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Abstract
The design of indoor climate systems in modern ofﬁ ce buildings should enable comfortable and
productive indoor environment for occupants. The objective of the thesis has been to investigate
the performance of convective, radiant and combined indoor climate systems with regard to
thermal environment. Studied systems included chilled beam and chilled ceiling with mixing
ventilation, chilled beam integrated with radiant panel and also research of a novel experimental
radiant cooling unit. Thermal environment was assessed by measurements using advanced
instruments including thermal manikins in simulated ofﬁ ce spaces with different heat load levels
and room layouts. One signiﬁ cant ﬁ nding in this research was the small difference in thermal
environment between different cooling systems. Other signiﬁ cant ﬁ nding was the performance of
chilled ceiling with mixing ventilation providing the most uniform thermal environment regardless
of the workstation layout as part of comprehensive analysis of the characteristics of different
cooling systems generating thermal environment.
The effects of air distribution and heat load arrangement on the cooling performance of the ceiling
radiant panels were studied in the other part of the thesis. The increase of the cooling power with
different supply air distribution and heat load types were revealed.
The thermal environment and the performance of chilled beam integrated with radiant panel in
heating mode was studied with both experimental and CFD simulation methods. Thermal comfort
conditions in all studied cases were good, still minimum internal window surface temperature in
design conditions was found for the most advantageous conditions. That can be easily achieved
with modern window construction.
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Tiivistelmä
Uudenaikaisten toimistorakennusten sisäilmastojärjestelmien tulisi mahdollistaa viihtyisä ja
tuottava sisäympäristö tilan käyttäjille. Tässä väitöskirjassa on tutkittu konvektioon, säteilyyn ja
niiden yhdistelmään perustuvien sisäilmastojärjestelmien toimintaa liittyen tilojen
lämpöolosuhteisiin. Tutkittuja järjestelmiä ovat olleet ilmastointipalkki- ja jäähdytyskatto
sekoitusilmanvaihdolla sekä ilmastointipalkkiin integroitu säteilypaneeli ja uusi, kokeellinen
säteilyjäähdytyslaite. Lämpöolosuhteita on tutkittu edistyksellisin mittausmenetelmin mukaan
lukien mittaukset lämpönukella simuloiduissa toimistotiloissa eri lämpökuormatasoilla ja
tilaratkaisuilla. Yksi merkittävä havainto tässä tutkimuksessa oli pienet erot lämpöolosuhteissa eri
jäähdytysjärjestelmiä käytettäessä. Toinen merkittävä havainto oli jäähdytyskaton ja
sekoitusilmanvaihdon luomat tasaisimmat lämpöolosuhteet eri toimiston työpistejärjestelyillä.
Tämä tehtiin osana kattavaa analyysiä eri jäähdytysjärjestelmien toiminnan vaikutuksesta
sisäolosuhteisiin.
Ilmanjaon ja lämpökuormajärjestelyn vaikutusta kattoon asennettavien säteilypaneelien
jäähdytystehoon tutkittiin väitöskirjan toisessa osassa. Jäähdytystehon lisäys eri ilmanjakotavoilla
ja lämpökuormajärjestelyillä selvitettiin.
Lämpöolosuhteita ja ilmastointipalkkiin integroidun säteilypaneelin toimintaa lämmitystilanteissa
tutkittiin kokeellisilla ja CFD-simuloinnin menetelmillä. Lämpöolosuhteet olivat kaikissa
tutkituissa tapauksissa hyvät lämpöviihtyvyyden kannalta. Tutkimuksessa määritettiin alhaisin
ikkunan sisäpinnan lämpötila mitoitusolosuhteissa, jolla järjestelmä toimii parhaiten. Tämä
voidaan saavuttaa helposti uudenaikaisella ikkunarakenteella.
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1. Introduction

1.1

Background

The design of indoor climate systems in modern office buildings should
enable comfortable and productive indoor environment for occupants as well
as energy efficient operation. The advanced systems can provide cooling by
convection, such as active chilled beams (operating by induction, i.e. cooling
and mixing of induced room air with supplied clean air), or by combined convection and radiation, such as mixing ventilation (convection) combined with
chilled ceiling (both radiation and convection).
Present standards ISO 7730 and EN 15251 (will be revised with prEN 167981) recommend ranges and optimal values for the indoor thermal climate parameters (whole body thermal sensation and local thermal comfort, air and operative/mean radiant temperature, air velocity, etc.) for winter and summer
conditions in order to achieve thermally comfortable indoor environment for
occupants. However, in rooms with high heat loads (high cooling demand) it
becomes challenging to achieve the targeted thermal environment (especially
local thermal comfort) due to the increased convective flows as a result from
high volumes of air supplied in order to remove the heat. Therefore cooling
systems based on advanced convective, radiant or combined heat exchange are
used. Thermal environment in occupied spaces provided by such systems have
been documented by limited number of physical measurements (Koskela et al.
2011, Kosonen et al. 2011, Duszyk et al. 2011). The results show that the generated indoor conditions result in strongly non-homogeneous thermal environment.
The cooling power of ceiling installed radiant panel (CRP) is based on combined convection and radiation. It can be effected by the arrangement of heat
loads in the room and by the room air distribution. This impact can be important because often the cooling output is the critical factor for the design and
usability of radiant panels.
The demand for better energy efficiency of buildings has significantly reduced the heat losses through building facades due to better U-value of windows
and external wall structures, and better air tightness. This has opened possibility to use other heating systems than conventional water radiators below the
windows for achieving good thermal conditions. Low temperature heating and
high temperature cooling systems give possibility to utilize several heat generation methods in energy efficient manner. Radiant panel system is one
9
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possible low temperature heating system, and also chilled beam system is high
temperature cooling system. One attractive solution especially in the office
buildings is to integrate prefabricated radiant panel for heating into chilled
beams. In that concept, chilled beams provide required cooling power and
outdoor airflow rate while radiant panel covers heating demand (Thalfeldt et
al. 2013).

1.2

Thermal environment in office rooms with convective and radiant cooling systems

The main research data and design guidelines of chilled beam systems, chilled ceiling systems and mixing ventilation have been summarized in the guidebooks by Federation of European Heating, Ventilation and Air Conditioning
Associations (REHVA) (Woollett et al. 2015, Babiak et al. 2007, Müller et al.
2013). A review of the research on radiant cooling and heating systems during
the last 50 years (Rhee and Kim 2015) reported that chilled ceiling in cooling
mode has been extensively studied, but not many studies on the thermal environment achieved with chilled ceiling combined with mixing ventilation and
comparison of its performance with the performance of convective systems
alone have been reported. In the literature distributed by system manufacturers, radiant systems have been recommended for being able to provide
favorable difference in the operative temperature leading to energy efficiency,
better thermal comfort and less draught discomfort compared to convective
systems.
Review paper on thermal comfort generated by radiant and convective cooling systems (Karmann et al. 2017), referring also to Publication 1, concluded that in general radiant systems may provide equal or better comfort compared to all-air convective systems. However there was very limited number of
studies, especially field studies, reporting on occupants’ feedback. Some earlier
studies (Publication 1, Schellen et al. 2012) did not indicate clear occupants’
preference between the generated thermal environment with a chilled ceiling
combined with mixing ventilation and with only mixing ventilation. At the
same time other studies (Imanari et al. 1999, Sastry and Rumsey 2014) reported that the generated indoor climate with radiant ceiling panel systems combined with mixing ventilation was preferred. However most of these studies
analyzed the room air distribution in detail as a factor which could have had
major effect on the thermal conditions.
Earlier reported measurements of the thermal environment and air distribution generated in a simulated office environment by active chilled beams,
chilled ceiling combined with mixing air distribution and mixing air distribution alone under cooling mode of operation has been performed and compared
(Kosonen et al. 2007 and 2011, Duszyk et al. 2011, Rheea et al. 2015, Zhoril et
al. 2007, Koskela 2010 and 2011).
In practice flexibility in workstation layout is important. Full-scale test in an
open plan office showed that chilled beam system provided acceptable uniformity of the thermal environment under reduced air flow rate compared to con-
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ventional air distribution systems (Rheea et al. 2015). Due to improved interaction of room airflows (ventilation flow, buoyancy flow from heated window,
thermal plume generated by occupants, etc.) lengthwise installation of chilled
beams in the room (perpendicular to the window wall) generates better
thermal environment compared to crosswise installation, i.e. parallel to the
window wall (Zhoril et al. 2007). Increasing the heat load level from about 50
W/m2 to 80 W/m2 increased substantially the draught rate levels in the office
room. The importance of room airflow interaction on the thermal environment
was also found in another study with lengthwise installed exposed chilled
beams when operating under different heat load levels and heat load distribution (Kosonen et al. 2007). The operation of the chilled beam with regard to the
supply air distribution was disturbed by convection flows when the heat load
increased from 56 W/m2 to 111 W/m2. The room air velocity levels were acceptable with heat loads below 100 W/m2. The important effect of buoyancy flows
(warm/cold window, occupants, etc.) on the airflow pattern and velocity distribution in a room with lengthwise installed exposed chilled beams was reported in (Koskela et al. 2010 and 2011). Areas of higher draft risk were found in
the occupied zone as a result of airflow interaction.

1.3

The effects of mixing air distribution and heat load arrangement on the cooling performance of ceiling radiant panels

The research of cooling capacity of CRPs has been reported in numerous
publications. The main research question has been the radiant and convective
heat transfer mechanism from cooled CRP surface. Several full-scale tests of
cooling performance of different CRPs with cooling water circulation have
been reported (Ardehali et al. 2003, Jeong et al. 2003, 2004 and 2006, Novoselac et al. 2006, Causone et al. 2009, Diaz et al. 2009 and 2010, Fonseca et al.
2010 and 2011, Andrés-Chicote et al. 2012, Tian et al. 2012, Zhang et al. 2013,
Niu et al. 2014, Yuan et al. 2015). Most studies have been done with solid or
perforated CRP with acoustic mat, preventing air flow through CRPs. The
CRPs can be in flush installation within the false ceiling or in exposed installation. Top insulation of CRP is used to prevent the excess cooling of the space
above the suspended ceiling (Jeong et al. 2004) whereas in exposed installation top surface without insulation increases the cooling power of CRP (Jeong
et al. 2006). The flush installation was carried out also in some earlier research
with CRPs constructed with capillary tube mats and embedded into the plaster
(Diaz et al. 2009 and 2010, Fonseca et al. 2010, Yuan et al. 2015). CRPs with
openings allowing the room air to flow through and to increase their convective cooling power (can be considered as hybrid CRP – passive chilled beam
solution) have been studied as well (Tian et al. 2012, Zhang et al. 2013, Niu et
al. 2014). The cooling power of CRP can be affected by supply air distribution
over the panel surface due to the change of the mode of convection from natural to forced convection, or mixed convection (Jeong et al. 2003, Fonseca et al.
2010, Tian et al. 2012). This impact can be an important because often the
cooling output is the critical factor for the design and usability of CRPs. The
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cooling power of CRPs may also be effected by the arrangement of heat loads
in the room because the operation of the panels is based on the combination of
free convection and radiation heat transfer. Without air distribution and with
uniform heat load distribution an average portion of radiation 56% and convection 44% is reported in earlier research (Causone et al. 2009, AndrésChicote et al. 2012).
The effect of mixing air distribution on the cooling performance of CRPs was
studied earlier with top insulated metal CRPs in a test room with full radiant
ceiling (Jeong et al. 2003, 2004). Multi-nozzle supply air diffuser installed in
the wall near the ceiling was used with supply air at the same temperature as
room temperature directed along whole ceiling surface with inlet velocity of
the diffuser 2, 4 and 6 m/s. It was concluded that the cooling power of the CRP
system can be increased by approximately 12, 23 and 35%. The use of only
supply air at the same temperature as room temperature in that research does
not represent well the situation in typical modern office building with high
temperature cooling system like CRPs. In high temperature cooling systems,
supply air is almost always cooled to approximately 12 - 14 °C in the central air
handling unit and supplied into the room in 16 °C in the middle European climate. This is required for maintaining room air dew point in a low enough
temperature and air humidity level as recommended in design criteria (Woollett et al. 2015). Supply air temperature can be a bit higher with desiccant cooling system. When 16 °C air is supplied over the CRP, convective heat transfer
coefficient is enhanced due to the forced or mixed convection, but the temperature of entrained supply air on the surface of the CRP is lower reducing the
convective heat transfer. The effect of mixing air distribution was also studied
in the same research setup with CRP in exposed installation (Jeong et al.
2007). In another research, a full-scale test setup representing two office
rooms in a real office building with top-insulated CRP system in flush installation and supply air distribution from small radial diffusers was build (Diaz et
al. 2010). The effect of supply air distribution was measured in typical operating conditions in cooling conditions with 16 °C supply temperature. The effect
to the cooling performance of CRPs was 6%. The compensating heat loads
were generated with heated window surface on one wall and with heat dummies distributed near the window wall. The effect of mixing ventilation on the
heating performance of CRPs was also measured in that research. This was
reported to be much larger, about 30%, which was logical, because in heating
conditions there is nearly no natural convection from CRPs.
The effect of heat load arrangement on the cooling performance of CRPs was
studied earlier with hybrid metal CRPs allowing the room air to flow through
in an exposed installation. The compensating heat load was conducted in three
cases: in the first case through all four walls and floor of the test room, in the
second case only through one wall and in the third case generated with four
symmetrically located internal dummy heat loads (Niu et al. 2014). It was concluded that the compensating heat load conducted through all walls and floor
increased the cooling capacity of hybrid CRPs by 13%, and only through one
wall increased by 10% when comparing with the case with internal dummy
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heat loads. Different proportion of the radiant heat transfer of heat sources
effected the proportion of radiant heat transfer of CRPs. According to that,
with internal heat sources (heated cylinders similar as those used in the present study) radiant proportion was 0.615 and with external heat sources uniformly on all wall and floor surfaces 0.66 with a difference of 10 ͼC between
room and mean water temperatures.

1.4

Radiant panel integrated with exposed chilled beam in heating mode - Thermal conditions in office room and energy efficiency aspects

Radiant ceiling panels and convective, all-air heating systems with ceiling
diffuser air supply were compared for heating in the earlier research (Imanari
et al. 1999) concluding that a smaller vertical variation of air temperature can
be achieved with radiant ceiling panels in heating. In the experimental study of
the heat transfer from radiant ceiling panel heating system in free convection
concluded that about 90% of total heat transfer is based on radiation (Rahimi
and Sabernaeemi 2010). There is smaller number of research publications of
radiant ceiling panels in heating than in cooling according to the latest review
article (Rhee and Kim 2015). Also the earlier research has focused more on the
floor and wall heating. In the comparison study between floor, wall, ceiling
and combined floor-ceiling heating systems (Bojić et al. 2013), the classical
ceiling heating system had the worst energy, environmental and economic
performance, but combined floor-ceiling system had the best performance.
The study was done for residential house with low insulation thickness and
standard double glazed windows. When optimal insulation thickness was selected for each heating system by energy simulation software with integrated
optimization software, the radiant ceiling panel heating system energy efficiency was clearly increased, and was at the same level as floor and wall heating
system (combined floor-ceiling system had still smallest energy consumption)
(Cvetković and Bojić 2014). Differences in the vertical temperature stratifications between different heating systems were not reported to have been taken
into account in that evaluation. This will be studied here, because it is important factor for both thermal comfort and energy efficiency. There is also
earlier research studying the effect of the radiant ceiling panels, ventilation
and room structures in full-scale tests (Fonseca 2010). In that test setup, it was
observed that mixing ventilation system with supply air jets flushing the panel
surface increased the heating capacity of radiant ceiling panels about 30%.
Also other earlier research studied the influence of the ventilation system on
thermal comfort of the chilled ceiling panel system in heating mode (Tian
2010). It was reported that thermal comfort is improved and local draught risk
reduced by combined use of radiant ceiling panel system with ventilation when
compared to the use of only radiant ceiling panel system in heating. Research
of the chilled beams’ design principles and characteristics of air distribution
with different heat loads have been reported in two earlier research publications (Koskela et al. 2010 and 2011).
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1.5

Objectives

The objective of the thesis has been to investigate the performance of convective, radiant and combined indoor climate systems with regard to thermal environment. The thesis is combined with four publications. These publications
formed one entity starting with the detailed study of these commonly used,
advanced indoor climate systems in cooling mode of operation. That included
the study of the cooling performance of radiant system, which is often limiting
factor for the design of these systems. The final part of the thesis included the
study of the new, integrated system also in heating mode of operation.
The objective of the study reported in Publications 1-2 was to compare the
performance of four systems based on convective and radiant cooling, namely
chilled beam (CB), chilled beam with radiant panel (CBR), chilled ceiling with
ceiling installed mixing ventilation (CCMV) and four desk partition-mounted
local radiant cooling panels with ceiling installed mixing ventilation (MVRC)
with regard to the generated thermal environment.
The CB and CCMV systems are often used in modern office buildings. One of
the hypotheses of this research was that the performance of different combinations of radiant and convective cooling systems will have substantial effect on
the flow distribution and thermal environment in rooms. Second hypothesis
was that the use of radiant ceiling panels combined with mixing ventilation
will reduce substantially the operative temperature and thus cooler environment will be achieved compared to convective cooling provided by active
chilled beam. The study reported in Publication 1 compares the thermal environment in cooling mode of operation obtained with the systems in a double
office room and in a six-person meeting room.
In practice flexibility in workstation layout is important. Changing location
of workstations leads to change of heat load distribution. The performance of
the above mentioned convective and radiant cooling systems under different
heat source locations (workstation layouts) has not been studied. This is the
objective of the study reported in Publication 2. The performance of overhead total volume mixing ventilation (MTVV) was compared in this study. The
hypothesis was that the ceiling radiant cooling system combined with mixing
ventilation can provide more uniform thermal conditions than only convective
cooling systems (chilled beam, mixing ventilation) regardless of the workstation layout.
The objective of the study reported in Publication 3 was to identify the impact of mixing air distribution generated in a room by ceiling installed linear
slot diffuser, radial multi-nozzle diffuser and radial swirl induction unit on the
cooling power of ceiling radiant panel (CRP). The effect of air distribution was
studied with typical supply air temperature and with operating data used in
modern office environment with a high temperature cooling system. The importance of heat load distribution in the room on the cooling power of CRPs
was studied. The impact of the generated air distribution and heat load arrangement on the thermal environment in the room was also studied. The
simultaneous effects of both air distribution and heat load arrangement have
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not been studied in any of the earlier reported researches, which justified the
present study.
In the study reported in Publication 4, the thermal conditions of an office
room with radiant panel in heating mode have been measured. The objective
of the study was to identify the system’s capabilities for generating good quality thermal conditions by evaluating thermal conditions with different heat load
conditions. Computational fluid dynamic (CFD) simulations of indoor climate
conditions have been also performed for the two measured cases and one case
with changed desk location for comparing the measured conditions and investigating in detail the indoor climate conditions.

1.6

Novelty of the research

This thesis is composed of the studies of the performance of convective and
radiant indoor climate systems in modern office buildings with regard to the
generated thermal environment. The overall novelty of the research comes
from the research of the thermal environment generated by advanced indoor
climate systems, which has not been earlier performed in this extent. This thesis also emphasizes the importance of understanding the operation of the
systems and the indoor climate conditions in detail before valid conclusions
can be drawn. This has been discovered in Publications 1-2 by a detailed
analysis of thermal environment using fine measurement grid and in Publication 3 by an analysis of the effect of different supply air jet types on CRP
system performance.
First part of the scientific contribution comes from the research reported in
Publications 1-2. This research was performed with the same experimental
setup simulating office spaces equipped with different state of the art indoor
climate systems providing cooling power with convective, radiant or combined
heat exchange. Studied systems included chilled beam and chilled ceiling with
mixing ventilation, which both are often used in modern office buildings. This
significant, novel research compares the thermal environment and the performance of cooling systems in different rooms having different heat load levels. It also included a study of novel experimental radiant cooling unit, and of
unit that combines chilled beam and radiant panels. Research was continued
by studying the effect of workstation layout, which provided new understanding of the operational characteristics of different cooling systems. Convential
all-air mixing ventilation cooling system was studied as well. Thermal environment was measured with advanced measuring instruments including
thermal manikins. Significant findings in these publications were the small
difference in thermal environment between different cooling systems and the
effect of the convective flows into the thermal environment. Other significant
finding was the performance of chilled ceiling with mixing ventilation providing most uniform thermal environment regardless of the workstation layout.
These measurements also brought new understanding of measurement procedure of thermal conditions in the occupied zone, where measurements should

15

Introduction

be performed nearer the floor level than recommended by the existing standards.
Second part of the scientific contribution comes from Publications 3-4
providing an analysis and various research results of the performance of indoor climate systems. The effects of both air distribution and heat load arrangement on the cooling performance of CRPs were studied in detail in the
first of these studies, which has not been done earlier. That provided comprehensive outlook of the previous research and new knowledge of the performance with different supply air distribution methods and with combination of
supply air distribution and heat load arrangement. The thermal environment
and the performance of chilled beam integrated with radiant panel in heating
operation mode were analyzed in the second of these studies. Similar combined indoor climate system was also studied in cooling mode in the first part
of thesis contributing comprehensive, novel research of this new indoor climate system type. This study also combined both experimental and CFD simulation methods, which generated new knowledge of the indoor climate modelling methods.
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2. Methods

2.1

2.1.1

Study of the thermal environment in simulated office rooms
with convective and radiant cooling systems
Office room and meeting room cases

Measurements, reported in Publication 1, were performed in a climate
chamber (4.12 x 4.20 x 2.89 m3, L x W x H) under steady state conditions at 26
°C design room air temperature.
Two cases were simulated: office room with two occupants and meeting
room with six occupants. Two cooling conditions were simulated: design (maximum) heat load - 64 W/m2 (office room) and 85 W/m2 (meeting room), and
usual heat load - 37 W/m2 (office room) and 71 W/m2 (meeting room). Design
heat load was defined by including portion of direct solar load onto floor and
warmer window surface temperature in office room case in addition to the
usual heat load conditions, i.e. occupants, PC and lighting. In the meeting
room case, design heat load was defined only by adding direct solar load, due
to limitation of maximum cooling power from chilled ceiling system. The cases
were designed according to the recommendations of EN 15251 standard for
category II indoor climate conditions. The heat load for the studied conditions
is specified in Table 1. Surface temperature of simulated windows (water panels) and floor surface temperature (electrically heated foils below part of floor
covering right below the simulated windows) was controlled to mimic the solar
heat gains. Two full-sized thermal manikins with complex body shape of an
average Scandinavian woman 1.7 m in height were used to resemble occupants. One of the manikins consisted of 17 body parts, the other of 23. In the
office room case the places of thermal manikins were swapped for obtaining
results with the 23-body-parts’ thermal manikin when located at both workstations. In the meeting room case four additional heated dummies of simplified body geometry were used to simulate the remaining four occupants (Zukowska et al. 2012). The positioning of the heat load in the room is shown in
Figure 1.
Four cooling systems were used to generate the required thermal environment in the room: Active chilled beam (CB), chilled beam with incorporated
radiant panels (CBR), chilled ceiling combined with mixing ventilation
(CCMV) and four desk partition-mounted local radiant cooling panels with
ceiling installed mixing ventilation (MVRC). The operating principle of the
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four cooling systems is schematically shown in Figure 2. In the case of CCMV
cooling panels were integrated into the suspended ceiling tiles. The chilled
ceiling covered 77% of the total ceiling surface. The top surface of the tiles was
not insulated, thus chilled ceiling transferred heat also above suspended ceiling. Supplied air was distributed by two linear diffusers. Each diffuser supplied
ventilation air in two directions from two slots sized 0.472 m x 0.020 m each
(Figure 2). Supply air temperature in all cases was kept at 16 ± 0.5 °C and water inlet temperature at 15 ± 0.5 °C with return water 2-3 °C warmer. The same
exposed chilled beam (coil length 2.10 m placed 2.5 m above the floor) was
used in the cases CB and CBR (Figure 2). In the case CBR the surface area of
the radiant panels was 3.6 m² (3.0 m (L) x 1.2 m (W)). Approximately 30% of
the cooling power was delivered by the incorporated radiant panels according
to the calculations based on the measurement data and the manufacturer’s
product data. The chilled beam was always removed from the ceiling when
chilled ceiling or partition incorporated radiant panels cases were measured.
Personal radiant panels were installed at the desks as shown in Figure 3. In
this case with design heat loads, the air volume flow supplied from the linear
diffusers was increased to 44 l/s to compensate for the decreased cooling power of the panel radiators.
Table 1. Heat balance for studied cases.
Office room (floor area 17.3 m2) Meeting room (floor area 17.3 m2)
Design heat load Usual heat load Design heat load Usual heat load
2
persons
2
persons
6
persons
6
persons
156 W
156 W
468 W
468 W
W/m²
9
W/m²
27 W/m²
27 W/m²
9
Computers (about 65 W/computer)
2
pcs
2
pcs
6
pcs
6
pcs
130 W
130 W
390 W
390 W
W/m²
8
W/m²
23 W/m²
23 W/m²
8
Lighting
160 W
160 W
160 W
160 W
9
W/m²
9
W/m²
9
W/m²
9
W/m²
Solar load - window surface temp.
34 °C
30 °C
30 °C
30 °C
202 W
202 W
202 W
with 6.3 m2 window and 26 °C room ~ 404 W
Solar load - direct solar on the floor
250 W
0
W
250 W
0
W
Total solar load
38 W/m²
12 W/m²
26 W/m²
12 W/m²
Total heat loads
1100 W
648 W
1470 W
1220 W
64 W/m²
37 W/m²
85 W/m²
71 W/m²
Supply air flow rate
26 l/s
26 l/s
54 l/s
54 l/s
16 °C
16 °C
16 °C
Supply air temperature
16 °C
Supply air cooling power in 26 °C room 312 W
312 W
648 W
648 W
18 W/m²
18 W/m²
37 W/m²
37 W/m²
Cooling power demand from water
788 W
336 W
822 W
572 W
46 W/m²
19 W/m²
48 W/m²
33 W/m²

Heat balance of test for
In cooling conditions with
Occupants (about 78 W/occupant)

Air temperature, globe (operative) temperature, mean velocity and turbulent
intensity were measured at 8 heights (0.05 m, 0.1 m, 0.3 m, 0.6 m, 1.1 m, 1.7
m, 2.0 m, 2.4 m above floor), at 25 grid-locations in the room (Figure 1). At the
locations of the desks (office room) and the table (meeting room) the measurements were performed at heights 1.1, 1.7, 2.0 and 2.4 m. Draught rate index
(ISO 7730) was calculated based on the measured parameters. Supply air flow
patterns from diffusers and chilled beam were visualized with smoke for observing the overall flow field and flow directions. Surface temperature (walls,
floor, ceiling, windows) and radiant temperature asymmetry were also measured. Radiant asymmetry was measured at 1.1 m height at location 13 (Figure
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1) in CCMV, CB and CBR cases and in the vicinity of the thermal manikins (locations 7 and 17 for office room and 9 and 17 for meeting room). In MVRC cases, radiant asymmetry was measured at the workstation at 1.1 m height between both occupants and the radiant panels, and at 0.6 m and 1.1 m heights
between both occupants and side walls. Heat loss and surface temperature of
manikins’ body segments was measured and used to calculate the manikinbased equivalent temperatures, MBET (Tanabe et al. 1994). Air temperature
and globe (operative) temperature sensors were of a thermistor type with accuracy of ± 0.2 °C (Simone et al. 2007). Air temperature sensors were shielded
to compensate for radiation interference. Sensors for measuring operative
temperature were placed in gray globes (spheres) and fulfilled the requirements for this type of measuring instruments recommended in the ISO Standard 7726 (Simone et al. 2007). Multi-channel wireless low-velocity thermal
anemometer with eight velocity sensors was used. Velocity sensors were of an
omnidirectional hot-sphere type with accuracy of ± 0.02 m/s with extra ± 1%
of the reading for the range 0.05-0.5 m/s. The omnidirectional hot-sphere
type sensors measure air speed which is referred as velocity in this paper. All
measurement sensors were calibrated prior to the measurements. All measurement results were 5 minutes averaged readings.

Figure 1. Top view of the test room with measurement pole locations and thermal manikins: a)
in office room case, and b) in meeting room) case.

All measurements were initiated when steady state condition was achieved.
This was documented by two loggers placed between locations 3 and 4 (location Tref in Figure 1) which measured air temperature and operative temperature at 0.6m and 1.1m. It was considered that the thermal environment is under steady state when the air temperature was 26 °C ± 0.2 °C.
The thermal manikins were operated to keep the surface temperature of the
manikin to be the same as the skin temperature of an average person in state
of thermal comfort at light activity level (1-1.2 Met) (Tanabe et al. 1994). The
power supplied to each body segment to keep the skin temperature constant
was measured. The power and the surface temperature were then used to calculate the manikin based equivalent temperature (MBET). MBET was used as
an approximation of the equivalent temperature defined as: “the temperature
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of a homogenous "room", with mean radiant temperature equal to air temperature and zero air velocity, in which a person exchanges the same heat loss by
convection and radiation as in the actual conditions”, ISO 14505. The MBET is
calculated with equation 1.
MBET = tbp - ( Pbp / hܾ) 
(1)
where,
MBET
Manikin Based Equivalent Temperature (°C)
tbp
surface temperature of the body segment (°C)
Pbp
power provided to each body segment (W/m2)
hbp
heat transfer coefficient for the body segment (W/m2°C)
The heat transfer coefficient is obtained by measurements with the thermal
manikin in a climate chamber under steady-state environment at different
temperature (air temperature equal to the mean radiant temperature and absence of radiant temperature asymmetry) and without air movement (velocity
less than 0.05 m/s). Under these conditions heat transfer coefficient for the
whole body and the separate body segments of the manikin is obtained and
used to determine the MBET for the whole body and for the body segments.

Figure 2. Operating principle of the four cooling systems that were studied: a) CCMV, b) CB, c)
CBR and d) MVRC.

The 23 body-fragment manikin was used to measure at both locations 7 and
17 for office cases by swapping locations with the 17 body-fragment manikin.
In the meeting room cases, the 23 body-fragment manikin was placed at location 17 and the 17 body-fragment manikin was at location 9 (Figure 1).
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a)

b)

Figure 3. Photos of the experimental setup a) in office room case with CB, CBR and CCMV,
and b) in meeting room case.

2.1.2

Office room with different workstation layouts

Measurements, reported in Publication 2, were performed with the same
two-person office room full-scale test set-up as earlier described in the section
2.1.1 with same operating conditions. Four cases of office room layout shown
in Figure 4 were simulated: the occupants were facing each other or sitting
turned with backs to each other located close to the window or on the opposite
side of the office room. The same two heat load situations as earlier were simulated with difference of 18 watt higher heat load from thermal manikins. Office
desks were 0.15 m longer and wider, partition between the desks 0.37 m higher than in the previous study.

Figure 4. Top view of the test room in different workstation layouts S1-S4 (occupants, desks
and chilled beam locations shown in the simplified figures).

Four cooling systems were used to provide the required thermal environment in the room: CB, CBR and CCMV, and instead of MVRC system overhead
total volume mixing ventilation (MTVV). The operating principles of the four
cooling systems are schematically shown in Figure 2 a-c. MTVV system is similar as CCMV shown in Figure 2 a, but without cooling from chilled ceiling. Required supply air flow rate was 26 l/s in CB, CBR and CCMV cases. The air
flow rate was increased to 90 l/s (with design heat load) and to 55 l/s (with
usual heat load) in MTVV cases to compensate the required cooling demand.
Supplied air was distributed towards the two walls, i.e. in direction parallel to
the window by two linear diffusers each with two slots sized 0.472 m x 0.020
m each (Figure 2). In the MTVV case, a third linear diffuser (located in the
middle between two linear diffusers in Figure 1a) was used due to the increased supply air flow rate.
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Same measurements as described in the earlier section were performed with
the same instruments and using the same measurement procedure. The measurements were not performed at the locations 1, 6, 11, 16 and 21 because in the
earlier measurements the air velocities were very low and the air temperature
was almost constant (close to 28 °C). Results with the 23 body-fragment thermal manikin were measured at location 7 and with the 17 body-fragment manikin at location 17 for workstation layout S1. Manikins were located at the same
sides of the room in the other layouts.

2.2

Study of the performance of ceiling radiant panels under
cooling mode of operation

A full-scale test room 4.7 m (L), 3.0 m (W) and 2.5 m/ 2.8 m (false ceiling H/
H), reported in Publication 3, was equipped with two top insulated ceiling
radiant panels (CRPs) with dimensions 3 m x 0.6 m. The panels were installed
near to the long walls of the room. Three air distribution units, linear slot diffuser, radial multi-nozzle diffuser and radial swirl induction unit, where installed in the middle of the false ceiling so that the supply air jet was flushing
the CRPs. The test room was constructed according EN-15116/EN-14518
(2008) standard to allow for accurate measurement of the cooling power of the
chilled beams and also following guidelines detailed in the chilled ceiling testing standard EN-14240 (2004). All surfaces of the test room were built and
sealed with 8 mm thick plywood on timber battens. The external room where
the test room was built was well insulated from the ambient environment. Air
circulation fans were used for maintaining constant air temperature in the
external room surrounding the test room.
Tests were performed without supply air and with supply air distribution
from the three air distribution units. All cases with air distribution were done
with 25 l/s (1.8 l/s/m2floor) and 16 ͼC supply air. For reaching 26 ͼC test room
air temperature at 1.3 m height from the floor, a compensating heat load was
conducted either through test room walls and floor by adjusting the external
room temperature warmer than the test room temperature or by eight heated
dummies with adjustable electrical power supply. The supply air flow rate and
room temperature represented typical indoor climate design criteria for two
person office room with low polluting building emissions according EN 15251
(2007) standard. The heat load division differed from the real office room cases, but provided guidelines for real applications.
Inlet water temperature for the radiant panels was 15 ͼC and water flow rate
was adjusted to 0.043 kg/s, which led to an outlet water temperature 17 ͼC in
the case without supply air. These were typical operating parameters in real
office buildings. With the cases where air distribution was introduced, outlet
water temperature varied. Cooling power of ventilation air supplied at 16 ºC
was approx. 22 W/m2floor and of the CRPs 28 W/m2floor. Cooling power of the
CRPs was calculated from the water temperature difference and mass flow
rate. Conductance of CRPs were calculated by dividing the cooling power with
the temperature difference of the mean water temperature and average room

22

Methods

air temperature at 1.3 m height (from four locations measured). Exponent n =
1.083 for the temperature difference was based on CRP’s manufacturer data.
Equation (2) for conductance is shown below (Zehnder Carboline 2010).

(2)
Conductance = Conductance of CRPs, W/K
qm,water = Water mass flow rate, kg/s
cp,water = Water heat capacity, kJ/kg/K
T = Temperature of water in to radiant panel, water out or room air, K
The water flow rate was measured with electromagnetic flowmeter and air
flow rate with orifice plate flowmeter. Temperatures were measured with PT100 temperature sensors. The measurement systems are designed for maintaining stable conditions and are calibrated regularly for maintaining tolerances required by the EN standard. The uncertainty of the cooling power measurement of the radiant panels is +/- 2.7 %. This is calculated from the accuracy
of the parameters in the equation (2), from the accuracy of the test setting and
from the accuracy of the air flow measurement by using the cumulative error
law. The uncertainty of the air flow measurement is estimated to +/- 1.5 % due
to its indirect effect to the cooling power.
Room air temperature (T) was measured at four locations and vertical temperature difference at one location. Air temperature sensors were shielded
from radiation. Black ball temperature (Tbb) was measured at two locations.
Supply air flow pattern was visualized with smoke. The top view of the fullscale test room and the temperature measurement locations and heights are
shown in Figure 5.

Figure 5. Top view of the full-scale test room on the left side and locations of the temperature
measurement sensors in the test room on the right side.

2.2.1

Effect of air distribution

The effect of air distribution was tested in the four different mixing ventilation arrangements: two lengths of linear slot diffuser, radial multi-nozzle diffuser (with 4 x 4 adjustable nozzles) and radial swirl induction unit with/
without additional cooling of induction air in the coil of the induction unit.
Linear slot diffusers were 3 m long with 2 mm slot height in the case 2 and 0.9
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m long with about 10 mm slot height in the case 2B. The induction ratio (volume flow of air jet leaving the unit / supply air flow from nozzles) of swirl induction unit was 2.8 at studied operating point according to the manufacturer’s product data. The centerline velocity, volume flow rate and average temperature of the supply air jet from studied diffuser types at the location just
before the CRP surface was evaluated with manufacturer calculation tool (Halton HIT Design 20015). It was based on semi-empirical turbulent air jet equations (Hagström et al. 1999) of Grimitlyn (3) and (4) for linear jet and (5) and
(6) for radial jet. Throw length coefficients K1 for attached linear and radial
jets and supply air jet initial opening height / area for equations were based on
manufacturer’s product data. The average temperature of the supply air jet
was calculated with equation (7).

vX = Centerline velocity of supply air jet at distance X, m/s
v0 = Supply air jet initial opening velocity, m/s
K1 = Supply air jet throw length coefficient, H0 = Height of linear jet, m
X = Distance of supply air jet from opening, m
QX = Volume flow rate of supply air jet at distance X, l/s
Q0 = Initial volume flow rate of supply air jet, l/s
A0 = Radial jet initial opening area, m2
t0 = Supply air jet initial temperature, °C
tX = Supply air jet average temperature at distance X, °C
The test cases are shown in Figure 6 and photos of the test setup with smoke
visualizations of the supply air jet in Figure 7. Smoke visualizations were used
to ensure that supply air jets were fully flushing the CRPs. Measured case parameters and cooling powers are shown in Table 2. The compensating heat
load was conducted through the test room walls and floor in all cases.
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Figure 6. Top view of the full-scale test room presenting test cases for analysis of the effect of
air distribution on the cooling power of CRPs.

Figure 7. Smoke visualizations of air supplied from A) the 3 m and B) the 0.9 m long linear slot
diffuser, C) the radial multi-nozzle diffuser and D) the radial swirl induction unit.
Table 2. Measured case parameters and cooling powers in the air distribution study.

Room
Case
1 No supply air
2 3m Linear
2B 0.9m Linear
3 Radial multi-nozzle
4 Swirl wo. cooling
5 Swirl with cooling
¹

(°C)
26.0
26.1
25.9
26.1
25.9
25.9

Supply air
(l/s)
0.0
25.8
25.0
25.0
25.0
25.0

Water in panels
2

(°C) (W) (W/m floor)
0
0.0
15.9 -306
-21.7
15.6 -307
-21.8
15.9 -306
-21.7
15.9 -300
-21.3
16.2 -292
-20.7

Total cooling
2

(kg/s) in(°C)out(°C) (W) (W/m floor)
0.043 15.0 17.0 -353
-25.0
0.043 15.0 17.2 -389
-27.6
0.043 15.0 17.2 -386
-27.4
0.043 15.0 17.2 -385
-27.3
0.042 15.0 17.3 -401
-28.4
0.045 15.0 17.2 -406
-28.8

2

(W) (W/m floor)
-353 -25.0
-695 -49.3
-693 -49.1
-691 -49.0
-701 -49.7
-941 -66.8 ¹

2

Additional -243 W (-17.2 W/m floor) cooling from swirl beam unit cooling coil with 0.049 kg/s water at 15/16.2 °

2.2.2

Effect of heat load arrangement

The effect of heat load arrangement was studied with and without air distribution. The radial multi-nozzle diffuser in the test cases was used with air distribution. The test cases are shown in Figure 8 and listed in Table 3 with
measured case parameters and cooling powers. Smoke was used for guarantee
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the supply air jet flushing the CRPs with different heat load arrangements. In
case 1, compensating heat loads were conducted through the walls of test
room. In case 1B, the compensated heat loads were located symmetrically inside the test room. Ambient temperature at the same temperature as room
temperature was used by adjusting the external temperature to the same as the
average room temperature at 1.3 m height. Inlet water temperature and mass
flow rate were kept same as in the case 1. Cases 3, 3B and 3C were done similar
way as cases 1 and 1B, but with supply air. In the last case, the effect of uneven
heat load arrangement was measured (Figure 8, Case 3C). The electric power
of 376 W of the heated dummies in the case 1B was defined according to the
product data of CRPs in the targeted operating conditions. In the case 3B and
3C, the electric power was increased with 296 W according to the cooling power of the supply air flow.

Figure 8. Top view of the full-scale test room presenting test cases for analysis of the effect of
heat load arrangement on the cooling power of CRPs.
Table 3. Measured case parameters and cooling powers in the heat load arrangement study.

Case
No supply air,
1
wall heat loads
No supply air,
1B
symm. dummy loads
Multi-nozzle supply,
3
wall heat loads
Multi-nozzle supply,
3B
symm. dummy loads
Multi-nozzle supply,
3C
uneven dummy

2.3

Room
Supply air
Water in panels
Total cooling
(°C) (l/s) (°C) (W) (W/m2floor) (kg/s) in(°C)out(°C) (W) (W/m2floor) (W) (W/m2floor)
26.0 0.0

0

0.0

0.043 15.0 17.0 -353

-25.0

-353

-25.0

27.8 0.0

0

0.0

0.043 15.0 17.2 -388

-27.5

-388

-27.5

26.1 24.9 15.9 -305

-21.6

0.043 15.0 17.2 -385

-27.3

-690

-48.9

26.4 25.0 15.7 -320

-22.7

0.043 15.0 17.0 -360

-25.6

-681

-48.3

26.6 25.0 15.7 -327

-23.2

0.043 15.0 17.0 -356

-25.2

-683

-48.4

Study of the radiant panel integrated with exposed chilled
beam in heating mode

Thermal environment in a two-person office room, reported in Publication
4, was analysed with using a full-scale test setup and using CFD simulation.
2.3.1

Full-scale test

The measurements were performed in the steady-state laboratory conditions. The measured mock-up room dimensions were 2.7 x 5 x 3.35 m3 (W x L
x H). The window was located at 2.7 m wide wall. The sections of the mock-up
room are presented in Figure 9.
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Figure 9. The side and top sections of the mock-up room with measurement. Temperature and
velocity measurement sensor heights shown, and upper level temperature measurement
sensor heights. Following objects marked: Occupant (A), computer (B), lighting unit (C), radiant panel integrated exposed chilled beam (D), Exhaust valve (E) and insulated supply air
duct (F).

The two-person office room thermal conditions were measured in six heat
load conditions that are presented in Table 4 for unoccupied and partly occupied conditions. The office room was designed according to the recommendations of EN 15251:2007 standard for category II indoor climate conditions.
Ventilation air flow rate 19 l/s was designed according to the full occupancy
and with very low polluting building materials. Reference room air temperature set point 21 °C was typically value, when standard EN 15251:2007 required 20 °C minimum operative temperature in heating conditions. Heat
loads in partly occupied cases included lighting, one occupant and one computer (near the measurement locations 18 and 10). Ventilation was utilised in
all cases with internal heat loads simulating partly occupied conditions (cases
4, 5b and 6), except for the theoretical setup (case 5) for seeing the difference
between using only internal heat loads (case 5) and using combination of ventilation and internal heat loads (case 5b). The design criteria of the unoccupied
cases (cases 1 and 2) were to maintain the set room air temperature without
significant vertical temperature stratification. With ventilation and internal
heat loads, the design criterion was to provide good thermal conditions during
the occupied hours.
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Table 4. Heat balance and the breakdown of the gains in the mock-up office room.
Heat loads and heat losses of the simulated office room
Room design temperature [°C] (Tr 1.1 m, target 21°C)
External environment temperature [°C] (target same as Tr 1.1 m)
Supply air flow rate (exhaust air flow rate adjusted to same) [l/s]
Supply air temperature [°C] (target isothermal 21°C)
computers [W]
lighting [W]
Heat loads
occupants [W]
total [W]
total [W/m2_floor area]
window area [m2]
window temperature [°C]
U-value_window_dt_50 [W/m2K]
Heat losses
U-value_window_dt_30 [W/m2K]
U-value_surface [W/m2K]
heat loss [W]
heat loss [W/m2_floor area]
water mass flow rate [kg/s]
water inlet temperature [°C]
Heating
water outlet temperature [°C]
heating demand [W]
heating demand [W/m2_floor area]

case 1 case 2 case 4 case 5 case 5b
21.0
20.9
21.1
21.0
21.2
20.9
21.0
21.0
21.1
21.8
0
0
19
0
19
20.9
21.4
0
0
75
75
75
0
0
140
140
140
0
0
75
75
75
0
0
290
290
290
0
0
21
21
21
6.4
6.4
6.4
6.4
6.4
14.4
12.3
14.5
12.3
12.1
1
1.4
1
1.4
1.4
1.7
2.4
1.7
2.4
2.4
8
8
8
8
8
340
438
340
447
468
25
32
25
33
35
0.009 0.009 0.009 0.010 0.009
53.5
61.9
27
40.1
40.2
39.5
44
24.5
32.6
31.9
340
438
50
157
178
25
32
4
12
13

case 6
21.1
20.2
19
20.9
75
140
75
290
21
8.29
10.1
1
1.7
8
730
54
0.009
50
37.3
440
33

* Cases 1 and 2 were measured without heat loads and ventilation (with design criteria of avoiding too big vertical temperature stratification). Cases 4, 5b and 6 were measured with heat loads
and ventilation (with design criteria also of providing good thermal comfort conditions). Case 5
was theoretical case showing only effect of heat load, but without ventilation). ** Internal window surface temperature was controlled. That corresponded to dt_50 and dt_30 U-values when
heat flux between surface and room was calculated (by using average 8 W/m 2K heat transfer
coefficient), and by using that and dt between room and external conditions (50 or 30 degrees
dt) solving corresponding U-value.

Heating to the mock-up was provided by exposed chilled beam integrated
with radiant panel (CBRP) of the total length 3000 mm. Radiant panel size
was 3000x600 mm2. Cooling water was connected to the chilled beam’s coil
and heating water to the radiant panel. Results of heating mode are only reported in Publication 6.
During the measurement, heating of the room was performed from radiant
panel and panel water temperature was adjusted to reach the set reference
room temperature (Tr) at 1.1m height as showed in Figure 9. The actual mockup room was located inside another room and the cavity space between the
rooms was kept in adiabatic condition. The mock-up room had light wall structures and U-value of the floor was 3.2 W/m2/K representing intermediate floor
case.
Air velocity and temperatures were measured in 20 pole locations at 8 different heights in the mock-up room (Figure 9). Velocity and turbulent intensity
were measured with omni-directional hot sphere anemometers HT412 (accuracy +/- 0.02 m/s and +/- 1 % of readings with velocities 0.05-1 m/s) and
temperature with PT100 sensors (accuracy +/- 0.1 °C). Readings were three
minutes average values. Air temperature, velocity and turbulence intensity
were measured at measurement pole sensor heights 0.1, 0.3, 0.5, 1.1, 1.5 and
1.8 m from floor at pole locations 1-10 and 12-21. Only Air temperature was
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measured at measurement pole sensor heights 2.3, 2.8 and 3.2 m from floor at
pole locations 2, 4 and 6.
Black bulb temperature and radiant asymmetry between ceiling and floor,
long sidewalls, and simulation window and opposite wall were measured at 1.1
m height at pole locations 9, 12 and 19. Black bulb temperature was measured
with PT100 sensor and radiant asymmetry with Innova MM0036 radiant temperature asymmetry transducer (accuracy +/- 0.5 °C).
2.3.2

CFD simulation

The CFD simulations were performed for the cases 1 (C1_CFD) and 4
(C4_CFD) for analyzing in detail indoor climate conditions and also validating
capabilities of CFD to predict indoor climate conditions. Additional CFD simulation for case 4 (C4nw_CFD) was done with changed office desk location and
size to near the window in order to see if the thermal conditions can be maintained below the desk. Desk was located to 0.1 m distance and occupants to
0.75 m distance from external wall. Desk size was changed to bigger from 0.8
m x 1.6 m (length) to 1.2 m x 1.6 m (length). Simulations were carried out with
commercial CFD software Ansys CFX 15.0. The same room geometry and as
close as possible the same heat loads and losses as in the experimental test
cases were used.
The CFD simulations were done by following good practices for room airflow
CFD modelling (Nielsen et al. 2007). Good quality grid was used comprising of
10.23 / 17.61 / 17.62 million unstructured elements or 3.34 / 6.09 / 6.10 million nodes (CFD-case 1 / CFD-case 4 / CFD-case 4dnw) respectively. Maximum unstructured grid element size was 0.05 m. Finer grid was used in CFDcase 4 due to the modelling of supply air jets. SST turbulence model with automatic wall treatment was used. For accurate modelling of the wall heat
transfer with SST turbulence model, 15 layers of inflation were used near surfaces with the first layer thickness 0.5 mm leading dimensionless wall distance
y plus to about 1. Separate grid independency study was not performed due to
the very fine sizes. Buoyancy was modelled with Boussinesq approximation.
All cases were solved with high (2nd) order discretization scheme, except for
turbulence that was solved with 1st order scheme. Radiation was modelled
with discrete transfer model by using 12 rays and gray model without spectral
dependency. CFD-simulations were solved as steady state case to typical,
enough good convergence depending on the models used, energy equation was
converged carefully and monitoring points were used for ensuring the steady
solution.
CFD modelling method for chilled beam was developed earlier and validated
against throw pattern measurement and manufacturer’s product data (Mustakallio et al. 2005). Supply air jet openings were located on both sides of chilled
beam’s top surface leaving the exposed chilled beam in 30 degrees angle from
normal to top surface. Induction air outlets were located on both vertical sides
of the chilled beam with induction air flow rate based on manufacturer’s product data. Temperature of supply air jet leaving the beam was straight massweighted average of induction air outlet temperature and mass flow rate and
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outdoor ventilation air flow rate, because there was no water flow rate in the
coil of the chilled beam. Velocity profile of the supply air jets were based on
measurements and manufacturer’s product data.
CFD simulation geometry of CBRP and the test room with changed desk location (C4nw_CFD) are presented in the Figure 10. Radiant panel surfaces
were defined with wall temperature boundary conditions, specifying first same
surface temperature as in the measured in the full-scale test, but then adjusting it slightly for getting same room air temperature to reference room temperature location as in the measurement case. The final reference room air
temperature in C1_CFD was 0.05 °C higher than in the measurement case 1, in
C4_CFD 0.16 °C lower than in the measurement case 4, and in C4nw_CFD
0.14 °C lower than in the measurement case 4. The same simulation window
surface temperature that was measured in the test cases was defined for simulation window in the CFD simulation. All other surfaces (except occupant and
computer surfaces in the case 4) were defined with adiabatic boundary condition. The case 4, with partial internal heat load, wall heat flux was defined for
occupant and computer CFD models, because exact electric power used in the
full-scale test was known. Holes in the occupant and computer models, and
supply air duct used in the full scale test were not included into the CFD model.

Figure 10. CFD model of CBRP (on the left side) and CFD simulation geometry with changed
office desk location and size to near the window (on the right side). Inlet boundary conditions on both sides of the CFD model of CBRP (A) for supply air jets leaving the beam, outlet (B) for induction air, and radiant panel heating surfaces (C) horizontal surfaces on top
(on both sides of the beam) and bottom (surface facing the occupied zone. Active occupant
and computer heat loads in the case C4nw_CFD are marked with arrows.
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3. Results

3.1

3.1.1

Study of the thermal environment in simulated office rooms
with convective and radiant cooling systems
Office room and meeting room cases

Summary of measurements results for general view of the achieved thermal
environment under each system, including average, minimum, maximum and
standard deviation of the measured (calculated) parameters at heights 0.1, 0.6,
1.1 and 1.7 meters, is presented in Table 5 for office room case. Summary of
measurements results for the meeting room case is reported in Publication 1.
Manikin-based equivalent temperatures (MBET) of selected body segments of
the 23-body segment and 17-body segment thermal manikin are shown in Table 6 for meeting room. Thermal conditions with all studied systems were very
similar. Similar behavior of the air distribution pattern could be seen in smoke
visualizations for all cases with supply air jets being pushed and dominated by
the strong upward buoyancy flow (Müller et al. 2013) (generated by the warm
window surface and the occupants) towards the wall opposite to the simulated
windows.
Average room air temperature and globe (operative) temperature were rather similar for all studied systems. The average globe (operative) temperature
was slightly higher than room air temperature in all cases. Only small difference, 0.2°C on average, between CCMV mostly based on radiant cooling and
CB based entirely on convective cooling were measured in the design heat load
case. There was significant horizontal globe (operative) temperature difference
between window side and door side of the room (in design heat load, 1.5 °C on
average and in usual heat load around 1.0 °C). The maximum horizontal temperature difference in design heat load cases was about 2.0 °C. It was similar
with all cooling systems and was caused by the one-sided location of the heat
loads, i.e. close to the simulated windows. Only in MVRC cases the difference
was a bit lower compared to the other three systems. Due to the horizontal
temperature difference, the globe (operative) temperature near the window
was about 0.4-1.8 °C higher than room design temperature measured at the
reference point (Figure 1) under all cases. Vertical temperature difference in
the room under all studied cases was small (-0.1 - 0.7 °C).
The radiant asymmetry was in all cases between the windows and the opposite wall a few degrees Celsius (1.9 - 5 °C). This was due to the simulated solar
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heat load gains and the fact that the supply air jet cooled the wall when being
deflected towards it by the strong buoyancy flow close to the windows. In
CCMV case, radiant asymmetry between floor and ceiling was higher than with
other systems (4.1 °C) due to the cold ceiling surface. As specified in the method section the radiant asymmetry in MVRC case was measured at different
locations than in the other cases. The radiant asymmetry in MVRC case differed a few degrees (1.7 - 6.5 °C) between all three measured directions, and it
was highest between the upper radiant panel and the upper body of the thermal manikins at 1.1 m height (6.5 °C).
Table 5. Summary of measurement results in the office room cases.

OFFICE ROOM

DESIGN LOAD (64 W/m2)

Measurement results in occupied
CCMV
zone at heights 0.1, 0.6, 1.1 and 1.7 m
26.1
Average air temperature [°C]
25.3
Min. air temperature [°C]
28.0
Max. air temperature [°C]
0.6
Std. dev. of air temperature [°C]
Average operative temperature [°C]
26.3
Min. operative temperature [°C]
25.3
Max. operative temperature [°C]
28.2
Std. dev. of operative temperature [°C]
0.7
Average operative - air temperature [°C]
0.1
Min. operative - air temperature [°C]
-0.2
Max. operative - air temperature [°C]
0.6
Std. dev. of operative-air temperature [°C 0.2
At height 1.1 m:
Avrg. air temperature of window side [°C] 26.8
Avrg. air temperature of door side [°C]
25.7
Avrg. horizontal air temp. diff. [°C]
1.1
Avrg. oper. temp. of window side [°C]
27.4
Avrg. oper. temperature of door side [°C] 25.8
Avrg. horizontal oper. temp. diff. [°C]
1.6
Avrg. oper. - air temp. of window side [°C] 0.6
Avrg. oper. - air temp. of door side [°C]
0.1
At heights 0.1 m - 1.7 m:
Avrg. vertical air temperature diff. [°C]
0.0
Avrg. vertical oper. temperature diff. [°C] -0.1
Max. radiant asymmetry (window-door) [°C] 5.0
Max. radiant asymmetry (side-side wall,
except in MVRC radiator-side wall) [°C]
0.3
Max. radiant asymmetry (floor-ceiling,
except in MVRC radiator-manikin) [°C]
4.1
Average air velocity [m/s]
0.13
Average of 3 highest velocities [m/s]
0.23
Highest velocity [m/s]
0.24
Std. dev. of air velocity [m/s]
0.04
Average turbulence intensity [%]
39
Average of 3 highest turb. intensities [%]
76
Std. dev. of turbulence intensity [%]
14
Average draft rate [%]
7.9
Average of 3 highest draft rates [%]
14.7
Highest draft rate [%]
16.3
Std. dev. of draft rate [%]
3.3
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USUAL LOAD (38 W/m2)

CB

CBR MVRC CCMV

CB

CBR MVRC

25.8

26.1

25.9

26.0

25.8

25.9

25.8

24.9
26.7
0.5

25.3
27.6
0.6

25.0
27.2
0.4

25.5
26.8
0.3

25.0
26.4
0.3

25.2
26.7
0.3

24.2
26.7
0.4

26.1
25.1
27.2
0.6
0.3
-0.1
0.7
0.2

26.3
25.4
27.8
0.6
0.2
0.0
0.5
0.1

26.1
25.4
27.5
0.5
0.1
0.0
0.6
0.1

26.1
25.5
27.1
0.3
0.1
-0.1
0.5
0.1

25.9
25.1
26.6
0.4
0.1
-0.1
0.4
0.1

26.1
25.2
26.9
0.4
0.0
-0.3
0.3
0.1

25.9
24.5
26.8
0.4
0.1
-0.1
0.3
0.1

26.4

26.9

26.8

26.4

26.2

26.4

26.5

25.4
1.0
27.1
25.7
1.4
0.7
0.2

25.7
1.2
27.4
25.9
1.5
0.5
0.2

25.9
1.0
27.3
25.9
1.3
0.4
0.1

25.7
0.7
26.8
25.9
0.8
0.4
0.2

25.6
0.7
26.6
25.7
0.9
0.3
0.1

25.7
0.7
26.7
25.8
0.9
0.3
0.0

25.9
0.6
26.7
26.0
0.8
0.2
0.0

0.3
0.5
4.0

0.2
0.2
4.2

0.6
0.6
3.3

0.3
0.3
2.3

0.4
0.5
3.2

0.2
0.5
2.5

0.8
0.7
2.3

0.6

1.5

-3.4

0.7

0.7

0.8

-1.7

0.8
0.13
0.27
0.29
0.05

1.7
0.12
0.24
0.25
0.05

-6.5
0.10
0.20
0.21
0.04

3.0
0.11
0.21
0.23
0.04

-0.8
0.12
0.26
0.27
0.05

0.3
0.11
0.25
0.26
0.05

-4.3
0.06
0.13
0.14
0.03

45
74
13

45
77
12

47
78
15

40
71
12

42
72
15

48
84
16

46
100
58

9.5
19.8
20.8
4.6

8.1
18.0
19.5
4.2

6.1
14.1
14.9
3.7

5.7
12.3
13.0
2.8

7.8
18.2
18.4
4.6

6.9
16.6
17.4
4.2

2.0
7.2
8.3
2.1

Results
Table 6. Manikin based equivalent temperature in °C. Meeting room layout in design and usual
heat load cases (see thermal manikin locations in Figure 1).
Meeting room case
Design heat load
Usual heat load
Difference Design-Usual
Design heat load
L. Chest (23 body parts) /
Usual heat load
Chest (17 body parts)
Difference Design-Usual
Design heat load
R. Chest (23 body parts) /
Usual heat load
Chest (17 body parts)
Difference Design-Usual
Design heat load
L.-R. Chest
Usual heat load
Design heat load
Back of neck (23 body parts) /
Usual heat load
Head (17 body parts)
Difference Design-Usual
Design heat load
Back
Usual heat load
Difference Design-Usual
Design heat load
L.Foot
Usual heat load
Difference Design-Usual
Design heat load
R.Foot
Usual heat load
Difference Design-Usual
Design heat load
L.-R. Foot
Usual heat load
Standard deviation
Design heat load
of individual body parts
Usual heat load
Design heat load
All
Usual heat load
Difference Design-Usual
Top of head

23 body parts (window side)
CB
CBR
CCMV
28.5
28.2
26.5
27.7
27.9
26.3
0.8
0.3
0.3
26.0
26.0
26.0
26.0
26.0
26.0
0.0
0.0
0.0
26.5
26.5
26.3
26.5
26.4
26.3
0.0
0.1
0.0
-0.4
-0.4
-0.3
-0.4
-0.4
-0.4
27.8
26.6
26.9
27.0
26.9
27.3
0.8
-0.3
-0.4
27.7
27.6
27.5
27.8
27.7
27.4
-0.1
-0.1
0.1
28.1
27.7
29.4
27.4
27.3
27.1
0.7
0.4
2.3
28.4
28.7
28.5
26.4
26.8
26.8
2.0
1.8
1.7
-0.3
-1.0
0.8
1.0
0.4
0.3
1.0
1.0
1.2
0.7
0.7
0.6
25.9
25.8
25.4
26.1
25.8
25.5
-0.3
0.0
-0.1

17 body
CB
24.6
24.6
0.0
25.5
25.7
-0.2
25.5
25.7
-0.2

25.8
25.9
-0.1
26.6
26.7
-0.1
24.9
25.7
-0.8
25.4
26.0
-0.6
-0.5
-0.3
0.7
0.7
26.0
26.6
-0.6

parts (door
CBR
25.1
25.5
-0.4
25.6
25.5
0.1
25.6
25.5
0.1

25.8
25.8
0.0
26.7
26.7
0.0
25.2
25.4
-0.1
25.9
26.0
-0.1
-0.7
-0.7
0.6
0.5
26.1
26.5
-0.4

side)
CCMV
22.7
24.7
-2.0
24.7
24.7
0.0
24.7
24.7
0.0

25.8
25.8
0.0
26.8
26.8
0.0
24.8
25.7
-0.9
25.1
26.2
-1.1
-0.3
-0.6
1.4
0.8
26.1
26.6
-0.6

The measured averaged room air velocities were quite similar for all four systems. With design heat loads under CCMV, CB and CBR cases relatively high
velocities were measured (0.24-0.34 m/s). Highest velocities were found near
the floor and at the wall opposite to the simulated windows. The strong buoyancy flow generated at the window pushed the supply air jets toward the opposite wall. When usual heat loads were used, the velocity levels were mostly
lower in all cases except in the meeting room case where the highest velocities
were measured under the usual heat load cases with CB and CBR systems. This
difference with CB and CBR under meeting room case however was smoothed
away when the average of the three highest velocities was compared. The highest room air velocity measured with the purely convective CB system was 0.05
m/s higher than the combined radiant-convective (CCMV) system. The integration of radiant panels to the purely convective system decreased the measured highest velocity in the case of office room but not in the meeting room
case. The highest velocities of MVRC in the occupied zone were lower when
compared with other systems. The average turbulence intensity was rather
similar with all systems, between 40% and 50%. Also the average of the three
highest turbulence intensity levels was roughly the same. High turbulence intensity measurements in MVRC case under the usual heat loads were caused
by the low air velocity level (average 0.06 m/s) (Müller et al. 2013). The average draught rate was lower than 11% in all cases. It was 2-3% higher in purely
convective CB cases. This was lower than the absolute uncertainty +/-5% identified for draught rating (Melikov et al. 2007). The highest draught rate in CB
and CBR cases were about 5% higher than for the CCMV cases. Under the usu33
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al heat loads, draught rates got lower for all systems. This was most pronounced in the CCMV and MVRC cases. Draught rate levels in MVRC cases
were lower than with the other three systems.
Manikin based equivalent temperatures were very similar for the two heat
load levels. In office room cases, thermal manikins were located in similar
(symmetrical) locations with regard to the window, but in meeting room cases
one of the manikins was located near the window (23-body-segment) and the
other near opposite wall (17-body segment). Main difference in MBET in office
room cases with different cooling systems was that under design heat load, the
lower MBET level was logical with slightly lower temperatures in the CCMV
case. Under the usual heat load, the manikin based equivalent temperature
was highest for the CCMV case. This result is not expected and needs to be
studied further. The MVRC system gave a bit lower MBET for most of the body
segments than other systems, except for the top of head and the back due to
small view factor to the radiant panels. The MBET range of all body parts was
from 23.8 – 27.3 °C in MVRC cases, a bit higher than with the other three systems, which can be also seen in the standard deviation of temperatures. Especially the MBETs of legs were low (23.8 - 25.1 °C) in MVRC case. Also in the
CCMV cases, the standard deviation of the MBET in individual body parts was
slightly bigger than in the CB and CBR cases. Main difference in MBETs in the
meeting room cases was that with chilled ceiling the top of the head was nearly
in design temperature (26 oC) for the person sitting near the window, while
with the other three systems was 1.5-2.0 °C warmer. In the other end of the
room the MBET with chilled ceiling was 3.0-3.5 °C cooler while with other
three systems it was closer to the room design temperature of 26 oC, but still
about 1-1.5 °C cooler. In most of the cases the back of the thermal manikins
was a bit warmer than the other parts of the body due to the effect of the chair.
3.1.2

Office room with different workstation layouts

Normalized room air temperature and operative temperature distributions
with four studied systems and at design heat load conditions for each workstation layout are presented in Figures 11 and 12. Measurement results at usual
heat load conditions are reported in Publication 2. The normalized air and
operative temperature was used in order to be able to compare the results. It is
a dimensionless parameter, which is calculated as the average temperature
from all the measured points at a particular height divided by the mean reference point temperature for that particular case. The closer the ratio to the value of 1 is, the more uniform the environment is with different workstation layouts, when compared to the reference point at 1.1 m height from floor. Normalized air temperature was most uniform and similar with CCMV both in the
design and usual heat load cases with all workstation layouts and normalized
room air temperature was also close to 1 in these cases. According to this, air
temperature with all furniture layouts was similar and close to the temperature
at the reference point. Also in MTVV cases, room air temperature was quite
uniform. The normalized air temperature differed most between the design
and usual heat load cases with CB system. Normalized temperature was more
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uniform in the usual heat load cases than in the design heat load cases with CB
system. With CBR system, the normalized temperature was more uniform
than with CB system. Average differences in normalized air temperatures with
all systems were still quite small with regard to the differences in air temperatures. The maximum differences were about 0.05 (about 1.5 °C). With all systems, cool supply air jets generated a lower air temperature zone near the
floor. Convection flow from solar and other heat loads lead to higher temperatures above the occupied zone. Minimum and maximum normalized air temperatures with different systems were only shown in design heat load cases
where the generated heat load per floor area and the differences in thermal
environment between systems were bigger. The differences between minimum
and maximum normalized air temperatures with CB system were 0.5 to 1.0 °C
higher than with CCMV system. CBR system generated nearly as homogenous
thermal conditions as CCMV system.

Figure 11. Normalized average air temperature (top) and min-max air temperatures (middle) at
the 8 measured heights at design heat load conditions with workstation layouts S1-S4.

CCMV and CB systems generated most non-uniform normalized operative
temperature distribution with different workstation layouts under the design
heat load cases. Differences among the average normalized operative temperature values were at maximum 0.025 (about 0.7 °C) under different workstation
layouts. This differed significantly from the normalized air temperature in the
case of CCMV, whereas it was similar with CB system. Operative temperature
distribution in the design heat load cases was most uniform with MTVV system. With CBR system, the vertical operative temperature differences were
found to be between CB/CCMV and MTVV system values. There were similar
differences in minimum and maximum normalized operative temperatures for
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the different systems compared to what was noticed for the normalized air
temperatures. The highest differences occurred with CB system and the smallest with CCMV system. Differences with CCMV system were clearly smallest
with workstation layouts S3 and S4, where occupants were sitting with backs
to each other. CBR system generated slightly smaller differences in minimum
and maximum operative temperatures than CB system.

Figure 12. Normalized average operative temperature (top) and min-max operative temperatures (middle) in height at design conditions with workstation layouts S1-S4.

Average vertical velocity distributions at design heat load conditions are presented in Figure 13. Measurement results at usual heat load conditions are
reported in Publication 2. The maximum velocities at each particular height
are also presented in the same graphs. Highest velocities, over 0.20 m/s, with
all systems were measured near the floor level. This can be seen in both average velocity distribution and in highest velocity distribution curves. In the occupied zone, velocities were lowest and the most uniform with CCMV system.
The average and maximum velocities were similar with CB and CBR systems.
The biggest variations in maximum velocities (about 0.15 m/s) between different workstation layouts were measured with CB and CBR system. The second
biggest variations in the maximum velocities were measured with MTVV system. Differences among average velocity distributions between CB/CBR and
CCMV systems were not big, indicating that the local maximum velocities in
CB/CBR cases didn’t influence strongly to the average air flow distribution in
the room. In usual conditions, the difference in velocities among systems was
less noticed.
Number of points with measured velocities over 0.25 m/s and with draught
rates equal or over 20% in the occupied zone is presented in Table 7. Similar
deviations between the velocity distribution graphs and the numbers of veloci36
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ties and draught rates between systems, workstation layouts and heat load
levels were seen. The biggest exception to this is the velocity and draught rate
level measured under the MTVV system under the design heat load cases. In
those cases, there was measured uniformly high number of velocities over 0.25
m/s and draught rates over 20% with all workstation layouts. Especially the
number of draught rates over 20% was significant with MTVV system under
the design heat load cases. MTVV system under the usual heat load cases generated uniformly small number of velocities over 0.25 m/s and almost no locations where the draught rate exceeded 20%. The second biggest number of
velocities over 0.25 m/s was measured with CB system in the design heat load
condition. This was not uniformly with different workstation layouts, and thus
differed from the MVTT system. Also under the usual heat load cases with the
CB system, the numbers of high velocities were smaller than in the design heat
load cases like it was in the cases with other systems, but in some cases with
CB system that was a bit bigger or at similar level. The numbers of measured
velocities over 0.25 m/s were lower with CBR than with CB system almost in
all cases. The numbers of draught rate over 20% locations were similar under
the CB, CBR and CCMV systems than the number of velocities. Draught rates
over 20% were found only in one location with two workstation layouts and
only in the design heat load cases with CCMV system. With CBR system, these
were found in few locations and with CB, in few more locations of draught
rates over 20%. One reason for the high number of draught rates over 20%
locations with MVTT system in the design heat load cases was the high turbulence intensity caused by the supply air jets.

Figure 13. Air velocity at design heat load conditions: Average in height (solid line) and maximum in height (dash line).

Manikin Based Equivalent Temperature (MBET) data based on the thermal
manikin measurement and radiant asymmetry measurement results are reported in Publication 2. The whole body MBET with the different systems
and workstation layout was very similar with maximum differences of about 1
°C. All measured radiant asymmetries fulfilled the requirements of the ISO
7730 standard for category B.
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Table 7. Number of points where air velocity is higher than 0.25 m/s and draught rate is equal or
higher than 20% (ISO 7730 standard category B requirement) at 0.05 m to 1.7 m levels above
the floor (H = Design heat load case and L = Usual heat load case).

Velocity >
0.25 m/s
CB
CBR
CCMV
MTVV
Draught
rate t20%
CB
CBR
CCMV
MTVV

3.2

3.2.1

S1
H
17
2
4
17

S2
L
6
1
1
2

H
8
8
4
22

L
4
0
0
1

H
8
4
0
16

S1
H
6
3
1
27

S3
L
9
6
0
0

H
3
1
4
23

L
6
2
0
0

H
6
3
1
19

S2

S4
L
1
1
0
0

H
11
5
2
23

L
0
1
0
0

H
12
2
0
16

S3

L
11
3
0
2
S4
L
3
2
0
0

Study of the performance of ceiling radiant panels under
cooling mode of operation
Effect of air distribution

The cooling power of the CRPs increased with the studied air distribution
methods. The increase was from 8.6% to 17.1% depending on the air distribution method. Figure 14 shows the conductance of the radiant panels for the
studied cases. The biggest increase to the CRP capacity of about 15.1% was
achieved in the radial swirl induction unit case without additional cooling of
supply air and 17.1% when additional cooling from the coil of induction unit
was used. The increase was approximately 10% in linear and multi-nozzle ceiling diffuser cases.
The calculated centerline velocity, volume flow rate and average temperature
of the supply air jet based on manufacturer’s data and turbulent air jet theory
equations are presented in Table 8. The total pressure levels of the supply air
diffusers are also listed for describing the operating conditions of the diffusers.
The radial swirl induction unit required the highest total pressure level. All
total pressures were within range of typical operating conditions. The supply
air jet flow rate just before CRP surface was clearly the biggest in the case of
swirl induction unit (approximately 11 times bigger than with 0.9 m long linear
diffuser and about 4-5 times bigger than with other diffusers). Also the average
temperature of supply air jet with radial swirl induction unit at the same location was closest to the room temperature, still differences in the temperatures
were not big. The velocity levels varied between 0.29 – 0.95 m/s levels when
the supply air jet reached the CRP surface. The highest increase in cooling
power of the CRPs was achieved with radial swirl induction unit, the main reason for this was the high air flow rate of supply air jet just before CRP surface.
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Figure 14. CRP conductances in cooling mode in studied cases and increment of cooling capacity of panel compared with the case 1 without supply air.
Table 8. The calculated supply air jet parameters from different supply air diffusers.
Supply air jets leaving the unit
Jet characteristic data Jet just before CRP
Case
dpt (Pa) ¹ Q0,t (l/s) ² v0 (m/s) t0 (°C) H0 (m) A0 (m2) K1 ( - ) ³ QX (l/s) vX (m/s) tX (°C)
2 3m Linear air supply
5
25
2.1
16 0.002
2.8
130
0.29
25.0
2
25
1.4
16
0.01
2.8
58
0.43
23.8
2B 0.9m Linear air supply
3 Radial multi-nozzle
12
25
3.2
16
0.0079
1.7
180
0.63
25.3
4 Swirl without cooling
76
70
6.4
23.3
0.0108
0.9
667
0.95
25.9
5 Swirl with cooling
76
70
6.4
21.1
0.0108
0.9
667
0.95
25.7
¹ Total pressure drop of supply air in the diffuser at studied operating point
² Total supply air jet flow rate: for linear jet 12.5 l/s/jet and for swirl induction unit including also induction flow rate
³ Throw length coefficient includes effect of ceiling attachment, confinement of test room and swirl pattern

3.2.2

Effect of heat load arrangement

The effect of heat load arrangement on to the performance of CRPs is presented in Figure 15. The cooling power of the CRPs was decreased by 7% when
the heat load was simulated by heated dummies (case 1B) compared to the
case when the heat load was conducted through the walls (case 1). In the case 3
with supply air, the cooling power was increased by 10% when comparing it to
case 1 without supply air, but this disappeared when comparing case 3B, with
dummy heat loads and supply air, to the case 1. Still when comparing case 3B
with case 1B (in both cases dummies were used as heat source) there is a 5%
increase because of the supply air flushing the CRPs. In the case 3C with uneven heat load distribution (dummies located on one side of the room) the increase in the cooling power of the CRPs disappears. This is caused by the colliding local convection flow from dummies with the ventilation flow that can
was seen in the smoke visualization.
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Radiant panel cooling conductances
with relative increase on top
40.0

-6.7 %
to case 1

35.0

+9.6 %
to case 1

+5.1 %
to case 1B

-1.8 %
to case 1B

Conductance [W/K]

30.0
25.0

20.0
15.0
10.0
5.0
0.0

1. No supply air, 1B. No supply air, 3. Radial supply 3B. Radial supply 3C. Radial supply
wall heat loads symmetric dummy
multi-nozzle,
multi-nozzle,
multi-nozzle,
heat loads
wall heat loads symm. dummies uneven dummies

Figure 15. CRP conductances in cooling mode in studied cases and comparison to the case 1
and 1B without supply air.

The measured horizontal and vertical temperature distribution in all studied
cases are presented in Publication 4. The black ball temperatures (almost
the same as operative temperatures) were near the room air temperatures. The
vertical temperature difference was less than 0.5 ºC in all cases. The largest
difference of air temperature in horizontal and vertical direction was measured
in the case 3C where the convection flow of the heated dummies positioned to
one side of the test room caused higher temperature readings locally.

3.3

3.3.1

Study of the radiant panel integrated with exposed chilled
beam in heating mode
Full-scale test

The measurement results in the occupied zone are presented in Table 9. The
vertical temperature stratification in the room is shown in the Figure 16. Indoor climate conditions in all cases were good fulfilling ISO 7730:2005 category A and B requirements. Local thermal conditions were as well at good level,
even reasonable in the case 6 where window temperature was nearly 10 °C,
minimum measured air temperature in the occupied zone was 19.5 °C and
maximum temperature stratification was 2.1 °C.
Vertical and horizontal radiant asymmetry in all cases was clearly below
(floor-ceiling max. 2.7 °C and window-door wall max. 9.4 °C) maximum values
for category A indoor climate conditions (< 5 °C and < 10 °C respectively). Also
in case 2 with 61.9/44 °C inlet/outlet water temperatures, vertical radiant
asymmetry was clearly fulfilling the requirements. The vertical temperature
stratification in the occupied zone was about 2 °C in all cases. The temperature
gradient between the floor and ceiling was depending on the case about 3-5.5
°C. The highest room air velocities and draught rate readings were at good
level, about 0.16 m/s and 17%, fulfilling category B requirements.
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Table 9. Measurement results in occupied zone.

Measurement results in occupied zone at heights
case 1 case 2 case 4 case 5 case 5b case 6
0.1, 0.3, 0.5, 1.1, 1.5, 1.8 m (without points 1, 8, 15)
Average air temperature [°C]
20.8
20.5
21.0
20.8
21.1
20.8
Min. air temperature [°C]
20.0
19.4
20.2
19.7
19.9
19.5
Max. air temperature [°C]
21.5
21.3
22.0
21.7
22.8
22.0
Average air velocity [m/s]
0.04
0.05
0.05
0.05
0.04
0.05
Average of 3 highest velocities [m/s]
0.13
0.16
0.14
0.16
0.15
0.17
Highest velocity[m/s]
0.14
0.17
0.16
0.16
0.19
0.17
Average turbulence intensity [%]
23
25
32
25
28
25
Average draught rate [%]
8
10
6
10
6
7
Average of 3 highest draught rates [%]
13
17
13
16
15
17
Highest draught rate [%]
14
17
16
17
19
17
At height 1.1 m:
Avrg. air temperature of window side [°C]
20.8
20.5
21.1
20.8
21.0
20.8
Avrg. air temperature of door side [°C]
20.9
20.8
21.1
20.8
21.2
21.0
Avrg. horizontal air temp. diff. [°C]
-0.1
-0.3
0.0
0.0
-0.2
-0.2
At height 1.1 m and in three locations (points 9, 12, 18 except in case 1 and 2 points 9, 12, 19):
Avrg. oper. temperature [°C]
21.3
21.2
20.9
21.1
21.3
21.2
Avrg. air temperature [°C]
20.9
20.7
21.1
20.9
21.2
21.0
Min. oper. temperature [°C]
20.6
20.3
20.1
20.2
20.2
20.3
Min. air temperature [°C]
20.7
20.6
21.1
20.7
21.0
20.9
Max. radiant assymetry (simul. window-corridor) [°C]
5.8
7.4
5.4
7.2
7.3
9.4
Radiant asymmetry - Cool wall - PD [%]
1.0
1.7
0.9
1.6
1.6
3.3
Max. radiant assymetry (between long side walls) [°C] 0.7
0.6
0.8
0.4
0.8
0.3
Max. radiant assymetry (ceiling-floor) [°C]
1.9
2.7
0.2
1.3
1.1
0.6
Radiant asymmetry - Warm ceiling - PD [%]
2.0
3.0
0.2
1.3
1.1
0.6
At heights 0.1 m and 1.8 m:
Avrg. vertical air temperature diff. [°C]
1.1 1.3
1.2
1.4
1.8
1.7
Max. vertical air temperature diff. [°C]
1.3 1.5
1.6
1.7
2.6
2.1
PD_vertical air temperature difference [%]
0.9 1.6
1.7
1.8
2.9
2.3

Figure 16. Vertical temperature stratifications with different window temperatures and internal
heat gains in different locations.

The vertical temperature stratification in the room was quite uniform and
similar in all cases below the bottom of radiant panel, but increased by about 3
°C above the panel in the cases without ventilation and internal heat loads
(cases 1 and 2) as can be seen in results presented in Figure 16. In the cases 4,
5b and 6 with ventilation and internal heat loads vertical temperature stratification in the room was more uniform than in the cases without ventilation and
internal heat loads. In the case 6, there were still quite strong variations in the
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stratification due to the heat loss from very cold window (10.1 °C). The mixing
of the room air due to the ventilation supply air and chilled beam induction air
was seen clearly down to the height of 1.1 m in the vertical temperature stratification in the cases 5 and 5b both with internal heat loads on and case 5b with
also ventilation on.
3.3.2

CFD simulation

Measurement and CFD simulation results with the difference between them
in cases 1 and 4, and CFD simulation results from case 4 with changed desk
location (C4nw_CFD), and difference to the CFD simulation from case 4
(C4_CFD) are presented in the Table 10. Turbulence intensity and draught
rate were calculated from CFD simulation results by using correction formula
for omnidirectional mean air speed and turbulence intensity from directional
air velocity (Koskela et al. 2001). CFD simulation results were collected from
the same locations as the measurements. Due to the location of the desk in the
C4nw_CFD case, CFD results from measurement locations 3, 10 and 17 were
not taken into account. The measurement location 9 was still included for taking conditions under the desk into evaluation. This location 9 is also shown in
the vertical temperature stratification in the Figure 17 where C4nw_CFD and
C4_CFD cases are compared.
Table 10. Measurement and CFD simulation results in occupied zone of case 1, 4 and 4nw.
Meas. and CFD results in occupied zone at heights
case 1case 4C4_CFDcase 1 C1_CFD
case 4 C4_CFD
C4nw_CFD*
0.1, 0.3, 0.5, 1.1, 1.5, 1.8 m (without points 1, 8, 15)
C1_CFD
C4_CFD
C4nw_CFD
Average air temperature [°C]
20.8
21.0
-0.2
21.0
20.9
0.1
20.9
0.0
Min. air temperature [°C]
20.0
20.3
-0.3
20.2
20.1
0.1
20.1
0.0
Max. air temperature [°C]
21.5
21.6
-0.1
22.0
22.0
0.0
22.1
-0.1
Average air velocity [m/s]
0.04
0.03
0.0
0.05
0.03
0.0
0.03
0.0
Average of 3 highest velocities [m/s]
0.13
0.12
0.0
0.14
0.12
0.0
0.12
0.0
Highest velocity[m/s]
0.14
0.12
0.0
0.16
0.13
0.0
0.13
0.0
Average turbulence intensity [%]
23
34
-11
32
34
-2.0
35
-1.0
Average draught rate [%]
8
2
6
6
1
4.6
1
0.0
Average of 3 highest draught rates [%]
13
10
3
13
11
2.3
10
1.0
Highest draught rate [%]
14
11
3
16
11
5
11
0
At height 1.1 m:
Avrg. air temperature of window side [°C]
20.8
21.1
-0.3
21.1
21.0
0.1
21.0
0.0
Avrg. air temperature of door side [°C]
20.9
21.1
-0.2
21.1
20.8
0.3
20.9
-0.1
Avrg. horizontal air temp. diff. [°C]
-0.1
0.0
-0.1
0.0
0.2
-0.2
0.1
0.1
At height 1.1 m and in three locations (points 9, 12, 18 except in case 1 points 9, 12, 19):
Avrg. oper. temperature [°C]
21.3
21.3
0.0
20.9
21.1
-0.2
21.2
-0.1
Avrg. air temperature [°C]
20.9
21.1
-0.2
21.1
21.0
0.1
21.0
0.0
Min. oper. temperature [°C]
20.6
20.4
0.2
20.1
20.4
-0.3
20.6
-0.2
Min. air temperature [°C]
20.7
21.1
-0.4
21.1
20.9
0.2
21.0
-0.1
Max. radiant assymetry (simul. window-corridor) [°C]
5.8
5.6
0.2
5.4
6.3
-0.9
4.3
2.0
Radiant asymmetry - Cool wall - PD [%]
1.0
0.9
0.1
0.9
1.2
-0.3
0.6
0.6
Max. radiant assymetry (between long side walls) [°C] 0.7
0.6
0.1
0.8
1.3
-0.5
0.3
1.0
Max. radiant assymetry (ceiling-floor) [°C]
1.9
1.8
0.1
0.2
-1.3
1.5
0.3
-1.6
Radiant asymmetry - Warm ceiling - PD [%]
2.0
1.9
0.1
0.2
0.3
At heights 0.1 m and 1.8 m:
Avrg. vertical air temperature diff. [°C]
1.1
1.0
0.1
1.2
1.4
-0.2
1.4
0.0
Max. vertical air temperature diff. [°C]
1.3
1.2
0.1
1.6
1.7
-0.1
1.7
0.0
PD_vertical air temperature difference [%]
0.9
1.2
-0.3
1.7
1.8
-0.1
1.8
0.0
* Due to the changed desk location points 3, 10 and 17 not included, point 9 included for including conditions under desk,
radiant asymmetry was taken from points 9, 12, 4 due to the occupant heat load between the simulation window and point 18
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Figure 17. Vertical temperature stratifications in measured and simulated cases 1 and 4, and in
the case C4nw_CFD with changed desk location.

There were some slightly larger relative differences between measured cases
1 and 4, and simulated cases C1_CFD and C4_CFD according to the Table 10
and Figure 17, but the absolute differences were small. The shape of vertical
temperature profiles in the CFD simulations was nearly the same as in the
measurements except in the case C1_CFD, the upper part of the room was significantly warmer when compared to the measured case 1. The minimum operative temperatures near cold window were slightly lower in the measurements than in the CFD simulations. Vertical temperature stratifications in the
occupied zone were nearly the same in the measurements and in the CFD simulations. Radiant asymmetry between warm ceiling and floor was smaller in
the CFD simulations than in the measurements. Measured and simulated velocities and draught rate were quite similar when looking at the maximum
values. Average values of them both were rather small even though the differences are bigger. Also simulated turbulence intensity was at similar level as in
the measurements.
The effect for the overall thermal conditions according to the Table 10 of the
changed desk location between the simulated cases C4_CFD and C4nw_CFD
was very small. An interesting difference in thermal conditions between
C4nw_CFD and C4_CFD cases was at location 9 as shown in the Figure 17 of
which height up to 0.7 m is under the big desk and near cold window (0.5 m
from window) in the C4nw_CFD case, and without desk in the C4_CFD case.
That difference in the temperature level under the desk was also very small,
only about 0.4 °C.
Air change effectiveness (ASHRAE 2005) in the occupied zone was also defined with CFD simulation in C4_CFD case. The age of air in perfectly mixed
room was 2380 seconds and CFD simulation predicted mean age of air in the
occupied zone 2728 seconds. According this air change effectiveness was 0.87,
which was at good level in heating situation with exhaust location in the ceiling. CFD simulation velocity distributions are presented in Publication 6
showing supply air jets turning upward and not reaching completely occupied
zone, which can be seen in small deviation of the air change effectiveness from
fully mixed conditions.
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4. Discussion

4.1

4.1.1

Study of the thermal environment in simulated office rooms
with convective and radiant cooling systems
Office room and meeting room cases

Overall there was a small difference in the generated thermal environment
obtained by cooling with the chilled ceiling and chilled beam systems. This was
similar to findings in earlier studies (Kosonen et al. 2011, Duszyk et al. 2011).
The average air and globe (operative) temperature levels were very similar
(less than 0.3 °C difference) with all four systems. Average operative temperature with the CCMV system was 0.1 °C higher than air temperature and near
the simulated windows about 0.5 °C higher. The portion of radiation heat
transfer from CCMV in cooling mode of operation was about 50% (AndrésChicote 2012). Part of cooling was delivered into the room as convective cooling of supply air. Due to the compensating heat loads in the room transferring
heat by free convection and radiation, the operative (globe) temperature also
with CCMV system was above air temperature. This is opposite to the referred
in some radiant cooling system design guidelines and technical manuals suggesting 2-3 °C lower operative temperature, when calculating the cooling power output of the chilled ceiling. Because of this difference significant energy
savings due to the constant operation under higher room air temperature in
cooling mode compared to systems based on convective cooling only is claimed
to be achieved (Fraccaro 2011, Schako 2009, SPC 2014, TROXCellenceCenter
2010, ECOPHIT 2013). Based on present results this would lead to 2-3 °C
warmer room air and operative temperature in design conditions (heavy heat
load) than the design criteria for indoor temperatures. The cooling power
measurements of radiant panels and cooling dimensioning data according EN
14240 standard, where operative (globe) temperature is used as reference
room temperature, has reduced possibility for under-sizing the cooling power.
Still this is presented in the product data as significant benefit and it is advised
to take into account in design of such radiant cooling systems.
The measured radiant asymmetry under all studied systems was reasonable
with the used cooling water temperature and heat load distribution. Based on
ISO 7730 standard recommendations this would result in less than 1.5 % dissatisfied due to radiant asymmetry with all four systems.
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The major problem with the studied systems was the non-symmetrical heat
load distribution in both the office room and the meeting room cases. The
strong buoyancy flow generated by the warm window surface and nearby occupants and computers pushed the supplied ventilation cool air jets towards
the wall opposite to the simulated windows. This could be resisted by increasing the momentum of the supply air jets that was seen in the MVRC case,
where the supply air flow rate was nearly doubled. The airflow pattern was
most probably affected also by the low momentum convection flow from the
cool chilled surface in both CCMV and CBR cases and the induction airflow in
CB and CBR cases, which generated negative buoyant flow near the wall opposite to the simulated windows.
Manikin based equivalent temperatures (MBET) gave additional information
on the thermal conditions. It was determined for different body segments and
for the whole body by calculating weighted average based on the area of the
different body parts (PT Teknik). The effect of radiant cooling, mostly to the
upper body especially in the CCMV cases, and very locally to the front surface
of the body in the MVRC cases, could be seen clearly especially under the design heat load.
The effect of the convective air flow is still significant with all systems, as it
covers about 50% of the heat transfer from the chilled surface also in the
CCMV and the MVRC cases (Andrés-Chicote et al. 2012). Systems based on
radiant transfer made conditions more uniform by compensating for the effect
of the heat loads, but also those systems delivered too much cooling in the locations not affected much by the heat loads. This was seen in the CCMV cases,
where the manikin, located in the perimeter zone i.e. in the area close to the
window, in office room and meeting room cases had the MBET of the head
closer to the room design temperature compared to that measured under the
fully convective CB system. However, when the manikin was located in the
other end of the room under the meeting room cases the calculated MBET was
below 26 °C. Under the MVRC case the upper part of the body had the MBET
near the room design temperature of 26 °C, but the lower part had too low
equivalent temperature, which might result in draught issues. According to
this it would be preferable to use radiant panel in the perimeter zone or in a
local radiant panel set-up for the upper body (more affected by the heat loads
compared to lower body) for a more uniform thermal sensation of the occupants. However it is not recommended to use the same cooling water circuit
and extend that practice to the locations not affected by the heat loads.
A bit higher velocities and draught rates in CB and CBR cases were caused
most probably by the bigger supply air volume by the chilled beam systems
due to the induction air circulation especially in the area near the door (Fig. 1).
This could have been slightly increased by the use of exposed chilled beam in
this study where supply air jets attach a bit weaker to the ceiling surface and
might resist convection flows a bit less than ceiling integrated chilled beam.
The conditions in the room where the occupants were located were quite similar for the studied systems especially in the office room cases. The effect of
delivering part of the cooling from radiant panels in the CBR cases lowered the
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room air velocity level only slightly compared to purely convective CB system.
One reason for this was that the induction air flow rate in CB and CBR cases
was the same. The highest velocities and draught rates measured under the
MVRC system were lower when compared with the other three systems. This
was probably caused by the increased air supply rate leading to better attachment of the supply jets along the ceiling surface due to the higher initial momentum of the jets. Furthermore its interaction with the buoyancy flow led to
less turning of the supplied flow towards the door side and circulation towards
the window side, and led to better diffusion of the supply air into the room air.
Overall the increase of the heat load level in the room increased the average
velocities and draught rates. This can be clearly seen in the presented measurements especially when looking at the draught rates results, where also the
highest draught rates are lower under the lower heat load level. The draught
rate gives more holistic value from local thermal conditions by taking into account in addition to the velocity the local temperature and turbulent intensity
as well. Nevertheless considering that the relatively high air temperatures and
that highest velocities occurred at the low levels (feet level) it may be expected
that draught will not be a problem with the studied systems.
Horizontal temperature gradient existed in the room due to the nonsymmetrical heat load distribution that could not be avoided with any of the
studied cooling systems. For this reason specific perimeter cooling system
(cooling system for the area near window) or workstation installed cooling
system, preferably controlled by the occupant, could provide the most optimal
thermal conditions for the office room or meeting room especially within the
perimeter zone. This system could be based on both radiant and convective
cooling, by making the conditions more uniform with the radiant part of the
system, and preventing too strong circulation of the convection flows with the
convective part of the system by increasing the momentum of the supply air jet
like in the MVRC case.
The four systems (CB, CBR, CCMV and MVRC) were further tested in a follow-up human subjective experiment with 24 participants (12 male and 12
female) in the office room case with design heat load in order to document the
subjective evaluation of the generated thermal indoor environment (Bolashikov et al. 2013). In the human subject experiments, the whole body thermal
sensation acceptability was close to “clearly acceptable” (based on the EN
15251 acceptability scale) without clear differences with all four tested systems.
The thermal sensation of the human subjects was correcponding with the
measured small differences in the thermal environment. Under the generated
thermal conditions with CB and MVRC the whole body thermal sensation and
its acceptability as reported by the subjects varied in wider ranges compared to
the thermal conditions generated by CBR and CCMV, suggesting more homogeneous thermal environment within the occupied zone with CBR and CCMV.
The goal for more homogeneous thermal environment has been also questioned in the recently reported research (Marken Lichtenbelt et al. 2017). This
was justified with the possible long-term health benefits from varying thermal
environment.
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4.1.2

Office room with different workstation layouts

The overall differences in the thermal environment of office room with different workstation layouts generated by the studied systems were small. Clear
differences were observed during the design heat load conditions. Air temperature and operative temperature distributions were very near to each other with
different systems and workstation layouts especially in usual heat load cases,
but also in the design heat load cases. In all measured cases, the requirement
of the ISO 7730 standard for vertical air (in fact operative) temperature difference between head and ankles (1.1 m and 0.1 m) for category B to be lower
than 3 °C, was fulfilled.
The reason for the non-uniform operative temperature distributions with
CCMV system between different workstation layouts in Figure 12 remained
partly unclear, because it was also inconsistent with the location of the heat
loads near the window or in opposite side of the office room, which could have
effected to the radiant temperature at the location of the reference operative
temperature measurement. One reason could be the more central location of
the heat loads in the office room, which were more efficiently covered by the
CCMV system (Publication 3), than in the case of the occupants sitting faces
opposite to each other with partition wall in the middle. When analyzing the
minimum and maximum room air and operative temperature distributions in
different cases, the CCMV system generated the most uniform thermal environment. The CB system had biggest variations under the peak/design heat
load. The integration of the radiant panel in the chilled beam design increased
the uniformity of the thermal environment when compared to the CB system.
This was not clearly confirmed in the earlier research (Publication 1), but
according to the present study, it can be stated. In the design heat load situations, the MTVV system performed quite similarly to the CBR, but was causing
increased air velocities and draught rates compared to the CB or CBR systems.
The double office room full-scale test setup used in this research simulated
the situation in the typical, real double office room. Situation in landscape office room however can differ a bit from this case setup, due to the effect of the
side and entrance walls onto the air distribution. In the real landscape office
room, there could be other lines of diffusers or chilled beams and instead of
collision with side walls, there would be colliding supply air jets. Occupants
could also be located farther from the window wall. Also the design of chilled
beam system could be done with chilled beams installed parallel to the window
wall. For mixing ventilation there could be several optional supply air diffuser
types and locations. In the present study, the design was done based on the
preferred installation option for exposed CB according the earlier research
(Zhoril et al. 2007). The selection of the type and the orientation of supply air
distribution with commonly used linear slot diffusers in CMVV and MTVV
cases was similar than in the CB cases with 2-way linear throw pattern. The
landscape office room without side walls might affect onto performance of
CCMV due to the bigger view factor to the ceiling.
Based on the air velocities exceeding 0.20 m/s or 0.25 m/s would be difficult
to categorize the indoor climate conditions of the different systems. Under
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some workstation layouts, CCMV system generated no velocities above 0.20
m/s under the usual heat loads. The reason for this could be that in these cases
velocity over 0.20 m/s still existed, but were in different locations under the
different workstation layout, and were in some cases out of the measurement
grid. Other explanation could be that supply air jets were more efficiently diffused and did not generate higher velocities with convection flows under different workstation layout. The measurement grid used for analysis of air temperature, operative temperature, air velocity and turbulence intensity was finer
than used in the analysis of thermal environment in the earlier study (Publication 1). It included additional heights (0.05 m and 0.3 m) in addition to the
heights recommended by ISO Standard 7726-1998 and ASHRAE Standard 552013 (0.1 m, 0.6 m, 1.1 m and 1.7 m). The effect of finer measurement grid was
noticeable in the velocity measurements; the measurements performed at 0.05
m level increased the number of higher velocities and draught rates with all
systems. In Table 11, draught rates over 20% are listed. With CCMV system, all
of the draught rates over 20% came from the 0.05 m height. The same occurred with CBR system with S4 workstation layout. CB system with S4 layout
generated half of the draught rates over 20% at 0.05 m level. With MVTT,
there were quite similar results to those with CB system. It would be recommended to add the height 0.05 m to the indoor climate testing standards or
change the height of 0.1 m to 0.05 m. With this measurement point, it is possible to get more generic view of the draught risk. Wearing no shoes, low-heeled
shoes or slippers in office environment can result in draught discomfort at
ankle level for occupants.
Table 11. Number of points in the design heat load cases where draught rate is equal or higher

than recommended (20%) from 0.05 m to 1.7 m above the floor (occupied zone), at 0.1 m
height from floor and at 0.05 m height from floor.

Draught rate equal or higher than 20% in design heat load cases
Workstation layout
System
Location
S1
S2
S3
S4
Occupied zone
6
8
6
12
CB
At 0.10 m height
1
1
0
2
At 0.05 m height
1
3
1
6
Occupied zone
3
4
3
2
CBR
At 0.10 m height
0
0
0
0
At 0.05 m height
0
0
0
2
Occupied zone
1
0
1
0
CCMV
At 0.10 m height
0
0
0
0
At 0.05 m height
1
0
1
0
Occupied zone
27
16
19
16
MTVV
At 0.10 m height
10
4
5
5
At 0.05 m height
9
6
9
7
During all studied cases the characteristics of the supply air distribution had
the biggest impact on the generated thermal environment. With smoke visualization, it was noted that supply air jets leaving CB and CBR system was not
completely reaching the side walls. Also, the convection flow from heat sources
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especially with workstation layout S1 and S3 turned the jet towards the wall
opposite from window. With CCMV system, the jet from two mixing diffusers
was not so strongly affected by the heat loads and reached side walls on both
sides. With MTVV system, the supply air jets from three diffusers were strong
enough to reach side walls. Supply air flow rate per diffuser under the design
heat load condition with MTVV system was over double when compared to the
cases with CCMV system and significantly bigger than under the usual heat
load condition with MTVV system. One main factor for increased velocity and
draught rate levels probably was caused by too long throw length from the diffusers under the design heat load condition with MTVV system. That could be
reduced by the design of the MTVV system with bigger number of supply air
diffusers. The operation of MTVV system in modern office buildings is usually
designed with variable air volume ventilation system. In this case same supply
air diffusers are used for variable supply air flow rates and controlled often by
room air temperature i.e. room heat load level. According to the present study,
it is important to ensure the operation of supply air distribution in variable air
volume MTVV system in all operating modes. With all systems and all workstation layouts, thermal environment in the usual heat load cases was more
uniform and with less draught rates over 20%. This means that one of the
main factors for high level thermal conditions is to reduce heat load levels e.g.
with external solar shading. The main source of high draught rates in all cases
could be linked with the interaction of supply air flow jets and convection
flows.
With CB system, the supply air jet had lower velocity than the conventional
mixing ventilation and roughly 4 times higher volume air flow rate due to the
induced room air inside the CB system (Zheming Guan and Wen 2016). This
means that buoyance is affecting more the supply air jet than with typical air
terminal unit. For providing high level indoor climate conditions with CB system, the best approach would be: 1) To integrate radiant panel with the CB
system (i.e. use CBR system) for reduction of the cooling power per coil length
and thus utilize warmer inlet water under cooling design conditions, or 2) to
design CB system with lower cooling power per coil length (this would require
smaller nozzles for the same pressure level (Ruponen 2009)), use longer CB
units and warmer inlet water. The integrated radiant panel would allow cooling system operation without ventilation system operation outside the operating hours of the office building. The use of longer chilled beam and warmer
inlet water would also increase energy efficiency of total cooling system with
longer free cooling operation and better utilization potential of renewable energy sources (Woollett et al. 2015).
The room heat load level was the most influential factor for the quality of the
thermal environment; other important factor was the type of the cooling system. When part of the cooling was delivered with radiant heat transfer, the
effect of heat load level on the thermal environment was smaller. This was
most visible especially with CCMV system but also with CBR system. The importance of workstation or heat load layout depended on the room heat load
level and type of cooling system. The workstation layout had biggest effect on
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the thermal environment generated by CB system, both under design and usual heat load conditions. Integration of radiant panels to CB in the case of CBR
reduced that effect. The thermal environment generated by MTVV didn’t depend on the workstation layout, but mostly on the room heat load level. The
effect of workstation layout to the thermal environment generated by CCMV
system was negligible. This validates the hypothesis in the present study.

4.2

Study of the performance of ceiling radiant panels under
cooling mode of operation

CRPs were located near the long side wall in order to increase the distance to
the supply air diffuser. In this way the cool supply air has time to induce the
warm room air and to increase its volume flow rate flushing the CRPs and
temperature above the surface temperature of the CRPs. This would enhance
the heat exchange between the panels and the flushing air. Another aspect to
be considered is that the locations of CRPs near the wall, slightly decreased the
velocity of the supply air jet flushing the panel surfaces when it is turning the
corner. The set-up used in the present study may be considered to describe the
“average” situation in practice.
The use of the CRPs with swirl induction unit was quite optimal because the
supply air jet from the induction unit was mixture of supply air and induced
room air and thus is warmer. Also the volume flow rate of the supply air jet
was significantly higher than with other supply air diffusers. In this arrangement the CRPs could also be located nearer the supply air unit and this could
increase the cooling perfromance of CRP even more. When cooling from the
coil of the induction unit was introduced (case 5), the effect of the suppy air
distiribution on the cooling power of CRPs was larger (17.1 %) than without the
cooling of the coil (case 4, 15.1 %). That was unexpected, because the heat
transfer should be worse when the supply air jet was cooler. The reason for
this could be the measurement uncertainty and very small temperature difference of supply air jets in both cases. The effect of the mixing air distribution on
the cooling performance of CRP was not very significant with other supply
diffuser types. The effect with the multi-nozzle diffuser was almost 10 % with
wall heat loads (cases 1 and 3), but it was reduced to about 5 % in the cases
with dummy heat loads (cases 1B and 3B). In the real buildings, heat loads are
typically a mixture of these types, wall heat loads from wall and window surfaces of the façade, and dummy heat loads from occupants and equipment.
This means that the effect of supply air distribution on to cooling performance
is somewhere within this range. Based on this research when designing the
CRP system, the cooling power of CRPs could be increased safely by 5% in the
areas where mixing ventilation supply air jets are flushing the CRP surfaces.
This recommendation is based on the cooling powers of CRPs used in the design based on standardized cooling power measurement according EN-14240
(2004) where uniform dummy heat loads are used. This confirms the increase
of 6% in the case with radial air distribution and uneven wall and dummy heat
loads reported in previous research (Diaz et al. 2010). The short linear supply
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air diffuser increased the cooling capacity of CRP by 12% (case 2B), a bit more
than the increase by the multi-nozzle diffuser with wall heat loads (case 3).
This was most probably caused by the efficient circulation of the room air
flushing the radiant panel somehow better than the long linear diffuser, which
increased the cooling capacity of about 9% (case 2). That was more substantial
than the induction of the room air into the supply air jet, which was the smallest in the case with the short linear diffuser based on the calculation with turbulent jet theory (Table 8). This could be further analysed with CFD simulation.
The case with dummies used as heat load (case 1B) gave a slightly smaller
cooling power (7%) than the case with heat load conducted through walls (case
1). Similar setting was studied also earlier with hybrid CRP system and without
supply air (Niu et al. 2014) and a bit higher (13%) cooling power with wall heat
loads was reported. This same effect can be seen more clearly in the cases with
supply air from multi-nozzle diffuser and with wall heat loads (case 3) or with
dummy heat loads (case 3B) (11% higher cooling power with wall heat loads).
This confirms similar findings reported by Niu et al. (2014) also in the presence of air distribution flushing the surface of CRPs. Niu et al. (2014) reported
that the proportion of radiant heat transfer from the heat sources is smaller in
the cases with dummy heat loads and affects onto the cooling capacity of CRP
system.
In the case with supply air and with uneven dummy heat loads (case 3C)
where heated dummies were located only on one side of the room, the generated thermal plumes interact with the ventilation flow resulting in its discharge
towards opposite end of the room. For that reason the supplied ventilation air
does not flush the CRP as efficiently as in the case with symmetrical heat
loads. The effect of the heat load arrangement on the cooling power of the
CRPs is biggest when the thermal plumes generated by the heat sources (uneven dummy heat loads in the case 3C) affect significantly the distribution of
the supply air jet used to enhance the cooling output of the CRP. This can be
seen when comparing the cooling power of the case 3 with symmetric wall heat
loads to the case 3C with uneven dummy heat loads, both with supply air distribution, where the cooling power was reduced by 16%.

4.3

Study of the radiant panel integrated with exposed chilled
beam in heating mode

The full-scale test measurements and CFD simulations with radiant panel integrated exposed chilled beam generated good thermal conditions in almost all
of the cases. With the 14.5 °C window surface temperature, the vertical temperature stratification in unoccupied room without any heat loads and ventilation was about 4 °C between floor and ceiling level, this would be acceptable
for night-time heating and morning heating before occupied hours. The vertical temperature stratification in the same CFD simulation case was significantly higher, about 6 °C. When there was part of the heat loads present and ventilation on during occupied hours, vertical temperature stratification was only
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about 2 °C at the whole room height and only 1.6 °C in the occupied zone. That
was at the same level in the CFD simulation cases. These are at good level from
energy efficiency and from thermal comfort point of view. Also in the cases
where simulated window surface temperature was about 12 °C, thermal conditions fulfilled the most demanding indoor climate class criteria (ISO 7730
standard). The vertical temperature stratification at the whole room height
was about 5 °C without heat loads and ventilation, and about 3 °C with partial
heat loads and ventilation. That should be analysed also with CFD simulation
especially the case without heat loads and ventilation. Based on the full-scale
test this would be also acceptable, but in the modern office buildings, the internal surface temperature of good windows in heating design conditions could
be easily in minimum 14-15 °C. These would be the most advantageous conditions for CBRP. Based on this radiant panel integrated exposed chilled beam
could replace radiator heating systems in most office buildings and especially
when equipped with good windows and external wall structure.
The CFD simulation gave valuable information about thermal conditions and
room air flow field including the ventilation effectiveness. There were small
differences between measured and simulated conditions, but all important
characteristics of indoor climate conditions between different cases were in
good agreement. According to this comparison, CFD simulation could be well
used in the design of the room heating system. Still important element was the
reliable CFD model for exposed chilled beam with radiant panel. The main
difference between full-scale test and CFD simulation was the modelling of
walls, floor and ceiling of the test room. The full-scale test setup and CFD simulation boundary conditions were not completely the same and this was most
probably the biggest reason for small differences in the indoor climate conditions between measured and simulated values. The exterior space of the fullscale test room had constantly maintained fully mixed air temperature at nearly the same level as reference temperature (Tr 1.1 m in Fig. 9) in the test room,
whereas the test room temperature was vertically stratified. This caused quite
significant heat losses from warm upper part of the test room and caused a bit
heat loads in cooler lower part near the floor of the test room. These surfaces
were defined with adiabatic walls in the CFD simulations, so without any conducting heat transfer. Also in the full-scale test, some excess heat was conducted into the external space due to the radiant heating of the surfaces, and for
this reason the heat load into lower part of the test room due to the vertical
temperature stratification and external environment temperature was most
probably very small. Still these adiabatic boundary conditions were selected
for CFD simulation for investigating just the effect of cold window heat loss.
The measured radiant panel surface temperature in the case 1 was 40.9 °C, and
in the CFD simulation case C1_CFD that was adjusted to 37.0 °C for maintaining the same reference room temperature. In the case 4, when heating power
demand was smaller, the measured surface temperature was 24.5 °C and in the
CFD simulation case C4_CFD and C4nw_CFD that was adjusted to 25.5 °C.
The effect of CBRP on the heat loss of window in heating conditions was analysed also with CFD simulation. The window heat losses in the C1_CFD and
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C4_CFD cases, and typical heat losses in uniform conditions calculated with
total heat transfer coefficient 8 W/m2K for measured case 1 and case 4 in the
Table 4 were 390 W / 340 W and 345 W / 340 W (CFD simulation case /
measured case according to the Table 4). The effect of higher vertical temperature stratification caused about 15% higher heat loss in the C1_CFD when
compared to the typical, uniform conditions. This could be reduced by lowering the room set-point temperature and possibly also heating water inlet temperature outside occupied hours when heating would be used without ventilation and any internal heat loads.
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5.1

Thermal environment generated by convective, radiant and
combined systems

Thermal environment in the simulated office and meeting room cases with
different heat loads and workstation layouts was studied in detail. Small differences in the thermal environment generated with the studied convective,
radiant and combined cooling systems were identified. The hypothesis, that
the performance of different combinations of radiant and convective cooling
systems would have substantial effect on the flow distribution and thermal
environment in rooms, was refused. Thermal environment was very similar,
especially in the usual heat load cases. The measurements also at the height of
0.05 m were important for more generic view of the thermal environment.
There were some higher air velocity and draught rate levels generated by
MTVV, CB and CBR under the design heat load conditions when compared to
CCMV and MVRC. Still the study indicated that these could be improved with
correct design of the cooling system like identified with the integration of radiant panel with chilled beam in CBR or with MTVV performance under design
and usual heat loads. The heat load distribution played a major role for the
airflow pattern and characteristics in all studied systems.
The differences in room air temperature and operative temperature levels
were small and do not support the product data and design guidelines presenting up to 2-3 K lower operative temperature in rooms with radiant cooling
systems. The use of such assumption may lead to elevated room air temperatures under cooling design heat load. The hypothesis, that the use of radiant
ceiling panels combined with mixing ventilation will reduce substantially the
operative temperature and thus cooler environment will be achieved compare
to convective cooling provided by active chilled beam, was refused. It was consistent also with the measurements of the thermal environment generated by
CRPs with different mixing air distribution and different heat load arrangements.
CCMV system provided the most uniform thermal environment regardless of
the workstation layout. The hypothesis, that combined convective and radiant
CCMV system can provide more uniform thermal conditions than only convective cooling systems (CB, MTVV) regardless of the workstation layout, was
validated.
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The effect of air distribution and heat load arrangement on the cooling performance of CRP system and the generated thermal environment was studied
with full-scale test cases. The mixing air distribution generated by linear slot
diffuser, radial multi-nozzle diffuser and radial swirl induction unit increased
the cooling power of CRP system from 5% to 17%. The biggest increase in the
cooling power was achieved with the high volume supply air jet with temperature near the room air temperature, which was supplied by the swirl induction
unit. When the heat load is generated only by heated dummies (occupants)
instead heated walls, the cooling performance of CRPs was reduced by 7-11%.
The thermal environment generated with CBRP radiant panel integrated
with exposed chilled beam was studied in heating conditions. Thermal comfort
conditions in all studied cases were good, still the most advantageous situation
would be to ensure that internal window surface temperature is at least about
14-15 °C in the design conditions. That can be easily achieved with modern
window construction and this system could replace the radiator heating system in most office buildings.

5.2

Reliability of the measured quantities

The accuracy and reliability of the analysis of thermal environment and of
the convective and radiant indoor climate systems were discussed in each of
the Publication 1-4 reported in this thesis. The measurement accuracy and
procedure was reported for all measured quantities.
The uncertainty of calculated quantities based on measured quantities of
thermal environemt has been analysed and reported earlier. The absolute uncertainty of draught rate was identified to be +/-5% (Melikov et al. 2007). This
was based on the combined impact of error sources from measurement of
mean air velocity, standard deviation of air velocity, turbulence intensity and
air temperature. The main sources of error for the draught rate were caused by
measurement of mean air velocity and standard deviation of air velocity with
the low-velocity anemometer.
According to the recommendation of the earlier reported research for the
minimum uncertainty of MBET (Melikov and Zhou 1999), thermal manikins
were operated by the comfort equation regulation mode. This caused the
smallest differences in the MBET determinations when comparing operation
under different regulation modes. The maximum extended uncertainty of the
mean value of MBET was +/- 0.1 °C.
The uncertainty of measured cooling power in the Publication 3 was identified to be +/- 2.7%. The uncertainty of conductances used in the analysis of
the CRP cooling performance was +/- 2.9%. This was calculated by cumulative
error law from uncertainties of cooling power and room and mean water temperature differences (equation 1).
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5.3

Practical implications

The optional convective and radiant indoor climate systems for modern office buildings have been studied in this thesis. The main focus has been the
generated thermal environment with focus on the ability to create excellent
thermal comfort for occupants. Other aspect was the performance of the indoor climate systems, how these systems should be designed and operated by
fulfilling both thermal comfort requirements and by enabling highly energy
efficient HVAC system. This all has important practical implications.
Useful new understanding on the differences in the thermal environment
generated by different convective and radiant indoor climate systems was revealed. There are only small differences in thermal environment generated by
different cooling systems, when systems are designed correctly. The CB system
maintains good thermal conditions when cooling capacity of the unit is moderate per linear meter of the cooling coil, which enables the use of high inlet
water temperature for cooling. Thermal conditions can be improved by using
CBR system, which combines radiant panels to active chilled beam. This combined indoor climate system performs well in heating mode. It can also provide energy efficiency benefits of both chilled beam and radiant panel system.
The CCMV system is the easiest to design for excellent thermal conditions and
it generates slightly more uniform thermal environment than convective systems. The radiant cooling systems do not lower operative temperature significantly in rooms when compared to the convective cooling systems like presented in some design guidelines. Chilled ceiling system near the façade with
solar loads should be controlled separately from internal zone for preventing
over-cooling of the area not located near the façade. The cooling capacity of
CRPs can be slightly increased with air distribution. This depends on the type
of the diffuser, with induction diffuser the capacity can be increased most. The
design of all-air MTVV system can generate easily too high velocities in the
occupied zone with maximum supply air flow rates, but it performs very well if
the design is done correctly, by avoiding too long throw lengths of supply air
jets.

5.4

Recommendations for further research

Further research of convective and radiant indoor climate systems is recommended according to the studies reported in this thesis. The measurement
setup and results could be used as reference cases to study further the thermal
environment with different indoor climate systems by using CFD-simulations.
One interesting topic would be the research of perimeter indoor climate systems, which would efficiently compensate solar loads and minimize the horizontal temperature gradient in the room. That would also prevent the convection flows from window façade for disturbing the air distribution. Other interesting research question would be to study room unit concepts, which would
allow more personalized control of local indoor climate. Human subject experiments could be interesting to perform with large number of test persons by
including also previously mentioned new potential HVAC room unit concepts
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into the experiments. Furthermore, boundary conditions for CFD-simulation
study could also be derived from energy simulation by studying differences in
thermal environment with convective and radiant indoor climate systems taking into account the effect of different building structures. It would be recommended to study further the performance of the convective and radiant indoor
climate systems also in real office buildings. The studies with simulated test
cases providing detailed view of the thermal environment are limited to steady
state conditions, which could be complemented with studies in real conditions.
The proper design and operation of the studied systems and the thermal environment should be verified with measurements and simulations prior to the
studies. The human subject experiments and investigation of the energy efficiency with different operating parameters during longer period could be subsequently performed.
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The design of indoor climate systems in
modern ofﬁ ce buildings should enable
comfortable and productive indoor
environment for occupants. The objective of
the thesis has been to investigate the
performance of convective, radiant and
combined cooling systems such as chilled
beam and chilled ceiling with mixing
ventilation with regard to thermal
environment. One signiﬁ cant ﬁ nding in this
research was the small difference in thermal
environment between different systems.
Other signiﬁ cant ﬁ nding was the
performance of chilled ceiling with mixing
ventilation providing the most uniform
thermal environment regardless of the
workstation layout as part of comprehensive
analysis of the characteristics of different
cooling systems.
The effects of air distribution and heat load
arrangement on the cooling performance of
the ceiling radiant panels were studied in the
othe r part of the the sis. The rmal e nvironme nt
of chilled beam integrated with radiant panel
was studied also in heating mode with both
experimental and CFD methods.
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