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Abstract

This paper reports a full-scale experimental cagpand a computational fluid dynamics (CFD) studiyao
radiant cooling ceiling installed in a test roomgdar controlled conditions. This research aimss® the results
obtained from the two studies to analyze the indbermal comfort using the predicted mean vote (FMV
During the whole experimental tests the indoor flityiwas kept at a level where the condensatiok wias
minimized and no condensation was detected on Hiilked surface of the ceiling. Detailed experiménta
measurements on the air temperature distributioriace temperature and globe temperature werezeeafor
different cases where the cooling ceiling tempeeataried from 16.9° to 18.9°C. The boundary caadg
necessary for the CFD study were obtained fromekgerimental data measurements. The results of the
simulations were first validated with the data fradhe experiments and then the air velocity fieldsrav
investigated. It was found that in the ankle/feetez the air velocity could pass 0.2 m/s but forréng of the
zones it took values less than 0.1 m/s. The oldaéx@erimental results for different chilled cejitemperature
showed that with a cooling ceiling the vertical frature gradient is less than 1°C/m, which cooedp to the
standards recommendations. A comparison betwedre geomperature and the indoor air temperature sthoave
maximum difference of 0.8°C being noticed. This graglso presents the radiosity method that it wsesluo
calculate the mean radiant temperature for diffiepesitions along different axes. The method wasedan the
calculation of the view factors and on the surféemperatures obtained from the experiments. PM\{splo

showed that the thermal comfort is achieved anahiformly distributed within the test room.
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1. Introduction
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The majority of air-conditioning devices functiosiog the principle of pulsated air, where the hotod the
room is partly recycled, cooled and returned it toom. The increase of the thermal loads in thildibgs,
mainly due to the arrival of office computers arighting requirements, causes the installation af ai
conditioning systems necessary to neutralize thesds and to create a good indoor thermal comitegting,
ventilating and air conditioning (HVAC) systems, iallh consume large quantities of energy, have became

necessity for almost all the buildings [1] to pm&ia comfortable indoor environment.

Currently, the evacuation of these quantities @érl and sensible heats is done mainly with aiaté,
introduced by air diffusers. To maintain comforden these conditions, a greater volume of coolednast be
provided to the working area. Many complaints atsuconditioning systems have been claimed, eafigén

summer by female occupants [2]. Disadvantages asaioise, cold-drafts, air temperature differerisveen
the human head and foot or energy wasting in cedases, demand the investigation of other codirsgjems

which can create better indoor conditions and engame time to be energy efficiently.

The use of water to cool the surfaces of the ijgliis consequently a tempting alternative solutibis even
more appealing as water cooling requires much |dlesv rates and higher temperatures of the waterars
energy consumption reduction could be achieved].[3le chilled ceiling radiant panels are room aupl
systems for placement in the ceiling zone, theioliog surfaces being connected with closed cirti@iat

conducting pipework containing flowing chilled wate

The main difference between cooling ceilings arrecanditioning systems is the mechanism of heatsfiex.
Classic air-conditioning systems are based onlyhenconvection, while cooled ceilings employ a coration
of radiation and convection. With cold ceilingse tiransfer of radiant heat occurs by a clear eonssif
electromagnetic waves from the hot occupants agid #mvironments to the radiant ceiling. The hotaaiiving
in contact with the cooled surface is cooled befbgvaverage temperature of the room and therefdisedown
the zone of occupation [5]. With a cooling ceilitige temperature of water or its flow rate can baliffed so

that the surface temperature adapt to the desimedittons.



Ceiling radiant cooling systems can be more corafdet than conventional air cooling systems duentalls
vertical temperature gradient, few air movements @duced local discomfort for occupants duringgletays
in cooled room environments. Catalina et al. [&jrfd after a series of simulations that the cootieidjngs offer

good thermal comfort, the mean radiant temperdiaheg an important parameter in the comfort evidunat

Nagano and Mochida [7] analyzed the thermal condbfive subjects in an experimental test room pped
with cooling ceilings. Their study aim was to cfgrihe control conditions of ceiling radiant coajisystems for
human subjects in a supine position. They conclibdatithe mean radiant temperature for a supineanumdy
should be used in the design of ceiling radiantlingo It was also found that some of the subjecited the
strong radiant sensation even though the temperaliffierence between the ceiling and the room ais Vess

than 5°C in these experiments.

Kulpmann [8] reported an investigation of thermamdort in a test room equipped with a cooled cgilsurface
and supplied with upward displacement ventilationEhe results showed that a good value of thegoaifort
was obtained and that the temperature of the raofaces was lower or at least equal to the air tatpre in

the room.

Hodder et al. [9] investigated and determined tlarimomfort design conditions for combined chilled
ceilings/displacement ventilation environments.ypital office room was reproduced in a laborat@sttroom
in which the ceiling temperatures were varied. diswound that vertical radiant temperature asymntes an
insignificant effect on the overall thermal comfoftthe eight subjects that participated in thiperimentation.
Hodder et al. [8] reported that the existing guafl0] is valid with no modification, for thermabmfort

design in such design environments.

Imanari et al. [2] compared the radiant coolingteys with air-conditioning systems in terms of that
comfort, energy consumption and costs. The theemaronment as well as human response was testadiby
a small meeting room equipped with radiant ceiliagels. It was shown in their work that the radiegiting
panel system is capable of creating smaller vértieaiation of air temperature and a more comfdgab

environment than conventional systems.



Simmonds [11] found that the traditional designesia such as dry-bulb temperature and operativpegature

were not always sufficient, mean radiant tempeeahaving an important influence on the comfort itssu

Kitagawa et al. [12] investigated the effect of hdity and small air movements on the thermal comfdr
subjects in a climatic chamber equipped with radéoling panels. The results of their questioremshowed
that the most comfortable sensation vote was ofdain the conditions whose thermal sensation vats mot

neutral but approximately -0.5.

The thermal comfort is, by definition, a subjects@nsation; different people will express differpraferences
and it is preferable to use real persons to evaltas notion. However, this estimation method nexguthe use
of a representative large number of subjects andéhean become expensive and time consuming. Tireagh
used in this article study is based on experimeddtd and computational fluid dynamics simulationerder to

obtain results on the parameters that influencehtdenal comfort.

Myhren et al. [13] used Computational Fluid Dynasn{€FD) simulations to investigate possible coldught
problems, the differences in vertical temperaturadignts and air speed levels in two office roomsigped
with different space heating and ventilation syse@FD technique was also used by Rohdin et a).rfisearch
study on the prediction of indoor environment irgiaand complex industrial premises. Stamou di.8]. have
studied the thermal comfort in an Olympic Arena umsing a CFD model. Calculated mean velocities and
temperatures were used to determine the thermafocbindices, predicted mean vote (PMV) and preatict
percentage of dissatisfied person (PPD) and touatalthe thermal conditions in the various regiofishe
Arena. CFD simulations were also found to be a gsoldtion to determine the indoor thermal comfaort i

different research studies [16, 17] by using CRBuations of virtual human manikins.

For the present research article, CFD simulatioesewealized with the aim to analyze the air floattern and
the velocity fields inside the test room. The thakmomfort was evaluated by using the PMV indeX [ttt
was calculated based using the data obtained fnenexperimental and CFD analysis. For the thermalfort
study, experimental results on the air temperaton@an radiant temperature and relative humidityewesed,
while the CFD study gave valuable results on thesglocity and air pattern. The particularitiestios research

study are related to a real-size controlled expemtal set-up of using radiant ceiling panels eqeippvith



capillary tubes. Another particularity of this alé was the use of CFD simulations to examine thdlaw

pattern and to obtain conclusions on the eventuall Idiscomfort that could appear under a coolwiing.

2. Experimentations

2.1. Test room presentation

Studying the influence of certain indoor parametarghe thermal comfort when using a cooling cgilaould
be a delicate issue, an experimental investigdiging mandatory. The experimental cell MINIBAT (IN$le
Lyon, France), presented in Figure 1, is composketivo identical enclosures (Cell 1 and Cell 2), i
dimensions are 3.10, 3.10, 2.50 m according tetivedinate directions (x, y, z). A single glazeddde isolates
the test cell 1 from a climatic chamber where tindeanperature is controlled by the means of aftremtment
system. The climatic chamber temperature can vatwden -10°C and 40°C as a function of time. Using
battery of 12 spotlights, of 1000 W each, it isgible to simulate an artificial sunning for thett€ll 1. The
spectrum of the gas-discharge lamps with metatlbal similar to the sun one. For this study, dnlyhe test
cell 2 were installed the radiant ceiling panelsl avere taken measurements. The cooling ceilingasarf
temperature was varied during the experimentsthzutest of the five exterior walls of the MINIBAWere kept
at a constant temperature of 26°C, by the meantloéranal guard controlled with a precision of +@5The air
distribution in the thermal guard was made by dilation network equipped with lateral diffusersdgplaced in
the upper part of the controlled volumes. Thisriistion was chosen to avoid dead zones and taer@a
uniform air flow in the technical spaces. In Tallare presented the main elements of the MINIBAVetpe
and in Table 2 are summarized the physical chaistits of the materials. For the data acquisifiomas used
a multiplexer-multimeter with more than 100 conrmts. The data acquisition central was linked udimg
software Labview with a computer, located outside test facility. The time step chose for the mezsent

was 45 seconds and the total duration of the exyris was extended on several days.

2.2. Radiant cooling system description

In the test cell 2 were installed 6 radiant coolpanels (1.5 x 0.9 m — dimension for one panelyedag the
entire ceiling area. The particularities of thetéied system are the capillary tubes which areointact with the
interior part of the panels. With an exterior dideneof 3 mm and spaced between them by 1.5 cngapiélary

tubes offer good temperature uniformity along thagls’ surfaces by comparison to similar systems.



The very small thickness of the heat exchangerglagppipes allows them to be embedded into thdase of
the walls, ceilings or floors. Passive elementgaistruction are thus transformed into heating @ndéoling
surfaces by the use of the energy transferred leetwgo radiant bodies. Each mat element was coedent
parallel to the overall cold water collector in erdo induce a homogeneous distribution in tharggs surface
temperature. The water flowed through the mat &ngperature between 17°C and 20°C, lower valueddvou
have increased the risk of condensation. Such texpes would not lead to condensation of moistuom air,
but could offer opportunity for substantial enegprings since water at such temperatures coulddsaded
without using refrigeration or active cooling. Fur experiment it was used an air-water heat pumgbtain the

desired water temperature for the cooling ceiladgng with a pipework system and a water pump.

2.3. M easur ements

The test cell indoor air temperature was measusétyi6 K-type thermocouples (Nickel-Aluminum) atfeient
heights starting from 0.4 to 2.3 m and placed ffedént positions of the room. The test facilitglig and floor
have been equipped with K-type thermocouples ireotd measure the internal/external surface tenyes
nine measurements were taken for each face obotta,ra total of 108 surface temperatures beingiscrad.
The radiant ceiling temperatures were measuredyuBthO0 probes in 9 different points. The measurgsne
error for the thermocouples was of +0.5°C and far Pt100 probes of £0.3°C. The water temperaturen
system was also measured at inlet/outlet positsamguPt100 probes. The indoor humidity was measusat a
sensor with a precision of +2.5% for measuremehtglative humidity between 10 and 90%. The blaldbg
temperature was analyzed using a thermocouplei@usit in a black globe with a diameter of 15 cra &keight
of 1.2 m. The test cell was divided in four symnueespaces, the analyzed measurement area beingf tinese
parts (see Figure 2). The thermal guard temperatasckept at 26°C during the whole experimental gagn,
but the ceiling temperature varied from 16.9°C &91C. The air temperature, relative humidity arndbg
temperature were measured in different locationthefrectangular grid of 0.43 x 0.43 m presenteHigure 2.
The measurements were taken also on different tsgightotal number of 96 measurements (on X, ¥i2-a
being realized. The experiments were conducted runadieiral convection conditions and no humidity rees

were added. All of the experiments were carriedunater steady-state conditions.

2.4. Experimental results

24.1. Vertical air temperature profile



Three experimental cases were carried out to ifgagstthe effect of radiant cooling ceiling tempara (Trco)
on the indoor environment. Figure 3 shows the eaftilistribution of air temperature in the centéthe test
room. If the temperature difference between thaltea the feet is sufficiently large, a person bawe local
warm discomfort and/or cold discomfort even thotigg overall average is thermally neutral. Nomingdtical
air temperature gradients between 0.4 and 2.1 ghteeivere found to be around 0.71-0.77°C/m forcibaling
ceiling at temperatures of 16.9°C, 17.6° and 18.9%@ obtained experimental data are more thasfialj in
terms when the comfort standards call for a maxintemperature difference between head and feet ©f 3°

regardless of the operative temperature.

2.4.2. Surfacetemperature

The MINIBAT test cell was equipped with 108 therraaples to measure the surface temperature on téwéoin
and exterior part of the room. It wasn'’t notice angjor wall temperature fluctuation due to air tneent system
of the thermal guard. The impact of surface’s terapee on the human thermal comfort is considerahk a
particular attention have be paid to this aspecD.Z°C difference was observed between the lowdrtha

upper part of the walls (see Figure 4).

2.4.3. Mean radiant temperature

Even though they are not in direct contact withlitbely, cold surfaces (like radiant cooling ceilirsg)l greatly

affect human perception of temperature. With radéaoling, the energy balance on the human bodjffisrent

than without the cooled ceiling in several waygsftithe heat losses from the human body by radiadre

increased from about 35% without radiant coolin®% with radiant cooling [8]. Likewise, the heas$es due
to convection decrease from about 40% without ttiked ceiling to 30% with radiant cooling.

The globe temperature, which integrates the etiéair temperature, radiation and air movement, maasured
at z=1.2 m for different locations of the (x, yppe. It was found that the globe temperature hagrwalues

than the air temperature with 0.6°C to 0.9°C (dger€ 5).

Mean radiant temperature (MRT) is the most impdrizarameter governing human energy balance, with th
strongest influence on thermo-physiological comfodexes such as PMV, its meaningful scope beirg th
thermal comfort. To evaluate the MRT for all theesband heights we used a radiosity method. Corsglar

spherical point located at a spatial position he@m, the radiative balance equation can be writtetthis point.



Taking into account the reciprocal relation of thiew factor, it is obtained, by using a linearipatiof the
radiative exchanges between the spherical pointlemavalls and neglecting the internal reflectidhs, thermal

balance of the point [19]:

1)

We suppose to have only rectangular surfaces &odiffierent envelope components to considgt.the diffuse
view factor between a spherical point and a reatmgsurface can be calculated with the Eq.4 adegrib the
notations of Figure 6. In the Eq.3 the surface temres () temperature where obtained from the

experimental campaigns.
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A comparison between the measurements taken omelaa radiant temperature and the results obtaisied u

1
F., =— arct
[oN] AT g

the radiosity method is presented in Figure 7. fidwilts correspond to the position,{X%,zs) to (%,Y1,23) as
presented previously in Section 2.3. The resultainbd using the radiosity model were in good agesg with

the data obtained from measurements, a maximunerdifte of 0.4°C being noticed, value which can be
explained by the measurements errors from the thewaple sensors. The results of MRT calculatiores ar
presented as two temperature fields at positign and %,y; on the y-axis. The analysed cases correspond to
the position in the center of the test room andhin proximity of the wall. Figure 8 shows the meadiant
temperature distribution calculated using the Een3he two analysed cases. The effect of the radiawoling
ceiling on the radiant temperature is more notite&tr the x,y; position and is reduced when approaching the

walls, due to radiant effect of the walls tempematu

2.4.4. Indoor humidity levels

One of main inconvenient of the radiant coolindingiis that it's presenting a relative high riskamndensation
on the chilled area. Even if the indoor humidity lrasmall effect on the global thermal comfort,tfa cooling
ceiling systems it's a crucial design parameteudllg the dew point temperature is calculated fachezone by

monitoring all the time the ambient air temperatarel the relative humidity. The inlet water tempera is



controlled individually with values higher than tliew point of the ambient air. Therefore, if a rigk
condensation is present, the water temperaturggsed. A good solution to reduce the risk of cosdéion is to
dehumidify the air but this solution will increasensiderably the price of the system and it cafeoused
alone, a control system being necessary for pedefety against the condensation. For our expetirtien
relative humidity was kept at values between 42% 4806 (see Figure 9), so the risk of condensatiothe

ceiling was minimized.

3. Mathematical model of airflow

During the last years, Computational Fluid Dynan{icED) technology has progressed and made it pessib
analyze complex situations where HVAC systems veémaulated and compared with real data obtained from
experiments [20].

The mean air flow modelling is divided in two paré mathematical model (governing equations, tierxe
model, boundary conditions, et.)) and b) numericalut®n (discretisation, numerical scheme, solution
convergence, etc.)

The CFD model was based on the description of tper@mental test room. The airflow pattern and terafure
distribution in the facility are governed by thenservation laws of mass, momentum and energy. [Bhe i
assumed to be steady state, three-dimensionainpressible and turbulent. The buoyancy effect velked in
the momentum equation, k and epsilon. The Bousgiapproximation hypothesis is used for the buoyarte
term. The radiation heat transfer is not integratedhe CFD model due to the constant temperatdre o
surrounding surfaces. The numerical model is basedommercial CFD code called STAR-CCM+ [21]. The

Rayleigh-number has been calculated and its valaeonind 16° showed that the airflow is turbulent.

3.1 Turbulence modelling

For this study the turbulence is modelled with &€N Low-Re K-¢ model [22]. This turbulence model was
evaluated numerically stable with correct precistonthe results [23]. Hashimoto Y. [23] indicatdwitt the
standard ke turbulence model could be applied for a fully wldnt flow but it is inappropriate for a buoyant
flow. In his research article he studied the awfio an office room with displacement ventilatiorstem using a
low-Re number le turbulence model with a damping function to redtioe turbulent viscosity near a wall

(AKN model).



The AKN model introduced Kolmogorov velocity scalestead of the friction velocity, to account foetnear-
wall and low-Reynolds number effects in both ateattand detached flows. The fluid is considered ke
incompressible one with density computed via theaidjas law considered as varying only with temipeea

The model used in this study can be written inrzegal form as:

op —ap @ 0@
Wrpn 222 |1 29 =g 3
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where @ is the variable, ? the effective coefficient an?"’ the source term of the equation. The expressions

of the variables for the turbulence model usedis paper are summarized Table 3.

3.2 Boundary conditions

The CFD model boundary conditions were taken froenexperimental data results of the walls’, cooltieding
and floor surface temperature. Table 4 resumesuiface boundary conditions used for the CFD sitiara
based on the three experimental series where tilengaeiling temperature was varied from 16.9°Q89°C.
The wall boundaries have been modelled using thgipacondition with constant wall temperature. Toe-y+
wall treatment was applied for our model. The vit@atment assumes that the viscous sublayer isresslved

and thus wall laws are not needed.

3.3 Discretization

The mesh is designed using the pre-processor STERKBN [21] and the discretization of the computagio
domain is achieved by means of an unstructured meaghe boundary layer next to a non-slip walkrthare
high gradients within a small region, so to captinese gradients accurately it was necessary te fiaw mesh
spacing normal to the wall. The volume mesh processisted of several steps, including surface avgment,
subsurface generation and then the actual intgalume meshing. The grid contains polyhedral elaseihe
final mesh being composed of 116,762 cells. THeme range was between 3.386E-6 to 1.5351E-3 amd th
minimum distance between centroids of neighboutscebs of 3.374e-3. A grid dependency analysis was

conducted to ensure that the resolution of the meshnot influencing the results.

3.4 Numerical scheme
The solution method is based on the following niaypothesis: the diffusion terms are second-ordetrak

differenced, and the second-order upwind schemedovective terms is used to reduce the numeritfalstbn.
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The velocity-pressure coupling method is the SIMRIlgorithm. The multigrid scheme allows to accetetae

convergence as our model contains a very large aupflcontrol volumes [24].

3.5 CFD smulationsresults

3.5.1 Gridindependence analysis

Even if a convergent solution was obtained an auldit step was necessary to achieve good accutdmn et
al.[25] recommends a verification of the model feshy systematically refining the grid size reatizgenerally
by doubling the grid number and compare the twatsmis. A grid independence test was performedthad
data results showed that the mesh density chossisufficient for a grid independent solution ofaaty fields,

no noticeable error being observed. Figure 10 shibsvelocity results difference between the twalgsed

grid mesh (1) 116,762 cells and (2) 233,524 cells.

3.5.2 Comparison of the experimental datato CFD simulations

The model validation is important to ensure adegjuasults and was a necessary step before analymnagjir
flow pattern obtained from the CFD simulations. Thalidation was focused on the comparison of air
temperature for the three experimental series. Sihmulated results were analyzed and compared ‘iigh t
experimental data on the position (x1, y1) alorgyzkaxis according to the analyzed experimentafigoration
presented previously in the article.

The analyzed data points are the most relevamring of temperature distribution in the test roomfigure 11

the air temperature distribution is confronted witie experiment data. The comparisons between the
experimental and the numerical data confirm thélitslof the numerical model used in the CFD sintiola; the
differences between the CFD and experimental estduld be explained by the measurements errors of
+0.5°C.Furthermore the accuracy of the results arsdyzed by a sensitivity study of the air velastivalues
and air pattern flow to a change in the coolindingitemperature. This temperature was modifiecbediagly

to the measurements errors of the Pt probes usheé iexperimental campaign (£0.3°C). The conclusiofithis
sensitivity analysis showed that the air flow pattis not modified and the differences betweendiheelocities

were insignificant.

3.5.3 Air velocity fields
The air speed could be an important parametehBhtiman thermal comfort; an increased air spekaidithe

evaporation of sweat thus leading to a coolingatffparticularly if loose clothing is worn. Howevyéif the air

11



velocity is too high it may cause discomfort andemsation of draughtiness. The thermal comfort aabe
ameliorated by an increase of air velocity if thenperature or humidity is too high. Mean air spsleduld be
less than 0.15 m/s in the occupied zone to preaefgeling of discomfort for the most sensitive. TBED
technique was found a valuable technique to comahtrthe experimental results, allowing a detaileascto
velocity fields on different planes. In Figure 1Be flow fields at the two analyzed position (x1) and (x4, y1)
on the yz-axis are plotted for the experimentatlgtwhere the radiant cooling temperature was sé&7&°C.
The hot air heated by the floor rises due to Ara@des effect; once the ceiling is reached, thesaipoled and is
then goes down. It can be noticed that the airg@aigher than 0.2 m/s in the feet and ankleszomd may
cause problems for the occupants. Because thealevialls temperatures are not strictly equal,aheflow is
not symmetric in the test room. The results shothed the air velocity levels were still below thredards

limits in most of the occupied zones.

5. Thermal comfort analysis

The use of standardized scales to gather ratintfeafal sensation from groups of individuals hastted the
researchers to identify the vital elements of tiermal environment and to evaluate the averagensspof the
subjects. Thermal sensation ratings given by nélajlests are recommended, but these studies aresxpeand
demand a large number of subjects in order to geect results. For our study the predicted meas AMV
and the predicted percentage of dissatisfied PRBDWkre used to evaluate the thermal comfort. Biotlices
have been used with success during the past deaaddseir valid range extends to our case of aiditimning

with cooling ceiling panels.

The PMV model assumes a relation between optineirthl conditions, using the steady state heat balan
equation for the human body and thermal comfoihgatfrom panels of subjects. The PMV is relatedabg-
point thermal sensation scale of a group of peepjmsed to a certain environment to the calculagedlt of the
basic heat balance equation. The PMV range vahgewighin -3 and +3, where the positive values dtfm hot

feeling and the negative for cold feeling, 0 bengeutral value.

The elements necessary to calculate the PMV araitheemperature, the mean radiant temperatureaithe

velocity, the relative humidity and two subjectiparameters which are the human metabolism ratetlznd

clothing insulation of the person. For this stubdgde parameters were obtained by the mean of amisgntal

12



study, by calculations and by a CFD analysis. EdL8 shows how the data obtained from the diffestudies
are connected with the thermal comfort analysi® ain purpose of the CFD simulation was to givpdrtant
information on the air flow pattern and on the\ailocity fields. The experimental study was necgssaobtain
data on relative humidity and air temperature, dab to provide the boundary conditions mandatorytlie
CFD analysis. The mean radiant temperature waslleédd by using a radiosity method and had its stipgn

the results of surface temperatures provided bexperimental tests.

In Figure 14 the PMV distribution on the planes,{xand %,y1 on the yz-axis) are investigated. Figure 15
presents the PMV index when the radiant coolindingeiis set to 17.6°C, for different metabolismestand
clothing insulations. The hypothesis for the analygere that the metabolism (M) corresponds toffioeowork
and its value was 1.2 met (70 W/m?) and the clgimsulation (})) of 0.58 clo (0.089 m2K/W). The effect of the
radiant ceiling is more intense in the center pathe room where the mean radiant temperatu@si with an
overall thermal comfort which is acceptable andhwitilues between -0.2 and 0.2. The two plots of PMV
demonstrate that it can be obtain a uniform theroaahfort distribution in the room when using thelled
ceiling to cool the indoor air.

Based on the data obtained from the studies, thé/PRD were calculated for different heights anddisferent
levels of metabolism rate and clothing insulatiBrmen for higher levels oflthe thermal comfort is still good,
exceeding the comfort range described in ASHRAH-8%+0.5) [26] only in the case where the metadoli

rate takes higher values than 1.3 met.

6. Conclusions

The air cooling using chilled ceiling panels wasurfd to be an interesting alternative to traditionat
conditioning system. The research work was based fully experimental study which had the suppdraio
extended analysis on the air flow pattern by usivegCFD technique. The boundary conditions necgdsathe

CFD simulation were taken from the experimentahdatd then a validation on the air temperaturerealized.

The air velocity fields obtained from the CFD stuslyowed that a local discomfort at feet/ankle zosmes

observed but with good values of air velocity fbe trest of the test room. The mean radiant tempreras

necessary element for the PMV calculations, wasuated using a radiosity method by calculating view
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factors in each point of the analyzed planes artt thie data from the experiment. The experimeraaulis
obtained for different chilled ceiling temperatigigowed that with a cooling ceiling the vertical parature
asymmetry is less than 1°C, value which correspomdie standards recommendations. The globe texyper

was measured and compared with the air temperaumaximum difference of 0.8°C being observed.

The relative humidity was kept at normal value€8% in order to avoid the condensation that coaldehbeen
produced on the cold surface of the ceiling. Therrfal comfort was studied using the PMV index scale
elements necessary to calculate the PMV were téilkem the two studies, CFD and experiment. The PMV
distribution plots showed that thermal comfort éhi@ved and is uniformly distributed no matter puesition in
the room for the different planes in the test rodrhe results reported in this paper confirm that ¢boling
ceiling has advantages like low vertical air gratliand that the thermal comfort is obtained evenhigher

metabolism rates or clothing insulation.
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Nomenclature
d distance to the wall [m]
Fo diffuse view factor

f.fo damping functions

g acceleration due to gravity [ffis
k turbulent kinetic energy [m%$
le clothing insulation [clo]
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Pr Prandtl number

Re Reynolds number

M metabolism [met]

MRT mean radiant temperature [°C]
PMV  predicted mean vote

PPD  predicted percentage of dissatisfied [%]
T mean temperature [°C]

Tsj surface temperature [°C]

U mean velocity magnitude [

U’ velocity fluctuation component [k
X,¥,z  coordinate [m]

Greek letters

B coefficient of thermal expansion T
M dynamic viscosity [Pas]

v kinematic viscosity [m2

£ dissipation rate df [m2s°]

) mass density [kgifj

turbulent time scale [s]
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