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a b s t r a c t

This paper investigates experimentally the cooling performance of a concept, where the radiant ceiling is
suspended from the hollow-core concrete slab and by ventilation supply in the plenum and the perfora-
tions of the ceiling tiles, ventilation air is distributed without ducts and air terminals to the occupied
zone. Literature has proven that this concept allows for more streamlined installation procedures and
excellent performance in terms of thermal comfort and draught. The paper reports experimental results
from a climate chamber, where the concept was tested under both steady-state and quasi-steady condi-
tions. The steady-state conditions were chosen to map the cooling performance with different air change
rates, and different ventilation and water supply temperatures. The results showed that for air change
rates of 3 h�1 in the occupied zone and water supply temperature of 17 �C, the cooling output from
the ceiling increased by 10 %. The concept was also tested under quasi-steady conditions in a 48 h cycle
to quantify the thermal buffering effect of the exposed upper concrete slab when subjected to ventilation
supply air. The effect amounted to 11–12 % increased cooling capacity at the end of the working day
when the driving temperatures between air, water and thermal zones were at their maximum.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The increased focus on indoor thermal comfort has led to more
extensive heating, cooling and ventilation demands. At the same
time, there is a push to use more renewable energy sources for a
greener and more sustainable environment [1]. Concurrently, the
AEC industry (Architectural, Engineering and Contracting) seeks
to simplify construction processes and reduce the coordination
on the construction site. In buildings, the systems for heating, cool-
ing, ventilation and acoustics belong to different professions,
which increases the risk of sub-optimal performance or malfunc-
tion in one or more systems. This study presents a concept that
integrates heating, cooling, ventilation and acoustics into one com-
ponent to simplify the construction process and provide comfort
and well-being more sustainably. The authors have presented the
concept under the name ‘HVACeiling’ [2,3].
1.1. Integrated radiant and ventilative systems

The HVACeiling integrates a perforated radiant ceiling panel
with Diffuse Ceiling Ventilation (DCV), which means the air flows
from the distributing plenum to the occupied zone through the
perforations of the panel at low speed, hence the term diffuse. In
the literature, radiant ceilings and DCV have proven to improve
thermal comfort [4,5] and reduce the risk of draught, respectively
[6–8]. Using DCV for night ventilation shows to have a higher tem-
perature efficiency than both displacement ventilation and mixing
ventilation [9], however the temperature efficiency decreased for
the DCV with higher ACR.

Fig. 1 exemplifies the concept in cooling and heating mode. The
combination of radiant ceiling panels with diffuse ventilation
builds upon the strengths of both solutions in terms of acoustics,
draught, and the potential to use low-valued energy sources that
provide heating and cooling at temperatures close to room comfort
temperature. Previous studies have shown an increase in cooling
power when integrating a hollow core concrete slab [2]. However,
the heavy ceiling (concrete slab) is not an integral part of the sys-
tem. The HVACeiling may be installed with a light ceiling, but in
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Nomenclature

A Area [m2]
ACR Air change rate [h�1]
AUST Average Unheated Surface Temperature [K]
cp Specific heat capacity [J/kgK]
F View factor [-]
h Heat transfer coefficient [W/m2K]
L Length [m]
LMTD Logarithmic Mean Temperature Difference [�C]
m_ Mass flow rate [kg/s]
Q_ Heat gain/load/transfer [W]
DQ Unbalance/deviation [W]
Q̅ Unbalance rate [%]
qi Measured ith quantity
qvent Ventilation rate [l/s]
n Number of measurements
s Standard deviation
T Temperature [�C]
DT Temperature difference [K]
U U-value [W/m2K]
u Uncertainty [-]
V_ Volume flow rate [m3/s]

Greek symbols
e Emissivity [-]
q Density [kg/m3]
w Linear loss [W/mK]

Abbreviations
CFD Computer Fluid Dynamics
DCV Diffuse Ceiling Ventilation
HVACeiling Integrated Heating, Cooling, Ventilation and Acousti-

cal ceiling solution
LTH-HTC Low Temperature Heating – High Temperature Cooling
RTC Reference Temperature Calibrator
TABS Thermally Active Building Systems

Subscripts
a Air
c Convective
ceil Ceiling
Cool Cooling
op Operative
out Outside the climate chamber
plen Plenum
room Room
r Radiant
ref Reference
ret Return
s Surface
sup Supply
tot Total
vent Ventilation
w Water
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this paper, the HVACeiling was tested in combination with a hol-
low core concrete slab.

Systems operating with temperatures close to the room comfort
temperature are commonly referred to as Low-Temperature-
Heating - High-Temperature-Cooling systems (LTH-HTC) [5]; and
are regarded as more sustainable providers of comfort. Radiant
ceilings can be operated as LTH-HTC systems, provided that the
heat transfer surface is sufficiently large to supply heating and
cooling to the room at low temperature differences. Other types
of LTH-HTC ceilings encompass systems embedded in the primary
structure (thermo-active building systems, TABS), systems isolated
from the main structure but embedded in the outermost surface
layer, and systems suspended from the main structure [10,11].

Fan coils and chilled beams are other examples of integrated
heating, cooling and ventilation systems. However, these systems
are often sources of turbulent noise, draught and discomfort [12]
and in heating scenarios often require pre-heating of the supply
air to minimise discomfort risks. The presented concept here
allows the ventilation air to diffuse through the perforations at
slow speed, in the process pre-heating or pre-cooling the supply
Fig. 1. The HVACeiling concept [2]. Ventilation supply to plenum an

2

air and thus is an integrated solution for draught risk, turbulent
noise and room acoustics. Some recent studies have combined
Active Chilled Beam (ACB) with LTH-HTC systems [13]. In [13],
the ACB operated with a constant water supply temperature and
by induction and recirculation cooling and heating was transferred
fromwater to the room air [14]. However, in comparison with DCV,
the ACB operates with high-impulse airflow which increases the
risk of draught and turbulent noise. This was shown by Lestinen
et al. [4], where maximum draught rates of chilled ceiling with
mixing ventilation, diffuse ceiling ventilation and chilled beams
were 16, 19 and 21 %, respectively, at approx. 60 W/m2. Taking into
consideration that the air change rate with diffuse ventilation was
5.9 h�1 and only 1.9 h�1 in the other cases, the DCV draught perfor-
mance was superior.

Previous studies of Diffuse Ceiling Ventilation (DCV) combined
with hydronic radiant ceilings showed a great potential [2,15–
18]. Integrated heating, cooling, ventilation and acoustics were
analysed by Yu et al. [15], Zhang et al. [16,17] and Krusaa et al.
[2,3,18]. Yu and Zhang performed analyses of TABS combined with
DCV and compared the radiant heat exchanger with and without a
d extract from room. Left: cooling mode. Right: heating mode.
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suspended acoustic ceiling. As the suspended ceiling blocks the
radiant heat transfer to the room, these studies showed decreased
cooling capacity. The decrease in cooling capacity was expected as
Langner et al. [19] found that the heat transfer for TABS reduces
significantly when the suspended ceiling covers>60 % of the ceil-
ing. Krusaa et al. [2] performed analyses of DCV with a radiant ceil-
ing suspended from the building structure, including the influence
of the concrete slab on the pre-heat/pre-cooling scheme. The com-
bined ceiling solution showed an increase of up to 16 % with an
exposed slab, compared to the reference scenario with a radiant
ceiling and mixing ventilation.

There exist some patents that outline a concept similar to
HVACeiling. One patent from 1955 described perforated metal
plates prepared for diffuse ventilation exposed to suspended pipes
during assembly [20]. Another patent from 2008 introduced a com-
posite, hybrid radiant multi-role panel with forced and natural
convection [21]. This panel integrated heating, cooling, ventilation
and air conditioning, as well as a thermoelectric effect, energy
recovery and thermal storage functionalities. Performance analy-
ses back neither combination patents; however, some combined
systems are being marketed [22]. These solutions are designed
with suspended canopies and impulse systems to recirculate the
room air to the backside of the canopy to reduce the boundary
layer and add maximum convection to the radiant ceiling. One
solution combining TABS with a partly covered ceiling with acous-
tics panels up to 62 % showed a decrease in the cooling capacity of
17 % initially, but by introducing ceiling fans, the decrease turned
to an overall increase of 9 % [23,24]. However, ceiling fans and
high-impulse solutions may cause unwanted draught and turbu-
lent noise. Other solutions are being marketed where high-
impulse jet systems reduce the boundary layer by design, thus
increasing the convective heat transfer [25].

1.2. Aims of current research

The HVACeiling concept is promising because it simplifies the
construction process. Simulations have indicated positive influence
from the thermal mass of the concrete slab in the plenum, and the
literature review showed that individual elements of the concept
have proven beneficial, e.g. in terms of draught, thermal comfort,
acoustics, and the possibility of integrating a larger share of renew-
able energy sources. However, experimental evidence of the per-
formance of the combined solution is necessary. This study aims
to investigate the integrated solution in a full-scale experimental
setup with a particular focus on both the combined and the con-
vective heat transfer coefficients and the cooling performance.
The performance was mapped with different water temperatures
and ceiling crossing airflows of different magnitudes. Mixing sce-
narios, i.e. without DCV but with air supplied directly to the occu-
pied zone, were investigated for comparison. The investigations
were made under steady-state and quasi-steady-state conditions.

The first working hypothesis stipulates that the integrated
HVACeiling solution has higher cooling performance with diffuse
ventilation in steady-state conditions because cooling that is
otherwise lost to the plenum is ‘‘reused” to pre-cool the ventilation
air. The heat transfer coefficients upward and downward from the
ceiling and downward from the slab in the plenum were measured
to map the effective heat transfer coefficients. This mapping of the
heat transfer coefficient can be used for further investigation in
simulation tools to achieve more accurate simulations for radiant
ceilings combined with diffuse ventilation. Experiments are
steady-state, meaning that the influence of the slab is nullified.
This nullification may introduce a significant error because the slab
can never be in balance in a 24 h cycle. For this reason, also quasi-
steady experiments are setup to explore how much energy can be
saved/shifted from day to night.
3

Thus the second working hypothesis stipulates: using diffuse
ventilation instead of mixing ventilation means that stored cooling
(from circulation at night) in the top slab is more usable (cooling
power is higher for equal ventilation rates) because the heat
exchange from the slab to the ceiling and on to the occupied zone
is increased by higher convective heat transfer.
1.3. Novelty

The novelty of this study is experimental verification of previ-
ous numerical studies showing that the combination should 1)
potentially increase the cooling capacity, 2) improve storage of
heat energy in a heavy slab in the plenum and 3) provide adequate
thermal comfort by a combination of 1 and 2 at high water supply
temperature close to room temperature which is a more sustain-
able solution.
2. Experimental setup

The experimental investigations were conducted using the test
facilities in the laboratory hall. The hall had a relatively constant
temperature of 20–23 �C. The test facilities consisted of a climate
chamber placed inside a temperature-guarded box, as shown in
Fig. 2. The climate chamber was the size of a full-scale reference
office, 6 m long and 3.6 m wide, with a room height of 2.85 m from
the floor to the lower edge of the suspended ceiling. The plenum
height was 0.6 m. The climate chamber top and bottom were made
from hollow-core slabs, and the walls were made from plaster-
boards insulated with 100 mm insulation.

The airflow and water flow rates varied for the experimental
investigations, whereas heat gains were fixed. The occupants’ heat
gain came from three thermal dummies, resulting in 7 m2/person
(330 W) and three thermal dummies for 7 W/m2 (150 W) equip-
ment. In addition, windows, the size of 3.2 � 1.6 m, were emulated
with a heat resistant film on the wall. The windows resulted in a
heat gain of 450 W, assuming solar-coated glazing with a g-value
of 0.31. The solar gain was placed on the wall and not the floor
because the solar coating and a glare screen (expected to be acti-
vated during direct sun) would absorb the radiation. Therefore,
the total heat gain applied to the room was 930 W (43 W/m2).

The suspended ceiling used for the experiments were ceiling
tiles from Climaline GmbH [26], type Thermo Panel 4 T (c.f.
Fig. 3). The tiles were 600 � 600 mm and were built up from the
front to the back with:

& A perforated gypsum board, 6.5 mm thick and with perforation
holes of 9x9 mm, resulting in 9 % perforation, including the
blocked area. The gypsum was mixed with graphite to improve
the thermal conductivity to 0.45 W/mK.

& An acoustic felt
& A heat-conducting metal plate (1 mm) with matching perfora-

tion pattern, colour black
& Meandering cobber pipes (12 � 0.35 mm) mounted by four alu-

minium plates with a centre to centre distance of 150 mm

The ceiling tiles were placed in three circuits of 15 tiles, as
shown in Fig. 4, resulting in a coverage factor of 75 % in the room.
Each circuit was connected to the manifold and supplied with
water from a cooling rack. Each circuit had a water flow of approx.
100 kg/h (ceiling total 300 kg/h), which caused a pressure loss of
280 Pa/m, which was well within the design criteria for the system.
Infrared thermography of the ceiling verified that water distribu-
tion was uniform (Fig. 5, b). Reynolds number for each circuit
was 3123 which indicates mixed turbulent and laminar flow.



Fig. 2. Cross-sections of the test facilities with climate chamber inside the temperature-guarded box, including ventilation inlet for diffuse ceiling ventilation and water
supply/return to the manifold.

Fig. 3. Thermo Panel 4 T front (left) and backside (right) of the ceiling tiles used for the experiment.
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The diffuse ceiling ventilation principle supplies air above the
suspended ceiling end extracts air directly from the room below.
The principle is depicted in Fig. 2. The ventilation inlet was split
in two to get a more uniform air distribution, uniform velocity pro-
file and reduce dynamic pressure differences in the plenum. The
radiant ceiling was also tested with ventilation supply directly to
the room to make a fair comparison of the HVACeiling solution.
The ventilation principle was made by diverging the supply air
through the ceiling with a flex duct going down in the room. A
board was placed a few centimeters in front of the duct to prevent
a jet of air in the lower part of the room. The principle was similar
to a low-momentum air diffuser that relies on the buoyant forces
to move the air. But in combination with the chilled ceiling, the
anticipated air pattern would - according to Rehva Guidebook 01
[27] - resemble mixing and these scenarios were therefore dubbed
‘‘mixing”.

The ventilation rates corresponded to Category I and II from DS/
ISO/TR 17772–2 [28], resulting in ventilation rates of 51.6 l/s (2.4 l/
s per m2 and 3 h�1 in the room) and 36.1 l/s (1.5 l/s per m2 and
4

2 h�1 in the room). An overview of the different experiments can
be found in Table 1, and pictures of the experimental setup can
be found in Fig. 5.
2.1. Experimental scenarios

Two different kinds of experiments for each of the ventilation
principles were conducted.

1. Steady-state had the experiments running for 24 h. Average val-
ues of the last hour (360 samples) were used for reporting.

2. Quasi-steady-state, where the experiments were running 48–
72 h. Values from the last 24 h (8640 samples) were used for
reporting. Quasi-steady experiments test the potential thermal
buffering capacity of the hollow-core concrete slab.

The different scenarios were set up with three water tempera-
tures and two different air change rates per hour (ACR), totalling
21 experiments. All of the tested scenarios and naming conven-



Fig. 4. The layout of ceiling tiles and connection to the manifold.
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tions are found in Table 1. The final operative temperature, heating
of water and thermal balances could not be known prior to the
experiments, but for illustration, a target operative temperature
of 26 �C, water supply temperature of 20 �C and air supply temper-
ature of 23 �C would result in water cooling output of 1045 W and
ventilation cooling output of 130 W to 187 W for the two air
changes.

2.2. Measuring equipment

Several physical parameters and energy use were measured and
recorded. The test facilities were equipped with 45 measurement
points with thermocouples to measure surface and air tempera-
tures, thermopiles to measure the temperature difference, heat
flux sensors to measure the heat flux from the surface, flow meter
and micro-manometer to measure water and airflow. The mea-
surement equipment is listed with accuracy and interval in Table 2.
The location of each measuring point can be found in Fig. 6. A col-
umn of thermocouples was placed at a central location in the room,
following DS/EN 16798–3 [29], to determine the vertical air tem-
perature gradient and evaluate the effect of thermal stratification
based on the experimental scenarios. The thermocouples were
placed at the following heights from the floor: 0.1 m (ankle of
the occupant), 0.6 m (the core of sedentary occupant), 1.1 m (neck
of the sedentary occupant), 1.7 m (neck of the standing occupant),
2.1 m, 2.5 m and 2.8 m.

The internal heat gain (electricity) was measured with multi-
meters as listed in Table 2. The final gain stabilized during the
experiment as resistances and temperatures reached the state of
equilibrium. The reported value was measured at the end of each
experiment.

2.2.1. Calibration of equipment
All thermocouples were covered with aluminium tape or

placed inside a short aluminium tube with open ends to protect
the thermocouples from ambient radiant influence. The sensors
5

measuring water temperature were placed in a thermowell, in
direct contact with the water flow. Both thermocouples and
thermopiles measured the water temperature as the thermopiles
measuring the temperature difference is more accurate. To
ensure each thermocouple measuring data, they were all cali-
brated with the Reference Temperature Calibrator (RTC) from
Ametek, ATC-155B, which has an accuracy of 0.03 �C. The ther-
mocouples in the guard were not accessible, but all other ther-
mocouples were calibrated, which means the accuracy of the
temperature readings are on par with the accuracy of the Ame-
tek RTC. The max deviation for the thermocouples was ± 1 �C
from the reference value.

PT100 sensors measured operative temperature in the room
(placed 1.1 m from the floor) and in the middle of the plenum.
The sensors were placed within a grey globe, 40 mm in diameter.
The sensor is influenced by air- and mean radiant temperature as
a standing person would be and therefore applicable for measuring
operative temperatures [31]. The cable length connected to the
PT100 sensors influences the calibration. Therefore the cable and
PT100 sensor was assembled prior to the calibration with the Ame-
tek RTC.

The inlet and outlet airflows were measured with pitot tubes
from Veab AB with a diameter of Ø160 on the inlet and outlet.
The ventilation rate was not logged continuously during the exper-
iment. The ventilation rate fluctuations were monitored manually
(±1 %), and deemed within the accuracy of the measurement tool
(±5 %).

The heat flux sensors (HF-10S from EKO, [32]) were carefully
attached with no air gaps on surfaces with thermally conductive
silicone grease (Electrotube, HTS [33]). The heat flux sensors mea-
sured the combined radiant and convective heat flux from the sur-
face at the exact location of the sensor. The sensors were placed on
both sides of the ceiling tile and the slab in the plenum. The sen-
sors’ placement was on Circuit 2 and Circuit 3 (c.f. Fig. 4), approx-
imately 1/3 from the manifold downstream, as this location
represents the driving temperature gradient better.



Fig. 5. Experimental setup in the climate chamber for a) integrated solution seen from plenum with connections between each ceiling tile, b) infrared thermography of the
ceiling and c) diffuse ceiling setup from the room.

Table 1
Experimental scenarios. Cooling demand, air temperature and water flow were kept constant, so only ACR and water supply temperature was changed.

Cooling demand ACR
[h�1]

Air supply temperature [�C] Water temperature
[�C]

Steady-state Quasi-steady state

Diffuse 930 W
43 W/m2

2 23 17 D.2.17 D.Q.2.17
23 20 D.2.20 D.Q.2.20
23 23 D.2.23 D.Q.2.23

3 23 17 D.3.17 D.Q.3.17
23 20 D.3.20 D.Q.3.20
23 23 D.3.23 D.Q.3.23

Mixing 2 23 17 M.2.17 –
23 20 M.2.20 –
23 23 M.2.23 –

3 23 17 M.3.17 M.Q.3.17
23 20 M.3.20 M.Q.3.20
23 23 M.3.23 M.Q.3.23

M. Rugholm Krusaa, I. Ørduk Hoffmann and C. Anker Hviid Energy & Buildings 266 (2022) 112101
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Table 2
Accuracy of instruments and sensors applied in the experimental setup.

Instrument/sensor Purpose Interval Accuracy

Thermocouples Temperature �75 to + 260 �C ± 0.03 �C1

Thermopiles Temperature �270C to + 370 �C ± 0.009 �C2

PT-100 sensor Temperature �50 to + 500C ± 0.03 �C1

Keysight 34,970 data acquisition Data logger �210 to + 1820 �C ± 0.003
+0.0035 %

Furness FC0510 micromanometer Differential pressures 0 to 2000 Pa ± 0.25 %
HF-10S heat flux sensor Heat fluxes �30 to + 120C ± 2 %
MASSFLO Flowmeter

type MASS 1100
Mass flow 0 to 2200 kg/h

�50 to + 180C
± 0.1 %

Veab measuring tube Ø160 Airflow 38 to 130 l/s ± 5 %
Multimeter UNI-R UT33D Volt/Ampere 0 to 500 V ± 2.2 %
Multimeter Volt/Ampere 0 to 200 A ± 1.6 %
1 Based on accuracy of Reference Temperature Calibrator from Ametek ATC-155B. Mean of three-point (at 10, 20, 30 �C) calibration offset was applied to average of

sample readings (360) from sensors
2 Based on [30]
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3. Analytic criteria

3.1. Energy balance

The energy balance for the steady-state experiments was
expressed by equation (1). Where DQ indicated the unaccounted
deviation in the energy balance, some deviations were due to
uncertainties in the measurements as described in section 3.3.
The unbalance rate Q ̅ was defined by equation (2).

_Qair þ _Qwater þ _Qtransmission þ _Qinternalgain ¼ D _Q ð1Þ

Q
�
¼ D _Q

_Qinternalgain

ð2Þ
Fig. 6. Measurements points in the experimental setup. Position 1 and 2

7

The ventilation heat gain/loss was defined by equation (3), and
the water heat gain/loss was defined by equation (4). The cooling
capacity was calculated by equation (5).

_Qair ¼ _V � qa � cp;a � Ta;sup � Ta;ret
� � ð3Þ

_Qwater ¼ _m � cp;w � DTw ð4Þ

_Qcool ¼
_Qw

A
ð5Þ

The transmission loss (Equation (6)) was based on the U-values,
and linear losses from a previous study by Onsberg and Eriksen
[34] and was separated into two parts, plenum and room. The U-
value of the plenum included the top slab (2.15 W/m2K) and the
indicate the placement of the heat flux sensors for use in the results.



M. Rugholm Krusaa, I. Ørduk Hoffmann and C. Anker Hviid Energy & Buildings 266 (2022) 112101
walls (0.38 W/m2K). The room included the floor slab (1.32 W/
m2K) and the walls. A linear loss of 0.15 W/mK is included for each
corner side and the connection between floor/wall and ceiling/
wall.

_Qtransmission ¼
X

Us;plen � As;plen þW � Lplen
� � � Ta;plen � Ta;out

� �
þ
X

Us;room � As;room þþW � Lroomð Þ
� Ta;room � Ta;outð Þ ð6Þ
3.2. Heat transfer coefficients

The heat transfer coefficients are essential for dimensioning
radiant systems and numerical simulations, CFD analyses and load
calculations. Simulation software uses either ‘hardcoded’ values or
simulates the values during runtime for the Radiative (RHTC) and
Convective Heat Transfer Coefficient (CHTC), and often radiant
and convective heat transfer coefficients are lumped together to
form the combined heat transfer coefficient [35]. The heat transfer
coefficients are greatly influenced by the ventilation in a room, as
the ventilation changes the boundary layer close to the surfaces of
the radiant comfort systems [5,36,37]. The heat transfer coeffi-
cients are also dependent on the chosen reference temperature,
which again depends on the temperature uniformity in the room
[38,39]. The literature outlines several equations and values with
different reference temperatures for calculating the heat transfer
coefficient. The total heat transfer coefficient is often reported
regarding the operative temperature [40–46]. The radiant heat
transfer coefficient refers to the radiant heat exchange with the
surroundings, driven by the radiant surface temperature to the sur-
roundings’ Average Unheated Surface Temperature (AUST). The
convective heat transfer is driven by the temperature difference
between surface and room air [47].

In this study, the airflow patterns at the suspended ceiling sur-
faces in the room and the plenum and at the top slab may be very
complex. Therefore, the convective heat transfer coefficient was
derived from the total heat transfer coefficient and the calculated
radiant heat transfer coefficient. The radiant heat transfer coeffi-
cient refers to the radiant heat exchange with other surfaces, dri-
ven by the surface temperature and the mean radiant
temperature of the surroundings. The convective heat transfer is
driven by the temperature difference between surface and bulk
room air. The heat flux sensor measured the total heat transfer
coefficient, the combined heat transfer for radiation and convec-
tion during the experiment. The total heat transfer coefficient h
was calculated as equation (7), where the driving temperature gra-
dient was the surface temperature and the operative temperature.

htot ¼
_Qtot=A

ðTop � TsÞ ð7Þ

The radiant heat transfer coefficients (hr) was derived from the
calculation of averaged unheated surface temperature (AUST),
including the view factors in equation (8)-(11). The emissivity, es,
of the radiant ceiling in the plenum is 0.6, as the heat distribution
plates were of polished aluminium and covered 38 % of the ceiling
Table 3
View factors, F, from the radiant ceiling.

Plenum Room

Slab/Floor 0.78 0.34
Wall (Long side) 0.07 0.21
Wall (Short side) 0.04 0.12
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tiles. All other surfaces were 0.9; the actual view factors can be
found in Table 3. The radiant heat transfer coefficient was calcu-
lated by Equation (12).

AUST ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1
Fs�jT

4
j

4

r
ð8Þ

Fs�j ¼ 1
Ai

Z
Ai

Z
Aj

cos hi cos hj
pR2 dAidAj ð9Þ

Fes�j
¼ 1

1� esð Þ=esð Þ þ 1=Fs�j
� �þ As=Aj

� �
1� ej
� �

=ej
� � ð10Þ

_Qr=A ¼
Xn
j¼1

rFes�j
T j þ 273:15
� �4 � Ts þ 273:15ð Þ4
h i

ð11Þ

hr ¼
_Qr=A

AUST � Tsð Þ ð12Þ

The convective heat flux due to the heated/cooled ceiling [35]
were calculated by subtracting the radiant heat flux from the total
heat flux:

_Qc

A
¼

_Qtot

A
�

_Qr

A
ð13Þ

The convective heat transfer coefficient based on air tempera-
ture was then calculated from:

hc ¼
_Qc=A

Ta � Tsð Þ ð14Þ

The local heat transfer coefficients derived from the heat flux
sensors mounted on the suspended ceiling and the slab, were influ-
enced by thermal phenomena and the local airflow patterns. To
calculate the global heat transfer coefficient by the water heat
transfer is a more robust method to derive the heat transfer from
the HVACeiling to the room. Equation (15) uses the surface tem-
perature and the operative temperature, where equation (17) uses
the logarithmic mean temperature difference (LMTD).

hglobal ¼
_Qw

A Ts � Top
� � ð15Þ

LMTD ¼ Tw;sup � Tw;ret

ln Tw;sup � Top
� �

= Tw;ret � Top
� �� � ð16Þ

hLMTD ¼
_Qw

A � LMTD
ð17Þ
3.3. Uncertainty analyses

As part of the validation process, all reported results have
undergone uncertainty analysis [48], which includes the accuracy
and precision of the experiments. The accuracy is the proximity
of the measured value to the true value, while precision refers to
the closeness of repetitively measured values. The first part of
the uncertainty analysis contains the standard deviation, s (equa-
tion (18)) and the estimated standard uncertainty, u (equation
(19)). The standard deviation, xi is the measured ith value, x ̅ is the
average value of all the measurements, and n is the number of
measurements.

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 xi � x

�� �2

n� 1ð Þ

vuut ð18Þ
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u ¼ sffiffiffi
n

p ð19Þ

From the calculation, it is essential to find the combined uncer-
tainty (equation (20)) for each parameter, including the uncer-
tainty of the measuring equipment (Table 2). From this combined
uncertainty, it is possible to estimate uncertainty for an equation,
e.g. to find the uncertainty of the entire energy balance. Here it is
essential to use equation (20) and (21). Equation (20) also
describes the uncertainty when two parameters are added or sub-
tracted, and equation (21) describes when parameters are multi-
plied or divided.

Combineduncertainty ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ c2 þ � � � etc:

q
ð20Þ

u xð Þ
xj j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u yð Þ
yj j

2

þ u zð Þ
zj j

2

þ � � � etc:

vuut ð21Þ
Fig. 7. The vertical temperature gradient from the steady-state experiments.
4. Results

The results from the 21 experiments (12 steady-state and 9
quasi-steady-state) are presented in the following section. The
reported results for the steady-state experiments are the average
of the last hour of the experiment: 360 recordings. The steady-
state experiments were running untouched for at least 24 h to
achieve steady-state. Uncertainty analyses were conducted for
both the energy balance and the heat transfer coefficients, includ-
ing the standard deviation of the 360 recordings and the accuracy
of the measuring equipment. The sign convection for heating was
positive and negative for cooling, except for the heat transfer coef-
ficients, which were positive in all cases. The results for the quasi-
steady-state were evaluated from the last 8640 measurements,
which corresponded with 24 h. Time series are reported to show
the variations over a day, e.g. when the workday starts and ends.

4.1. Steady-state

The results were analysed based on the measured values.
Table 4 shows the values for all steady-state scenarios. Thermal
comfort was evaluated by operative temperature and vertical tem-
perature gradient. From Table 4, it can be seen that the water tem-
perature of 23 �C was not sufficient to create acceptable operative
temperature (Top,room), in regards to the temperature criteria from
DS/EN 17772–2, which states that the temperature should be
below 25.5 �C for category I and below 26.0 �C for category II. Using
Table 4
Measured temperatures, water flow and airflow rate from the steady-state experiments.

D.2.17 D.2.20 D.2.23 D.3.17 D.3.20

Ts,ceil,plen,1 [�C] 19.4 22.2 24.9 19.7 22.2
Ts,ceil,plen,2 [�C] 19.1 21.8 24.5 19.5 21.9
Ts,ceil,room,1 [�C] 20.3 23.0 25.6 20.6 22.9
Ts,ceil,room,2 [�C] 20.2 22.8 25.4 20.5 22.8
Ts,slab,plen,1 [�C] 21.1 22.2 24.0 21.0 22.4
Ts,slab,plen,2 [�C] 21.0 22.2 24.1 21.0 22.4
Ta,plen [�C] 20.8 22.2 23.9 20.9 22.3
Ta,room,1.1 [�C] 23.6 25.5 27.2 23.6 25.3
Top,plen [�C] 21.1 22.4 24.2 21.2 22.5
Top,room [�C] 24.3 26.1 28.1 24.3 25.9
Tguard [�C] 22.1 22.6 23.4 22.1 22.7
Twater,sup [�C] 17.0 20.2 23.2 17.5 20.2
DTwater [�C] �2.3 �1.7 �1.2 �2.2 �1.7
Tvent,sup [�C] 22.8 23.0 22.8 22.6 23.0
DTvent [�C] �1.7 �3.3 �5.6 �1.9 �3.1
m_ [kg/s] 0.086 0.081 0.083 0.085 0.079
qvent [l/s] 36.0 36.0 36.0 51.6 51.6

9

a water temperature of 20 �C ensures thermal comfort category II
and 17 �C ensures category I. The operative temperature in the
room is slightly higher than the air temperature (Top,room > Ta,-
room,1.1); an explanation for this is offered in the Discussion, section
5.3.

The vertical temperature gradient through the room is shown in
Fig. 7. According to ISO 17772–1 [49], the acceptable vertical tem-
perature gradient in category I is 2 �C from head (1.1 m) to ankles
(0.1 m). Whenever there is a significant temperature difference, the
occupants feel discomfort. The temperature gradients were for the
diffuse cases in the range 0.9–1.1 �C where the mixing cases were
in the range of 0.9–1.7 �C, rising with warmer water supply tem-
perature, but was largely unaffected by the ventilation method.
This is indirect evidence that the air patterns were similar. This
is discussed in Section 5.1.

The energy balance for the steady-state scenarios are shown in
Table 5, where the unbalance, unbalance rate, and uncertainty is
reported. The unbalance rate is low for all cases, and the uncer-
tainty can explain most of the unbalance. The unbalance of the
cases with a water temperature of 20 �C was highest, as the ple-
num, slab, and floor became almost adiabatic with very small tem-
perature differences, and therefore the uncertainty of the
measurements was high. As an example, for Case M.3.20, the
uncertainty is approx. ± 137 W, since the temperature difference
between the plenum and guard is only 0.07 �C, which causes con-
D.3.23 M.2.17 M.2.20 M.2.23 M.3.17 M.3.20 M.3.23

24.6 19.3 22.2 24.7 19.4 22.4 24.6
24.3 19.2 21.9 24.3 19.2 22.1 24.4
25.3 20.3 22.9 25.4 20.3 23.1 25.3
25.1 20.4 22.8 25.1 20.3 23.0 25.2
24.0 20.7 22.3 23.4 20.7 21.9 24.1
24.1 20.7 22.3 23.5 20.7 21.9 24.2
23.8 20.5 22.3 23.8 20.5 22.1 24.2
26.8 23.8 25.2 26.7 23.4 25.3 26.7
24.2 20.7 22.5 24.1 20.7 22.3 24.4
27.8 24.5 26.0 27.6 24.2 25.7 27.2
23.5 21.8 22.3 22.7 21.8 22.2 23.0
23.0 17.1 20.3 23.3 17.1 20.7 23.2
�1.2 �2.1 �1.5 �1.1 �2.0 �1.3 �1.1
22.8 22.2 22.1 22.1 22.1 22.1 22.2
�5.1 �2.5 �4.2 �6.0 �2.3 �4.0 �5.3
0.083 0.086 0.086 0.085 0.085 0.085 0.084
51.6 36.0 36.0 36.0 51.6 51.6 51.6



Table 5
Energy balance of the experiment from measured values.

D.2.17 D.2.20 D.2.23 D.3.17 D.3.20 D.3.23 M.2.17 M.2.20 M.2.23 M.3.17 M.3.20 M.3.23

Q_internal gains [W] 935.6 932.0 919.4 932.0 932.0 917.1 938.9 926.2 928.0 938.9 932.0 951.7
Q_water [W] �813.5 �579.2 �399.8 �771.4 �576.4 �391.9 �760.5 �549.6 �373.3 �729.5 �470.8 �398.9
Q_air [W] �73.2 �143.4 �242.2 �120.4 �190.3 �320.0 �107.7 �182.0 �262.2 �144.4 �251.7 �331.6
Q_transmission [W] �65.8 �181.3 �295.0 �71.6 �163.8 �266.8 �88.7 �208.5 –333.7 �66.9 �191.6 �296.8

DQ_ [W] �16.9 28.1 �17.6 �31.4 1.5 �61.7 �18.0 �13.9 �41.3 �1.9 17.9 �75.6
Q̅ [%] �1.8 3.0 �1.9 �3.4 0.2 �6.7 �1.9 �1.5 �4.4 �0.2 1.9 �7.9

Uncertainty [W] ± 26.5 ± 56.6 ± 36.0 ± 27.3 ± 49.4 ± 39.1 ± 27.3 ± 56.0 ± 34.1 ± 27.9 ±137.8 ± 36.7

Table 6
The total, radiant and convective heat transfer in plenum and room for diffuse ventilation scenarios. Position 1 and 2 refers to the heat flux sensor positions in Fig. 6.

D.2.17 D.2.20 D.2.23 D.3.17 D.3.20 D.3.23
Position 1 2 1 2 1 2 1 2 1 2 1 2

Qtot,slab/A [W/m2] �3.0 �2.7 �0.6 �1.0 �2.1 �2.4 �2.2 �1.9 �0.3 0.0 �0.7 �1.0
Qtot,plen/A [W/m2] �12.2 �9.0 �3.8 �2.3 1.5 2.1 �10.7 �7.8 �5.2 �3.8 0.4 1.0
Qtot,room/A [W/m2] �38.1 �47.8 �31.4 �41.1 �26.6 �35.8 �35.4 �45.2 �30.2 �39.5 �25.4 �34.3
Qr,plen/A [W/m2] �8.5 �9.8 �0.1 �1.9 4.3 2.6 �6.6 �7.7 �1.2 �2.6 3.1 1.6
Qr,room/A [W/m2] �20.4 �21.3 �14.9 �16.1 �10.6 �12.0 �18.8 �19.7 �15.1 �15.7 �10.4 �11.6
Qc,plen/A [W/m2] �3.7 0.8 �3.7 �0.4 �2.8 �0.6 �4.1 �0.1 �4.0 �1.1 �2.7 �0.5
Qc,room/A [W/m2] �17.8 �26.2 �16.5 �25.0 �15.9 –23.8 �16.6 �25.5 �15.1 –23.7 �14.9 –22.7

AUSTplen 21.1 21.1 22.2 22.2 24.0 24.0 21.1 21.1 22.4 22.4 24.0 24.0
AUSTroom 24.0 24.0 25.7 25.7 27.5 27.5 24.0 24.0 25.6 25.6 27.1 27.1

htot,slab [W/m2K] 57.9 34.2 2.8 4.3 10.1 20.0 14.0 11.0 4.3 0.1 5.7 22.1
htot,plen [W/m2K] 7.0 4.5 21.2 4.4 2.3 6.3 7.4 4.7 17.9 6.6 0.9 7.4
htot,room [W/m2K] 9.6 11.5 10.0 12.3 10.6 13.1 9.5 11.7 10.0 12.5 10.3 12.8
hr,plen [W/m2K] 4.0 4.0 4.4 4.4 4.1 4.1 4.0 4.0 4.1 4.1 4.3 4.3
hr,room [W/m2K] 5.5 5.5 5.6 5.6 5.7 5.7 5.5 5.5 5.6 5.6 5.7 5.7
hc,plen [W/m2K] 3.8 0.7 120.6 1.8 – – 4.9 1.2 33.2 4.1 – –
hc,room [W/m2K] 5.4 7.7. 6.6 9.3 9.7 12.6 5.5 8.0 6.4 9.4 9.7 12.8

Table 7
The total, radiant and convective heat transfer in the room for mixing ventilation scenarios. Position 1 and 2 refers to the heat flux sensor positions in Fig. 6.

M.2.17 M.2.20 M.2.23 M.3.17 M.3.20 M.3.23
Position 1 2 1 2 1 2 1 2 1 2 1 2

Qtot,room/A [W/m2] �40.4 �46.6 �30.7 �38.6 �26.6 –32.9 �38.6 �45.0 �27.7 �35.8 �24.4 �31.5
Qr,room/A [W/m2] �21.8 �21.0 �14.3 �14.9 �8.2 �9.7 �20.3 �19.9 �12.5 �13.2 �7.7 �8.2
Qc,room/A [W/m2] �18.6 �25.6 �16.4 –23.7 �18.4 –23.2 �18.3 �25.1 �15.2 –22.7 �16.8 –23.3

AUSTroom 24.2 24.2 25.5 25.5 26.8 26.8 24.0 24.0 25.3 25.3 26.6 26.6

htot,room [W/m2K] 9.5 11.4 10.2 12.4 10.3 13.0 9.9 11.8 10.5 13.0 12.8 15.8
hr,room [W/m2K] 5.5 5.5 5.6 5.6 5.7 5.7 5.5 5.5 5.6 5.6 5.7 5.7
hc,room [W/m2K] 5.3 7.6 7.3 10.1 11.5 14.6 5.8 8.1 8.2 11.6 15.6 20.0
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siderable uncertainty on the transmission loss. In general, the
unbalance rate was below 5 %, except for ACRs of 3 and supply
temperatures of 23 �C, where the unbalance rate rose to 7–8 %.

As described in section 3.2, the heat transfer coefficient can be
calculated in several ways depending on how the heat transfer
coefficient should be evaluated. In Table 6 and Table 7, the total
heat transfer and the radiant and convective have been calcu-
lated. For the steady-state experiments, there are adiabatic condi-
tions in the plenum. Consequently, the temperature difference
between the slab and the air in the plenum is close to zero and
thus resulting in an unreal heat transfer coefficient. Hence, the
radiant and convective heat transfer coefficient was only calcu-
lated from the upper and lower side of the radiant ceiling
towards the plenum and the room. Heat flux sensors were located
in two positions (1 and 2), as illustrated in Fig. 6 and listed in
Table 6 and Table 7.

Several studies have proved that the radiant heat transfer coef-
ficient is approximately 5.5 W/m2K [5,47]. The experiments found
10
that the radiant heat transfer coefficients, in general, were smaller
in the plenum. This is because 38% of the ceiling was covered with
aluminium heat plates with significantly lower emissivity than the
rest of the surfaces. Using the weighted emissivity, the radiant heat
transfer coefficient was between 4.0–4.4W/m2K in the plenum and
5.5–5.7 W/m2K in the room.

The convective heat transfer coefficient showed to be inconclu-
sive in the plenum, which was expected with the prevailing adia-
batic conditions, where the convective heat transfer coefficient to
the room with 2 ACR varied from 5.3-14.6 W/m2K and for 3 ACR
varied from 5.5-20.0 W/m2K dependent on the water temperature.
For all the cases, the heat transfer coefficient was higher with
higher water temperatures.

Because local airflow patterns influence the local heat transfer
coefficients, the global heat transfer coefficients are also reported
for the different scenarios. In Table 8, numeric values of hglobal
and hLMTD are listed and in Fig. 8, hLMTD and cooling capacity (Qcool)
are illustrated as functions of LMTD.



Table 8
Global heat transfer coefficients and effectiveness.

ACR 2 ACR 3 ACR 2 ACR 3
D.2.17 D.2.20 D.2.23 D.3.17 D.3.20 D.3.23 M.2.17 M.2.20 M.2.23 M.3.17 M.3.20 M.3.23

Twater,sup [�C] 17.0 20.2 23.2 17.5 20.2 23.0 17.1 20.3 23.3 17.1 20.7 23.2
Twater,ret [�C] 18.8 21.6 24.2 19.2 21.7 24.0 18.7 21.5 24.0 18.7 21.7 24.1
LMTDroom [�C] �6.4 �5.2 �4.4 �5.9 �5.0 �4.2 �6.6 �5.0 �4.0 �6.2 �4.5 �3.5
Ts,ceil,r [�C] 20.3 22.9 25.5 20.5 22.8 25.2 20.3 22.9 25.2 20.3 23.0 25.2
hglobal [W/m2K] 9.3 8.3 7.1 9.4 8.6 7.1 8.4 8.3 7.2 8.8 8.1 9.5
hLMTD [W/m2K] 5.9 5.2 4.2 6.0 5.4 4.3 5.3 5.1 4.3 5.5 4.9 5.2

Fig. 8. Left) hLMTD as a function of LMTD. Right) Cooling capacity (Qcool) as a function of LMTD.
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The general trend in Table 8, for both diffuse and mixing scenar-
ios, is small increasing heat transfer coefficients when the airflow
rates are increased and slightly more significant increases when
the water supply temperatures are lowered. The only exception
to the trend is the scenario M.3.23 which has the highest heat
transfer coefficient.

The global heat transfer coefficient, hglobal, from Table 8 can
be compared to Zhang et al. [16]. Zhang et al. found the global
heat transfer coefficient with ventilation rates of 2–4 h�1 to be
just below 8 W/m2K without diffuse ceiling ventilation and 2–
3 W/m2K with the diffuse ceiling. The statement in the introduc-
tion was that the suspended ceiling for diffuse ventilation would
be a blockage for the heat transfer to the room. This study
showed a global heat transfer coefficient of 7.1–9.5 W/m2K,
which is on par with the case without the suspended ceiling
from Zhang et al.

In Fig. 8 (left), the heat transfer coefficient (hLMTD) for M.3.23 is
marked as a greyed-out dot. From the location of other scenarios
and the trend lines, it is clear that M.3.23 should be disregarded
as an outlier. In Fig. 8 (right), cooling capacity increases with
LMTD as expected for both ventilation methods. However, the
increase is more significant when using the diffuse ventilation
method. The cooling capacity increases with the power of 1.8–2,
where the mixing scenarios increase only with the power of
1.1–1.4. The uncertainty for hLMTD is between 0.02–0.05 W/m2K,
and the cooling capacity (Qcool) is between 0.1–0.2 W/m2. The fig-
ure shows approx. + 15 % higher cooling capacity for the D.3 sce-
narios over the M.3 scenarios. If extrapolated the cooling capacity
may reach 25% higher values for higher cooling loads
(LMTD > 7 K).
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4.2. Quasi-steady-state

The steady-state experiments quantified the cooling capacity of
the radiant ceiling when combined with diffuse ventilation. How-
ever, by steady-state, the plenum surfaces became adiabatic, and
the effect of the concrete slab was nullified. This nullification
may introduce a significant error because, in practice, the slab
can never be in balance. For this reason, quasi-steady-state exper-
iments were conducted in a 24 h cycle to quantify the effect of the
slab on the cooling capacity and temperatures in the room. Addi-
tionally, the experiments also indicated the amount of thermal
energy that can be saved/shifted from day to night and vice versa.
Results from both diffuse and mixing scenarios are presented and
compared: operative temperature, global heat transfer from water,
and local heat flux to quantify the thermal storage of the concrete
slab.

For the quasi-steady-state experiments, it was not possible to
keep the water temperatures at 17 �C and 23 �C. Consequently,
the temperatures were changed to 18 �C and 22 �C, respectively.

The experiments with a water temperature of 18 �C and 20 �C
with ACR 3 showed operative temperatures (Fig. 9) below 25.5 �C
(Category I) and with ACR 2 below 26 �C (Category II), which indi-
cated thermal comfort in the room. The figure also showed that
22 �C is too high in thermal comfort in a cooling scenario. During
the 2x 24 h cycles, it was impossible to keep completely equal con-
ditions, which is why the mixing scenario (M.Q.3) in Fig. 9 actually
shows lower operative temperature.

To illustrate the difference in heat transfer, Fig. 10 and Fig. 11
depicts the time-series of heat transfer (Qw/LMTD) at Tw, sup = 18
and 20 �C. The heat transfer was calculated for each time step, as



Fig. 9. Operative temperatures in the room for the different scenarios with water temperatures of 22, 20 and 18 �C.

Fig. 10. Heat transfer from water in a 24 h circle with Tw = 18 �C in W/K.
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Fig. 11. Heat transfer from water in a 24 h cycle with Tw = 20 �C in W/K.

Fig. 12. Increase from mixing to diffuse scenarios in heat transfer for Tw = 18 �C and Tw = 20 �C. Positive values mean heat transfer was higher for diffuse scenario.
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it changes during the day with ventilation, internal gains and
occupants.

In Fig. 12, a comparison of the diffuse and mixing scenarios is
shown for each time step. During the night, the heat transfer for
the mixing scenario is 3–9 % higher. During the day, the diffuse sce-
nario is on average 11–12 % higher. Results from Tw = 22 �C sce-
nario is not depicted, because the experiments suffered from
adiabatic conditions and therefore unreal results.

Ideally, the heat transfers should be similar at night when the
ventilation is turned off and only radiant heat transfer should occur,
but as the temperature-series in Fig. 9 illustrate, it was not possible
to achieve completely equal conditions in the experiments.
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It is difficult to measure the specific effect from the exposed
slab, as the heat flux sensor is a local sensor that is accurate for
the point where it is placed but conditions can vary in different
places in the room. Fig. 13 shows a comparison from experiments
with Tw, sup = 18 �C, where the heat transfer from the slab surface is
shown as W/K (htot, slab � Aceil; Top in plenum) to compensate for the
differences in the two experiments. The time-series show that the
slab provides heating in the morning and during the night (which
means it is cooling down), but around 11:00 in the diffuse case, the
slab starts to absorb heat and cool the plenum, hence helping the
radiant ceiling in pre-cooling the ventilation air. The figure shows
cooling of approx. 40 W/K from the slab in the afternoon with



Fig. 13. Heat transfer from slab during a 24 h cycle with Tw = 18 �C in W/K. The figure is zoomed in on 08:00 to 18:00.

M. Rugholm Krusaa, I. Ørduk Hoffmann and C. Anker Hviid Energy & Buildings 266 (2022) 112101
ventilation supply Tv,sup = 22 �C. The slab can be even more bene-
ficial in a case with higher ventilation supply temperatures, e.g. Tv,-
sup = 28 �C, which would change the additional cooling from the
slab to 240 W (= +11 W/m2).
5. Discussion

The objective was to investigate the HVACeiling concept in a
full-scale experimental setup and analyse the cooling performance
and the heat transfer both in the plenum and in the room.
5.1. Steady-state

The steady-state experiments showed a difference in cooling
capacity, increasing with higher cooling load, which is expected
because the advantage of using diffuse ventilation over mixing is
to ‘‘reuse” cooling from the plenum. The advantage increased with
lower ceiling temperature. The steady-state experiments showed
that it was possible to achieve thermal comfort.

The radiant heat transfer coefficient in the steady-state experi-
ments showed to be on par with literature in the room and the ple-
num when the emissivity of the aluminium plates on the ceiling
top was included.

The ratio of ceiling output to total cooling output was in the
range 0.40–0.85 across scenarios and according to Rehva Guide-
book 01 [27] this system should behave like a mixing system.

The amount of mixing in both diffuse and mixing scenarios
seemed to be similar due to equal inclination of the temperature
gradients, but the gradients also disclosed that some stratification
was present which was probably due to the concentration of strong
heat sources at one end of the room.

In the steady-state experiments, the slab became adiabatic, and
therefore, it was impossible to conclude on the heat transfer coef-
ficients from the slab. In general, the minor temperature differ-
ences in some of the experiments caused problems, notably in
scenario M.3.23, which was altogether disregarded. The thermal
balance of the experiments was acceptable, and uncertainty was
also low due to meticulous calibration (0.1–0.2 W/m2 in Fig. 8,
right). This means it is acceptable to somewhat extrapolate for
LMTD > 6, but more experiments with higher cooling loads (and
therefore higher LMTD), should be conducted to validate the
extrapolation.
14
5.2. Quasi-steady-state

The results did not show any difference on the Top, but the cooling
capacity was measured to be up to 12 % higher in combination mode.
The reason for not measuring an impact on Top was due to variable
conditions. However, the effect of 12 % more cooling capacity on
the operative temperature can be calculated by setting up a simple
heat balance equation and solve for the resulting operative tempera-
ture. In this manner, the extra cooling capacity of 12 % translates into
a temperature drop of 0.5 �C, all other things equal.

The quasi-steady state did not show much positive influence on
the cooling capacity (40 W/K) from the thermal mass in the con-
crete slab, which is congruent with simulation results [2], that stip-
ulated only minor cooling advantages of 2 %, almost immeasurable.
The ventilation supply temperature must be significantly higher
than the slab (T > 28 �C) to show the significant advantages of
the increased thermal mass. Then a cooling increase of 10 % could
be expected.

5.3. Experimental setup

Due to the experimental facilities, the water flow rates varied
slightly. The intended water flow rate was 300 kg/h to the manifold
(100 kg/h in each circuit). However, this varied through the exper-
iments with an average water flow rate of 302 kg/h ± 7 %.

The radiant ceiling tile assembly was not perfect and with air
gaps as the glue of the assembling aluminium profiles had loos-
ened some places. Consequently, conduction from the pipes to
the heat distribution plate and the room was limited for some ceil-
ing tiles. If the ceiling tile were assembled without air gaps, the
heat transfer and heat transfer coefficient might have been higher.

The operative room sensor at 1.1m height was measuring slightly
higher temperature than the air temperature sensor in the same
location, which is counter-intuitive considering the ceiling is chilled.
But this was probably due to a combination of the ceiling being only
slightly colder than the air, the radiative-to-convective ratio of the
heat resistant film on the wall and the thermal dummies and the
view factors between sensor and heat sources.

5.4. Moisture

The experimental investigation did not include any measure-
ments of humidity. Overall the moisture-related issues in the
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plenum are reduced when the water supply temperature is close to
the room temperature. The experiments were carried out in a Dan-
ish testing facility, and in the Danish climate, the dew point tem-
perature rises above the water temperature for only short
periods of time. In practice and in a broader European context with
warmer and more humid climates, it is necessary to include a cool-
ing coil as part of the air handling unit, which would centrally
dehumidify the air before it enters the plenum.

5.5. Design practice

The reported results may be transformed into design advice in
the following way. The ventilation rate should be enough to cover
the atmospheric air quality criteria and be supplied to the plenum
via an air handling unit with a cooling coil. The coil cools the ambi-
ent air to 22 �C and in the process dehumidifies the air. The ceiling
is supplied with water at 18 �C and both the cooling coil and ceiling
may be connected to the same source. The cooling output would be
12% higher and the operative temperature 0.5 �C lower. If the
ambient air rises above 22 �C, and there is no need for dehumidifi-
cation, then the extra cooling output from the slab storage seems
to cover the additional ventilative heat load, but this should be
investigated in more detail.

6. Conclusions

The objectives of this experimental work were to quantify the
effect on heat transfer when a radiant ceiling is combined with dif-
fuse ventilation and quantify the extra thermal cooling storage of
the slab in the combination mode. Therefore, steady-state and
quasi-steady-state experiments were conducted in a climate
chamber.

The steady-state experiments showed a maximum increase in
cooling capacity with diffuse ventilation of 15 %, pointing towards
25 % if extrapolated. The quasi-steady-state experiments showed
an increase of cooling output on average over the day (occupancy)
of 12 % with diffuse ventilation. This can be translated into 0.5 �C
cooler indoor temperature. The benefit from the exposed slab
was challenging to measure when the ventilation supply tempera-
ture (=ambient temperature) was only 22 �C; however, up to 11W/
m2 extra cooling capacity could be expected for warmer summer
days of 28 �C ambient temperature.
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