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ABSTRACT

solar chimney. The chimney is generally integrated in the
building envelope and consists of a transparent material
(usually glazing), an air cavity and an absorber. The absorber heats the air by convection. The air density difference between heated and external air induces natural
ventilation. (For an example of integration in a roof, see
”Roof Solar Collector, RSC” (Khedari et al. 2000), (Hirunlabh et al. 2001), of wall integration ”Metallic Solar
Walls MSW” (Hirunlabh et al. 1999) and made up vertical and inclined parts (AboulNaga and Abdrabboh 2000)).
Since the internal wall generally does not have a high
thermal storage capacity, (MartIHerrero and HerasCelemin 2007) studied the association of a solar chimney with
a concrete wall in order to provide natural ventilation at
night for a Mediterranean climate. (Aboulnaga 1998) assessed a solar chimney coupled with adiabatic cooling
which naturally ventilates and cools a building. Airflow
rates can also be enhanced by adding, at the chimney outlet, a wind-driven system that maintains lower pressure for
all wind directions (Bansal, Mathur, and Bhandari 1994),
(Khan, Su, and Riffat 2008).
A gap between the elements of the building envelope
can also be used to limit heat flux though the walls. The
covering is generally made of a non-transparent layer (metal, wood, canvas). Natural convection induced by heat
convective exchange between covering and internal air
can eliminate part of the absorbed solar heat. The upper
and lower sides are often covered with a Radiant Barrier
System (RBS) (low emissivity layers) which limit the radiative heat transfer (Chami 2009), (Miranville 2002).

Timber-frame structures can be built with a closed cavity or an open naturally ventilated cavity (Open Cavity,
OC). An open cavity reduces the risk of moisture damaging the structure. OCs are generally not considered in
thermal behavior simulation software, although there is
much research that shows it can improve thermal comfort. The aim of this work is to develop a numerical model for a naturally ventilated cavity that is also sufficiently
accurate for year-long thermal simulation in buildings. To
this end, we built a full-scale experimental setup consisting of two identical rooms (the same dimensions, orientation, material etc.) in order to compare, under real climatic conditions, an unventilated cavity (Closed Cavity)
with a naturally ventilated one (OC). The experimental
setup was installed at the scientific and technical building research center (CSTB) in Grenoble (France). The
experimental results were used to validate and improve
a simple mathematical model. The numerical simulations were carried out with SPARK (Lawrence-BerkeleyNational-Laboratory and Ayres-Sowell-Associates 2003).

INTRODUCTION
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In the literature, a number of works demonstrate the improvement of thermal comfort by the use of a gap between elements in the walls of the building. Two main
techniques are used : solar-assisted natural ventilation
(F IGURE 1a) and the reduction of solar energy transmission through the building envelope (F IGURE 1b).

(a) Enhancing ventilation

(b) Heat-transfer limitation
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F IGURE 1: Inter-space and summer comfort improvement.

(a) Closed Cavity (CC)

(b) Opened Cavity (OC)

F IGURE 2: The studied configurations

Current guidelines for roofs and timber-frame require
external and internal layers to be separated by a ventilated
layer to prevent damage to the structure. Our work focuses
on the thermal interest of this type of construction.
Building ventilation rates can be increased by using a

Current guidelines for roofs and timber-frame structures ((DTU-41.2 1996), (DTU-31.2 1993)) recommend
separating the external and internal layers by means of a
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ventilated gap particularly to avoid damage to the structure, while the present work focuses on the thermal consequences of this type of system.
For this purpose, thermal evaluation of the naturally
ventilated cavity was assessed using a full-scale experimental setup consisting of two identical rooms which include in their south facade either an open (F IGURE 2b) or
a closed cavity (F IGURE 2a).
The experimental comparison is based on a 48-hour recording sample. A simple mathematical model, already
used in previous works ((Bansal, Mathur, and Bhandari
1994),(Brinkworth, Marshall, and Ibarahim 2000) ) is presented. Finally, the numerical and experimental results are
compared.

0.6 m

5.1 m

EXPERIMENTAL SET-UP
2.1 m
4.3 m

F IGURE 4: South- facing wall and roof

F IGURE 3: Experimental setup under construction
Prototype
The experimental study was conducted at the CSTB
(The French Scientific and Technical Research Center). The CSTB is located at 45˚11’7.52” North and
5˚46’24.97” East, in Grenoble (France).
The experimental set-up is shown in F IGURES 4, 3 & 5.
It is a south-facing house with two identical rooms and an
inclined roof (angle of inclination : 30˚). Both rooms have
the same dimensions, materials, components, and instrumentation. In this paper, the study concentrated on a part
of the roof and the front wall as shown in F IGURES 4 (region marked red).
The setup has a simple rectangular duct section measuring 550 mm x 95 mm. The upper plate consists of
a black sealing coat and 10 mm Oriented Strand Boad
(OSB). The bottom plate consists of a Radiant Barrier
Layer (RBL) which significantly reduces thermal radiation, 10 mm OSB, 90 mm of insulation and a vapor barrier.
During the experiment, two solutions were proposed ;
one with an Open Cavity (OC) on the east room, the other
with a Closed Cavity (CC) on the west room. The other

F IGURE 5: North wall of the experimental set up
surfaces (vertical walls, floor and partitions) were well insulated (200 mm layer of fiber glass) and covered with
white gypsum plaster.
Instrumentation
T-Type thermocouples were used to measure the temperature along the central axis of the inner surfaces in the cavity. For OC (respectively CC) these measurements were
taken on the upper and lower surfaces (B & D), at the
centre of cavity (C) at 50,170,290,410 and 510 cm (above
the floor) from the inlet (respectively 0,120,240,360 and
460 cm). Flux meters (50mm × 50mm, Captec) were used
to measure convective and radiative components on both
sides of the cavity. This type of flux sensor also contains
an integrated thermocouple which also allows temperature measurement. On the upper plate, the same surface
emissivity is obtained by painting the sensor, while, on the
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F IGURE 6: Schematic diagram of the South wall-type.
Layer indication and building materials description

0
2
∆ Ptilted

(Pa)

1

lower plate, it is placed between the RBL and the OSB.
For vertical and inclined cavities, the inlet/outlet pressure difference was measured by using two Furness
FCO332 pressure transmitters. F IGURE 17 shows the positions of the sensors.
Vaisala WXT-510 recorded the most essential weather
parameters at 6 m above the ground (wind velocity and direction, liquid precipitation, barometric pressure, temperature and relative humidity). A photodiode detector was
used to measure overall horizontal solar radiation.
Each internal surface temperature and the air temperature at 2 different heights above the ground were recorded.
All the experimental data were logged through a Campbell CR1000 data logger connected to the CSTB local network. By using the CR1000, coupled to a number of multiplexers (AM16/32 and AM25T), it was possible to provide 162 differential measurement channels. All the data
were recorded every minute ; the 5-minute data averages
are presented here.
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F IGURE 8: Measured external temperature, solar radiation and pressure difference for two days of clear weather

minute averages. These plots highlight the fluctuating nature of the internal temperature over a range of +/- 2.5 ˚C
around the average. Due to their thermal inertia, surface
temperatures are less sensitive to these fluctuations (range
of +/- 1 ˚C).
A typical set of data for the upper and bottom plates
and the air gap is shown in F IGURE 10 and F IGURE 11.
It can be seen that the upper plate temperature is about
twenty degrees higher than the bottom plate in the case of
the open cavity.
We noted limited temperature differences between the
core air gap and the lower face. Observations were also recorded by (Ong and Chow 2003), (Sakonidou et al. 2008),
investigations in which temperature measurements at various distances from the heated plate were made. (In these
temperature profiles across a 100 mm air gap, it is seen
that the greatest gradient is in the first 20 mm air layer
from the absorber plate.)
Generally, the temperature increased with increased
distance from the cavity inlet. It was observed that near the
outlet, the temperature tends to decrease. This drop in air
and surfaces temperature could be attributed to the mixing
of external and internal air and the changes of boundary
conditions in the lower side. A comparison of the configurations shows that temperatures of the non-ventilated
cavity are on the inner side about fifteen degrees higher
than the ventilated cavity.

Values
Origin : exp (e) or num (n)

Layer

0

Configuration : (oc) or (cc)

Distance from the entrance

F IGURE 7: Notation nomenclature

EXPERIMENTAL RESULTS
The first available experimental sequence is presented
here. It concerns 2 days in September 2009 in fairly hot
weather conditions. F IGURE 8 shows these conditions, including direct solar radiation, external temperature and
pressure difference ∆Ptilted .
F IGURE 9 shows the air and the upper surface temperature at 290 cm from the entrance. Dotted lines indicate
data collected every minute and continuous lines, the 5
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F IGURE 9: 28/09/2009, OC configuration : Temperature
variation in layers B (upper graph) and C (lower graph)
recorded at one-minute intervals (continuous lines) and
5-minute averages (dotted lines)
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F IGURE 12 compares the measured heat flux on both
sides of the cavity for ventilated and non-ventilated cavities. It was found that the natural ventilation in the cavity
reduced the heat gain through the ceiling by about 40-50
%. The much greater heat transfer on the upper side is
explained by the fact that more absorbed heat was transferred to the air channel.
Finally, while the temperature on the ceiling surfaces (TF ) was considered in these two configurations
(F IGURE 13) we noted that in the case of the ventilated
cavity, its amplitude could be reduced by 1 ˚C. It should
be remembered that there is no release of internal heat,
no solar contribution and no internal ventilation in the volume.
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F IGURE 10: Air temperature variation recorded in 3
layers (B : upper surface temperature, C : core air temperature and D : lower air temperature) at 290 cm from the
inlet for the open configuration (red) and at 240cm for the
closed cavity (doted red)

MATHEMATICAL MODELING
Following the work of (Hirunlabh et al. 1999), (Bansal,
Mathur, and Bhandari 1994), a similar mathematical model was developed for estimating heat gain throughout the
inner part of the naturally ventilated component. The following assumptions were made regarding the equations :
– One-dimensional heat transfer : temperature, heat
flux, thermo-physical properties etc. as well as the
width and length of the channel were assumed to be
constant.
– Air acts as a non-radiation absorbing fluid.
– Adimensional numbers are evaluated at film temperature.

– Air density is dependant only on temperature
(Boussinesq approximation : (ρre f − ρ(z) =
ρM β (T f (z) − Tre f )).
– The side surface of the cavity is not considered in the
heat-transfer mechanism.
– External air temperature differences between inlet
and outlet are negligible.
– The unity view factor is assumed between parts of
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F IGURE 11: 28/09/2009, OC configuration : From left
to right, temperature measurements on layers B, C and
D at various distances from the inlet (blue-circle :
50cm, green-square : 170, red-triangle : 290, light bluediamond : 410 and purple-star : 510cm)
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1 ṁ2
∆Psingular = ρus ζVus2 = ζ
2
2 ρus Sc2

(1)

ṁ = V ρSc = ṁi = ṁo

∆Pw = Input

(4)

(7)

The outlet temperature is given by
µ
¶
C2
C2
TC,o = TC,i −
exp−C1 L +
C1
C1

With,
(3)

(6)

Conservative mass flow rate (7),

(2)

¡
¢
∆Pb = gL sin(α)ρM β TC? − Text

18

low of Hagen-Poiseille or formulated according to the formulation of Al’tsul.

Equation (2) can also be write as the balance of pressure losses occurring at inlet ,outlet cavity and along the
channel with driving buoyancy and wind effect.
∆Pb + ∆Pw = ∆Pf riction + ∆Psingular

12

F IGURE 12: Heat flux measured in layers B and D for
naturally ventilated and non-ventilated cavities(incoming
fluxes are positive)

the cavity.
Referring to F IGURES 14 the balance pressure around
the loop reads :
∆Peb−e + ∆Pe−s + ∆Ps−eh + ∆Peh−eb = 0

06

(8)

where,
wL(hcB + hcD )
|ṁ|Cp

(9)

w (TB hcB + TD hcD )
|ṁ|Cp

(10)

C1 =
ṁ2

1 L
.
∆Pf riction = λ
2 DH ρSc2

(5)

and,

According to Reynolds turbulent limit calculated from
the Nikradse formula, friction factor are evaluated by the

C2 =
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The interior net radiation exchange between both sides
of the cavity is given by (11)

24
TF,170(e;oc)
TF,290(e;oc)
TF,170(e;cc)
TF,290(e;cc)

23

φnetB−D =

The Nusselt calculation is done through experimental
correlation given by (Chami 2009), where Nusselt depend on Prandtl and Rayleigh number. Its field of validity
(30 < α < 45, 0.01 < BL < 0.03 ) is compatible with
our application ( BL = 0.019, α = 30).

22

(°C)

SB σ0 ((TB + 273.15)4 − (TD + 273.15)4 )
(11)
1
1
εB + εD − 1

21

µ

¶0.25
b
Nub = 0.796
Rab cos(90 − α)
L

20

(12)

Finally heat balance equation from each sides (13 & 15)
and internal air volume (14) are writed
19

ϕB = hcB (TB − TC∗ ) + ϕnetB−D
18
00

06

12

18

00

06
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18

(13)

00

LwbρC p dTC∗ = hcB S(TB − TC∗ ) − hcD S(TC∗ − TD )
+ ṁC p (TC,o − TC,i )

F IGURE 13: Comparison of the surface temperature of the
ceiling (upper graph) and air in the room of both cells
(lower graph)

ϕD = hcD (TC∗ − TD ) + ϕnetB−D

(14)

(15)

NUMERIC & EXPERIMENTAL
Heat transfer in the cavity was numerically evaluated
by setting spatial averages of surface temperatures and
pressure differences as input of the model. 2 . To make
the comparison easier, input solicitations and experimental results were smoothed. Simulations presented in this
paper take into account model input parameters uncertitude. We assumed that radiative properties of the downward low emissivity layer could differ from the measured
values due to dust deposits. (M.Meury 1960) guide was
used to found the more appropriated value for discharge
coefficient ζ and friction factor ∆. Several adapted values
are listed in TABLE 1. ∆P inaccuracy come from an estimation of the measurement error. We add a common possible offset on both input surfaces temperatures.
We used SimLab (SimLab ) and its implemented LHS
method (Latin Hypercube Sampling) for generating a
[7x100] matrices input parameters. These inputs was then
used in SimSPARK model. Mean value from one hundred

F IGURE 14: Schematic diagram of a cavity
The average temperature TC? is a variable of the model
(Eq (3), (13), (14), (15) ). 1

(Ong and Chow 2003)). (Zalewski 1996) compares the average temperature calculation according to the equation ( refTfm1) and by taking
gamma = 0.5 (linear evolution) with experimental data. Conclusion is
that weak differences between the two distributions were observed and
best fit is obtained considering the linear profile.
2. TB,170(e,oc) and TD,170(e,oc) represented in F IGURES 11 were not
used for this surface input average.

1. It is also possible to express the average temperature of the following form : T = γTC,o + (1 − γ)TC,i with γ = 1/(1 exp−ϑL ) − 1/(ϑL) =
(TC −TC,i )/(TC,o −TC,i ). The parameter gamma, also called stratification
parameter, giving the shape of the temperature distribution along the cavity. A constant value of 0.75 and 0.74 are commonly adopt in work
related to solar chimney performance study ((Hirunlabh et al. 1999) and
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simulations and 95 % confident bound for each time step
were plotted. The uncertainty range is set voluntary wide.
If measured values were inside numerical bounds then this
results were used by mean of an optimization technique in
order to found the values that best fit the experimental results. If there not, we could assumed that the adopted model was not appropriate or some measurement error occur.
The calculation time step was fixed according to 5minute averages of experimental data. The calculated heat
fluxes (mean and confidante bound) {ϕB(n;oc) , ϕD(n;oc) }
are compared to measurements recorded on both sides at
410 cm from the inlet {ϕB,410(e;oc) , ϕD,410(e;oc) }.

band includes the experimental results during day time.
During night time, model underestimates the heat flux.
The bottom graph show the inner flux profile (ϕD ). We can
observe important differences between experimental results and numerical calculations. Since temperatures and
heat fluxes on each side of the cavity were measured, it
was possible to calculated net radiation by using Eq.11.
Then experimental convective flux for a defined range of
emissivity (F IGURES 16) was deduced.

20
φConv,D(n,oc)
φConv,D410(e,oc)

10

distribution intervals used as

[W/m2]

0

Interval
[0.15 − 0.7]mm
±0.3Pa
±1◦C
[0.4 − 0.6]
[0.7 − 0.9]
[0.84 − 0.93]
[0.16 − 0.4]

−10
−20
−30
−40
15
hc
DMin(e,oc)

hc
D(n,oc)

[W/(m2K)]

TABLE 1: List of uniform
input for simulation
Parameters
∆
∆P
∆T
ζin
ζout
εB
εD

10

5

120
φB(n,oc)

100

0
00

φB,410(e,oc)

06

12

18

00
[Hr]

06

12

18

00

[W/m2]

80

F IGURE 16: Comparison of the inner side convective heat
flux and convective transfer coefficient (computed : black,
measured : blue).
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Since the numerical and experimental net radiations
were calculated with this same assumption it could be assumed that the inner convection is probably the responsible of the differences between calculated and measured
inner heat flux. It seems that model underestimated the
convective heat transfers. One reasons of such a limited
heat transfer could be the calculation method based only
on temperature difference between cavity mean air and
inner surface temperature (Nub = f (Nu, Gr)). These differences are measured and could be seen in F IGURES 11.
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On the basis of the measured heat flux and in the case
of the highest (∆T = TC,i(e,oc) −TD,410(e,oc) ) it was possible
to deduced the smallest heat transfer coefficient. The obtained value is higher than calculated one by a factor 3.

0
−20
00

06

12

18

00
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00

Since air circulation is notably governed by wind pressure differences, we are going to study the possibilities of
mixed convection coefficient calculation that depend on
Reynolds number as well.

F IGURE 15: Comparison of the computed (black) and
measured (blue) heat flux
As shown in F IGURES 15, the calculated upper flux
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CONCLUSION

minces réflechissants dans le bâtiment.” Ph.D. diss.,
Université de Cergy Pontoise, Mines ParisTech.

Heat transfer in timber-frame building envelopes was
experimentally assessed under real climatic conditions. A
full-scale experimental setup, consisting of two identical
rooms, was a roof naturally ventilated interspace coupled
with a 90 mm insulated building envelope which could
reduce heat-flux transmission by up to fifty percent. As a
consequence, the ceiling surface decreases by up to one
degree.
A simple mathematical model based on pressure loop
analysis was presented ; it was implemented under SimSpark. As well as many others works related to naturally
ventilated inter-space, upper and inner side convection
transfer coefficients were calculated according to correlation using Grashof and Prandtl number. Considering the
inner part of the cavity that has reduced temperature difference with air. Correlation only based on the Grashof
number lead to 3 times differences with its deduced value
from experimental measure.
Further works are in progress to improve the numerical
side to side heat transfer prediction notably by substituting
the natural convection coefficient by a mixed one depending on Grashof, Prandtl and Reynolds numbers.
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NOMENCLATURE
w
L
b
Sc
S

width of air channel [= 0.55m]
length of air channel [m]
inter - plate spacing [m]
cavity cross-section area [m2 ]
plates area [= Lwm2 ]

∆Pb
∆Pw

driving pressure due to buoyancy [Pa]
driving pressure due to the wind effect
[Pa]
pressure drop due to friction [Pa]
pressure drop due to singular loss [Pa]

∆Pf riction
∆Psingular
TC
TC∗
ṁ
hcB
hcD
Vw
g

mean temperature of air channel [˚C]
independant mean air temperature of
air channel [˚C]
massique flow rate [kgs−1 ]
convective heat transfert coefficient between cover and air layer
[W m−2 K −1 ]
convective heat transfert coefficient
between wall and air layer [W m−2 K −1 ]
wind speed [ms−1 ]
gravitational constant [= 9.81ms− 2]

Subscripts
us
upstream values evaluation
i
inlet
o
outlet
ext
external
w
wind
b
buoyancy
B,C, D, F layers denomination
50, ect... distance from the entry
e
experimental
n
numerical
cc
Closed Cavity
oc
Opened Cavity
Greeksymbols
β
coefficient of expansion of air [K −1 ]
α
cavity slope angle [= 30˚]
σ
Stefan-Boltzmann constant [= 5.67 ×
10−8W m−2 K −4 )]
εB
surface emissivity [= 0.9]
εD
surface emissivity [= 0.15]
ρ
density of air [kgm−3 ]
φ
heat flux [W ]
ϕ
heat flux per unit surface [W m−2 ]
Dimensionless terms
Pr
Prandtl Number [Cpµ/λ]
Re
Reynolds Number [DhV /ν]
Nu
Nusselts Number [hl Dc /λ]
Ra
Rayleight number [GrPr]
Gr
Grashof number [gβ∆T D3 /v2 ]
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F IGURE 17: ANNEXE : Positions of the measurements in the test cell

169

