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ABSTRACT

This paper deals with the thermal design and perdoce
of a roof-mounted radiant barrier, installed in ighhinertia
house in tropical and humid conditions. Using dyitam
simulations of a mathematical model of a whole leous
including a radiant barrier installed between thefrslab and
the ceiling, the thermal performance of the rootadculated
and the thermal comfort in the house is evaluatgdguthe
psychometric chart. The mean method is more péatiguised
to assess the thermal resistance of the buildiofand lead to
a value which can be compared to those obtainetyusiass
insulation product such as polyurethane foam osglaool.
The aim of the study is to evaluate the most apjpat
technical solution to insulate high inertia roof lwildings,
which can accumulate much energy during the daycaedte
uncomfortable thermal conditions in the late aftem and
during the night in summer tropical conditions.

INTRODUCTION

In tropical and humid climatic conditions, like iha
Réunion Island, a French overseas department tbdat¢he
Indian Ocean, saving energy and assessing therormafoct
conditions in buildings is of great importance. Tineed for
active cooling of buildings, due to extreme climati
solicitations, is indeed growing and on the contithie means
of electricity production are quite limited becausé the
insularity. More particularly, in case of individuaousing, the
use of active systems, like split-systems for examps
increasing with the increasing level of househajdipment.

Architectural design of houses in La Réunion hasaty
evolved with the years and has followed severajestaFrom
the existing range of houses, one can see theagenaiution,
which can be related to industrial, economicaljaogical and
environmental reasons [1]. This evolution has keduildings
not always in relation with the climate, such aghhinertia
houses with flat roofs made of concrete. This tgpdouses
have been promoted for safety reasons associattdd the
storm risk during summer in tropical and humid dtio

conditions. In these old days, roofs were indeedtequ
unresisting to strong storms and could be destrayigd gusty
winds. Although this solution was very effectiveritig storms,
its impact in terms of thermal comfort was very aidge and
has encouraged the use of active cooling. This \was
contradiction with thermal design in La Réunion @rindeed
consists in important efforts to minimize heat g#imough
buildings, generally with a convenient solar pratec of walls
and windows.

In this paper, we focus on one of this type of lesuwith
the aim of improving the thermal comfort conditipnssing
insulation materials for the roof. It is well knowimat radiation
heat transfer is the major source of discomforhigh inertia
houses, and that's the reason why we studied deteefaical
solutions for insulating the roof, including radidrarriers.

NOMENCLATURE

) [W.m? Heat flux density through the wall

R [M?K/W] Thermal resistance
Tsi K] Surface temperature of the interior side of el
Tse K] Surface temperature of the exterior side ofwed|

Special characters
o

[] Solar Absorptivity
p) W.m?2K"

Thermal conductivity
) [kg.n?] Density
Cp li.kg™.KY Thermal capacity
a [m2s7] Thermal diffusivity

THE CASE STUDY

The house studied here is representative of anyplel of
building construction, were vertical walls were Ibuwith
basaltic rocks, linked together with a specific dan called
“argamate”. The resulting geometrical characterisfithe wall
was its thickness, varying from 0,4 to 0,6m. Thios thermal
inertia of the walls was very important. With theoging use
of concrete and in order to be protected from ssprsuch
houses were sometimes renovated and thus equipipedlat
roofs made off reinforced concrete. The resultimgrtia of the
whole house was thus much higher.



A schematic top view of the case house is propased
figure 1. It is composed of five rooms, includingliaing room
with kitchen, an entrance hall, a bathroom, a bear@and a
study, with the dimensions indicated on the figure.
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by a strong solar radiation and low winds. Anotheportant
characteristic of the climate influencing the thatroomfort is
the relative humidity, which reaches high valuedarrtropical
and humid climatic conditions. The climatic datadidor the
simulations of the houses will be presented furthé¢he paper.

For the insulation of the roof of the case housesl
technical solutions are available. Nevertheleds,iportant to
note that it is rather recommended to insulaterfiafs with an
exterior insulating material for higher thermal foemances,
and that installing the insulating material justobe the flat
roof is prohibiting because of the structural daesadue to the
dilatation of the metallic structure.

For our study, we will focus on all possible tedaati
solutions, in order to answer a wide range of $ibna that can
be encountered. The several cases can be summassed
follows:

In order to have a typical illustration of the wladiouse, a
section view is shown in figure 2, where one cam e flat

roof made of concrete.

3,001

Figure 2: Section view of the case house showing the flat ro

Figure 1: Schematic top view of the case house

The front side of the house, illustrated abovedang

south, and each of the main rooms is equipped atiteast one
window with standard dimensions. The floor slabinsulated

from the ground and is made of reinforced concrete.

The dimensions and compositions of the severakvadll
the house can be described as indicated in thenfiriy table 1.

Code Technical !nsulatlng Description
solution
1 Ref None Reference; case Wlthout therma|
insulation
Insulation of the roof using glass
2 LDV Glass wool wool installed under the roof,
after an air layer
) . The ceiling is equipped with a
3 FPR Reflective ceiling reflective side facing the roof
Reﬂec_nve |nsulgt|0n A radiant barrier is installed
4 PMR material or radiant between two air lavers
barrier y
Insulation of the roof using mas
5 Refiso Mass insulation insulation installed above the
roof

Thermal

Type of . Conductivity | Density . Thickness
Material - - capacity

wall w.mtK? kg.m? Rt e m

| [ 1| ko] | GRG | ml
Exterior concrete 0.5
walls
Internal | crete 1.75 2100 653 0.1
walls
Roof concrete

0.2

Floor concrete
Windows glass 14 2500 750 0.008

The house is located near the island coast (adtiQ)cand is
supposed to experience a strong summer climateacteased

Table 3: Physical properties of the walls

Table 2: The several insulating technical solutions studied

For the LDV, FPR and PMR configurations, a secti@mw
of the roof is proposed on figures 3, 4 and 5s liniportant to
note that an air layer is built in the frameworktloé insulated
roof in case of interior insulation, between thefrslab and the
ceiling made of plasterboar®.008m thick This is the major
difference between the cases 2, 3, 4 and the gaskese there
is no air layer between the roof and the thermslation.
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Figure 3: Section view of the roof with glass wool insulatio
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Figure 4: Section view of the roof with a reflective ceiling
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Figure 5: Section view of the roof with a radiant barrier

MATHEMATICAL MODELLING

The models used for the simulations of the severdinical
insulating solutions were described with the cd8©LAB
developed under th#MATLAB environment at the Building
Physics and Systems Laboratory. It is a prototypbuilding
simulation code, which integrates the models fatlead mass
transfers in macrovolumes or zones. Specific dgrents
were done to allow the simulation of complex walted more
particularly those containing insulating productgls as mass
insulation or reflective insulation. They concerrikd radiation
and convection models, and were implemented acugridi a
multimodel approach (the user can choose betwegarale
mathematical models for each physical phenomendhg
method of radiosity is thus used for radiative heatsfers and
convective heat transfers in the air layers camderibed by
means of adimensional correlations or other relatiwith the

generic fornh, = a(AT)" + b.

For the simulation of the case house, the geomeimit
thermophysical data included in table 1 are neettedvell as
the details of the configurations indicated abdvereover, the
choice of heat (conductive, convective and rad&gtand mass
transfer models has to be made, and in conjunctitin the
selection of a meteorological file allow the prcaiag of the
simulations.

For the general description of the house modelntteral
decomposition is the one shown in figure 6. A tatélfive
thermal zones are described, each of them corrdgppito a
room in the house. As for technical solutions 2arl 4 air

layers are needed, the total of zones for eachtisofu is
different, as indicated in table 3.
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north
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Figure 6: Description of the zones of the model

Code Number of zones
1 Ref 5
2 LDV 6 (+ 1 air layer=attic)
3 FPR 6 (+ 1 air layer=attic)
4 PMR 7(+ 2 air layers=attic + lower air layer)
5 Refiso 5

Table 3: Number of zones for each configuration

Once this general description is stated, it is ssag/ to
choose the convenient models for each physical ghenon.
For heat transfer by conduction in the several syaitie Fourier
equation is solved numerically by finite difference
approximations, which is the common method in bogd
simulation codes. For the radiation heat trangfeeach zone,
the radiosity method is used and allows taking axtoount the
radiation characteristics of the walls; this appto& necessary
when dealing with heat transfer with radiant basridor
example, whose emissivity is very low, of the orde0.1. For
the convection heat transfer in the house, it jgartant to have
accurate relations in order to correctly transldte general
behaviour of the zones. Thus, for each of the zdnks5, that
is, the dining room, the study, the bedroom, théhdo®m and
the hall, the convection coefficient is calcula&etording to
the relations given by awbi [2] for vertical wallBpors and
lower side of ceilings. These relations are intiangsn the sens
that they are based on experimental results and hagn well
compared with the other existing relations. For ¢bavection
heat transfer coefficient in the air layers (atticd lower air
layer), the relation given by Elsherbiny [3] waseds This
relation is indeed interesting because it is basmd
experimental results of natural convection withiffedentially
heated cavities and has also been well compardd otiter
existing relations.

Finally, to account for air infiltration in the Hding, a
mechanical ventilation system is described in thedeh and
allows the evacuation of three volumes of air pmirh



SIMULATIONS AND RESULTS

The five models described previously have beenwith

Isolab on a climatic sequence corresponding to a strong

summer in La Réunion. The main characteristichefdimate
conditions are shown on figure 7, for solar radiatiand 8, for
outdoor air temperature and relative air humidity.
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Figure 7: Solar radiation during the climatic sequence

As seen on the figures, the tropical and humid sanim
characterised by a strong solar radiation couplét & high
level of relative humidity.
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Figure 8: Exterior temperature and relative humidity durihg
climatic sequence

Moreover, to better understand the general behawbu
the building, a sensitivity analysis has been rua first stage.

Results of the sensitivity analysis
The sensitivity analysis procedure is based onatbieks of

Mara [4]. The method consists in affecting at epatameter of
a model a specific frequency (its signature) andrunning

several simulations (N+1, where N is the numbgrarmeters
of the model). For each simulation, the parameseesvaried
according to a given percentage, the general fdongathe
whole procedure being a sinusoid, thus allowingpacHic

sampling of the values of the parameters; thisguare is used
to allow a wide scanning of the parameters spadetlams put
in evidence the influence of the parameters oncse output.
For this, it is possible to identify the influerdipameters from a
spectral analysis of the results of the multiprawdations.

The procedure has been used to identify the mdisteint
parameters on the dry air temperature of the fioste (dining
room) and on the surface temperature of the lovider sf the
roof for the reference model. From the spectralyesig of the
results, the following parameters were obtained Bath
outputs:

a, solar absorptivity of the roof

p, density of the roof

C,, thermal capacity of the roof
A, thermal conductivity of the roof

PobdPE

The identified parameters were expected; the finse
plays a major role on the heat flux transferredudlgh the roof
and the three other can be combined to form tHasifity a of

the roof: a= A
p<,

Hence the sensitivity analysis confirms the gregidrtance of

the thermal diffusivitya for high inertia walls of buildings.

Results of the simulations

From the various models presented previously, is wa
possible to run simulations and to appreciate therntal
behaviour of the different technical solutions.

Figure 9 shows the evolution of the surface tentpega
of the lower side of the ceiling for each of thevefi
configurations studied.
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Figure 9: Surface temperature of the lower side of the rogsli
as a function of time (six days of simulation)

The temperature for the reference model reachds Vadues,
with a maximum near 40°C and shows the most importa
amplitude. Moreover, the evolutions of the tempeeg for the
interior technical insulating solutions are quitmitar, with a



lower amplitude compared with the reference casd an
maximum difference between the three curves of@.5he

roof with an exterior insulation reaches the lowestperature,
32°C at the maximum, and also shows the lowestitunpgl

Figure 10 shows the evolution of the dry-air tenapere
for the dining room in each configuration. The maogmment
is that the values are quite high, with a rangevafiation
between 27°C and 34°C, well above the thermal ¢mmdi of
thermal comfort. The results here confirm what i&em
observed with high inertia houses and show than ewih
insulating products, whether interior or exteridhe air
temperature remains quite high, the difference @@itC at the
maximum. Each technical solution in this case leada quite
similar result, notably because of the impact ef thechanical
ventilation system, which tend to balance the inpafcthe
insulation materials. Moreover, the resulting dethye to the
thermal inertia is lower in the case of the insedatoof.
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Figure 10: dry air temperature of the dining room as a fuorcti
of time (six days of simulation)

In order to identify the effect of the radiation thie flat roof,
the radiant temperature of the room is proposefiigome 11.
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Figure 11: radiant temperature of the dining room as a famcti
of time (six days of simulation)

These curves are interesting because the radiatpvact
of the flat roof is clearly identified; for the exence case, the
radiant temperature is higher than the dry air &ajure and
reaches a maximum near 36°C. Moreover, the differen
between the curves for the reference case andnthdaied
cases is much more important, approximately tweesirmore
than in the case of the dry air temperature. Thaarty shows
that the technical insulating solutions play a gmede on the
radiation from the roof. Except the reference raofl in terms
of lower radiant temperature, the most effectiviitian is the
exterior insulation, then the radiant barrier, thka reflective
ceiling and finally the glass wool. These results eonfirmed
by the plot of the heat flux through the ceilingg(ire 12)
where, in terms of lower values, the same ordebgerved.

In order to determine the thermal performance a@hea
technical solution, the mean method [5] was usedatoulate
the thermal resistance of the roofs. The methdshsed on the
following formulae, applied on series of dynami¢ada

y T -T.. R is the thermal resistance of the w

v sel sl 1 h
R=2 —— where T, is the interior surface temperatt
Z¢i T is the exterior surface temperat

— flux_ceiling_dining_room_ref ~ ----- flux_ceiling_dining_room_LDV
flux_ceiling_dining_room_PMR —flux_ceiling_dining_room_refiso
flux_ceiling_dining_room_FPR

Figure 12: Heat flux through the ceilings of the dining roas
a function of time (six days of simulation)

The following results were obtained using the satioh
results for the six days of the sequence:

Thermal resistance R Thermal resistance R
Code (calculated) (theoretical)
[m2.K.W [m2.K.W7
1 Ref 0.11 0.11
2 LDV 1.09 -
3 FPR 2.87 -
4 PMR 3.45 -
5 Refiso 1.49 1.22

Table 4: Thermal resistances of each technical solution

The results tend to confirm the preceding comment f
the thermal performance of the roofs, except fa éxterior
insulation, for which the thermal resistance isnduo be less



than that of the reflective ceiling. This can beplain by the
fact that even if the heat flux through the ceilisghe lowest
for the exterior insulation (figure 12), it remaipssitive (it
enters the room) for a longer period of time. Thecpding
formulae being based on a cumulated sum of fluxrésult for
the exterior insulation is thus expected. The otfa¢ues tend to
confirm that for such flat roofs, it is importard block the
radiation heat transfer, as done by reflectivelmsan products

[6].

In terms of thermal comfort, the psychrometric thaa
well used tool to have visual results. Figure 18 aa show the
results for the reference case and the radianiepaoof.
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Figure 13: Psychometric chart for the reference case

The main comment is that from 12am, all the poarts
out of the last comfort zone, indicating the impbitity to
achieve thermal comfort conditions event with an\ailocity
of 1 m.s. It is also quite obvious that without ventilatjon
assessing thermal comfort conditions is impossible.
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Figure 14: Psychometric chart for the radiant barrier case

From figure 13, we can see that with the radiamtida
the points for the afternoon are all in the lashémt zone, thus

indicating that in this case, thermal comfort cdiodis can be
obtained with ventilation. This result is quite @rgsting and
shows that for houses with flat roofs, the userobppropriate
insulation product can lead to better thermal cthowals.

CONCLUSION

This case study was intended to show the impact of
several technical insulating solutions for high rii@e houses
under tropical and humid climatic conditions. Fiselutions
have been identified, with exterior insulation whis said to be
the best, and with interior solutions, for whichreedas to be
taken to avoid structural damage of the flat roof.

A first stage of sensitivity analysis has confirmig
great impact of the thermal diffusivity on the time
conditions in the building. Then, based on simoladi the
several technical solutions have been analysedlaiion with
the surface temperature of the lower side of thikingethe dry
air temperature of the room, the radiant tempeeatifr the
room and finally the heat flux through the ceilinthe main
conclusions are that the discomfort due to flatfrda®
confirmed, but that when using an appropriate BiSoh
product, such as a radiant barrier whose actioto idlock
thermal radiation, thermal comfort conditions candzhieved,
with the help of ventilation.

In terms of thermal performances of the technical
solutions, the results illustrate that the mose@tff/e technical
solution is the radiant barrier, with an ability tonsiderably
and durably reduce the radiation heat transfeugiidhe roof.
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