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a b s t r a c t

The transient and steady states of the flow generated by a heat source inside a closed room provided
with a cooled-ceiling system at constant temperature are experimentally studied. During the transient
regime the plume generated by the source interacts with the ambient fluid and, after it reaches the top
contour, spreads under the latter giving place to the formation of a horizontal thermal front that eventu-
ally descends affecting the whole room. It is found that the formation and velocity of the descending front
are determined by the filling-box model in an insulated space but with a smaller temperature difference
between both sides of the front. The steady state is established when the heat supplied by the source is
ndoor comfort completely absorbed by the ceiling allowing a convective process to take place characterized by a tur-
bulent flow in the major part of the room and by a thermal boundary layer developed below the ceiling,
where vortexes and little plumes form, the detection of which is allowed by the application of synthetic
schlieren technique. Analogies with the results obtained in the classical Rayleigh–Benard experiments
allow an insight of the mechanisms of heat transfer in order to improve the indoor comfort in buildings
under similar conditions to those discussed here.
. Introduction

Since the quality of the inner spaces is an increasingly impor-
ant part of the environment, modern designers make imaginative
se of the architectural resources to create well-lit and attractive

nteriors. In an attempt to optimize the quality indoors in terms of
omfort and temperature particularly, there has been a rising trend
owards the use of mechanical devices with undesirable energy
mplications and high carbon dioxide emissions.

Sources of buoyancy, such as occupants, domestic appliances,
omputers, etc. which are within the rooms and have smaller sizes
han the overall space, may generate significant heat gains inside
uildings. These sources tend to be isolated and produce buoyant
lumes that rise above them. The warm air accumulates near the
eiling and a stable stratification is established within each room
f the building. Different vertical stratifications generated in adja-
ent spaces with dissimilar heat loads can drive flows through the
penings in the dividing walls [1]. As a result there has been a
eawakened interest in taking advantage of natural ventilation to
rovide high-quality indoor ambient, in commercial and industrial

uildings which are subject to increasingly strict environmental
nd health regulations concerning air quality, and in houses. Nat-
ral ventilation uses the available free resources of the wind and
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thermal energy that results of solar and incidental heating of the
building. The main factors controlling indoor air quality are the air
movement responsible for transporting both heat and pollutants
and the building fabric, which influences the perceived temper-
ature by radiative effects and by heat exchanges with the air. A
number of experiments and theoretical studies have examined the
natural ventilation of an enclosure. The majority of these studies
have concentrated on ventilation flows which are solely driven
by either “the buoyancy force associated with the temperature
difference between the fluid inside the enclosure and that of its
surroundings” or “the wind” (see [2,3] and references therein).

Also heating, ventilating and air-conditioning (HVAC) systems
provide high indoor air quality and thermal comfort although they
are the largest energy consumers in constructions. These systems
are particularly important in the design of large industrial and
office buildings such as skyscrapers and in marine environments
such as aquariums, where safe and healthy building conditions
are regulated with temperature and humidity, as well as fresh air
from outdoors. One of the HVAC systems that attracted attention
for its potential for energy savings while providing high indoor
air quality and thermal comfort is a combined cooled-ceiling (CC)
and displacement ventilation (DV) system. The CC system removes
heat from the heat sources directly by radiation and indirectly

by convection, with minimum possible disturbances to the strati-
fied airflow. The most widely used are water-cooled radiant panels
built in dropped ceilings. In this case, cooled-water flows through
metal tubes connected with metal-sheet panels, remove the heat

dx.doi.org/10.1016/j.enbuild.2011.06.033
http://www.sciencedirect.com/science/journal/03787788
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Nomenclature

P power supplied
T temperature
Z vertical coordinate
Q heat flux
� density
V volume
cp specific heat
t time
� characteristic time
� standard deviation
Ra Rayleigh number
Pr Prandtl number
Re Reynolds number
Nu Nusselt number
˛ diffusivity
ˇ thermal expansion coefficient
� thermal conductivity
� kinematic viscosity
g acceleration of gravity
L distance
U velocity
f characteristic frequency
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late from the lower part of the model to the superior one by means
of a small pump for 30 min. Once the thermal homogenization of
the fluid finishes and the pump is disconnected, a reference image
of the initial distribution of the light intensity is obtained averaging
c

T′ amplitude of temperature fluctuations

ollected by the panels maintained at an approximately constant
emperature. Different ways exist in order to maintain constant the
emperature of the panels that dissipate the absorbed heat [4–6]
nd humidity in a range of acceptable values [7]. However, the com-
ort conditions achieved and the efficiency of the system are mainly
elated to the cooling of the indoor air by radiation and convection
8,9], together with the stratification in the room [10]. This type
f system may eventually be integrated to other passive systems
11,12]. Because of the fast dynamic response and capability to use
lenum above the cooling panels for building service systems, the
ater-cooled radiant panels seem to be most suitable and pop-
lar for combination with DV. When cooled ceilings are properly
esigned, operational costs and more usable building space can also
e achieved while latent loads and pollutants have to be removed
y an additional ventilation system.

In order to recognize the main characteristic of the resultant
ow in a building, we focus our attention in a simplified configura-
ion as that of an insulated room with a unique heat source located
n the floor and a CC system. To our knowledge, the convective
rocess generated by the combination of one or more plumes in an

nsulated room [13–17] with a cooled-ceiling system has not been
ealt with yet and consequently the understanding of the results

nvolved becomes the goal of this paper. The transient and steady
egimes of the flow generated are analyzed by means of experi-
ents by applying the methodology of small-scale modeling using
ater as the working fluid instead of air as proposed by Linden

t al. [18] and Baker and Linden [19]. To visualize and quantify
he temperature variations, synthetic schlieren technique is used
hile temperature at different heights is measured by means of
thermocouples array. We found that the dynamics of the flow

s initially similar to that developed when the roof is insulated,
hich is described by the classical filling-box model developed

y Baines and Turner [14]. The plume of smaller density than the
urroundings, originated by a source of small size, ascends to the

eiling under which it spreads forming a horizontal thermal front
hat eventually descends to the floor. The fluid filling the room
ransmits heat from the source to upper boundary by means of
particular convective process that includes the formation of an
dings 43 (2011) 2727–2736

unstable boundary layer below the ceiling in which strong fluc-
tuations are detected, thus helping the cooled-ceiling system to
achieve the indoor comfort efficiently.

After presenting the experimental setup and methodology, the
transient and steady regimes are described. A comparison with the
thermally driven flow under the conditions imposed in the well-
known Rayleigh–Benard experiments (see for example [20]) allows
the validation of the results found and the explanation of the heat
transfer process observed. Finally the conclusions are given.

2. Experimental set-up description

The laboratory physical model depicted in Fig. 1 consists of a
rectangular 0.60 m long, 0.20 m wide and 0.25 m deep tank with
transparent acrylic walls, filled with water initially at uniform
ambient temperature. On the bottom center there is a cylindri-
cal electric heater (0.10 m long, 0.014 m diameter) with an electric
nominal power P = 100 W. The input power is regulated in the range
10–90 W with a Variac, thus heating the water by convection as
described in the next section. The changes of the heat flow dur-
ing an experiment may change the dissipation of the heater and
its temperature and, consequently, also its internal resistance and
the current in the feeding circuit, implying a change of the power
supplied. As a result, it is detected that power varies no more than
a 4% during each experiment.

The upper contour works as a heat-exchanger and consists of
a copper plate of thickness 0.005 m that is soldered to an array
of two series of five copper tubes of 0.01 m diameter, connected
with their entrances and exits at opposite ends. A NESLAB refrig-
erated bath controls the temperature of the fluid that circulates
in the tubes. A neoprene layer of thickness 0.02 m covers the con-
necting tubes and the roof to thermally insulate the critical part
of the system. The temperatures of the copper plate, the heater,
the fluid and ambient are measured at intervals of 5 s with a T-
type thermocouples net connected to an Agilent 34970A device.
Ten thermocouples were arranged on a rod separated 0.023 m from
each other inside the box. For comparison, one series of experi-
ments was also performed in a filling-box configuration using an
acrylic plate of 0.02 m thick as upper insulated contour instead of
the heat-exchanger.

A video-camera Basler A102k with a 1392 × 1040 pixels resolu-
tion was employed to register the experiments taking one image
every 5 s initially and every 10 min after 1 h from the beginning for
about 12 h. To minimize the influence of the heat losses, the initial
temperature of the fluid and the heat exchanger are chosen so that
the temperature estimated for the steady state is approximately
the same as the ambient temperature. After the temperature of the
NESLAB bath is fixed equal to the ambient’s, water is forced to circu-
Fig. 1. Schematic of the laboratory physical model.
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sequence of images of this situation. The experiment starts when
he heater is turned on.

Synthetic schlieren diagnostic [21] is applied to visualize the
volution of the flow and estimate the vertical and horizontal com-
onents of the density, or temperature, gradient. A fluorescent strip

ights and a light-diffusing screen located 0.40 m behind the tank
rovide nearly uniform back-lighting. The beams of light generated
y a diffuse light source pass through a mask and the tank form-

ng small angles to the horizontal, and are captured by the video
amera located at 5.20 m from the screen. An acetate sheet with
mall white circular spots of 1 mm diameter randomly distributed
n a black background is used as a mask. During each experiment,
he variations of the fluid temperature give place to small changes
n the refraction index gradient causing the deflection of the light
eams. DigiFlow software [22] allows the images to be processed
asily obtaining qualitative information online. Quantitative results
re obtained with an additional processing in which the light inten-
ity variations with respect to the reference image are detected
nd converted to changes of the vertical and horizontal density
radients.

The heat loss due to conduction through the walls of the model
as determined by performing the usual filling-box experiments
sing an insulated roof. Thus, this loss from the cooled-ceiling is
stimated to be 2 W for a difference of 1 ◦C with the laboratory
emperature. In addition, the maximum energy loss by radiation is
ound to be 0.3 W. Therefore, adding the conductive and radiative
osses the energy by time unit absorbed by the exchanger can be
p to 0.7 W smaller than the power supplied by the heater.

. Results

.1. The transient regime

Two sequences of processed images showing the evolution of
he flow generated for different times are presented in Fig. 2. In
oth cases, the temperature of the upper contours is initially equal
o ambient one. The images on the left correspond to the filling-
ox case with an insulated top contour while those on the right
orrespond to a CC system model, for similar power supply to each
eater (black circle in the center of the floor). The constant size
f the lower part of the plume suggests a laminar flow near the
eater. The instabilities develop far from the source in the form of
ortexes indicating a more turbulent flow and a major convective
ixing with the consequent increase of the plume size. In Fig. 2b

he lighter fluid reaches the top plate and in Fig. 2c it spreads under
t until it reaches the sidewalls. The continuous arrival of warm fluid
y means of the plume results in the formation of a sharp horizontal

nterface (Fig. 2d) that descends progressively (Fig. 2e).
The comparison between both sequences of images indicates

hat the developed flows are qualitatively similar, even for the for-
ation of a warmer layer below the upper contour and the thermal

ront descending at the same velocity in both cases. The time for the
ront to reach the bottom may be calculated by applying the classi-
al filling box model [1,2,14]. However, the difference of intensity
bserved between left and right images in Fig. 2d and e suggests
hat the thermal front is weaker in the CC case. This difference is

ore notorious when the temperature gradient is estimated by
eans of synthetic schlieren. Fig. 3 shows, in false color, the dis-

ribution of the vertical component of the temperature gradient
−1∂T/∂z corresponding to the same images shown in Fig. 2. The
lack zones indicate gradients of negligible magnitude, while cyan

nd yellow zones correspond to minimum and maximum values,
espectively, according to the color scale shown in the lower part
f the figure. The zones of significant gradient are associated with
he plume and the front in the insulated ceiling case. When the
dings 43 (2011) 2727–2736 2729

roof is maintained at constant temperature as in the images to the
right, the intensity of the thermal front developed is much smaller.
Another interesting feature is the presence of zones with impor-
tant variations of the temperature gradient near the top boundary,
about which we will talk about later.

Fig. 4 illustrates the evolution of the temperature since the
heater is turned on. In both analyzed situations, the thermocouple
located nearest the floor register a constant temperature during the
initial phase (first 1000 s approximately) till this position is reached
by the thermal front. After that, the temperature rises gradually
at all heights maintaining some variation between the upper and
lower levels, and differences between both cases start to be more
evident. In the insulated box case (Fig. 4a), the mean temperature
in the fluid bulk increases linearly with time, consistently with the
evolution of an insulated system that receives heat steadily. When
the temperature difference with the environment is significant, the
measured values deviate from linearity, thus allowing an estima-
tion of the global losses due to conduction as mentioned before.
Fig. 4b shows the temperatures measured in the cooled-ceiling
model with an enlarged vertical scale. The evolution for the first
1000 s, or even more, is quite similar to the previous case but with
a lower rate of temperature increase. At about 15,000 s, the maxi-
mum temperature is reached; it is about 2 ◦C higher than the initial
temperature of the fluid. For longer periods of times, important
changes in the measurements are not observed suggesting that a
steady-state regime is achieved in which all the heat supplied to the
fluid is absorbed by the ceiling. In this case the fluid drives the heat
supplied by the source mainly by convection. The temperatures of
the ceiling and laboratory are also altered during the 11 h that the
experiment lasts, but these variations are much smaller than in the
fluid.

Neglecting the losses, the energy supplied by the heater is
partly employed to increase the internal energy of the fluid and
partly absorbed by the heat exchanger. Hence the evolution of the
fluid temperature shown in Fig. 4b allows estimating the heat flux
Q = P − �Vcp∂T/∂t in the upper contour, where � and cp are the den-
sity and the specific heat of the fluid respectively, while V is the
volume of the fluid in the box. The temperature values measured
in the whole fluid are averaged, and ∂T/∂t and Q are calculated; the
results are then approximated by the best fit function of the form
T0 + T1[1 − exp(−t/�)], where T0, T1 and � are constant. As shown
in Fig. 5, the heat transfer from the source to the upper contour
is initially negligible but afterwards increases quickly, and after a
characteristic time � ≈ 4360 s it tends asymptotically to the value
supplied by the source. This time is similar to the interval �t spent
by the source to heat the fluid until it reaches the temperature
difference �T between the temperature of the steady-state and
the initial one, that is �t = �Vcp�T/P = 4180 s. As noted before, after
about 3� ≈ 15,000 s it may be considered that the system reaches
the steady-state regime.

3.2. The steady-state regime

Fig. 6 shows the difference �T between the averaged temper-
ature 〈T〉 at different heights in the fluid and that of the CC, Tcc,
reached during the steady state for different values of the power
supplied to the heater. As expected, the temperature difference
increases with the power input while the temperature profiles
result very similar presenting a maximum near the upper con-
tour and a minimum on the floor. Fig. 7 shows that the fluid
bulk’s temperature seems to increase proportionally to the heater
power.
In Fig. 4b, the presence of fast fluctuations of 0.5 ◦C-amplitude is
noted in the measurements of temperatures at the levels nearer to
the cooled ceiling, which are not registered by the thermocouples
in the lowers levels nor in the insulating ceiling case. To quantify
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ig. 2. Images obtained with synthetic schlieren at (a) 20 s, (b) 40 s, (c) 90 s, (d) 250
s insulated (left) and at constant temperature (right).

hese fluctuations, the standard deviations � of the mean readings
or different values of power input are estimated. Fig. 8 shows that
he values of � corresponding to the thermocouples located nearest
he CC, at 0.207 and 0.230 m from the floor, show fluctuations five
imes greater than those registered in the other levels. The results
lso indicate that the fluctuations registered at 0.207 m are greater
han those at 0.230 m, while all the others are uniform. Fig. 9 illus-
rates the variations of the mean standard deviation �P with respect
o the power P. It is obtained averaging the standard deviations
orresponding to the measurements of the thermocouples located
etween 0.046 and 0.180 m (red circles) and those located between

.227 and 0.230 m (black squares). As observed, the intensity of the
uctuations diminishes when the power supplied by the heater

ncreases, both in the fluid bulk and in the boundary layer near the
pper contour.
(e) 800 s after the 60 W heater is turn on for the cases in which the upper contour

The greatest fluctuations are detected where the strongest vari-
ations of the gradient occur according to synthetic schlieren results.
As illustrated in Fig. 10, cyan zones corresponding to negative hor-
izontal gradients appear alternating with light/dark blue zones
of positive gradients below the upper boundary. The cyan zones
resemble small plumes that separate from the top plate and con-
sequently they must be composed of colder fluid. The locations of
these plumes change with time randomly, and therefore a thermo-
couple registers an abrupt decrease of temperature when one of
these plumes reaches it and an increase when the plume moves
to another position, consistently with the fluctuations observed in

Fig. 4b. Fig. 10 shows that these plumes of cold fluid reach a given
height before they mix completely, thus suggesting the thickness
of the boundary layer (between 0.184 and 0.207 m) in which the
greatest variations of temperatures are registered. Significant spa-



L.P. Thomas et al. / Energy and Buildings 43 (2011) 2727–2736 2731

F me im
(

t
i
r

s
o
t
(
i
i
i
t
t

ig. 3. Vertical component of the de temperature gradient corresponding to the sa
right).

ial gradients are not observed in the fluid located below this layer,
n agreement with the absence of important fluctuations in the
esults shown in Fig. 8.

The response in terms of frequency of the temperature mea-
urements is another significant feature observed. The algorithm
f the fast Fourier transform (FFT) was used to estimate the spec-
rum of frequencies that are multiples of the minimum frequency
tend − tinitial)−1 up to the maximum value (2dt)−1, where dt is the
nterval between measurements, and tend − tinitial is the processing

nterval, for different values of P and after the steady state regime
s reached. Consistently with Figs. 9 and 10, the temperature fluc-
uations detected near the cooled top plate have greater amplitude
han those in the fluid bulk. The frequency spectrum is similar in
ages shown in Fig. 2 for the insulated top box (left) and the cooled-ceiling system

both cases and tends to a power law with a −5/3 exponent. No fre-
quency has been found for which the amplitude is greater than the
others, thus suggesting that there is no characteristic frequency in
the measurement’s range.

4. Analysis of the results
The CC system physically modeled here resembles the free
convection in a fluid located between two heat conductor
plates maintained at constant temperatures T1 and T2, with
�T = T1 − T2 > 0, known as Rayleigh–Benard (RB) convection. In RB
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Fig. 4. (a) Evolution of the temperature at different height from the floor in the laboratory model with insulated top and a 60 W heater. The dashed line corresponds to the
evolution of the expected mean temperature in a model without heat loses. (b) Evolution of the temperature at the cooled ceiling, ambient and at different heights in the
fluid bulk for the experiments showed on the right of Figs. 2 and 3.

Fig. 5. Evolution of the heat flux Q at the upper contour for the CC case of Fig. 4b.

Fig. 6. Difference between the average 〈T〉 of the temperatures measured by the
thermocouples immersed in the fluid at the height indicated in abscissas and the
CC temperature Tcc during the steady state. The corresponding power values are
indicated to the right of the figure.
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Fig. 7. Difference between the average of the temperatures measured with the ther-
mocouples located between 0.069 and 0.184 m within the fluid, and Ttop during the
steady state regime. The line represents Eq. (7).

Fig. 8. Standard deviation � of the time average of the temperature measurements
shown in Fig. 4b.

Fig. 9. Mean standard deviation as a function of the electric power. The straight
lines correspond to power laws with exponents −0.55 (solid line), −0.31 (dashed
line) and −0.17 (red dotted line). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
dings 43 (2011) 2727–2736 2733

experiments, the heat flow in the fluid is characterized by the
Rayleigh number

Ra = g ˇ �T L3

�˛
, (1)

the ratio of the diffusivity properties of the fluid or Prandtl number

Pr = �

˛
(2)

and additional factors related to the shape and conditions of the
contours that we name bc. In these equations g is the accelera-
tion of gravity, L is the distance between plates and ˛, ˇ and �
are the diffusivity, the thermal expansion coefficient and the kine-
matic viscosity (momentum diffusivity) of the fluid, respectively.
The response of the system is often described as a function of the
Nusselt number, or the relationship between the total heat flow
and the heat flow by conduction

Nu = QL

�S �T
, (3)

and the Reynolds number

Re = LU

�
=

√
Ra

Pr
(4)

where � is the thermal conductivity, Q is the heat flux and S is
the area of each plate. The velocity scale of the natural convection,
U =

√
gˇ �TL, suggest a characteristic frequency

fc = U

L
=

√
gˇ �T

L
. (5)

As observed in Fig. 11, as Ra increases (for example, by increasing
the temperature difference between the plates) the heat transfer
also increases due to the increase of fluid velocity U and the change
of the flow regime. For Ra � 1 we have Nu � 1, which indicates that
the heat transfer by conduction is negligible according to (3).

The heat transfer driven by free convection is usually given by
the relationship Nu = Nu(Ra,Pr,bc) in the form

Nu = aRarPrp for Ra > 1700 (6)

where the values of the coefficient a and exponents r and p vary
according to the regime developed in the bulk of the fluid and in the
boundary layers of the plates [23]. Here we adopt the values a = 0.14,
r = 0.29, p = 0 as a first order approximation derived from different
experimental and numerical results obtained using different fluids
and represented in Fig. 11 with black symbols and lines, which was
adapted from that reported by Itamoto et al. [24]. Naturally, for
a limited range of Ra, the values of the parameters in (6) may be
better fitted.

A variety of regimes (laminar, transient, oscillatory, steady, etc.)
have been detected for different ranges of Ra, Pr and bc. The oscil-
latory regimes are usually associated with structures of the flow
(big vortexes, for example) changing the sense or the position peri-
odically with a frequency that may be estimated using (5). In these
regimes the characteristic frequency and its multiples appear when
the Fourier transforms of velocity and temperature are calculated;
in addition the variations of those magnitudes in different points
of the cell are correlated. When Ra is greater than a given char-
acteristic value Ra* (≈106 for water, for example), the convection
becomes turbulent and the positions of the fluid elements fluctu-
ate in a scale that is smaller than L. In such a case, the Reynolds
number also increases for increasing �T according to (4) and the
U-scale defined above.
The second column of Table 1 shows the main parameters
involved in our problem estimated with Eqs. (1)–(5) as in a RB situ-
ation, which suggest that a completely developed turbulent regime
is established. The green symbols (squares) in Fig. 11 represent
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Fig. 10. Distribution of the horizontal component of the temperature gradi

Table 1
Main experimental parameters and their equivalent values in the RB experiments.

Experimental values RB equivalent values

L 0.25 m 0.50 m
Pr 6.4 6.4
�T 0.5–2 ◦C 1–4 ◦C
Ra (1–6) × 108 (2–10) × 108

U 0.015–0.035 m/s 0.03–0.07 m/s

N
b
t
t
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Re (0.4–0.9) × 104 (1.5–3.5) × 104

Nu 95–160 95–160

u = Nu(Ra) that drop far away from the general trend followed
y the results obtained in the classical RB experiments. To explain
his apparent disagreement we recall that a distinctive feature of
he studied system is that the bottom plate is not at constant tem-
erature as in RB experiments but has a heat source supplying a
onstant heat flux. Therefore, a useful comparison may be obtained
f our experimental setup is considered as an RB experiment with
lates separated a distance 2L and maintained with a temperature
ifference 2�T as illustrated in Fig. 12. In this case the “equivalent”
alues shown in the third column of Table 1 are also determined

nd represented by the blue circles in Fig. 11. As seen, they are
loser to the general trend, and fit better than those resulting from
B experiments.

ig. 11. Relationship between Nusselt and Rayleigh numbers found in RB exper-
ments. Black points and best fit lines represent values and trends, respectively,
btained by other authors and reported by Itamoto et al. [24]. The solid red line is
he approximation adopted in this work, while the green squares and blue circles
orrespond to our experiments. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)
ent obtained by applying synthetic schlieren during the steady state.

On the other hand, the power P supplied by the source is equal
to the heat flux Q transferred during the steady-state regime. Since
the energy entering the fluid is known, the parameters character-
izing the final state are Nu, Pr and bc while the system adopts the
necessary �T and Ra values for the fluid to transport the energy
supplied by the source. Using Eqs. (1)–(3) and (6), it results that

�T =
[(

L

�Sa

)(
�˛

gˇL3

)r (
˛

�

)p
]1/1+r

P1/1+r . (7)

This relationship suggests that �T quasi-linearly depends on the
source power because the values of r remain small, reasonably fit-
ting the experimental points as shown in Fig. 7. An equation similar
to (7) was proposed by Conroy and Mumma [25].

From RB experiments, it is also known that boundary layers with
kinetic and thermal features (that is, boundary layers related to
velocity U and energy transfer, respectively) form near the contours
in which fluctuations of temperature and velocity are generated.
Grossmann and Lohse [26] obtained scale laws for the fluctuations
associated with the contributions of the background turbulence and
with the plumes that separate from the contour. Thus, the ampli-
tude T′ of the temperature fluctuations is obtained as a Ra and Pr
power law, consistently with the experimental results. Using Eq.
(6), it is expressed T′ = f(Nu) as follows:

T ′∼Raq∼Nuq/r . (8)

′
Particularly, for Pr = constant, the T power law has an exponent
−0.11 < q < −0.16 in agreement with the relative importance of both
contributions. Castaing et al. [27] and Hayakawa and Tsuji [28]
found a similar value of the exponent (q ∼ −0.14) in the fluid bulk.

z 

TΔT 

z

T  2ΔT 

L 

2L 

(b)(a)

Fig. 12. The average temperature distributions corresponding to the experimental
setup used here (a) and that of Rayleigh–Benard’s (b).
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According to this, the fluctuations below the cooled contour
eem to be related to the fluctuations in the boundary layer and not
o the turbulence in the fluid bulk. The Fourier transform does not
how a special frequency of the order of the value indicated in Eq.
5) with amplitude notoriously greater than the others, while the
nergy spectrum is approximately proportional to k−5/3. The latter
s the power law in the inertial range of the spectrum when a homo-
eneous isotropic Kolmogorov turbulence is verified. This suggests
hat the turbulence is completely developed both in the fluid bulk
nd in the measurement points within the boundary layer, and that
he chaotic motion of the fluid suppresses the formation of any
oherent structures.

. Conclusions

The convection generated by a heat source in the physical model
f an insulated room with a top contour at a constant temperature
that is initially equal to the fluid bulk temperature) modeling a
ooled-ceiling system is studied, and the features of the transient
nd steady states flows are described. The temperature evolution
t specific height levels is obtained using an array of thermocouples
nd the temperature spatial variations are registered and quanti-
ed applying synthetic schlieren and digital image processing.

We observe that the initial dynamics of the flow is similar to
hat developed in the case of having an insulating ceiling (see for
nstance [14]). When the source is turned on, a plume forms and
scends with increasing velocity and the flow becomes turbulent.
nce the plume reaches the top contour, the warm fluid spreads
nder it even when the ceiling maintains a constant temperature.
hen a layer develops limited by a thermal front that descends
rogressively as in the filling-box case with the same velocity but
maller intensity. When the thermal front reaches the floor, the
emperature of the fluid bulk and the heat flux Q absorbed by
he cooled-ceiling increase almost uniformly with time. Finally the
emperature of the bulk reaches a value a bit greater than that of
he ceiling, achieving a steady state during which the heat sup-
lied by the source is absorbed by the upper plate. Fluctuations of
he temperature and spatial gradient variations with time suggest
he presence of a boundary layer of about 0.05 m thick below the
eiling, where a flow different from that in the fluid bulk is devel-
ped. This layer is unstable because the temperature of the ceiling
s smaller than that of the fluid bulk, which facilitates the forma-
ion of small plumes and vortexes that allow a more efficient heat
ransfer to the ceiling.

The relevant dimensionless numbers in the experiments are
ithin the appropriate range to establish the dynamics similarity

nd then be compared to those characteristics of real situations [2].
his study helps to gain insight into the airflow in more complex
ituations as in family, commercial and industrial buildings. As an
pplication, let us consider the next example: a 300 W-heat source
s turned on in a 5.0 m-wide, 5.0 m-long and 2.5 m-tall closed room
lled with air at 20 ◦C, and with a cooled-ceiling at the same tem-
erature. We assume that the heat and air exchanges with adjacent
ooms are negligible. In this case, the evolution described in Sec-
ion 3.1 is fulfilled tending to a steady-state situation in which the

ean temperature of the room increases by �T ≈ 5 ◦C according to
q. (7). In the steady-state the velocity of the air circulation within
he room is U ≈ 0.65 m/s and the characteristic frequency associ-
ted with it (see Eq. (5)) allows the convective transfer of the heat
upplied by the source to the cooled ceiling. Following the same
easoning used in Section 3.1, the cooled ceiling requires a time

f the order of � ≈ 20 min to start absorbing an important part of
he heat supplied by the source. The time � is much greater than
he time given by the filling box model [1,2,14] because a non-
egligible temperature difference is needed for the cooled ceiling

[

[

dings 43 (2011) 2727–2736 2735

to work as a heat drain. On the other hand, if the heat source is
turned on for a smaller time than �, the energy accumulates below
the ceiling forming a stratified environment and finally the energy
excess will be absorbed by the cooled ceiling, hardly affecting the
people inside the room.

The results of the steady-state regime are explained using a cor-
respondence with the classical RB experiments but considering a
double separation between the floor and the ceiling for a similar
temperature difference between the fluid bulk and the upper con-
tour. However, some differences between the two cases compared
deserve to be considered further. There not is a lower boundary
layer and the characteristic distance L is included in the definition
of the main parameters of the physical problem in a non-linear
way (Ra ∼ L3, Re ∼ L3/2, fc ∼ L−1/2). These features might produce dif-
ferent flow patterns, upper boundary layer structure and Nu from
those corresponding situations in the RB experiments. Neverthe-
less, these differences seem to be minimal in the turbulent regime
studied, although they might be more important for lower values
of Ra and Re, with smaller or negligible turbulence. Also some kind
of symmetrical flow may be originated for other locations of the
source neither fixed nor symmetrical. These aspects deserve to
be analyzed and are being considered in a new series of specific
experiments.
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