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ABSTRACT

A brief general description of radiant ceiling systems and a
detailed analysis of heat transfer are developed, covering such
topics as materials and working principle. The most studied and
documented heat flow patterns are based on natural convection
and simplified radiation exchange between two surfaces.
However the convective heat exchange on a radiant ceiling
surface becomes a complex process, considering specially the
combined effect of ceiling perforation, ventilation, fenestration
systems and multiple surfaces radiation. There are too many
configurations and possible combinations of these elements in
the modern buildings that do not allow to completely describe
the phenomenon with a correlative method. In this study the
analysis of ceiling convection and radiation on the systems is
performed in order to allow its use in commissioning process in
real buildings.

INTRODUCTION

The system studied here consists of an air distribution system
coupled to a cooled or heated ceiling surface. It takes profit of
convection and long-wave radiation to supply or remove heat
from a space. It also maintains acceptable indoor air quality and
humidity. By operating as an air-conditioning system, a radiant
ceiling system separates the task of sensible cooling or heating
from those of air quality and humidity control.

Radiant heating and cooling systems supply or extract heat
from a room through the action of convective and radiative heat
exchange between the room environment and heated or cooled
panels situated in the ceiling. The radiation heat exchange can be
calculated as function of the room geometry and surface
characteristics. The convective heat transfer is a function of air
velocity and direction at the ceiling level (related to the position
of the air inlet), which in turn depends on the room and diffusers
geometry, the location and power of the internal heat sources and
interaction with the heated or cooled facade.

Commissioning is one of the new tools to manage the
complexity of today's HVAC systems. It is actually a quality-
oriented process for achieving, verifying and documenting that
the performance of facility systems and assemblies meet defined
objectives and criteria [1].

The definition in ASHRAE Guideline [2], is probably close
to a standard or consensus definition:

“Commissioning is the process of ensuring systems are
designed, installed, functionally tested and operated in
conformance with the design intent. Commissioning begins with
planning and includes design, construction star-up, acceptance,
and training and is applied throughout the life of the building.
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Furthermore, the commissioning process encompasses and
coordinates the traditionally separated functions of systems
documentation, equipment start-up, control system calibration,
testing, balancing and performance testing”

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

The FPT (Functional Performance Testing) information and
testing procedures are viewed from a system perspective, rather
than a component perspective. This is especially critical for
functional performance testing and for the overall success of the
system. The FPT of HVAC system means to verify that the
equipment, subsystem and total system work with in harmony
(including the stability and durability) to show the final function
of the building air-conditioning.

The functional performance testing as a commissioning tool
is devoted to the detection of a possible malfunction and its
diagnosis. Active tests are mostly applied in initial
commissioning, i.e. at the end of the building construction phase.
Later in the building life cycle, i.e. in re-, retro- and on-going
commissioning, a “passive” approach is usually preferred, in
order to preserve health and comfort conditions inside the
building occupancy zones.

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

Looking at the related literature, some case studies about this
system are presented [3,1] in which the influence of radiant
ceiling on building commissioning is usually simplified.
Therefore a FPT for radiant ceiling systems is proposed here as
a tool for diagnosis in commissioning processes.
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NOMENCLATURE
C (@ KY Thermal mass
E (W m?) Emissive power
h (Wm?2K?)  Convection (radiation) heat transfer coefficient
M (kg st) Mass flow rate
0 (W) Heat flow
Nu ) Nusselt Number
T (K) Temperature
Special characters
e ) Emissivity
Subscripts
ave Average
b Black body
conv Convective
comb Combined
ext External
f Floor or fictitious
fac Facade (windows and external wall)
i Internal
mr Mean radiant
occ Occupants
p Panels blocks connected in parallel
RC Radiant ceiling
rad Radiation
res Resultant
w Water or wall
win Window

DESCRIPTION OR THE RADIANT CEILING SYSTEMS

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

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

Three major types of radiant ceiling systems can be
distinguished:

« The metallic ceiling panels, which are incorporated into
the false ceilings. The parallel water — pipe circuits are
distributed on the upper side of the panels, which form the room
false ceiling. The whole system presents a low thermal inertia
and the metal panel is used as a decorative element (Figure 1).

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

« Another technigue, similar to the previous one, uses
parallel capillary tube mats made of polyethylene (internal
diameter is about 2.5 mm). The distance between the individual
small tubes is small enough to ensure that a homogeneous
temperature is produced on the bottom side of the ceiling. The
cost is low and the thermal inertia is reduced [4]. The radiant
mats in this system can be incorporated into the ceiling in three
configurations: placed on top of the metal ceiling panels with a
layer of mineral wool installed above, embedded into a ceiling
plaster layer, or stretched between insulation and gypsum
plasterboard (Figure 2)

The metallic ceiling panels can also be used with capillary
tube mats placed directly on top of the ceiling panels. Depending
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on the application, both copper (Figure 1) and capillary tube mats
(Figure 2) used in this study are usually used with glass-wool
(thermal and sound) insulation above the pipes.

A

Figure 2 Synthetic capillary tube mats radiant ceiling

WORKING CONDITIONS

The radiant ceiling systems are usually mounted in the false
ceiling or embedded into the ceiling and are designed to cover
the sensible cooling of heating load or the room. The heating or
cooling ceiling systems are connected to a closed circuit
containing chilled or heated water and coupled to an air
distribution system. The principle scheme of such a system is
given in Figure 3.

). Water supply

Figure 3 Sensible and latent heat loads for a radiant ceiling
system
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The energy and water mass balances of the office room
control volume defined in Figure 3 are given by the following
equations, valid in both heating and cooling modes:

Qheating/cooling + Qfac + Qven + Qvoid + Qi,w + roc + qun + Qeqp + Qlighn = C %
, _ _ W)
M w,ven = M w,0cC + M w,ext (kg S-l)(z)

As the radiant elements are part of the room architecture and
exposed directly to the occupant (placed above the occupancy
zone) they are supposed to operate only in dry regime, as shown
in Eq. 1. Therefore, the water supply temperature in the ceiling
must exceed the dew point corresponding to the set point of
indoor humidity ratio. Consequently the latent (moisture) load of
the room can be controlled by the auxiliary ventilation system
(M,,,,), Which is also designed to provide air renewal for

occupants hygienic requirements (m, ) and external air

infiltrations (M. ) (Eq.2). A humidity and temperature control

w,ext
system can be used to avoid the condensation risk. A schematic
diagram of this control system is showed in Figure 4. As long as
the sensor is registering a condensation risk, either the flow to
the ceiling is cut off by closing the control valve, or the water
supply temperature is raised. When natural ventilation of the
room is allowed, the limitation is related to the outdoor dew

point.
"""" 1
Controller
>

Dew point

Sensor

Figure 4 Simplified scheme of ceilings control system.

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

The ventilation slot diffusers are usually located between the
ceiling panels and above the occupancy zone. The air should be
blown horizontally along the ceiling surface to increase the heat
transfer coefficient and to avoid, thanks to “Coanda effect” [5] a
jet fall in occupancy zone.

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

In most applications, the thermal and sound insulation of the
room ceiling void is recommended (in some cases required) and
direct contact (cold bridges) between ceiling elements and room
surfaces is prohibited. The free air circulation between rooms
ceiling voids is allowed only if both rooms are equipped with the
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same radiant ceiling system and have identical destination
(office room for example) [6].

The air velocity pattern at the occupancy zone must fulfill the

comfort requirements. This means a maximum accepted average
velocity in the range of 0.15-0.2 m/s with peak values limited to
0.25-0.3 m/s and a maximal allowed vertical temperature
gradient of 2-3 K on the total height of the room.
Besides ensuring the heating or cooling of a building, the
operation of a radiant ceiling system has also to prevent or
minimize two side-effects associated with the presence of the
radiant surface in the building (prevention of these adverse side-
effects limits the heating or cooling power of the system). The
first side-effect is the deterioration of comfort conditions due to
the asymmetrical character of the radiant exchange in a room
with a radiant surface. The second side-effect is the condensation
risk in cooling mode.

RADIANT CEILING HEAT TRANSFER

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

The connection between the panel surface and the tubes is
therefore a critical factor. Poor connections (higher thermal
contact resistance) provide only limited heat exchange between
the tubes and the panel, resulting in increased temperature
differences between the panel surface and the cooling or heating
fluid. Each one of these parameters will be considered at the
simulation model developed in this study and described in [7].

Room-Radiant Ceiling convection (h Rc room conv)

The convective heat exchange inside the room equipped with
aradiant ceiling becomes a complex process due to the combined
effect of ventilation, ceiling perforations, internal thermal load
and cooled or heated facade. Existing correlations were
developed from experimental measurements in specific
conditions of ventilation and internal thermal loads [8, 9, 10, 11].
Experimental studies were performed considering the individual
influence of some parameters on comfort conditions: load
distributions [12]), ventilation [13, 5] and facade [14].

According to ASHRAE [15] only natural convection (NC)
should be considered on the radiant ceiling surface. However,
among others to make sure that the cooling ceiling system is
operating only in dry regime, moisture has usually to be removed
from the room through a mechanical ventilation system which
generates some air movement. Consequently the convection heat
transfer coefficient needs to be corrected by an improvement
factor (that is also including the effect of the perforation and
fenestration).

Therefore the combined effects of natural and forced
convection at ceiling surface must be considered using a
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modified version of the Yuge, [16] method developed originally
for mixed convection on a sphere in transverse flow (Figure 5).

The air velocity on the radiant ceiling (u.) and the
characteristic length of the radian ceiling in forced convection
(LRCrc) (distance of the jet detachment) are usually defined
from diffuser manufacturer’s catalogue.

3
=4
4G
AR
Nuye p—"""- A,
Nu e
Figure 5 Combined convective heat transfer in traverse
flow.

The effect of buoyancy on heat transfer in a forced flow is
strongly influenced by the direction of the buoyancy force
relative to that of the flow. For a perpendicular direction
(transverse flow) caused by ventilation system, buoyancy acts to
enhance the rate of heat transfer associated with pure forced
convection. Finally, we get that the convective heat transfer
coefficient on the radiant ceiling surface in combined (Forced
convection FC and natural convection NC) regime is:

k
hRC,room,conv =—2—Nu
Lo e

p (Wm?K™) 3)

RC,roomcom
With:

For : NURC‘roomFC > NURC‘roomNC“"; NuRc‘roomcomb = NuRCvroomFC +4R
=|For: Nu 5 Nu = NUgc roomnc +AG

Nu - <Nu

RC,roomcomb RC,room K RC,roomNC *** RC,roomcomb

For : NURC‘roomFC = NURC‘roomNC""; NuRc‘roomcomb = NuRC,roOmNC +A4,

AR = Ao exp |__ n*(NuRC,roomFC - NuRC,roomNCJ
AG = A0 EXD l_ m*(NuRC,roomNC - NuRC,roomFCJ
= 7+0.011Nu B 0.993

~ 1+0.1Nu ~ 2+0.2Nu

,roomNC

cc,roomNC cc,roomNC

The characteristic length (Lcrc) has to be experimentally
identified due to the fact that, in modern buildings, there are too
many different configurations and possible combinations of
ventilation systems, thermal load types and distributions, as well
as facade effects. In this study, for a flat plate in transverse flow,
the adaptation of the coefficients m and n was performed.

In this study the analysis of ceiling convection is performed
by considering that is not possible to get a general correlation
law which covers all the possible combinations of a real case.

Room-Ceiling radiation (h rc room rad)
In order to analyze the internal radiant exchanges, each surface
of the enclosure can be characterized by its uniform radiosity and

irradiation. The net radiative heat flux of the ceiling surface can
be evaluated from Egq. 4 and Eg. 5 from radiosities (Ji),
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emissivities (&i ), areas (A;), view factors ( Fi’ j ) and black body

emissive powers (Epi):

Qrad,i =iA1'Fi,j(‘]i —Jj) (W) (4)
j=1
Epi —Ji _ \
-z jzlA-Fi,,-(Ji -J;) W) ()
&.A

The view factors can be calculated for the surfaces considered
in Figure 6, according to the typical experimental test conditions.

_.--7T TT-rad
- __Active /Inactive_--~"|"~~.
T~ radiaptéeiling |-~

Window

SegzzTt
By

-~“Internal
‘"“\_gv_alls

: 15 surfaces
Figure 6 Room radiation surfaces

The net radiant heat flux at the ceiling surface can be
determined by solving the unknown Ji. This method assumes that
the surface temperatures are uniform and known.

According to the method proposed by Davies [17], the heat
transfer coefficient for each surface can be calculated using the
transformation “delta to star” to obtain a linearized radiative heat
transfer coefficient. For a parallelepiped enclosure (six surfaces)
the delta and star networks transformation can be represented in
Figure 7.

Figure 7 Delta and star networks of a parallelepiped enclosure.

Where:

Trs: The radiant star temperature, (K)

Tui: Black-body equivalent temperature of the surface i, (K)
Bi: Delta-star transform of the surface i, (-)

And:
DTS
2.5
with: 1 _ 1=&a . A
Si &-Ah; A,
Si is the total physical conductance between the surface
node T; and the radiant node Ts.

T, = (K) (6)
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If the room is represented by three surfaces (radiant ceiling,
facade and internal walls) the “delta to star” transformation can
be presented in Figure 8.
Radiant ceiling
er

Facade
oT}

1-&

£14;

oT3
Internal walls

Figure 8 Delta and star networks of three rectangular sides of
indefinite length.

Where:
B= Ao etc () (7)
AF, AR+ AR AR+ AR AR,
LS TS 4TS, K -
S, +S,+S,
and
< AN (W/K) 9)

J l1-¢,
e
€j

As the radiosities and temperatures are known and assuming
linearization of the heat transfer coefficient, it can be calculated
as:

Qrad,i
Ai *(Trs _Ti)

This coefficient depends therefore on the surface and radiant
star temperature definition, emissivities and view factors
between the room surfaces and the radiant ceiling.

Several methods have been developed to simplify this
calculation. For example in the “mean radiant temperature”
method (MRT), the thermal radiation interchange inside an
indoor space is modeled by assumption that the surfaces radiate
to a fictitious, finite surface (representing the room walls
including the facade and the floor) that gives about the same heat
flux as the real multisurface case [18]. The MRT equation for the
radiant ceiling surface may be written as:

QRC,momrad = ARC,eﬁec *O-* I:r,room * ((tRc‘ave + 273115)4 - (tmr,room + 273115)4)
(W) (11)

h (W m-2 K-1) (10)

ri

ZAj-gj-tj

j=RC,ave
t —

mr,room n
YA

j=RC,ave
When the surface emittances of the enclosure are nearly
equal and the surfaces directly exposed to the panel are
marginally unheated or uncooled, the fictitious temperature
tmr.room DECOME the area-weighted average uncooled or unheated

(K) (12)
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temperature (AUST) widely used in the related literature [19, 20,
15] but it has to be considered that there is usually an important
temperature difference between the facade and the room surfaces
and this can be a source or error of the model .

As a better approximation, the mean radiant temperature of
uncooled or unheated surfaces can be calculated from
measurements of the resultant and air temperatures, by
correcting the mean radiant temperature of the room (Eq. 13) as
the radiant ceiling “sees” an environment which excludes its own
influence [6].

(°C)(13)

ARc,s *t 1
ARC,S

t ___RCs *
a,room RC,ave
Aroomf s 1—

=|2*t

mr,room

t

res,room

room f,s
Eq. (13) is applicable only if: | tmr room - ta room | < 4 K [13].
The radiation exchange factor (Frrom) for any two diffuse,
gray surfaces that form an enclosure can be calculated from Eq.
(14):

_ 1 () (14)
Y 1 N 1 1+ Arc.s *[ 1 }
RC,f ERC room f,s gf,room

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

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

erc and efroom are emissivities of the ceiling (model
parameter) and of the fictitious surface (0.98) [21].

The radiation heat transfer coefficient can be expressed as
follows:

" (tac e + 273.15)" —(t

+273.15)"

mr,room

o*F

RC,roomrad = r,room

tRC,ave - tmr,room
(Wm?2K?Y (15)
The radiative heat transfer coefficient can also be linearized
according to

Qrad‘i = hr‘i *A *(ti _tf) (W) (16)
h=e*o *(T =TT -T7) (W m?K) (17)

If the difference between Tiand Ts is small (only in some
applications), the following approximation can be considered
during the commissioning process:

h, =4%*0,*T (W m2 K
T=(T,+T,)/2 (K) (19)

The temperature T is actually the mean radiant temperature
viewed by the surface i.
In the previous cases (two and three surfaces), the result of hy;
coefficient linearization is exact. However, for a parallelepiped
enclosure of six surfaces, there is an error of about 6 % [17]. In
this study, the radiation heat transfer coefficient of the radiant
ceiling is calculated considering the star temperature for three
surfaces: facade, internal walls and radiant ceiling as the most
representative and useful case for commissioning process.

A comparison is established hereafter between simplified and
detailed methods to calculate the radiant heat flow from the

(18)
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ceiling surface: For example for a radiant ceiling in copper tube
tested in this study, if it is calculated following the detailed
method (Eq. 4 and 5) and the laboratory experimental results in
which all surface temperatures were measured, an average
difference of 3.71 % with respect to the simplified method (Eq.
11) is obtained (see Figure 9) (the same result is found for
synthetic capillary tube mats tested with all the radiant ceiling

active and reference temperature placed at the room center).
-425 T T T T T T

-450f

475}

-500

-5251

-550|

QRC;room;rad;simpIified [W]

-575F

°
525

-600
-600

-575 -550 -500 -475 -450 -425

QRC; room;rad;detailed [W]

Figure 9 Comparison between detailed and simplified methods
for room radiant heat exchange

In general the differences between simplified and detailed
methods shown in Figure 9 are due to the air temperature
stratification. For simplified method, the measurements of
resultant and air temperatures at 75 (cm) from the floor are used.
For the point which is outside the range in figure 9, the
stratification was particularly important (1.5 (K)).

If the detailed method is used, it is important to take into
account that the surface temperature uncertainties could be
significant, specially glazing surface [22] and the global
uncertainty increases with the number of measured variables.
This is a typical difficulty in the commissioning process.

CONCLUSION

With the regard to the previous studies the main difference is
the detailed treatment of convection and radiation heat exchange
in this study (considering the influence of ventilation, facade and
perforation effects) which is usually neglected or too simplified.
The convective and radiative heat exchange on a radiant ceiling
surface is a really complex process, considering specially the
combined effect of ventilation and fenestration systems. In the
convective part, a correlative method cannot describe completely
the heat transfer processes, considering that in modern buildings
there are too many configurations and possible combinations of
these systems. In the radiation part an alternative method is
presented that allows simplifier the modelling in order to use less
measuring point during the commissioning process without loss
too much accuracy of the modelling results.
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