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ABSTRACT

The past decades have seen an advancement from heavyweight radiant floors to lightweight conditioning
ceiling systems. However, the performance of these lightweight systems are seldom comprehensively dis-
cussed in an informative manner for designers. This paper reviews lightweight radiant ceiling panel designs
and conducts instrumental experiments to examine the thermal performance of different designs. Four dis-
tinct capillary hydronic panels have been designed and developed to assesses their thermal performance
via empirical testing and measurement. Prototypes were built and integrated into a suspended ceiling sys-
tem where they were tested in cooling mode. The response time, surface temperature, and energy transfer
of the different panel designs were investigated. The experiment results show that higher thermal mass
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yields higher heat transfer and better surface temperature, but longer response time. A better thermal
connection between the capillary tubes and the radiant surface also results in better conduction, faster

response times, and improved surface temperature.

1. Introduction

Applying radiant conditioning systems is a potential solution
for providing thermal comfort with low energy consumption
(Rhee and Kim 2015). Radiant systems can be used as supple-
ments, working in conjunction with conventional convective
systems to provide thermal comfort (Rhee, Olesen, and Kim
2017). Usually, more than 50% of the conditioning load pro-
vided by a planer radiant conditioning system is radiant heat
transfer (Rhee and Kim 2015). In short, radiant systems con-
trol mean radiant temperature (MRT) as well as air temperature.
Recently, radiant conditioning systems have gained popular-
ity due to their advantages over their convective counterparts,
in particular energy-saving potential, improved thermal com-
fort, reduced draught risk, and quieter operation (Rhee and Kim
2015).

In Australia, conditioning systems account for about 39%
of the energy used in a typical commercial building (Residovic
2017). It is anticipated that 25% of Australia’s targeted green-
house gas emissions reduction by 2030 needs to be accounted
for through building energy efficiency improvement (Bulut et al.
2021). Applying radiant conditioning may be a viable option
for improving thermal and energy performance in commercial
buildings in Australia (Do et al. 2022a; 2022b). Commercial build-
ings in Australia can be retrofitted with radiant systems, espe-
cially at perimeter zones in office buildings where thermal build-
ing loads fluctuate widely and mean radiant control is required
(Anderson, Luther, and Brain 2011; Anderson and Luther 2012;
Luther, Tokede, and Liu 2020). However, the number of appli-
cations on radiant systems from Australian researchers is not

notable (Rhee and Kim 2015). At the same time, many radiant
systems currently used in Australia are imported directly from
Europe while their performance in some dynamic climatic con-
ditions of Australia is not well-studied. Presently, the Australian
market applies wet (concrete), heavyweight systems, not suit-
able for retrofitting existing buildings. Hence, our study pro-
poses designs for ceiling radiant panels that meet these needs
for the Australian market.

To date, the research conducted on different configurations
for radiant panel designs has focused on improving capacity
while preventing condensation during cooling. One of the most
notable limitations of radiant systems is their limited cooling
capacity (Babiak, Olesen, and Petras 2007). The two main rea-
sons for this are; the risk of condensation (Babiak, Olesen, and
Petras 2007; Xing et al. 2021) and low heat transfer efficiency
between the chilled water and the room (Yin et al. 2014). Firstly,
the cooling capacity of radiant cooling panels relies on low
surface temperature. The lower the surface temperature the
higher the cooling capacity. However, the surface temperature
must remain higher than the due point to prevent condensa-
tion thus limiting the capacity. In high-humid conditions, the
due point gets closer to the air (dry bub) temperature and fur-
ther limits the cooling capacity of radiant systems. To tackle the
condensation problem, researchers have been promoting solu-
tions including drainage and dehumidification systems (Zhong
etal. 2022). Furthermore, there are two passive solutions namely
changing the texture of the radiant surface to prevent conden-
sation and create a uniform surface temperature (Xing and Li
2022).

CONTACT Jane Matthews @ jane.matthews@deakin.edu.au @ School of Architecture and Built Environment, Deakin University, Geelong, VIC, Australia 3220

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way. The
terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00038628.2024.2381715&domain=pdf&date_stamp=2024-07-23
mailto:jane.matthews@deakin.edu.au
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 H.Q.DO ET AL.

Following the first strategy, Zhong et al. (2022) propose
superhydrophobic surfaces on metal cooling panels and suc-
cessfully mitigate condensation while achieving 209 W/m? with
a 20°C difference between the ambient and radiant surface
temperature. The authors explained that the only limitation of
this solution is ensuring the consistency and durability of the
superhydrophobic surface on a practical production scale. Morse
(1963) promoted a cooling panel design with a polyethylene
sheet shielding the radiant surface from the ambient air so that
the panel can be operated below the dew point. The design
was improved by Teitelbaum et al. (2020) resulting in a sys-
tem capable of providing adequate radiant cooling in an open
space in the hot humid climate of Singapore with no conden-
sation. However, questions can be raised about the practicality
of such a design with unusually high panel thickness and fragile
membrane. Yin et al. (2014) use gypsum as the radiant surface
instead of smooth metal resulting in higher capacity and con-
densation prevention for the gypsum board. This seems to be a
practical solution and inspires some panel designs in this sudy
although the heat transfer coefficient of gypsum board can be
questionable.

The second strategy is to obtain a uniform surface temper-
ature across the radiant panel ensuring high heat flux while
keeping the cooling surface above the dew point. As the surface
temperatures are limited above the dewpoint, the ununiform
surface temperatures provide hotter temperatures and lower
heat flux in some areas, reducing total heat transfer capacity.
Using simulation, Xing and Li (2022) proposed a new piping
system for radiant panels that results in a more uniform sur-
face temperature allowing 4°C hotter inlet cooling water to
have the same cooling capacity, or increasing cooling capac-
ity while the radiant surface temperature remains higher than
the dewpoint. Empirical experiments have yet to be conducted
on this highly potential design. Ye et al. (2023), promoted
a strategy of reducing the pipe spacing in radiant panels to
improve surface temperature uniformity to increase heat trans-
fer and prevent condensation although such a solution can be
costly.

Low heat transfer efficiency between the system and the
room is mentioned in several publications such as the REHVA
handbook (Babiak, Olesen, and Petras 2007), the research of
Yin et al. (2014), and Xing and Li (2022). It is desired for the
materials of the radiant panel to have high thermal conductiv-
ity to ensure heat transfer between the panel surface and the
room. The heat transfer between water tubes and the surface
as well as the surface and room determines the performance of
the panels. The effect of material property, panel design, type
of thermal connection, and thermal mass of the panel requires
further investigation.

The main purpose of this study is to investigate the con-
nection between radiant panel designs and their thermal per-
formance including cooling capacity, time constant, and heat
transfer coefficient. To do so, this research achieved three objec-
tives, proposing four designs of capillary mat radiant panels,
conducting instrumental experiments on the panels, and com-
paring their thermal performance and properties against each
other. These results are potential panel designs, improvement
in panel design and applied materials, as well as developing an
understanding of radiant panels in general.

2. Radiant panel design
2.1. Types of radiant cooling ceiling

Presently, There are three types of radiant systems; Radiant Pan-
els (RP), Embedded Surface Systems (ESS), and Thermal Active
Building Systems (TABS) (Babiak, Olesen, and Petras 2007).
Among them, Radiant Panels (RP) (Figure 1) stand out for being
lightweight, easier to control, and more responsive than the
other systems (Babiak, Olesen, and Petras 2007; Feng 2014; Ima-
nari, Omori, and Bogaki 1999; Miriel, Serres, and Trombe 2002).

Embedded surface systems (ESS) are also commonly used for
radiant ceilings (Babiak, Olesen, and Petras 2007). Figure 2 shows
ESS system types A and B for radiant ceilings. Type A is a ‘wet’
system with the pipes embedded inside the finishing layer while
Type Bisa ‘dry’ system with pipes ‘touching’ the finished surface,
usually drywall.

Figure 3 shows an application of a Type B radiant ceiling
installed in a housing project in Australia with capillary tube mats
sitting on a dry gypsum ceiling (Point A) and insulated with wool
blankets (Point B).

2.2, Piping in radiant ceiling

Hydronic piping in radiant systems can be divided into two cat-
egories: those using @10-20 mm tubes (metal or plastic), and
those using polypropylene capillary tube mats (Diaz and Cuevas
2010). Figure 4(A) and (B) show a radiant system with copper
tubes and capillary tube mats, respectively. The radiant systems
with capillary tube mats have been proven to have superior
performance, especially in terms of surface temperature unifor-
mity (Ding et al. 2020; Jing and Jiayu 2020). Additionally, the
capillary tube mats provide flexibility in design and installation,
although the tubes can easily be blocked by air bubbles (Miriel,
Serres, and Trombe 2002). To tackle the air blockage, bubbles
must be forced out of the system via degassing measures such
as pressure relief valves. Consequently, capillary radiant systems
are usually operated in closed-loop and require pressurization
to ensure an unrestricted flow rate and prevent bubbles from
clogging up the piping.

Figure 5 shows two types of flow channels commonly used
in capillary tube mats. In principle, water circulation requires an
equal path length throughout all of the capillary tubes and man-
ifold in the mat. The flow channel of water through the panel
plays a critical role in the thermal performance of the panel
(Mosa, Labat, and Lorente 2019a; 2019b). For example, Figure
5(A) shows a capillary tube mat with the ‘U-turn’ while the mat in
Figure 5(B) is with the ‘canopy-to-canopy’ flow channel design.
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Figure 1. A common radiant ceiling panel system.
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Figure 2. (A) Type AESS; (B) Type B ESS.
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Figure 4. (A) a radiant system with metal tubes (@15 mm); (B) a radiant system
with capillary tube (@4 mm) mats.

Among them, the ‘canopy-to-canopy’ design has the least resis-
tance to flow and shorter flow distance. Applying the ‘canopy-
to-canopy’ flow channel can result in a more uniform surface
temperature for the radiant panels (Mosa, Labat, and Lorente
2019a; 2019b). Therefore, we selected the ‘canopy-to-canopy’
design for our test panels.

2.3. Key components

Four designs for radiant panels are proposed in this research
each capable of being integrated into a commonly used sus-
pended ceiling frame with ease (panel dimensions 590 x 1190
mm) (Figure 6A). A rigid insulation board was chosen for its
lightweight, readily available, and high R-value. The insulation
board consists of a 25mm thick polyisocyanurate foam (PIR)
panel, with two reflective aluminum layers (Figure 6B). The R-
value of the insulation is 1.05 m2K/W. While easy to work with,
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the insulation is highly durable and can support the struc-
ture of the radiant panels. The capillary tube mats measure
550 x 1150 mm and readily fit within the panels (Figure 6C). Each
mat weighs 0.5 kg (empty) and can contain about 0.45 L of water.

2.4. Panel design

Design 1 is shown in Figure 7(A). Plaster-based ceiling tiles are
used as the radiant surface. Grooves were routed on the back
side of the plaster-based ceiling tile to accommodate the capil-
lary tubes, thus partially embedding them inside the tile. This is
similar to the ‘ESS type A’ radiant ceiling design, shown in the
REHVA handbook (Figure 2A) (Babiak, Olesen, and Petras 2007).
Design 1 is also a dry system, easy to assemble and install. The
radiant surface, the tube mat, and the insulation board are glued
together to create one unified panel. The final panel weighs 6 kg
without water.

Figure 7(B) shows Design 2. Here the capillary tubes are not
embedded in the plasterboard but sandwiched between the
ceiling tile and the rigid insulation board. Hence, the tube mat
only ‘touches’ the radiant surface. This is similar to the radiant
ceiling (Figure 3), and the ESS type B design (Figure 2B) but
the capillary tubes are not embedded inside the insulation. This
panel is slightly heavier than panel 1, weighing 6.5 kg.

In Design 3, a plaster-based ceiling tile is also used as the
radiant surface. Here the insulation board, capillary tube mat,
and radiant surface are bonded together with gypsum mortar
(Figure 7C). Design 3 is similar to Design 1, embedding the cap-
illary tubes inside the radiant surface, although it is heavier and
is a wet system. Hence this design can be considered a variant
of ‘ESS type A’ (Figure 2A). This is the heaviest panel weighing
10 kg.

Design 4 (Figure 7D), is similar to Design 2, but here the radi-
ant surface is a perforated metal sheet. The metal sheet is light
and has low thermal resistance making it an ideal radiant sur-
face. A similar design was also tested by Yin et al. (2014). Their
results show that if the metal sheet is not properly connected
to the capillary tube mat, the performance of the panel is signifi-
cantly hindered. Hence, metal pins and rivets were used to firmly
‘press’ the metal sheet against the tubes forimproved heat trans-
fer. Panel 4 is the lightest, weighing only 3.5 kg. Hence, more
experimental designs for a better connection are necessary.

3. Methodology and data collection
3.1. Research methodology and design

The objective of this section of our paper is to introduce
and make aware to the readers the analytical processes for
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Figure 5. (A) ‘U-turn’ flow tube mat; (B) ‘canopy-to-canopy’ flow tube mat.

SO (A)

Figure 6. (A) Ceiling tile 1200 x 600 mm; (B) Insulation board; (C) Capillary tube mat.

(B) (C)

DESIGN 1 DESIGN 2 DESIGN 3 DESIGN 4
PLASTER BOARD BASED PLASTER BOARD BASED PLASTER BOARD BASED PERFORATED METAL SHEET
RADIANT PANEL RADIANT PANEL RADIANT PANEL RADIANT PANEL

(A) (B) (C) (D)

Figure 7. Four radiant ceiling panel designs.



evaluating and improving hydronic radiant panel system perfor-
mance. Quantitative parameters regarding the panels’ proper-
ties and performance were measured directly via instrumental
experiments as well as numerical calculations. Relative com-
parison analyses were conducted to compare the panels’ ther-
mal performance and evaluate the effectiveness of the panel
designs. Qualitative aspects such as design complexity or ease
of panel building were also used for further comparison.

3.2. Parameters to be measured and calculated

The data gathered measures three aspects of the thermal perfor-
mance of the prototypes, namely radiant surface temperature,
time constant, and heat transfer (heat flux). The heat flux sen-
sor can read the total heat transfer (q) including convective (q)
and radiant (g,) heat transfer between the radiant surface and
the conditioned space. Heat transfer along with surface temper-
ature are crucial factors determining the conditioning capacity
of radiant systems (Babiak, Olesen, and Petras 2007). The opera-
tive temperature of the test environment is calculated based on
the air and black-globe temperature. The radiant system oper-
ation parameters such as inlet water temperature, outlet water
temperature as well as water flow rate are also measured. The
measured parameters allow the heat transfer coefficient and the
thermal transmittance or the thermal resistance of the panel
structure to be calculated. Table 1 below shows the parameters
to be measured and calculated in this study.

3.3. Panel heat transfer and heat transfer coefficient

The heat transfer between the panels and the conditioned space
is the result of the temperature difference between the sur-
face and the operative temperature of the conditioned space.
The relationship between heat flux and temperature difference
between the radiant surface and the conditioned room is indi-
cated by the equation below (Babiak, Olesen, and Petras 2007).

g = h(OT; = Ts) M

Where:

— qis the total heat flux (W/m?)

— h; is the total heat transfer coefficient (W/mZ2K)

— OT; is the ambient operative temperature (°C or K)
— T is the radiant surface temperature (°C or K)

Table 1. Parameters to be measured and calculated.

Parameter Symbols Unit Collection
Radiant surface temperature Ts °CorK Thermocouple
Heat flux (heat transfer) q W/m? Heat flux sensor
Heat transfer coefficient he W/m2K Calculation
Time constant TC Minute Calculation
Thermal transmittance of the Ut W/m2K Calculation
panel structure

Operative temperature oT; °CorK Calculation
Inlet water temperature Ti °CorK Thermocouple
Outlet water temperature To °CorK Thermocouple
Water flowrate Q L/min Flowmeter
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The total heat transfer coefficient is the sum of radiant and
convective heat transfer coefficients:

hl’ = hc + hr (2)
Where:

— hc is the convective heat transfer coefficient (W/m2K)
— h, is the radiant heat transfer coefficient (W/mZ2K)

The calculation method for radiant heat transfer coefficient
(hy) is shown in detail in the research of Cholewa et al. (2017)
and is quite complex. However, the RHEVA handbook (Babiak,
Olesen, and Petras 2007) provides the value of heat transfer
coefficients of various radiant systems. In normal operating con-
ditions, the radiant heat transfer coefficient (h,) of a radiant
system is fixed at 5.5 W/m?K regardless of conditioning mode
or mounting position (e.g. floor, wall, or ceiling) (Babiak, Ole-
sen, and Petras 2007; Shinoda et al. 2019). This value for a radi-
ant heat transfer coefficient (h,) is widely agreed upon among
researchers (Shinoda et al. 2019). The convective heat trans-
fer coefficient (h¢) can vary based on the conditioning mode
(heating or cooling), mounting position (wall, floor, ceiling), and
air velocity (forced convection). The total heat transfer coeffi-
cient (h) suggested in the RHEVA handbook of a cooling ceiling
panel is 11 W/m?2k. Similar values are suggested by the EN1264-5
and EN15377-1 standards (Shinoda et al. 2019). However, sev-
eral publications suggest the total heat transfer coefficient (h)
of the cooling ceiling can be lower, 8-10 W/m?K depending on
ventilation, room size, heat source, etc (Shinoda et al. 2019).

Furthermore, the radiant surface temperature is primarily the
result of the heat transfer between the water and the panel
materials. Here, inlet and outlet water temperature and flow rate
play a critical role in the rate of energy transfer to the radiant
panel surface. As the panels are designed so that most of the heat
transfer between the water and panel is directed toward the con-
ditioned room, the heat flux can be calculated using Equation (3)
below:

g=m=Cx(To—T)/(S*t) (3)
Where:

— m is the mass of the water flow through a panel (kg)
— Cis the specific heat capacity of water (4182 J/kgK)
— T;is the inlet water temperature (°C or K)

— T, is the outlet water temperature (°C or K)

— Sis the area of the panel (m2)

— tis the time of the measurement (s)

3.4. Thermal transmittance (U-value) of the panel
structure

While the aforementioned method (Equation 3) allows the cal-
culation of heat flux via water flow rate and temperatures, it is a
method of indirect measurement that may have low accuracy as
several assumptions are required (Cholewa et al. 2017). Mean-
while, the whole cooling process relies upon the heat transfer
between the cold water and the room through the conduct-
ing surface of the panels. The effectiveness of heat transfer is
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Figure 8. A panel composition indicating locations of thermal contact resistance.

reliant upon the materials selected throughout the panel. It can
be assumed that most of the heat transfer between the water
and the panel radiant surface will then transfer to the room.

g = (Ts = Tw)U; (4)

Where:

— Ut is the total U-value (Thermal transmittance) of the panel
material structure (W/m?K)

— Ts is the temperature of the radiant surface (°C or K)

— Ty is the average of the water temperature inside the panel
(°C or K)

The total U-value of the panel composition is inclusive of
the materials between the water and the radiant surface itself.
Xing and Li (2022) explained that the components of the radi-
ant panel are designed to touch/contact each other and the
imperfection/inefficiency of such thermal connection is the rea-
son for high thermal contact resistance which can hinder the

100

90

performance of radiant panels. Figure 8 shows the composi-
tion of a panel where several different materials interact causing
thermal contact resistance. Hence the total U-value (the math-
ematical inverse of the R-value) of a panel indicates how effi-
ciently the panel can transfer heat through its composition (Diaz
and Cuevas 2010). Panels with higher U-value will perform bet-
ter, and represent more conduction through the entire panel
system.

3.5. Time constant

The following equation can be used to determine the time con-
stant.

—t/TC

y = (initial value - final value) x e + final value (5)

Where:

— TC is the time constant (minute)
— tis the time between changes (minute)

Equation (5) provides a mathematical model for the reaction
time of the panel. Here, heat flux indicates the operation hence
the time constant of these parameters indicates how fast the
systems respond. The time constant (TC) of heat flux and sur-
face temperatureis the time needed for each parameter to reach
63.21% of its maximum range (Ning, Schiavon, and Bauman
2015). Figure 9 shows the heat flux of panel 1 in a preliminary
test run. The initial heat flux is 0 W/m?, the maximum heat flux
is 86 W/m? and the time interval is one minute. These values
were applied to the equation, with a time constant of 10, 15,
and 20 min, and superimposed over the heat flux (Figure 9). The
time constant of 15 min closely matches the heat flux of panel
1. The same process was applied to the readings of the other
panels.
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Figure 9. An example of different time constant models applied to Design 1 panel.
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3.6. Data analysis

Relative comparative analyses were conducted to compare the
thermal performance and properties of the prototype pan-
els. The heat flux and surface temperature were measured for
each panel as the main data for performance analysis (Xing
and Li 2022). In our study, the inlet water temperature for
each panel is the same, hence panels with higher heat trans-
fer between the water and the radiant surface have higher
heat flux and better (lower) surface temperatures. As the sys-
tem is started and pumps cold water through the panels, the
heat exchange process is initiated. The surface temperature of
the panels decreases and the heat flux rises until it reaches
a maximum reading. This inverse relationship between the
heat flux and surface temperature can be used to validate the
readings.

The time constant (TC) is an important parameter deter-
mining how fast a system responds to a change or a control
command (Yu and Yao 2015; Ye et al. 2021). A high response
time causes difficulties in system control, low energy efficiency,
and increased discomfort (Babiak, Olesen, and Petras 2007).
Hence, we are aiming for systems with faster response times.
The time constant of a panel in a test run was calculated using
Equation (5).

The thermal transmittance (U-value) of the panel composi-
tion was calculated via Equation (4). A higher U-value indicates
better heat transfer between the water and the radiant surface
and results in higher thermal performance (Xing and Li 2022).

4. Instrumental experiment
4.1. Equipment and sensors

Table 1 shows the equipment used to collect the required data.
Four FHFO5 foil heat flux sensors were used to collect the heat
flux data. These heat flux sensors are supplied pre-calibrated and
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certified. Additionally, the readings of the sensors were cross-
checked through the preliminary experiments to ensure con-
sistent and accurate reading results. The thermocouples were
also calibrated using a Dobros Precision mercury thermometer
to ensure below 0.5°C error.

A thermal imaging camera (AVIO Neo Thermo TVS-700) was
used to assist the heat flux sensor and identify any air blockages.
A thermal comfort cart with built-in thermocouples and black
globe temperature sensors was used to measure the ambient
operative temperature. The water flow rate and the inlet water
temperatures were monitored by a digital flow metre on the
hydronic control panel of the system. Eight thermocouples were
applied to the inlet and outlet points of the panels to measure
the inlet and outlet water temperatures.

4.2. Experiment setup

All of the panels are integrated into one ceiling system that
ensures equal water flow rate and inlet temperature into each
panel. The experiment is set up in an industrial shed to emu-
late an open office space and is protected from external weather
conditions especially air velocity which can affect the convective
heat transfer (g.) between the panels and the space.

Figure 10 shows the experiment setup. At the centre of each
panel, a heat flux Hukseflux FHFO5 sensor is attached. The sen-
sors are connected to a Campbell Scientific CR10X data logger
for data collection and storage. The digital flow metre is attached
to the water supply hose at the hydronic control panel. Eight
thermocouples are applied to the inlet and outlet points of the
panels. Data from these thermocouples are also collected using a
Campbell Scientific CR10X. The air and black globe temperature
data from the Comfort Cart is collected and stored in a Campbell
Scientific CR23X.
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>
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= N J o CART
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Figure 10. Experiment setup of the four ceiling panel designs.
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Figure 11. ‘Canopy to canopy’ design, showing equal distances of the flow path
for each panel.
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This experiment setup is similar to experiments conducted by
Gallardo and Berardi (2022) and Li et al. (2015) on radiant cool-
ing ceilings with the heat flux sensor attached to the centre of
the radiant panel. Li et al. (2015) used a thermal camera to moni-
tor the ceiling panels to find the most representative position for
heat flux sensor attachment. The centre of the panel was chosen
as the surface temperature at the centre was found to be close
to the average temperature of the panel surface. In this study,
the recorded thermographs show that the surface temperature
is relatively uniform across the central panel area where the cap-
illary mat is located. The temperature changes also seem to be
uniform in the central area of the panels. Notably, the cooling
effectis not present at the edge of the panels. As a consequence,
the heat flux sensors were placed at the centre of each of the
panels.

The same ‘canopy-to-canopy’ flow channel design is also
applied to the whole system when the 4 prototype panels are
hooked up parallel to each other (Figure 11). The aim is to ensure
an equal pathway of water supply throughout all panels. To
achieve this, the distance (length of piping) must be equal for
each panel connected to the supply side as well as the return
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Figure 12. Heat flux output of the four ceiling panel designs in an experiment.
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side. Associated with this arrangement, all of our panels can be
tested with equal input conditions. This allows a fair and con-
sistent comparative analysis of the thermal performance of the
panels.

4.3. Experiment principle

The panels were tested in a cooling mode, as radiant ceiling sys-
tems are mainly used for radiant cooling. Hence test runs were
conducted on hot days (sunny and above 26°C) between 10 AM
and 5 PM. The heat pump was turned on prior to the test run
to produce cold water (around 10°C) and was kept running dur-
ing the experiment. At the start of a test run the pump and all
the valves on the hydronic control panel were opened to supply
cold water to the ceiling and activate the flowmeter. In all test
runs the system was operated at full capacity. After at least three
hours running, the system was shut down including the heat
pump, water pump, and all of the valves ensuring no cooling
supply to the ceiling. The sensors (heat flux and thermocouple)
monitor the condition of the panel before, during, and after the
experiment, and collect and store the data in loggers. The data
points chosen for analysis are between 15 min before the system
is turned on to 1.5 h after the system is turned off.

5. Experiment results
5.1. Heat flux and surface temperature

Several test runs were conducted under different ambient con-
ditions. Each of the panel types demonstrated a consistent out-
come for heat flux output across the test runs. Figure 12 shows
the heat flux of the four panels during a typical test run. Design
1 performed best, yielding the highest heat flux readings of the
four subject panels reaching 95 W/m?. Design 3 was the second
best yielding 85-90 W/m?. Ranked third, the heat flux readings
of Design 4 reached around 80W/m?. Interestingly, the heat
flux values yielded by these three panels are relatively close to
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Figure 13. The difference between the panel surface and the ambient operative temperature.

each other while Design 2 heat fux reading is notably lower only
reaching 65-70 W/m?,

In terms of surface temperature, Figure 13 shows the temper-
ature difference (AT) between the surface of the panels (Ts) and
the ambient operative temperature (OT;). As previously men-
tioned, the higher this temperature difference, the higher the
heat flux. The result again demonstrated consistency in the order
of the thermal performance for each panel design, under the
different ambient conditions. Design 1 achieved a surface tem-
perature 10°C lower than the ambient temperature, followed
by Design 3 and Design 4 respectively. As expected, Design 2
has the highest surface temperatures resulting in the lowest
temperature difference.

5.2. Panels’ structure thermal transmittance (U-value)

The total U-value (Thermal transmittance) of the panel radiant
surface structure (Ut) is calculated based on Equation 4 (Equation
4). This calculation also assumes that the heat transfer between
the water and the radiant surface is equal to the heat flux
between the radiant surface and the conditioned room. To avoid
lagging in sensor readings, the temperatures of the radiant sur-
face and average panel water temperature used for calculations
are selected within one hour of when the heat flux reaches, and is
stable, at its maximum value. As the flow rate through the panel
is relatively high, at about eight changes per minute, the aver-
age water temperature in the panels is relatively close to the
inlet water temperature. The resulting U-value of the 4 panels
throughout the test runs are averaged out and shown in Table 2.

Overall, Design 1 has the highest U-value, followed by Design
3, 4, and 2 respectively. The panels of Design 1 and 2 are built
with similar materials and with similar weights but the U-value
of Design 2 is much lower than that of Design 1. This indi-
cates the flaws in Design 2 where a high thermal contact resis-
tance reduces the heat transfer efficiency. Similarly, the metal
sheet radiant surface of Design 4 is supposed to have high

Table 2. Structure U-value.

Average structure U-value (W/m2k)

Design Weight Kg Test 1 Test 2 Test 3 Test4 Average
1 6 31.26 30.79 34.22 33.83 3252
2 6.5 11.67 13.12 14.01 13.99 13.2
3 10 22.60 24.03 26.18 25.99 247
4 35 21.76 19.41 20.85 21.73 20.92

Uvalue yet the panel structure U-value is only about 21 W/m?2k
as the result of high thermal contact resistance caused by poor
design.

5.3. Time constant

Figure 14 shows the mathematic time constant (TC) models for
the four panels calculated using Equation (5) and based on the
heat flux readings shown in Figure 12. Notably, for each panel,
there are two values calculated for the time constant, one for
the system commencing and the other for the system ceasing.
The commencing time constant indicates how fast the panel can
start or react to an active control command. The ceasing time
constant shows how fast the panel can be fully deactivated.

Table 3 shows the time constant values along with panel
weight and U-value. Interestingly, the time constant especially
the commencing time constant of a specific panel design is not
stable, instead can widely vary between tests. Note, in all of
the tests the water flow rate is kept at 13 L/minute while vari-
ous ambient temperatures and inlet water temperatures were
recorded. Nevertheless, there is consistency in terms of the order
of the time constant of the panel designs. In both commenc-
ing and ceasing, Design 4 has the lowest time constant (i.e.
fastest response), followed by Design 1 in second place. Design
2 has the highest commencing time constant (slowest to start),
but Design 3 has the highest ceasing time constant (slowest to
stop).
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Table 3. Time constant.

Design 2 heat flux

Design 1 time constant
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Design 3 heat flux

Design 2 time constant

Design 4 time constant

Initiation Time Constant (minutes)

Cool-down Time Constant (minutes)

Design U-value W/m?k Weight Test 1 Test 2 Test3 Test 4 Test 1 Test 2 Test3 Test 4
1 32.52 6kg 8 12 15 12 21 23 20 20
2 13.2 6.5kg 15 17 19 15 23 27 24 20
3 24.7 10kg 12 15 17 13 35 37 33 27
4 20.92 3.5kg 7 10 15 9 10 13 12 9
Table 4. Experiment-derived heat transfer coefficients.
Average Total heat transfer Average Convective heat transfer
. coefficient (h) W/m?2K coefficient (h;) W/m2K
Radiant heat transfer
Design coefficient (h,) W/m2K Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test3 Test 4
1 55 9.6 9.1 8.95 8.6 4.1 3.6 345 31
2 9.35 8.75 8.55 8.2 3.85 3.25 3.05 26
3 9.65 9.05 8.95 8.5 4.15 3.55 345 3
4 9.7 9 8.85 83 4.2 35 335 2.8

5.4. Heat transfer coefficient

The Total heat transfer coefficient (h) and the Convective heat
transfer coefficient (h¢) are calculated based on Equations (1) and
(2). The values for the ambient operative temperature (OT;), sur-
face temperature (Ts), and heat flux (q) used in the calculations
are the average values over a one-hour period after the heat
flux reaches its maximum and is therefore stable. The results are
shown in Table 4.

6. Discussion
6.1. Thermal performance comparison and design effects

Overall, all of the panels are dynamic and fast in respond-
ing to control commands, indicating time constants of all four
panels between 7-19 min. In comparison, commercially avail-
able radiant panels generally have a time constant between
30-91s, while the time constant varies between 0.25-3.5 h for
embedded (heavyweight) systems (Ning, Schiavon, and Bauman

2015). Hence, the time constant of designs 1, 2, and 3 can be
considered fast for ESS, while design 4 is slower.

Interestingly, the simulation of Ning, Schiavon, and Bauman
(2015) indicates that configuration aspects such as pipe spacing,
or material of the radiant surface, dominate the time constant of
aradiant panel, rather than water temperature or flow rate. How-
ever, the empirical experiments conducted by Ye, et al (Ye et al.
2021) show that water temperature or flow rate can have notable
impacts on the time constant of radiant panels. In this study,
where the flow rate is the same across all tests, the changes in
the time constant between tests indicate the possible impacts
of other aspects, such as inlet water temperature, or room oper-
ative temperature, on the time constant of radiant panels. This
could also explain why the values of the ceasing time constant
are higher than that of the commencing time constant.

Although Design 4 is much lighter than Design 1, the com-
mencing time constant values of the two panels are relatively
close.Design 1 has a higher U-value than Design 4 allowing faster
and higher heat transfer and enabling it to cool higher thermal



mass in a shorter time due to its high thermal transmittance (U-
value). Contrarily, the ceasing time constant of Design 4 is 55%
lower than that of Design 1. Similarly, Design 3 is heavier but
has a much higher U-value than Design 2, resulting in a shorter
commencing and longer ceasing time constant for Design 3.

Our results indicate that the time commencing constant is
affected by both the U-value and thermal mass. In this stage,
water is pumped through the capillary mat and the heat trans-
fer is mainly between the water and the room through the
panel structure. Here, high thermal transmittance (U-value) and
low thermal mass will promote faster heat transfer resulting in
shorter time constant values.

However the ‘ceasing’ time constant is mostly dictated by
thermal mass, so the heavier panels will have a higher time con-
stant. This is because, when the system is turned off, water is
not pumped through the panels, and heat transfer is reliant
upon the heat capacity stored in the panels’ structure and the
water contained in the capillary tubes. In our panels, the capil-
lary tube mat used can store 0.45 Kg of water, which is relatively
low when compared to the thermal mass of other radiant struc-
tures. Hence, when ceasing, the main heat transfer is between
the room and the radiant capacity of the panel.

The overall panels’ performance, in terms of heat flux and
surface temperature, clearly indicates that all the designs are
capable of providing radiant conditioning. Also, the consistency
in the order of panel performance indicates the superior panel
design. More experiments are required to further investigate the
effect of panel design, system operation, and external conditions
on panel performance, especially in terms of response time and
improving heat transfer.

6.2. Heat transfer coefficient

The total heat transfer coefficient for the panels ranges from
8.1-9.7 W/m?K. The differences in the heat transfer coefficient
between tests can be explained by the variations in the con-
vective heat transfer coefficient. This can be explained by the
uncertainty in air velocity (which was not monitored) within
the test environment, a large shed. Although the shed protects
the experiment from external conditions to an extent, its large
volume and high air leakage can promote internal air move-
ment thus affecting the convective heat transfer. Yet, the results
for the total heat transfer coefficient are within the range of
8-10W/m?K suggested by several previous studies (Shinoda
et al. 2019), although lower than the 11 W/m2K recommended
by the RHEVA handbooks or 10.8 W/m?2K of standard EN1264-5
for large open spaces (Shinoda et al. 2019). The results for the
total heat transfer coefficient values of all four panels are rela-
tively close to each other with a maximum deviation of approx-
imately 4.5%. This is expected as the panel construction type
has little impact on the total heat transfer coefficient. However,
the temperature of the radiant surface of the four panels varies,
yielding higher or lower heat transfer.

6.3. Application

Through the design and prototyping, Design 2 and Design 4
were simpler to construct while Design 1 and Design 3 were
more complex. Routing the grooves for the capillary tubes

ARCHITECTURAL SCIENCE REVIEW 1

in Design 1 is time-consuming and requires a high-end CNC
machine while Design 3 is built with wet mortar which takes time
to cure. The panels are also designed for T-frame suspended
ceiling systems hence they fit the frame and can be installed
with ease. Aside from Design 3 which is 10 kg, other panels are
lightweight (3.5-6.5 kg) and are therefore more likely to meet
the requirements of allowable weight.

7. Conclusion

In this research, four prototype hydronic radiant panels were
constructed and instrumental experiments were conducted to
assess their thermal response times, energy transfer, and result-
ing surface temperature. The following conclusions can be
drawn from the empirical experiment.

(1) While all of the prototypes are proven to be capable of func-
tioning as radiant panels, the prototype of Design 1, with
capillary tubes embedded in routed plasterboard ceiling
tile, yields the best result. Flaws in Design 2 and 4, demon-
strate poor connection between capillary tubes and the
ceiling tile, notably hindering their performance.

(2) Our experiments indicate total heat transfer coefficient
values are in the range of 8-10W/m?K, similar to estab-
lished studies yet less than the total heat transfer coeffi-
cient of 11 W/m?2K reported by the RHEVA handbook or the
10.8 W/mZ2K of the EN1264-5 standard.

(3) Thethermal connection between the capillary tube matand
the radiant surface has notable impacts on the thermal per-
formance of the panel. Panels, where the tubes are embed-
ded within the delivering surface material, perform best
regarding heat transfer and surface temperature. The ther-
mal connection in Design No.1 and No.3 is better than that
of panels 2 and 4 resulting in higher U-value and superior
heat transfer.

(4) While the time constant may reflect the design and mate-
rial of a panel, operation conditions such as water tem-
perature, flow rate, or operative temperature may have a
notable effect on how fast the system responds. It cannot
be assumed that the commencing and ceasing time con-
stants will be equal. Nevertheless, in reflection upon the title
of this paper, we are demonstrating highly responsive and
dynamic radiant panel systems.

(5) The prototype panels were also designed for modularity,
ease of installation, and architectural aesthetics. The pro-
totypes can relatively easily replace existing ceiling tiles
on suspended grid ceiling systems making them ideal for
retrofitting existing offices and commercial buildings. How-
ever, the production of routed and wet capillary panels
(Design 1 and Design 3) is time-consuming and befouling.
Therefore, panel designs that are thermally effective but
easier to produce will be explored.

Since our initial testing, two more panel designs have been
developed, exploring ‘non-routed’ nor wet panel designs. The
thermal performance of such prototypes will be investigated
and compared with the panels of this research. Furthermore, a
Testcell’ (an 18 m2 room) emulating the conditions of a perime-
ter office room will be applied in the future testing of our panels.
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The test chamber will provide an environment for realistic solar
irradiation exposure, emulating Australian conditions. Instru-
mental experiments will be conducted within this ‘Testcell’ to
establish the best panel designs. It is anticipated to report these
findings in subsequent publications.
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