for heating mode,

the dynamic behavior is not well represented (RMS value of £1.78 [K]).
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4.4 CONCLUSIONS

The dynamic model of the radiant ceiling systems and its environment is presented here as a part of
the system study in cooling or heating modes. A good agreement is found between simulated and
measured values. The results show that the average difference between simulated and measured air
and surfaces temperatures is lower than 0.5 [K]. However the simulated water exhaust temperature
does not follow its dynamic behavior. This is due to the model assumptions and the particularities of
hydraulic circuits implemented experimentally (more complex than the real case in a building).

The air and surfaces temperatures calculated as model outputs consider homogeneity conditions
inside the room. The air stratification experimentally induced is not considered in the model and can

partially explain the model error.

The dynamic model permits to support a global operation testing procedure of the system in the frame
of commissioning procedure aiming at the verification of the radiant ceiling behavior coupled to the
building, internal thermal loads, fenestration and ventilation systems and evaluation of the comfort
conditions of the occupants. In this modeling the resultant temperature is calculated as a comfort
indicator, as it depends strongly on the transient variation of the surface temperatures in the room. A
dynamic simulation of the whole system must be included in the Functional Performance Testing

(FPT) of this system in commissioning process (see Annex 1).
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5. Model assisted commissioning of radiant

ceiling systems

5.1 INTRODUCTION

As a part of a commissioning case study, the cooling ceiling system of a commercial building in
Brussels is experimentally evaluated by means of a functional test procedure and the detailed static
and dynamic thermal models of the system and its environment developed in this study. Due to the
extended glazing surface of the building, overheating is noticed and the cooling capacity of the radiant
system seems to be too limited in the zones exposed to solar gains. A representative office has been

instrumented and data on the cooling ceiling system operating in real conditions have been collected.

The static model presented in Chapter 3 is used to evaluate the radiant ceiling performance: cooling
power, exhaust water temperature, resultant temperature and average surface temperature. The
behavior of the radiant ceiling system and the interactions with its environment (walls, ventilated
facade, internal loads and ventilation system) were experimentally and numerically evaluated by the
dynamic thermal model of the building and its HVAC system presented in Chapter 4. Commissioning
test results show that the influence of surfaces temperatures inside the room, especially the facade, is

considerable.
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5.2 FUNCTIONAL PERFORMANCE TEST PROCEDURE (FPT)

From the precedent experimental and modeling results it was found that the radiant ceiling must be
evaluated together with its designed environment and not as a separate HVAC equipment. Despite
that the cooling or heating capacities can be within the design parameters according to the AS-BUILT
files, it does not always mean that the occupant comfort is achieved.

Ventilation and fenestrations operating conditions and thermal load concentration can disturb the
radiant ceiling operation, if they are not coupled to the radiant ceiling systems during the design and
building construction phases or later in the building life cycle.

As shown in Chapter 1, the FPT is a commissioning tool that permits to verify that the equipment,
subsystem and total system work with in harmony (including the stability and durability) in order to
achieve the main objective of the building HVAC system.

According to the experience taken from experimental and modeling results (laboratory and
commissioning), the testing procedure suggested can be subdivided into 6 steps:

1 Step: selection of a representative office.

Qualitative verification of thermal loads influence, solar radiation, equipment etc., for a representative
analysis of the system inside the building.

2" Step: visual inspection.

Verification of the active radiant ceiling surface, hydronic connections and insulation state. Considering
that the temperature gradient into the metal ceiling panels is usually lower than 1 [K], a simple IR
thermometer cannot be used in this case.

3" Step: sub system definition.

Verification of subsystems related to the radiant ceiling operation: fenestration and ventilation systems.
4" Step: test in automatic stop.

Verification of the system state in automatic stop to prevent condensation risk.

5" Step: test of conformity operation (performance test).

Verification of the radiant ceiling performance by means of the static model of the radiant ceiling. The
aim of this test procedure is to verify if the installation has been made according to the specification
described in the “design documents”. In any case, this test verifies whether the specifications of the

“design documents” are adapted to the actual needs of the building.
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6" Step: test of global operation
Verification of radiant ceiling coupled to the building by means of a dynamic model of the radiant
ceiling and its environment. The main goal of this test procedure is to verify that the global installation

(radiant ceiling, ventilation and fenestration systems) fits the comfort requirements of the occupants.

Execution phase

Physical checking : visual comparison of the radiant ceiling parameters with information given in the
AS-BUILT files (geometry, active surface, water mass flow rate etc.).

Condensation risk: a schematic diagram of the control system is shown in Figure 1.2. As long as the
sensor registers condensation, either the flow to the ceiling is cut off by closing the control valve, or
the supply temperature is raised. A steam generator can be used in order to check the control system.
Periodical inspection and calibration of dew point sensors are required.

First parameter identification : the experimental data provided by the manufacturer can be used in
order to identify the steady state model parameters (thermal contact resistance and the constant
convective thermal coefficient).

Performance testing : the test includes the measuring of the variables defined as model inputs and
calculation of the radiant ceiling capacity, ceiling and room surface average temperatures and water
exhaust temperature by means of a static model of the radiant ceiling. The following experimental

measurements must be taken:

One-time measurements:

L p, Lroom : panel and room length, [m].

W, Wigom : panel and room width, [m].

Hroom, Hvoid : room and void height, [m].

M W M w : control and supply water mass flow rates (see Annex 1), [kg s'l].

Continuous measurements:
twe twsu» twex : control, supply and exhaust water temperatures (see annex 1), [T].

tiwis tewis twinis: Surface temperatures (walls, glazing, frame, inactive ceiling), [C].
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AT’W . difference between water supply and exhaust temperatures, [K].

tres.rooms taroom  : resultant and air temperature, [C].
ta.void : ceiling void air temperature, [C].

tc average : ceiling surface average temperature, [C].

Global operation testing : the radiant ceiling behavior must be verified by coupling it to the
corresponding structure of the building (walls, facade, internal loads and ventilation system). Therefore
a simulation of the whole system must be performed by using a dynamic model. The model inputs
must take into account the geometry and materials of the system and building, the supply and exhaust

water temperatures, air and water mass flow rates and the following additional measurement:

One-time measurement:

Apya : pressure differential for supply and return ventilation systems, [Pa].

Continuous measurements:

tiwis lewis twinis: Surface temperatures (walls, glazing, frame, inactive ceiling), [C].

tasu taex : ventilation supply and exhaust air temperature, [C].
taadp taext . adjacent room and external air temperatures, [C].
Qi,load - internal thermal loads, [W].

lgiobs ldire.w : solar radiation, [W m'z].

Comfort test: air velocity, flow pattern from ventilation outlets and temperature pattern for the
occupancy zone must be measured (the measurements must be vertically placed at 10 [cm] and 110
[cm] above the floor at the occupancy zones). A detailed FPT for radiant ceiling system is presented in

Annex 1.
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5.3 BUILDING AND RADIANT CEILING DESCRIPTION

The selected building for this study has a total of 38 floors with a floor area of 87200 [mz]. The facade
is composed of 6000 windows. The radiant ceiling consists of capillary tube mats on top of the
perforated metallic panels with upward insulation. The internal walls are made of security glazing and
isolated metallic panels. The floor and ceiling slabs are made of 130 [mm] concrete layer. The floor is
composed of a carped placed on metal deck above an air space of 10 [cm]. Some details of facade,

windows and internal walls are presented in Figure 5.1.

Figure 5.1: Building and radiant ceiling details.

The glazing is composed of an external double glazed unit and an internal single panel of clear glass.
The cavity between the two skins is ventilated with return room air, which is extracted from the room at
the base of the glazing and rejected to the ventilation system from the top. The principle is to position
the shading devices between two layers of glazing, capturing the solar energy within the cavity. The
energy can be expelled in periods with high gains and cooling demands or recovered in periods with

heating demands (see Figure 5.2).
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Figure 5.2: Fenestration system description.

The hydraulic circuit of the system is shown in Figure 5.3. Only 77 % of the ceiling surface is active.
The capillary tube mats have a “U* configuration with glass-wood thermal and sound insulation above

the mats.

Facade
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] . o
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twex _3p_108: water exhaust temperature of 3 panels ’
n - - w . .
twex 6p_110: water exhaust temperature of 6 panels EZ colinceilingpanels
-, B Airdischarge box
twex op_102: water exhaust temperature of 9 panels [ Lighting28W
L]
My masse flow rate of 6 panels

Figure 5.3: Commissioning study case: Hydraulic circuit

The radiant ceiling system operates only in cooling mode. During the winter time the heating is
provided by the ventilation system. The air humidity control is performed directly at the Air-Handling
Unit.

At the first visual inspection of the system, it was observed that the cooling ceiling panels close to the

facade are inactive and 4 out of the 9 active panels were installed erroneously with shorter capillary
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mats, which implies a reduction of the active cooling surface. Geometric and hydronic parameters for 9

active capillary tube mats (after correction of mats dimension) are presented in Table 5.1.

Table 5.1: Cooling ceiling configuration selected for commissioning processes

Characteristic

6 panels back

3 panels front

Radiant surface

Steel plate thickness: 0.8 [mm]

Steel plate thickness : 0.8 [mm]

Panel length (Ly): 1.25 [m]. 1.25 [m].
Panel width (w): 1.18 [m]. 1.32 [m].
Tube separation (w;) : 10 [mm]. 10 [mm].
Panel surface: 1.48 [m?] 1.65 [m?]
Perforated area (p) : 16 % 16 %

Ns: 3 3

Np: 2 1

Upward insulation:

20 [mm] mineral wool.

20 [mm] mineral wool.

Capillary tube union

directly placed on top of the
metal ceiling panels

directly placed on top of the
metal ceiling panels

De

3.4 [mm].

3.4 [mm].

2.3 [mm].

2.3 [mm].
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5.4 COMMISSIONING RESULTS: RADIANT CEILING (perform ance test)

5.4.1 Measurements

The performance test is performed during the middle season (May 13 from 11 [h] to 13 [h]). The
sensors positions are shown in Figures 5.4 and 5.3. In order to evaluate the fenestration and

ventilation systems, the surface and air temperatures in different points of the room are measured.

Fagade ventilation

tovaid iz T ex wint0z
T aint win 11z
t < calurmn 107

= frame 113

t o 5 not active

T active

Room ventilation

(| Dry air temperature

® Resultant temperature
Roorm door

1.26m

Figure 5.4: Sensors positions inside the room.

The results of measurements performed during one day (measurements in time interval of 5 minutes)
are shown: in Figure 5.5 for water temperatures, Figure 5.6 for air temperatures and Figure 5.7 for
window surface temperatures. The selected period for performance test is shown inside the vertical
parallel lines. Figure 5.5 shows that the cooling ceiling is activated from 5:30 [h] to 18 [h] in the
afternoon. It is observed also in Figure 5.6 that the air control temperature of the system (taken with
the system probe) is systematically lower than the resultant temperatures (measured at 75 [cm] above
the floor and 1.5 [m] and 0.5 [m] from the facade). This is due to the not representative position of the
control sensor inside the room (close to the room door, see Figure 5.4) that does not consider the

overheating close to the facade.
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Figure 5.5: Commissioning: water temperatures measuring results
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Figure 5.6: Commissioning: air temperatures measuring results
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Figure 5.7: Commissioning: window surface temperatures measuring results
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Table 5.2: Commissioning process: Cooling ceiling average results of measurements

Sub system variable result
twsu 14.7 [C]
t wex 16.3[T]
M w 0.189 [kg s
tres,room 120 (1.5 m) 26.3 [C]
tres,room 111 (0.5 m) 28.7 [C]
ta,room (1.5 m) 25.6 [C]

Cooling ceiling 9

panels tavoid 25.2 [[C]]
te,average 18.7 [C]
Ly 1.25[m]
W, 1.18 [m]
Lroom 5.15 [m]
Wiroom 4 [m]
Hoom 2.58 [m]

Table 5.3: Commissioning process: Facade and ventilation system average results of measurements

Sub system variable result
ts column 107 41.7 [C]
ts frame 115 46.4 [C]
ts,frame 117 32.9[C]
ts, column 114 28.2 [C]
ta intwin 118 44.8 [C]

Facade ta,int win 116 36.6 [T]
to .ot active 28.9 [C]
ts.g,black 119 35.1[C]
ts.g, white108 35.5 [C]
ta suwin 113 25.7 [C]
taexwin 103 44.9 [C]
ta suroom 105 16.8[C]
Supply air overpressure
principal duct +13 [Pa]

Ventilation system Return air depression
principal duct -64 [Pa]
Return air depression
window exhaust -4 [Pa]

Average results of measurements for May 13" from 11 [h] to 13 [h] are summarized in Table 5.2 and

5.3 (Hannay et al., 2008). The average outdoor temperature and solar incident radiation intensity
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taken on the glass facade during the time of the measurements presented in Table 5.2 and 5.3 are
21.5 [T] and 600 [Wm ] (Lebrun J. et al., 2008).

In Figure 5.7 and Table 5.3 a strong overheating of the facade is observed (window air circulation,
glazing and frame surfaces) considering that measurements were performed during middle season.
After measurements of pressure differentials at the supply and exhaust ventilation ducts and window,
it was also found that the damper initially installed in the facade ventilation system does not
correspond to the specifications of the AS-BUILT files and the regulation of pressure and mass flow
rates must be corrected. Finally the nominal water mass flow rate and pressure drop for the operation
conditions must be 0.053 [kg s'] and 0.6 [kPa] respectively (according to manufacturer
documentation). However, the measured mass flow rate is around 3.15 times higher. This does not
influence the cooling emission, nevertheless the pressure drop of the system increases to 1.65 [kPa].
The combination of these factors and the fact that the radiant ceiling surface was reduced and the
control temperature is inappropriate makes that the sophisticated BEMS and measuring systems

provided at the building cannot operate correctly.

5.4.2 Cooling ceiling performance test results

COOLING CEILING MODEL
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Figure 5.8: Block diagram of the cooling ceiling model (EES software): Commissioning results.
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If the cooling ceiling model (described and validated in Chapter 3 for “U” mats configuration on top of
perforated metallic panels with upward insulation) is used with the measurements results presented in
Table 5.2 with air and resultant temperatures measurements at 1.5 [m] from the facade, the
commissioning results can be observed in the model diagram (Figure 5.8).

Figure 5.8 shows that the resultant temperature measured at 1.5 m from the facade and 75 [cm] above
the floor is lower that the calculated value. This is due to the possible experimental underestimating of
the influence of short-wave radiation on the globe thermometer coming from the sunshine and

overheated facade (IR radiation). The comparison between calculated and measured values selected

for commissioning process is presented in Table 5.4.

Table 5.4 Results of cooling ceiling measurements and calculated values

Variable Measured value Model results
tecavarege 18.4 [C]+ 0.5 [C] 18.11 [T]
tw.ex 16.3 [C]+ 0.25 [C] 16.4 [C]
. 1266 W + 270 [W]
Qwstem (Qno min al 1221 [w]) 1348 Wl

In Table 5.4, due to the high water flow rates imposed for this kind of systems (0.183 [kg s™]), the
water temperature differences across the ceiling are small (1.2 [K]) thus a great uncertainty on direct
cooling capacity is expected as the accuracy of the thermocouples is in the range of 0.2-0.3 [K]
(Fissore and Fonseca, 2007). That makes it difficult to compare the experimental and calculated
values. However it can be observed that the cooling emission of the system fits inside the expected
range (according to the AS-BUILT files) for the case study presented here but the cooling ceiling
capacity is insufficient to fulfill the comfort conditions expected by the occupants, this is due to the
overheating of the facade and the very low thermal inertia of the building. Indeed, the comfort index
PMV value was about 1.6, resulting in a PPD of about 57 %. (PMV and PPD indices are calculated by
means of the classical Fanger's method described in ASHRAE, 2009). According to the experimental
results (commissioning and laboratory test) an important influence of the facade on the cooling ceiling
performance is observed. The possible solutions of the problem could be to consider the activation of
the cooling ceiling panels close to the facade (regarding to the thermal load concentration in this zone)
and also the use of an additional mobile shading device, transparent to visible light, but opaque to

infra-red radiation, in order to reduce the overheating of the occupancy zone.
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5.5 COMMISSIONING RESULTS: RADIANT CEILING COUPLED TO THE BUILDING (Test of

global functioning)

5.5.1 Measurements

The dynamic test was performed during summer time (July 4 during one day and measurements in
time interval of 5 minutes) in the same office described in section 5.3. The measurements results are
shown in Figure 5.9 for water temperatures and Figure 5.10 for air temperatures. In Figure 5.9, the
cooling ceiling is activated from around 5:30 [h] to 19:30 [h] in the afternoon.
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Figure 5.9: Commissioning: Water temperatures measuring results
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Figure 5.10: Commissioning: Air temperatures measuring results
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The ventilation system is used to inject warm air as thermal load during the test (see Tairsu in Figure
5.10).

In Figure 5.10 it is also observed that the air control temperature of the system is systematically lower
than the resultant temperatures (measured at 75 [cm] above the floor and 1.5 [m] and 0.5 [m] from the
facade).

For the dynamic simulation, it is assumed that all the adjacent zones are at the same air temperature.
The air ventilated cavity in the window is used here as adjacent zone of the facade in the absence of a
detailed model of the fenestration system. The supply and exhaust air temperatures of the window’s
ventilation are measured and an average is considered as the adjacent temperature in this zone. The
heat transfer coefficient in this zone is calculated using the procedure described in section 4.2, using
the measured mass flow rate and air velocity considering forced convection on an external surface of

the external wall.

5.5.2 Global functioning commissioning test results

The test consists of measuring the variables defined as model inputs (Figure 4.1) and calculating the
radiant ceiling capacity, room air and resultant temperatures, room surface average temperatures and
water exhaust temperature by means of a dynamic model of the radiant ceiling coupled to its
environment.

The contact thermal resistance and heat transfer coefficient of this type of radiant ceiling are obtained
in steady state conditions from experimental tests and model validation (Fonseca et al., 2009) and
used in the dynamic model as a parameter. The modifications considered here are the distance and
velocity of air jet detachment considering that they are defined from diffuser manufacturer’'s catalogue
for the specific diffuser model used in this case (this parameters as well as the R-C network
parameters are used to adjust the model as shown in Figure 4.1).

The comparison between the model results and the measured values of the room air temperature,
window surface and water exhaust temperature are shown in Figures 5.11, 5.12 and 5.18 respectively.
It is observed in Figures 5.11, 5.12 and 5.13 that the maximal variation between measured and
calculated values varies between 0.25 [K] and 0.5 [K], which are within the measuring uncertainty. It is

also important to remark that, the water exhaust temperature calculated by the model follows relatively
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well the dynamic behavior of the system. Here, the hydraulic circuit is much simpler than the one used
during the dynamic model validation and the selected model assumptions are close to the real

behavior of the system.
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Figure 5.11: Comparison between measured and calculated air room temperatures
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Figure 5.12: Comparison between measured and calculated window surface temperatures
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Figure 5.13: Comparison between measured and calculated water exhaust temperatures
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Figure 5.14: Comparison between measured and calculated resultant temperatures

The measured and calculated values of the resultant temperature at 75 [cm] above the floor and 1.5
[m] from the facade are shown in Figure 5.14. A maximal variation of 0.5 [K] is observed which is
within the measuring uncertainty variation (see Chapter 1). In this case the influence of short-wave
and IR radiations (sunshine and overheated facade) on the globe sensor seems to be reduced
considering the climatic conditions during the test.

The RMS errors are given in Table 1 and are of the same order of magnitude as the measuring
uncertainty (Fonseca et al., 2009a).

Table 1: RMS errors

Temperature RMS value
Air room +0.39 [K].
Water exhaust +0.43 [K].
Air resultant +0.47 [K].

5.5.3 Sensitive analysis

As a part of the commissioning process, the dynamic model of the radiant ceiling system coupled to
the room, allows for the evaluation of the possible measurements envisaged to improve indoor
comfort.

As an example, in the present case (although the dynamic test conditions do not represent a facade
overheating case), two modifications are possible to reduce the resultant temperature close to the
facade. These are an increase of the active radiant ceiling area in the facade and a reduction of
supply water temperature. If the panels close to the facade are activated (enhancement of 18 %

effective radiant ceiling area) the effect of this modification (m1) with the other conditions unchanged,
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on the resultant temperature calculated previously (condition initial (in)) can be observed in Figure

5.15. An average reduction of 0.35 [K] on the resultant temperature can be attained with ml

modification.
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Figure 5.15: Comparison between modified and initial calculated resultant temperatures

In addition to the modification m1, if the water supply temperature is reduced by 1.5 [K] (in the limit of
condensation risk) (modification m2) the result can be observed also in Figure 5.15.

As the results of the combination of m1 and m2 modifications, the resultant room temperature is
reduced by around 1 [K]. According to the actual room and radiant ceiling conditions, the only way to
reduce even more the room resultant temperature, is to perform some modifications of the facade

shading devices.
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5.6 CONCLUSIONS

It was found that when considering the reduced temperature differences (characteristic of the system),
the measuring uncertainty has a significant influence on the commissioning test results. A Functional
Performance Testing (FPT) for cooling ceiling commissioning is proposed (Annex 1).

It is important to note that in spite of the sophisticated BEMS and measurements system provided at
the buildings, an inadequate installation, verification and management of the individual and global
system performance (according to the AS-BUILT files) produce the deterioration of the components
and global system conditions which implies an increase of the energy consumption.

Commissioning test results show that the influence of heat sources distribution and surfaces
temperatures inside the room, especially the facade, are significant. Therefore the laboratory
conditions should correspond to the site conditions (relation between commissioning and laboratory
testing) and the cooling ceiling must be evaluated together with its designed environment and not as a

separate HVAC equipment.
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6. General conclusion and recommendations

This thesis has presented different experimental and modeling investigations that allow for a better
understanding of radiant ceiling systems giving better bases the for modeling and/or verification of
performance at the level of laboratory or in situ commissioning. The methodology used for laboratory
or in situ verification permits to propose a testing procedure and the radiant ceiling modeling that can

be used as a design or commissioning tool.

About the heat transfer mechanisms

The convective and radiative heat exchange on a radiant ceiling surface is a really complex process,
considering specially the combined effect of ventilation and fenestration systems. In the convective
part, a correlative method cannot describe completely the heat transfer processes, considering that in
modern buildings there are too many configurations and possible combinations of these systems. In
this study, one seeks to make an analysis of the radiant ceiling convection, considering that there are
not enough tests to identify a correlation law for all the possible combinations which may occur in a

real case.

Some empirical models have been presented to determine the convective heat transfer coefficients
and radiation heat exchange. This analysis allowed for better understanding of the complexity of the
choice among different correlations available in the literature, for radiant ceiling systems. The
modeling proposed considers mixed convection, perforation effect and a detailed radiative heat
exchange method for radiant ceiling systems (fifteen isothermal internal surfaces can be considered in
the room). The radiosity method is also used to evaluate the mean radiant temperature (twenty-four
isothermal internal surfaces can be considered in the room), considering a spherical point representing
a person sitting in a spatial position inside the room in order to calculate the resultant temperature in
any place inside the room and compare it with the measured value at the same position, for example

during the commissioning process.
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About the experimental analysis

For the tested radiant ceiling system, the water mass flow rate has a small influence on radiant ceiling
capacity, but the corresponding pressure drop deserves to be carefully checked.

The resultant room temperature varies significantly close to the facade and depends also on the
thermal load concentration. Therefore the radiant ceiling capacity evaluated at the center of the room
could be insufficient to provide comfort to the occupants. The system must be evaluated together with
its designed environment and not as separate HVAC equipment.

In the experimental domain considered and radiant ceiling types studied here, the influence of
ventilation system coupled to the radiant ceiling plays a beneficial role in the heat exchange of the
system. An increase of radiant ceiling capacity of 30 % and 6 % is observed in heating and cooling
modes respectively.

The thermal contact resistance is also a key parameter of the radiant ceiling performance. A reduction
of the radiant ceiling capacity for capillary tubes mats on the top of metallic plates is observed, related
to the copper tube types at the same test conditions (in a similar way for capillary tubes mats on the

top of the gypsum plaster board as a radiant surface).

About the static radiant ceiling modeling

With the regard to the previous studies the main difference is the detailed treatment of convection and
radiation heat exchange (considering the influence of ventilation, facade and perforation effects) which
is usually neglected or too simplified.

The static model was validated experimentally with four different radiant ceiling types. A good
agreement was found between simulated and measured values.

The model can be used for commissioning process to verify if the installation is operating according to
the specification described in the “design documents”. In any case, this model allows to verify if the

specification of the “design documents” are adapted to the actual needs of the building.
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About the dynamic modeling of the radiant ceiling and its environment.

The main differences with previous studies and the large building energy programs available publicly
are the detailed convection and radiation treatment on the radiant ceiling surface and the theoretical
approach used in order to enable the model application as a commissioning tool.

The dynamic model was validated experimentally in two cases (cooling and heating mode). Except for
water exhaust temperature which depends on the complexity of hydraulic circuit related to the
measuring position, a good agreement was found between simulated and measured values.

The definition of the radiant ceiling geometry and ventilation parameters allows for the use of the
manufacturer technical information of radiant ceiling systems and diffusers in order to simplify the
commissioning process. On the other hand the choice of the resultant temperature as a comfort

indicator allows for a relatively easy verification of this variable in the room.

About the model assisted commissioning of radiant ceiling systems

Dynamic and static models applications of a radiant ceiling system and its environment are presented
here as a part of a commissioning study. A good agreement is found between simulated and
measured values. The results show that the RMS error between simulated and measured values is
lower than +0.5 [K]. The theoretical approach gives to the user an appropriate tool for preliminary

calculation and commissioning processes.

The radiant ceiling behavior must be verified by coupling it to the corresponding structure of the
building (facade, walls, internal loads and ventilation system), climate and functioning conditions.
Therefore a simulation of the whole system must be performed by using a dynamic model and this
procedure should be included in the Functional Performance Testing (FPT) of this system for the

commissioning procedure.

Commissioning test results show that the influence of heat sources distribution and surfaces

temperatures inside the room, especially the facade, is significant.

The static and dynamic models specially allow to evaluate the radiant ceiling performance and its

global operating conditions respectively but also to perform a sensitivity analysis that could be helpful
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during commissioning process in order to estimate the possible alternatives to improve its operation

and performance.

It is also important to note that despite of the sophisticated BEMS and measuring system provided at
the buildings, in the case of radiant ceiling systems, an inadequate installation, verification and
management of the individual and global system performance (according to the AS-BUILT files)
produces the deterioration of the comfort level, components and global system conditions which

implies an increase of energy consumption.

Recommendations

The simulation reliability could be improved by:

» Creating a database of different parameters of the models for different types of radiant ceilings
available on the market (cooling and heating mode experimental validation) that could simplify
the model application (characterize the thermal contact resistance and heat transfer

coefficients in the most representative cases).

« Improving the average water temperature calculation considering a log mean temperature

difference for each individual panel.

» Providing a detailed hydraulic calculation to reduce the effect of the complexity of the hydraulic

circuit on the accuracy of water exhaust temperature calculated by the model.

» Improving the dynamic modeling by coupling it to a detailed model of the fenestration system.
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Annex 1

A.1 RADIANT CEILING FUNCTIONAL PERFORMANCE TESTING GUIDE

The functional performance testing guide (FPT) is devoted to the detection of a possible malfunction
and to its diagnosis. The test can be "active" or "passive", according to the way of analyzing the
component behavior: with or without artificial perturbation. Active tests are mostly applied in initial
commissioning, i.e. at the end of the building construction phase. Later in the Building Life Cycle, i.e.
in re-, retro- and on-going commissioning, a “passive” approach is usually preferred, in order to

preserve health and comfort conditions inside all the building occupancy zones (EIA, 2003).

The FPT is just one part of the whole Commissioning process. It has only to be started on the basis of
a strict specification, given in the design Documents; the test results and interpretation must be
incorporated into the AS-BUILT Records. Information and testing procedures are viewed from a
system perspective, rather than a component perspective. This is especially critical for functional
performance testing and for the overall success of the system. The performance of the system
depends on three areas of interaction:

* The individual components in the system

e The components with each other as a subsystem

e The subsystem with other subsystems in the building

The FPT of HVAC system means to verify that the equipment, subsystem and total system work in
harmony (including the stability and durability) to show the final function of the building air-

conditioning.
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Annex 1

A.2 FUNCTIONAL PERFORMANCE TEST PRESENTATION

Operating principles

Basic and working principle:

Presented in Chapter 1.

Expected performance:

The radiant ceiling power must be sufficient to maintain the setpoint for the room temperature
which is the comfort temperature corresponding to the activity and clothing level of the
occupants. Depending on the type of ceiling/assembly configuration, cooling or heating
capacities from 75 to 110 W/m2 can be attained

The water temperature should be the minimum to avoid condensation condition (0.5 [K] above
the indoor dew point is usually implemented). The indoor dew point must be controlled by an
air conditioning system. If the windows are opening, they must be equipped with automatic
cut-off of the water pumps.

The mean temperature difference between water and air room (resultant) temperatures should
vary between 6-12 [K], with absolute values of 13 -18 [C] and 37- 49 [C] for water and 24-26

[C] and 21-23[C] for air in cooling and heating m ode respectively. The lower limit
corresponds to a minimal cooling or heating power available while the upper limit corresponds
to maximal acceptable room air velocity and temperature and the surface temperature to avoid
condensation risk or asymmetric radiation.

The water flow rate should be the lowest value still sufficient to maintain a turbulent flow on
the water side and a reasonable water temperature drop across the ceiling (2- 3 [K]).

The water circuit should be designed to favor parallel flow and minimize pressure drops. A
special attention has to be paid to the installation phase of pipes connections and bends in
order to allow for an equal flow rate in parallel circuits and avoid exaggerated local pressure
drops.

The slot diffuser should be located between the ceiling panels and above the occupancy zone.

The air flow should be blown horizontally along the ceiling surface in order to increase the
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heat transfer coefficient and to avoid jet fall in occupancy zone due to “Coanda effect” (Behhe
M. 1999).

The contact quality (bonds between water pipes and ceiling panels) is crucial for radiant
ceiling effectiveness. It is proved that identical ceiling modules (as designed) can provide
completely different results only due to a bad contact quality.

The thermal and sound insulation of the room ceiling void is recommended (in some cases
required) and direct contact between ceiling elements and room surfaces is prohibited (cold
bridges) (Ternoveanu et al., 1999).

The free air circulation between rooms ceiling voids is allowed only if both rooms are equipped
with the same radiant ceiling system and have identical destination (for example as offices).
The ventilation system should ensure an over pressure for the rooms equipped with radiant
ceilings in order to guarantee the air tightness (parasitic air flow from adjacent enclosures may
disturb indoor convective flow).

The air velocity pattern at the occupancy zone must fulfill the comfort requirements. This
means a maximal accepted average velocity in the range of 0.15-0.2 [m s'l] with peak values
limited at 0.25-0.3 [m s'l] and a maximal allowed vertical temperature gradient of 2-3 [K] on

the total height of the room.

Calculation methods and simulation models (used in the design and commissioning):

The thermal model presented here after (Chapter 3) allows to calculate the radiant ceiling capacity,

ceiling surface average temperature, air room resultant temperature and water exhaust temperature.

Also a general and limited evaluation of radiant ceiling performance can be achieved by the empirical

equation giving the relationship between cooling or heating power and temperature difference:

d =CAT" W m?] (A.1)

where

AT = tres room _t w average

C and n for a particular system may be either experimentally determined or calculated from design

material given in the literature (ASHRAE, 2004). In either case, sufficient data or calculation points
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must be gathered to cover the entire operational design range. It is important to note that the base of

this information is usually the standard test (without ventilation or facade asymmetry effects).

Interaction with other (sub) systems:

The radiant ceiling systems must be evaluated in parallel with the ventilation and fenestration systems

and the building structure by a dynamic model of the whole system.

Manufacturers Data

Radiant ceiling manufacturers publish technical sheets and performance data sheets, including
showed curves of the radiant ceiling (relationships among the different variables of the systems:
cooling or heating capacity, pressure drop, surface temperature) and also maintenance information.
These sheets are also supposed to be available in the As-Built Records. A typical example of data
sheet is presented in Figure FA.1.1t is important to note that the base of this information is usually the

standard test (without ventilation or facade asymmetry effects)

140 —+—Metalcassette Ceiling with glued-in acousticfabric
lining and K.U10-mat
—®—Fermacellboard with glued-on K.GG10-mat
120 /T
s . —a—Plasterboard with glued-on K.GG10-mat

T 100 ‘/+
= " Prefabricated ceiling panel B.GK12

’t
TR
2 80 = ] ‘
9 I
2 c?‘ :)(/
U 60 p u e
2 .%u%)(/
3 ey .
3 40 + = Example: Metalcassette Ceiling

,'.%( with glued-in acoustic fabric lining and
20 b, K.U10-mat, covered with a 20mm thick
acousfic insert out of mineral woal.
0 Temperature dirfference (roomtemp. -

average watertemp.) DT=9,5; ->

4 5 6 7 8 9 10 11 12 13 14 Coolingcapacity =78 W/m?

Temperature difference DT = TR-Twm [K]

T — =
26m _24m 22m _20m 1.8m

1400

1200 < — = 14m

1000

800

Pressure loss (Pa)

10 15 20 25 30 35 40
Mass flow (kg/mzh)

Example: Mass flow water = 23 kg/mzh; length of mat = 1,6 m; results to a pressure loss of = 950 Pa

Figure FALl: Example of manufacturer data sheets
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Problems to be considered

» The condensation risk: this is occurring on ceiling surface in cooling mode in case of windows
opening or accidental reduction of water supply temperature. The indoor dew point
temperature must be permanently controlled during the functioning of cooling ceilings.
Therefore the ventilation system must be started before the cooling ceiling is set on (the delay
can be calculated as a function of system parameters) so the temperature constraint is given
by the indoor dew point corresponding to ventilation steady-state regime.

» Pressure drop: the choice of the water flow rate is practically defined by the turbulent flow
condition and geometry of the radiant elements. In order to minimize the pumping energy
consumption, the water velocity inside the pipes should correspond to the Reynolds value for

turbulent regime (Re.>10000).

* Noise problems: the noise level provided by radiant ceilings is practically negligible in
comparison with other sources as ventilation outlets and computers. The values of the water
velocity imposed by the pressure drop limitation cannot generate noise due to the flow.
However in office buildings, where the same radiant ceiling system is supplies two or more
rooms in parallel, one should check the noise propagation between rooms.

« Contact thermal resistance: the contact conductance is practically depending on the quality of
bonds between water pipes and the radiant ceiling surface. A poor quality of contact (due to
manufacturing or installation) is directly influencing the heat transfer and the system
performance.

* Ventilation system: the ventilation contribution is usually limited to cover only hygienic
requirements, which corresponds to small flow rates. However in some cases the ventilation is
also used to provide or remove some part of the thermal loads or heat gains especially in
buildings with a big fenestration surface. Therefore, its influence can be significant and the
regulation of pressure and mass flow rates needs to be carefully checked.

» Surfaces temperatures: the radiant temperature asymmetry between radiant ceiling system
and room surfaces (especially with facade) must remain between the allowed values for

thermal comfort requirements.
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« Insulation level of the void (towards upper floor): the fraction of the total cooling or heating
power lost through the ceiling towards roof or rooms located on the next floor can be
considered as useful if the upper floor is occupied but the cooling or heating energy is not
available instantaneously. However it can be accumulated and released progressively from

the ceiling thermal storage.

A.3 TEST SPECIFICATIONS

Objectives and sequence of the test

The aim of this test is to verify if the installation is in accordance to the specifications described in the
“design documents”. In any case, this test verifies if the specifications of the “design documents” are
adapted to the actual needs of the building. The testing procedure is subdivided into 6 steps, each one
aiming at checking some specific performance:

1* Step: selection of a representative office.

Qualitative verification of thermal loads influence, solar radiation, equipment etc., for a representative
analysis of the system inside the building.

2" Step: visual inspection.

Verification of the active radiant ceiling surface, hydronic connections and insulation state. Considering
that the temperature gradient inside the metal ceiling panels is usually lower than 1 [K], a simple IR
thermometer cannot be used in this case.

3" Step: sub system definition.

Verification of subsystems related to the radiant ceiling operation: fenestration and ventilation systems.
4" Step: test in automatic stop.

Verification of the system state in automatic stop to prevent condensation risk.

5" Step: test of conformity operation (performance test).

Verification of the radiant ceiling performance by means of the static model of the radiant ceiling. The
aim of this test procedure is to verify if the installation has been made according to the specification
described in the “design documents”. In any case, this test verifies whether the specifications of the

“design documents” are adapted to the actual needs of the building.
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6" Step: test of global operation
Verification of radiant ceiling coupled to the building by means of the dynamic model of the radiant
ceiling and its environment. The main goal of this test procedure is to verify that the global installation

(radiant ceiling, ventilation and fenestration systems) fits the comfort requirements of the occupants.

Required material

» Temperature sensor (air, resultant and surface temperature measurements)
*  Water flow counter.

e Portable humidity sensor.

» Portable air velocity sensor.

» Portable steam generator.

» Portable data acquisition system.

* Portable differential manometer.

* Thermal imaging system.

Time required for the test execution

It depends on the accuracy and also on the characteristics of the components involved in the test and
on the control possibilities. If the building BEMS can be used, the system might be monitored and
studied in real time (using the remote access by internet) reducing significantly the required time for
the test. The control system can serve as a commissioning tool by making use of its ability to

manipulate energy systems through interfaces such as actuators and switches.

Pre-requirements

In order to make this test, it is necessary that:
» The design documents are available
» The availability of measuring points in order to place the sensor.

» Calibrated sensors must be used.
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Preparation phase

1. Technical information from manufactures should be available. Before applying the method
described hereafter, a certain number of preliminary studies from documentation must be made:
* Geometric and characteristic data of the radiant ceiling system.

« Evaluation of expected performance.

2. Measuring instruments have to be installed. As already shown, the position and the way in which
measurements are taken and their individual accuracies play a significant role in radiant ceiling

commissioning (see Chapter 5).

The accuracy of the enthalpy flow rate definition (used for experimental verification of radiant ceiling
performance) can be increased by measuring directly the water temperature difference and by using,
during the functional test, a water loop as shown in Figure FA.2. This method allows to increase the
accuracy on enthalpy flow rate as the total flow rate across the ceiling is maintained constant. The
water supply temperature is adjusted using the by-pass valve. Consequently the radiant capacity can
be defined from a heat balance on the whole loop (water pump included) by using this time higher

temperature differences (2 to 3 times) as the water flow rate is lower.

Qwan =M w_ccpw(twex _twc) - Qp W] (A.2)

where

Qp Electrical power dissipated by the water pump. [W]

The value of the water supply temperature in the ceiling can be recalculated by taking as reference
Eg. A.3.

t'w s :(1—M—W°th_ex + Mm t, +— Qe [C] (A3)
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Symbols
- SUpply circuit

= == Exhaustcircuit

Z Valves

Colin ceiling

@ Pump

@ Water flowmeter

Figure FA.2: Water loop for radiant ceiling power measuring.

Execution phase

Physical checking: visual comparison of the radiant ceiling parameters with the information
given in the as-build files (geometry, active surface, water mass flow rate etc.)

Condensation risk: a schematic diagram of the control system is shown in Figure FA.3. As
long as the sensor is registering condensation, either the flow to the ceiling is cut off by closing
the control valve, or the supply temperature is raised. A steam generator can be used in order

to check the control system. Periodical inspection and calibration of dew point sensors are

Controller [C |= === = = = = :
Controlled

Dew point n Valve
Sensor

required.

Water supply

Figure FA.3: Simplified scheme of ceilings control system.

First parameter identification: the experimental data provided by the manufacturer can be
used in order to identify the model parameters (thermal contact resistance and the constant
convective thermal coefficient).

Performance testing: the test consists of measuring the variables defined as model inputs and

calculates the radiant ceiling capacity, ceiling and room surface average temperatures and
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water exhaust temperature by means of a static model of the radiant ceiling. The following

experimental measurements must be taken:

L p, Lroom : panel and room length, [m]
W, Wioom : panel and room width, [m]
H room, Hvoid : room and void height, [m]

twe tw,sus tw ex: control, supply and exhaust water temperatures (see annex 1), [C].

tiwis tewis twinis: Surface temperatures (walls, glazing, frame, inactive ceiling) [TC].
Atw : difference between water supply and exhaust temperatures, [K].

Myc My : control and supply water mass flow rates (see annex 1), [kg s™].
t res, room: L a, room : Fesultant and air temperature, [C].
t &, void : ceiling void air temperature, [C].

t ¢ average : ceiling surface average temperature [C].

e Global function testing: The radiant ceiling behavior must be verified by coupling it to the
corresponding structure of building (walls, facade, internal loads and ventilation system).
Therefore a simulation of the whole system must be performed by using a dynamic model.
The model inputs must consider the geometry and materials of the system and building, the
supply and exhaust water temperatures, mass flow rate and the following additional

measurements:

Ap,a : Pressure differential for supply and return ventilation systems, [Pa].

tiwis tewis twinis: Surface temperatures (walls, glazing, frame, inactive ceiling) [C].

tasw taex : Ventilation supply and exhaust air temperature, [C].
t aadp taex : Adjacent room and external air temperatures, [C].
inload . Internal thermal loads, [W].

lgiobs lairew : Solar radiation, [W/m?].

e Comfort test: air velocity and pattern from ventilation outlets and representative air velocity
and temperature pattern for the occupancy zone must be measured (the measurements must

be vertically placed at 10 cm and 110 cm above the floor at the occupancy zones).
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