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Abstract

The operating temperature of building integrated photaiolcells is a key factor in terms of energffieiency. In order to cool
them by natural convection, they are mounted in a double-&igade configuration, meaning that they are separated thhem
building wall by a ventilated air channel. Identifying antbdysing the physical phenomena governing the air flow aadthensfer
in this vertical channel are therefore essential to impilecooling. This analysis can only be performed by dethitumerical
simulations coupled with experimental studies to validheresults. In the present work, an experimental modelvgldped
in order to study the coupling between the flow and heat tearaffa natural convection flow in a vertical channel. An arai
approach is taken, using water as the working fluid to avoitiatave heat transfer and obtain a pure convective flow. t Eirs
experimental set-up, the boundary conditions and instnisnesed to obtain reference data are described. Then ameolis
temperature and velocity measurements are provided. lf5iaal analysis of the mean velocity and fluctuations proflesws a
change of the flow behaviour occuring at dfsuently high Rayleigh number.

Keywords: Natural convection, Water, Vertical channel, LDV or LDA nseeements, Isoflux conditions, Experimental, Turbulent
heat transfer

1. Introduction understanding and controlling the system. In 2000, Brinitiwvo
) ) [1] presented an analytical model to estimate flow rate aatl he
Governments are committed to reducing greenhouse 9as Prgnsfer behind photovoltaic panels for an integrated gomfi
duction in order to combat climatic change. This reduct®nr [4tion. The gap behind the panel was modeled by an inclined

quires increasing the use of renewable energy to produce elechannel and the results were validated using previousesturi
tricity. Regarding solar energy, building integrated gvoltaic  \ortical channels. In 2006, he published [2] a parametridyst

systems (BIPV: Building Integrated PhotoVoltaics) représ  intended to establish the optimal gap for photovoltaic deub

one of the main options chosen for its development. Howevegyi, facades. In the same year, he also presented a numerical
the electrical yield of a solar cell strongly depends onfier 5 experimental study with Sandberg [3] on the influence of
ating temperature. ltsfiéciency decreases by 0.5% per degreeyansyerse ribs on the flow. Small square ribs were found to
with respect to its maximal value for a mono-c_rystalllneasol enhance heat transfer, although they introduce pressssedo
cell, the type most commonly used today. Thatis why good unz g reduce flow rate. Heat transfer enhancement by obstacles
derstanding of the system’s thermal behaviour is a key @iéme i, \etical free convective flows had been studied by Da Silva
in the prediction of its electrical yield. In order to limitvP o 4. [4] and Bhowmik and Tou [5], but only for discrete heat
cell heating, photovoltaic panels are mounted in a doukile-s 5o rces. Auletta et al. [6] dealt with the addition of adiiba
facade configuration, meaning that they are separated flem t gy(ansions at the inlet and outlet of a vertical channel taene

building wall by an opened air channel. This induces a natura, et transfer, focusing on extension size and spacing. Many

convection flow via a chimneyfiect that cools the rear surface gygies can be found on the global behaviour of double-skin

of the photovoltaic panels. The front side is exposed torezte fagade systems with fierent methods of enhancing global heat

natural ventilation. Studying this flow is therefore im@ortfor  {0ncfar and mass flow rate. However good understanding of
flow behaviour and its local structure, in particular to deti@e
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natural convection between two 22 cnt isothermal paral- wall temperature to evaluate air thermophysical propgitie
lel plates (with no sidewalls) for cooling electronic commgats  stead of bulk temperature. Moreover, they closed the latera
applications. He underlined that heat transfer is charigei® edges of the channel and confirmed Bodoia’s and Osterle’s [8]
by Nusselt, Grashof and Prandtl numbers (the Rayleigh numsbservations on side leakageets for low Rayleigh values.
ber being the product of the last two) and presented a cerrela Most of these initial studies focused on describing the glob
tion giving the Nusselt number as a function of the modifiedthermal behaviour of the channel through correlations betw
Rayleigh number (the product of the Rayleigh number and thé&lusselt and Rayleigh numbers. In 1984, Bar-Cohen and
channel aspect ratio). His study covered a slightly modifiedRohsenow [15] presented the first review of this correlatign
range of Rayleigh numberfg < 10°, see eq.13) and pure distinguishing four cases: symmetrical or asymmetricaithe
conductive flow regimes. The flow was assumed to be 2D at thang with isoflux or isothermal conditions. While most exisgi
channel centre. In 1962, Bodoia and Osterle [8] presenid thcorrelations had been formulated for fully developed flows o
first numerical simulation on natural convectionin a 2Dlest  single flat plate flows in the forfu, = Cqu’;CZ, Bar-Cohen
mal vertical channel. The results were compared with thosand Rohsenow used a method developed by Churchill and Us-
of Elenbass [7] and showed quite good agreement except fagi [16] to propose one correlation for each case which links
low Rayleigh numbers. This discrepancy was attributedde si the two asymptotic regimes.
leakage fects in Elenbass’s experimental apparatus. Moreover In 2004, Olsson [17] presented a similar study. He worked
they characterised two asymptotic regimes for laminar eonv on the diterent existing correlations, including those of Bar-
tive flows in vertical channels. At low Rayleigh nhumbers, theCohen and Rohsenow, and compared them with experimental
flow approached the fully developped laminar free convectiv results. Finaly he proposed some corrected correlati@istie
flow corresponding to the analytical solution given by Auj[ valid for a wide range of Rayleigh numbers. In 1989, Webb and
For high Rayleigh numbers it tended towards the free convedHill [18] studied the laminar convective flow in an experimen
tive flow along a vertical flat plate already described by 8par tal asymmetrically heated vertical channel. They worked on
and Greg [10]. Wirtz and Stutzman in 1982 [11] studied ndturaisoflux heating with a modified Rayleigh number (see eq. 13)
convection in a vertical channel with symmetric isoflux heat changing from 500 to 10 Their temperature measurements
ing. They defined the dierent flow regimes as a function of the performed in horizontal direction on the heated wall showed
Grashof numberGr calculated on wall heat flux and channel variations of+ 1.5%, and the flow was assumed to be 2D. They
width, see the nomenclature): studied correlations for local, average and higher chaNost
) selt numbers and compared them to previous works ([9], [10]
e 0 < Gr < 0.2: Fully developped flow (Aung’s solution and [11]). Their correlations were calculated for pure con-
(9D vective flow and the radiation losses were estimated and sub-
stracted from the heat input. They found that const&its
and C, were strongly dependent on modified Rayleigh num-
e 1000< Gr: Vertical flat plate (Sparrow’s solution [10]).  bers belowRg, ~ 10° but that they were independent for higher
Rayleigh numbers. Good agreement was seen between their re-
In 1972, Aung et al. [12] presented a coupled numericalsults for high Rayleigh numbers and the flat plate solution of
experimental study. Under isothermal conditions at highSparrow and Gregg [10]. However, in the log-log diagram the
Rayleigh numbers their experimental results were 10% loweslope of their correlation was found to be 11% higher than the
than the numerical ones. Thidi#irence has also been observedanalytical one. They explained thisfidirence by the uncer-
between Bodoia’s and Osterle’s numerical results [8] amethEl tainty on correction for radiation and conduction losses the
baas’experimental ones [7]. They ascribed the discrepanci variation of the thermophysical properties with tempemtu
to the assumption of a flat velocity profile at the channeltinle  The papers listed above dealt with laminar free convection,
However, the dierence could also be attributed to the 2D hy-but in BIPV applications flows are mainly turbulent. The first
pothesis for the numerical simulations. In their 2D simiola¢ ~ authors to study turbulent free convective flow in a vertical
in 1981, Dalbert et al. [13] introduced a pressure loss at thehannel were Borgers and Akbariin 1984 [19]. They simulated
channel inlet in order to satisfy the Bernoulli equationdextn  an isothermally heated 2D channel and used former studies on
the hydrostatic conditions far from the channel and the €hanturbulent vertical flat plate flows to develop a code capable o
nel inlet. Their results agreed better with the vertical fllatte =~ modeling the transition from laminar to turbulent flow. They
regime than those of previous studies. gave correlations to predict flow rate and heat transferiin tu
In 1980, Sparrow and Bahrami [14] presented an original exbulent flows. The first experimental study on turbulent flows
perimental setup similar to Elenbaas’ but using a naphtigale was developed by Miyamoto et al. in 1986 [20]. They worked
sublimation technique. They used naphthalene walls idstéa on a 5 m high and 50 - 200 mm wide channel asymmetrically
heated walls and established the analogy between mass trameated under isoflux conditions. They focused on the triansit
fer via the Sherwood number and heat transfer via the Nussefitom laminar to turbulent regime via velocity and temperatu
number. This technique eliminated th@eets of radiation and profiles. The flow was seen to be fully turbulent up to 4 m
variable properties. Their results highlighted a 15% diper in all the experiments. In 1997, Fedorov et Viskanta [21} pre
ancy with those of Elenbaas for a range of low Rayleigh numsented a numerical simulation based on Miyamoto’s reshuts.
bers because Elenbaas worked with high temperatures add usieir simulations radiative heat transfers between sagaere
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neglected and turbulent intensity at the channel inlet wehs a numbers (see eq. 13) ranging fron?16 10'°. They were in-
justed based on the location of the transition from laminar t terested by optimising the flow rate and heat transfer ania-hig
turbulent flow. In 1998, Moshfegh and Sandberg [22] preskntelighted that neither can be optimized together and thatieis

a study on turbulent flow behind photovoltaic panels mounteessary to define a compromise. However radiative heat gansf
on double-facade configuration. The double-facade wasinve was neglected in their simulations.

tigated both numerically and experimentally and modeled by This short review shows that the problem of free convection
an asymmetrically heated (isoflux condition) vertical afen in vertical channels has been subjected to intensive iigzest
with a horizontal inlet. The numerical simulation was 2D andtion for decades. Nonetheless, two things are clear:

radiative heat transfers were taken into account. Expettiahe

and numerical results agreed better for laminar regimesftra e thereisa Iack. of experimental data, especially for uniform
turbulent ones. For heat fluxes higher than 200 W.around heat flux heating and for turbulent flows ([23], [24] [29]);
30% was transmitted to the insulated wall via radiation asd d

e the radiative part of heat transfer is still not completly

sipated by it. known and is neglected in many numerical simulations.

Cheng and Miller [23] studied both numerically and exper-
imentaly turbulent free convective flows in an asymmethycal  Also, 3D flow behaviour has been given very little attention
heated channel. The two main points of interest in this papeih both numerical and experimental studies, and tempesatur
were that it took into account radiative heat transfer and4mo and velocity fluctuations have been practically overlooked
eled 3D flows. Two dferent emmissivity values (0.4 and 0.9)  In order to answer these problems, a new experimental set-
were tested on experimental walls and radiative heat teasisf up has been developed to study natural convection flow in a
were modeled. With an emissivity of 0.9, radiative heatdran vertical water-filled channel.
fer participates in nearly 55% of the total heat transferehas The experiment’s originality stems from the use of water as a
for an emmissivity of 0.4 its participation is around 38%.eTh working fluid in order to eliminate radiative heat transf€his
deviation between numerical and experimental results @&s | set-up has been designed similarly to a vertical air che@gl
than 10%. Finally a correlation including two terms for ceav  in order to reach turbulent regime flows under isoflux condi-
tive and radiative heat transfers was developed. In 200BilHa tjons. Moreover, the similarity could be used to analysethe
et al. [24] presented experimental results on turbulentraait  of the radiative heat transfer. Free convective flow in aivait
convection flows in vertical symmetrically and asymmetfica channel using water has been given little attention. Sparro
isothermaly heated channels. Velocity measurements vegre p et al. ([30] and [31]) were the first to study this configura-
formed using an LDV system and they provided detailed protion. They presented a numerical and experimental invastig
files of mean velocity, rms, flatness and skewness factotein t tion in laminar regime and velocity was not measured but only
channel. Moreover, they observed reversed flows at the ceRisualized with the thymol blue method. In 2005, Bhowmik
tre of the channel outlet for symmetrical heating. In 2006,et al. ([32] and [5]) worked on water in a vertical channel but
they continued their study ([25], [26]) with PIV measurertgen with discrete heat sources (applied to the cooling of ebedtr
and with numerical simulation. The numerical results wése o chips).
tained for isoflux and isothermal heating. Simulations vgene In this paper the experimental set-up is first describedlaad t
formed for 2D flows because the measurements performed inoundary conditions (at the wall and outside of the chararel)
different sections were very similar. However, the lateral Sdgecharacterised‘ Then, the mean Ve|ocity and temperatupe pro
of the experimental channel were not closed (as was Elenbagfes in the channel (water and walls) are shown. Finally, an
channel), and the 3D investigation was performed in the cemanalysis of the fluctuations in relation with the mean vaitic

tral part over 60% of the channel’s depth. Moreover, radéati velocity profiles show a change of the flow regime occuring at
heat transfers were neglected and the authors focused pnly @ sifficiently high Rayleigh number.

correlations for Reynolds and Nusselt numbers.
Giroux-Julien et al. [27] demonstrated a new approach to .
enhance heat transfer in vertical channel. An original expe 2- Experimental apparatus
imental apparatus was developped to study natural comeecti
flow in vertical channels with non uniform isoflux heating.-Pe
riodical alternative heating was investigated and theywstb
that it increased the heat transfdéfi@ency and could reduce .
wall temperature from 10 to 15% compared to uniform heating2-1- Design
Moreover, discrepancies of around 15 to 30% were observed The experimental setup is shown in figures 1 and 2. It is di-
between experimental and numerical results, and thepatitdl  vided into three parts: a glass water tank and two waterproof
them to radiation and conduction losses at the channelrar@ra boxes fixed on two supporting systems. The vertical channel
and outlet. (65 cm high and 23.5 cm deep) is opened at its top and its bot-
In 2009, Zamora and Kaiser [28] carried out a numericatom and is delimited by the two boxes in théirection and by
study on an asymmetrically heated 2D vertical channel. Thethe glass tank in thedirection.
covered a large range of configurations with isoflux and iseth The tank is built with double glazed glass panes, its heght i
mal conditions, laminar and turbulent regimes and Rayleigh.5 m and its internal section is 823.5 cnf?, it is open at its
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studying natural convection in a vertical water channel.



Nomenclature
b channel width (m) XY, Z coordinate system (m)
Co specific heat capacity (J.kgK™?) y dimensionless transverse position (eq. 1b)
D 3D corrective coﬁicient,lfoI fe(x,2).dz
fe 3D corrective function Greek symbols
g gravitational acceleration (m?s @ thermal difusivity (n?.s?)
Gr Grashof number@,‘gk%zb4 B volumetric expansion cdicient (K1)
H height of the heated surface (m) AM mass flow rate dierence between outlet
k thermal conductivity (W.nt.K?) and inlet (kg.3)
I channel depth (m) AT time averaged temperatureférence,
M mass flow rate (kg:§ (T - Tin) (K)
N Uy Nusselt number based on channel width AT* instantaneous temperaturdéfdrence,
(eq. 15) (T =Ti) (K)
Ow wall heat flux (W.nv) ATy time average temperaturdidrence aver-
Qs heat rate transported by the mean flow (W) aged on the V\ﬁ@IféH (Tw = Tin).dx(K)
"f heat rate transported by the fluctuating flovd dimensionless temperature (eq. 1a)
(W) o fluctuating part of temperatureftirence,
Rg, modified Rayleigh number based on chan- AT (°C)
nel width (eq. 13) u dynamic viscosity (Pa§
Re Reynolds number (eq. 14) v kinematic viscosity (ris?)
S area of the heated surface{m o density (kg.nv)
t time (s) Ou, Oy, OT standard deviation of velocity components
T time averaged water temperatut€) u andv and temperature, respectively
T instantaneous temperatuf€j (m.stor°C)
Up velocity averaged over time and channel t duration used for time averages (s)
section,2 fob u.dy (m.s?)
u,v,w time average velocity componentsiny Subscripts
andz directions, respectively (n3 in value at channel inlet
u,v,w fluctuating parts of velocity componentsin  out value at cteioutlet
X, y andz directions, respectively (n3 w value at wall
u, v, wé instantaneous velocity componentsiry
andz directions, respectively (nm3

Double glazing water tank
PVC support

Brass screw system
Waterproof box

Stainless steel plate (1.5 mm thick)
Heat flux sensor / Heater
Adiabatic silicone foam
Wall adjustment system
Thermocouple

Sucking up water

Going back water

o« dNANOEND

Z y 60 cm

Figure 1: Cross section in the xOy plane showing thgedént parts and sensors of the experimental apparatus.iffleaslon ratios are not represented faithfully
in this drawing.



top and filled with 180 L of distilled water. The two suppogin ] Glass tank

Il PVC support sheet

systems are composed of a brass screw fastening system fixed [0 Brass serew adjustment
[ Polycarbonate waterproof box
to the waterproof box on one end and to a PVC board on the B g ycurbonate waerproof bo

other end. The PVC board is 1.5 cm wide and is reinforced by
two stainless steel support angles to increase its rigidity

The brass screw linking each box to its PVC support allows
adjusting the channel gap,(space between boxes in theli- : -
rection) between 0 and 14 cm.

The main techonological fliculty of this experiment stems 65 cm
from the tightness of the boxes. Moreover, the large surface
area of the boxes, which also provide the heated walls of the
channel, must have a higher thermal conductivity than therot
side of the box to avoid heat leaks. Each box is composed of X,

a stainless steel plate (heated wall of the channel) stutk wi Té;
double coated foam on a polycarbonate frame and closed by a
polycarbonate cover fixed by 48 screws. Figure 2: Drawing of the experimental apparatus.

The heated walls of the channel are 65 cm high, 23 cm wide
and 1.5 mm thick. Two types of 1 mm deep grooves are en-
graved on the inner faces of the plate: thirteen 21 cm long
grooves parallel to the axis that mark out twelve areas 5 cm 50
high, and twelve 2.5 cm grooves parallel to #hexis in the cen-
tre of each area. The diagram of the groove positions is shown_ 2%)
in figure 3. The grooves parallel to thxeaxis are used to insert
thermocouples into the plate (see fig. 1). As displayed irréigu z
1, twelve 5<20 cn¥ electric heaters are placed on each plate in ) J
the twelve areas delimited by the horizontal grooves. Ttterla — Ix1 mm? cross section  groove X
are intended to avoid thermal conduction in directidretween
two heated areas. Therefore, the height of the heated lgart (
is only 61.1 cm. As the heaters are not stuck on the plate, e
fective contact between the heaters and the stainlesgatel
is provided by 3 layers of adiabatic silicon foam placed an th ~ The adiabatic condition on the lateral sides of the channel
heater and compressed when the polycarbonate cover isicloséparallel to plane xQy) is provided by the tank double glgzin
The channel is . covered by external insulation of 5 cm of Styrodur with a ther

To adjust the verticality and the parallelism of the heatednal conductivity of 0.033 W.m.K™*.  An opening is made in
walls, the top of each waterproof box is linked to its PVC the external insulation to allow LDV measurement in the ehan
support plate by another screw system (see fig. 1). A Lasdtel. The bench is placed in a room whose temperature is con-
Doppler Velocimtetry (LDV) system and a brass pole supportirolled to within+2°C (see fig. 4).
ing a micro-thermocouple are mounted on a mobile 2D system The water temperature is regulated by an external system
to measure the velocity and temperature in the channel. Theomposed by a pump, a heat exchanger and a Lauda RP 845
verticality of the mobile LDV system is set for use as the ref-thermoregulated bath with a cooling power of 1.6 kW. The wa-
erence. The verticality and parallelism of the channelsvale  ter is pumped at the channel exit level, close to the PVC sup-
then adjusted in relation to the two vertical laser beamsifixe Port plates (sucking up symbols on fig. 1); then it is cooled
on the moving system. The channel gafietience between the through the heat exchanger and goes back to the tank at the
inlet and outlet is 0.5 mm with a mean gag) &round 45.1 mm, same level just behind the waterproof boxes (going back sym-

therefore the channel gap precision is in the region of 1%.  bols on fig. 1). Suction and discharge are ensured through dif
fusers (drilled PVC tubes) which distribute the flow ratergo

2.2. Thermal Boundary conditions zdirection in order to limit disturbances in the convectiil
The boundary conditions in the channel are isoflux condi-The four difusers (2 for suction and 2 for discharge) are posi-

tions on the heated walls (stainless steel plates) and atiiab tioned symmetrically on both sides of the channel, as shown i

conditions on the lateral walls (glass tank walls). Eacigas  figure 1.

steel plate is heated by 12 separate electrical resistématasan

each impose a constant heat flux on a26 cn? area. The 24 2.3. Instrumentation

heaters are connected in parallel to an Agilent 6675A 2 kW DC The experimental setup is fitted with 56 fixed sensors: 24

power supply. The voltage is delivered at a stability+@02  Captec ultrathin heat fluxmeters and 32 K-type (Chromel-

V. The internal electrical resistance of each heater isstelji  Alumel) thermocouples of 120m. The sensors are positioned

by adding resistance connected in series in order to equhlz  symmetricaly as shown in figure 1. They are connected to an

heat fluxes entering in the channel. Agilent 34980A digital multimeter.

40 cm

650 mm

Figure 3: Diagram of the inner face of the heated stainless| gtlate with
Positions of the 1 mn? cross section grooves.



The heat fluxmeters are located between the heater and th(-=Tank top—Channel out.--Channel in-e-Tank bottom4-Roon]
silicon foam (heat loss measurement) to minimize thermal re 3 " " " "
sistance between the heaters, which apply an isoflux conditi 34
and the water in the channel. In this configuration the thérma
resistance between the heaters and water is the sum of ithe sta 3z /
less steel plate resistance and the contact resistancedrethe 30/
plate and the heater. The heat flux injected by each heateeint & |
channel through the stainless steel plate is obtained frem t < 2§

; . ; ~
difference between the input electrical power and the measurec = ,d
heat losses. The heat flux acquisition chain was calibrattgi
laboratory using an original apparatus designed for thpe tf 24
sensor. The calibration used a scale from 0 to 50 Ywhich

. 22
corresponds to the order of magnitude of the losses meagured
2 % of the heat flux injected in the channel). The heat fluxmeter 2

20 80 100

- . . . 40 60
precision given by the calibration was 1.2% of the value mea- t (h)
sured, corresponding to a precision of 0.02% of the heat flux
injected in the channel. Figure 4: Temperature evolutions in the left part of the tank in the room

The temperatures in the experimental apparatus were meggring experiment 4 (see table 1). The location of the theouple in the tank
IS given in fig. 1. «Out» and «in» stand for outlet and inlet.

sured using 32 thermocouples positionned as shown in figure
1. 24 thermocouples, embedded in the stainless steel @lates

the centre of each heater (see §82.1), were used to measure tr [-=-Tank top—Channel outleb-Tank bottorh
temperatures of the channel walls. The thermocouples were

placed in the grooves, 1 mm deep and 2.5 cm long, filled with 2

conductive mastic. The latter prevented the thermocoupia f

moving and avoided additional thermal resistance betwleen t | \oree-se-a-a - - S BB

heaters and the stainless steel walls. 4 thermocouplesr(2 pe G
box) were used to estimate the temperatures just behind the Q’:
central heater and between the first and second foam laers (s 'I—_ B
fig. 1). The last 8 thermocouples determined the water tem- —

perature in the tank, as shown in figure 1. The room tempera-  —4r
ture and temperature inside the righffdser are also measured o000
(not shown in figure 1). The thermocouple cold junctions were 6l

embedded in two copper rods insulated with hemp; the ther-
mocouple cold junctions of the right part of the experiménta |
setup were separated from those of the left part. The tempera ~ ~% 20 20 60 30 100
ture in each rod was measured by a platinium resistive tHerma t (h)

device (Pt100). The temperature measurement chain (Pt100,

thermocouples and multifunction SWitCh) was calibratethie Figure 5: Ditference between temperature in the tank and channel inlpetem

! . ature during the experiment 4 (see table 1).
laboratory using our own system. The resistance thermamete

was calibrated between 10 and’80and the thermocouples be-

tween 10 and 7. The precision of the temperature of the pla- 3 density of 1030 kg.. The sampling rates were 3-15 Hz,
tinium resistance thermometers (which measure cold joncti \which is more than 10 times higher than the ¢hifceequency
temperatures) was estimated to withif.02°C; thermocouple  in the velocity power spectrum-(0.2 Hz). This rate depended

precision was:0.05°C. o on the location in the channel and it was lower close to thé wal
Investigations on temperature and velocity in the channelyhere there were few particules.
were peformed with an LDV system and a 2% K-type ther- The micro-thermocouple was connected to a Keithley 2701

mocouple combined with a two directional moving system.qata acquisition system allowing a data rate of 500 Hz. li$ co
Thus velocity and temperature could be measured on the tankinction was placed in another copper cylinder insulatednfr
over 1.5 m in thex direction and 20 cm in thg direction with  external perturbations with another platinium resistaties-

an accuracy within 1@m. To avoid interaction between the mometer. It was calibrated in the same way as the thermocou-
thermocouple and laser beams, the micro-thermocoupleowas lpjes described above, with the same precision.

cated 1 mm above the LDV measurement volume by a brass
mount 3 mm in diameter. o
. . . 2.4. Characterisation
The velocity measurements were carried out using a com-
mercial LDV (TSI Inc.) together with an argon ion laser. This  All the velocity and temperature measurements in the chan-
system gives velocity componentsxnandy directions. The nel were performed under steady-state conditions. Figure 4
seeding materials used were 26 polyamide particles with presents the temperature evolutions at the top and bottdne of
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1 ' ' S — Wall Temperatures b
T Exp. R,
heat flux| Inlet Top tank
0.8 (W.m2) | (°C) °C) (see eq. 13) (mm)
1 190 22.58 22.62 1.7116 45.1
- 0.6 2 382 23.45 23.48 3.5316 45.1
® 3 764 | 2731 2736 | 92216 | 451
0.4
4 1147 32.56 32.60 1.74 10 45.1
0.9 5 2305 36.54 36.58 4.26 10 45.5
-=Right wal Table 1: Configuration for the five experiments. Wall heat fisithe value
o Left wall averaged over the two walls and over time. Inlet and tankeapperatures are
time averaged values. Channel wiihis the mean between channel width at

270 2280 2290 2300 . 2310 2320 i g o
Wall heat flux (W.r)

Figure 6: Time average heat flux on channel walls (squaréit, rarcle: left) 3. Results
versus dimensionless channel height during experimeneé t@ble 1). Heat
flux is calculated on each heater by heat fluxmeter and povpglysmeasure-

ments. Heat flux averaged over height (dotted line) is 2302%\0on the left Five experiments were performed with five heat flux condi-

wall and 2304 W.ni¥ on the right. tions. In order to remain within the band of the Boussinesq ap
proximation [33], the water tank temperature was adjusbed f
each case. The experimental conditions of the 5 experiments

tank, at the channel inlet and outlet and in the room (thermo@'® Summarized in table 1, the mean channel width is 45.1 mm

couple positions are shown in fig. 1) during experiment 4 (se&°" €xperiments 1-4 and 45.5 mm for experiment 5.
table 1). After a sharp evolution in the first hours, tempemat

at the entry and the exit of the channel remained almost cong 4 Temperature and heat transfer measurements
stant. Because the tank bottom was not insulated and staatifi

tion 0(_:cured due to a lack of mixing beIO\_/v the channel, a slow Figure 7 shows temperaturefigirence between the right wall
evolutpn of the tank bottomtemperat_ure is seen on figur®@4. T4 the inlet along the channel wall for the 5 experiments.
determine whether the steady-state is reached or not, figure panne| wall temperature increases with respect to chaenel
shows the dference between several temperatures in the tancq| hosition and with increasing wall heat flux. In the firsb

and the channel inlet temperature during the experimergel (s o, eriments (the lowest heat fluxes) the temperature iserea
table 1). Although the absolute water temperatures evobiéd appears to be regular, whereas in the three others (highast h

temperature dierences remained constant withif.1 °C af- fluxes) a temperature decrease can be seen from the eighth to

ter 40h and therefore steady-state could be assumed. For glly tenth heater. Thisflect is emphasized as the wall heat
the experiments, statistically steady-state regime wasmdly  f,y increase. This change in temperature profile is related t

reached after 24-48 hours, depending on the experimential cO5 change in flow regime located around the tenth heater as it
ditions. The homogeneity of the temperature outside the-cha ;| pe described in this paper.

?elkv:as :estlmatetd by th(jet;emple;zitturﬁeier;ce b_ertr;/veen the Figure 8 presents temperature profiles at the half chanmel ou
ank top temperature and tne iniet temperature. The maximuig, ¢ 4 experiments (water temperatures were not measured

glgoecrenﬁt_a,hm?lasured ?urmglextptehrlm(intt? (st(_ae tablte_dl),t;/]v ring experiment 2). Only half profiles_are displayed hexe b

) which aflows us to neglect the stratilication outside €:ause the supporting system of the micro-thermocouple does
channel. not allow to measure temperature close to the right wall. Mea

The second controlled boundary condition was the unifornchannel temperature, with regard to inlet temperaturegased
isoflux condition on the channel walls. It is presented in fig-at the same time as wall heat flux increased but the mid-channe
ure 6 by plotting the mean wall heat flux on each heater versu€mperature (2 < y/b < 0.8) remained fairly constant be-
the dimensionless channel height during experiment 5 ¢see ttween the inlet and the outlet (except for experiment 5 that
ble 1). It shows that a uniform isoflux condition is reachethwi shows a slight temperature increase). All the heat transbdr
mean variations lower than 1%. On the other hand the maxplace in the thermal boundary layer. As we measured the wall
imum instantaneous fluctuations measured are lower than 2#gat flux, the validity of the temperature measurement diose
(not shown in figure 6). Moreover, theftiirence between the the wall can be checked.
mean heat flux on the left and right walls is lower than 0.01%. Figure 9 displays a dimensionless temperafaong a half
Thus uniform symmetrical isoflux condition can be assumed omprofile at the channel outlet versus a dimensionless trassve
the channel walls. positiony’:
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Figure 7: Time averaged temperaturéeliences between the right wall and the
inlet versus dimensionless channel height for all the émpents (see table 1).

Figure 8: Time averaged (on 25-30 min) temperature profithérhalf channel
mid-plane (xH = 0.96, 7| = 0.5) versus the dimensionless distance from the left

p T - T(y/b = 0,5) ) (1a) wall. The inlet temperature was deducted to compare ftifierdint experiments.
T(y/b=0)-T(y/b=05)’
y = M (1b)

k(T(y/b=0)-T(y/b=05))

The temperature gradient at the wall is:

FY=0=-4 @
% ; ; ;
which can be written: “exp. 1
-©-exp.3
exp. 4
Y =0=-1 @ o4 ~exp.4
“<-exp. 5
The slope of the bold black line on figure 9 is minus one. This )
figure also displays a detailed profile (4’) obtained under th 0.6
same conditions as those of experiment 4. These profiles show ©
that the wall temperature gradients can be measured withé go |
accuracy. 041
3.2. Velocity measurements
Figure 10 presents 3ftkerent rolling averages calculated for
a vertical velocity measurement during experiment 3. The in
stantaneous velocity signal (not shown) exhibits veryddhgc- o *“"’i?“ 20

tuations with a peak to peak amplitude arounti cm.s! which

is of the order of the mean. The rolling average velocitiss al

show fluctuations, even when calculated for over more th&n onrigure 9: Dimensionless time averaged temperatures indtiechannel mid-

hour. The choice of measurement duration is a compromise belane &/H = 0.90,z/I = 0.5) versus the local Nusselt number. The bold black

tween the time needed to make a profile and the measureméﬁ? shows the dimensionless temperature gradient at tile Whe temper-
taintv. For timi it h t - atures are averaged over 25-30 min. Experiment 4’ display®m@ detailed

uncertain y'_ or timing r(.aasons’ : was.c osgn o calc e profile obtained under the same conditions as for experident

mean velocity for a duration of 25-30 min which leads to an er-

ror bar on the velocity profiles af 2 mm.st. Therefore it took

around 7 h to measure a complete velocity profile. Horizontal

velocity is not presented here: its mean value is very weak in
8
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Figure 10: Rolling averages calculated on a vertical velatieasurement dur- ;;/Q Rt
ing experiment 3 ax/H = 0.90,y/b = 0.51 andz/I = 0.5. % 02 07 N 06 0B ’T
y

the centre of the channel and it could not be measured close F—qure 11: Mean vertical velocity in the channel mid-plang € 0.5) at the in-
the wall because one of the laser beams was impeded by th& (x/H = 0.04) versus the dimensionless distance from the left walerage
box. velocities are calculated over 25-30 min.
Figures 11 and 12 show velocity profiles at the channel in-
let and outlet in the 5 experiments. A chimnefeet can be
seen at the channel inlet with fluid rising upwards through th
entire channel gap, as in the study by Miyamoto et al. [20]. It
can also be seen that the volume flow rate (proportional to the
mean velocity in the channel) increases when the wall heat flu
increases. The dynamic boundary layers developed along the
channel because two velocity peaks appear next to the walls.
The higher the wall heat flux is the higher the velocity peaks

are. Furthermore, the velocity at the channel centre resaghe 0.03
. ; A
plateau as shown in figure 12. It can be seen that for the first [2-Exp. 1= Exp. 20 Exp. 37 Exp. 40 Exp. §
three experiments the maximum velocities increase butitglo 0.025
at the centre remains almost the same; this fact will be aedly
below (83.5).
( ) 0.02

3.3. Mass conservation T':; %

The mass flow raté under the Boussinesq approximation §0-01E
conditions is defined as follow: S

0.0

. | b
W09 =p [ [ utxy.2dydz @

As velocity measurement can not be performed in the whole
channel section, principally for time reasons, we assume th

u(x,y, 2 = fo(x, 2 x u(x,y, z/l = 0.5); (5) oy

where (X, 2) is a corrective function. Unfortunately, velocity Figure 12: Mean vertical velocity in the channel mid-plagd & 0.5) at the
profiles alongz were not measured for experiments 1-5 pre- outlet (x/H = 0.90) versus the dimensionless distance from the left walerAv
sented here (see table 1). Nevertheless, to estimate the m&$e Velocities are calculated on 25-30 min.

flow rate we assume that the functidy depends weakly on

the Rayleigh numberRg) and we use a new measurement

performed atRg = 5.76.10’. The corrective functiorf. is

plotted on figure 13. One measurement is done at the inlet

9



Min Moul ﬁ%
Exp. | 10! (kg.st) 101 (kg.shH (%)
1 1.52 1.55 +2
. 2 2.45 1.98 -23
n
e 3 2.31 2.52 +8
5 4 3.78 3.81 <1
B 5 5.28 5.56 15
Table 2: Values of the mass flow rate calculated with coveatoeficientD to
- =x/H=0.12, y/b=0.5 take into account the 3D nature of the flol (see eq. 7).
03 -e-x/H=0.96, y/b=0.0[f
. . -7-x/H=0.96, y/b=0.5
‘0-"() 01 0.2 03 04 05 whereu® and T* are the instantaneous values qf thg velocity
z/l and temperaturé;is the channel depth along taelirection,S

is the heated surface ands the duration used for calculating
the averages. The Reynolds decompositibn= u + U’ and
AT* =T -T; = AT + ¢, leads to:

Figure 13: Mean velocity profile alormaxis at the channel inlek(H = 0.12)
and outlet ¥/H = 0.96).

(x/H = 0.12) and two measurements are done at the outlet S = Qr + Qf; )
(x/H = 0.96). The two measurements at the outlet show that _
is weakly dependantony. The three profiles are flat at the-chan with,
nel centreu = u(z/l = 0.5) betweerg/l = 0.35 andz/| = 0.5, ) I b
which means that the flow can be estimated 2D in the centre. @ fo fo PCUAT.dy.dz,
After this plateau, the velocity decreases up to the latige I b
of the channelf = 0) where the velocity is zero. Due to the Q f f pCp < U6 > .dy.dz (10Db)
thickening of the velocity boundary layer on the lateral lyal 0 o
the decrease is more pronounced at the outlet than at the in-and,
let. The slight increase on the inlet profilezit = 0.2 is not U >= }fr U dt (11)
significiant and could be due to measurement uncertainty. 7 Jo

Because the corrective function evolves slightly along thle
channel, it is assumed to be linear-dependent with respect bO
X. Therefore egs. 4 and 5 lead to:

(10a)

is the power transported by the mean flow e(bplis the
wer due to fluctuating quantities. _
To account for the 3D nature of the flo®; is calculated us-
| b ing the same corrective function as the one used to estimate t
M(x) = pf fe(X, z).dzf u(x,y, z/I = 0.5).dy. (6) mass flow rate. Because temperature measurements can not be
0 0

) ] ) performed close to the right wall, the integral is only céted
By using the measurements shown on fig. 13, the integraly, the left half channel assuming a symmetrical flow:
can be calculated at the entry and the exit, which leads to

) 0.5b
Qr = 2pID(x/H = 0.96)c, fo UAT.dy. (12)

bi h h f ; h i The error introduced by assuming a symmetrical flow is esti-
Table 2 s ows the mass flow rates for each experiment, ‘_:aJﬁated with the dference between the flow rate calculated with
culated at the inlet and at the outlet. The very good matching,q \nole profile and with the left half profile (see fig. 12)igh

betlween inlet and outlet flow rates for 4 of these experiment§; . once is 12% for experiment 1 and less or equal to 5% for
validates the method used to account for 3D aspect of the roVi’he 3 others. Therefore the accuracy on the calculationef th

However, the discrepancy obtained for experiment 2 remainﬁowertransported by the mean flow is estimateg586

unexplained and could be attributed to th&idulty to do mea- Table 3 presents the value of the injected powg and the
surement at the channel entry. value of the power transported by the mean flow calculated for
experiments 1, 3, 4 and 5 (there is no temperature profile for
xperiment 2). The power calculation for experiment 1 osere
mates the power input which may be due to uncertainties at
very low power input. The power injected in the channel can be
concluded to be entirely transported by the mean flow. For the

. 1 o I three other experiments, the calculated power is smalker th
GuS = ;fo fo fo pCU (T" = Ti).dtdy.dz  (8)  the power input, as expected. Théfdience is an estimation of

|
D(x) = Tl fo fe(x 2.dz=-0173 +0.875  (7)

3.4. Energy balance

The energy budget implies that the power injected by the Zzg
heaters is equal to the power transported by the flow at the cha
nel outlet. Energy balance leads to:

10



Experiment Qo Qg
W) (W) (%)
1 44 50 -12
10°
3 175 132 +25 AoOutlet 6
4 263 163 +38 Olnlet RAO
5 530 357 +33 A
Table 3: Values of the power input and the power calculatechfthe outlet
profiles for 4 experiments. :
2 A -
the part of the convective heat transfer due to the fluctnatio ©
This fluctuating part is much more important for experiment 4 A e
and 5 when it represents more than a third of the total powel & .-
This result is related to a change in the flow behaviour (s&e ne .
section).
. . . 10° :
3.5. Analysis and discussion 16° ﬂzoz 10
Dimensionless numbers are defined as: %

e Modified Rayleigh number:

B ngWb5
R& = vkaH (13)
e Reynolds number based on channel width:
D b
Re= Usb = ﬁf u.dy (14)
4 4 0
e Nusselt number based on channel width:
Qwb
Nu, = . 15
b = 1 ATH (15)

The Reynolds number is calculated as the mass flow rate (set
table 2) by using the corrective daieient D to take into ac-
count the 3D nature of the flow. The Nusselt number is based
on the diterence between the mean wall temperature and the
inlet temperatureATy = ﬁfoH(Tw — Tin).dX).

Figures 14 and 15 show the Reynolds number and the Nussel
number respectively from the 5 experiments versus the modi-
fied Rayleigh number. Reynolds number are calculated at the
inlet and the outlet of the channel. On figure 15, correlation
from the litterature were added for comparison. These figure
exhibit that the first three experiments (exp. 1-3) seemltovio
a power law that is dierent from the one followed by the last
two ones (exp 4-5). A straight line is plotted on figure 14 to
emphasis the tlierence between experiments 1-3 and 4-5.

8

Figure 14: Reynolds number versus modified Rayleigh numbethie five
experiments, caculated at the channel outlet (traingledpathe inlet (rounds).

8

4
O Experimental data
30 -==Roshenow et al. [34], c=1.07
‘‘‘‘‘ Manca et Nardini [35]
—Badr et al. [26]
20 o
3.0
z
10
10" 10° 10 10

¢
R,

To explore this problem, the velocity profiles at the exit Figure 15: Nusselt number based on channel width versusfieddayleigh

are scaled to merge their maxima. They are plotted on figrumber for the five experiments. The experimental resutiscampared to 3

ure 16. Even with an uncertainty on the mean velocity valuegorrelations found in the literature ([34], [35] and [26]).

(+2 mm.s%), a change in the velocity profiles can be seen be-
tween experiments 3 and 4. Indeed, the velocity at the centre
of the channel is almost proportional to the maximum value,
with a codficient around 0.15 for the first three experiments.

11
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Figure 16: Mean dimensionless velocity profile at the chhoodet (x/H =

0.90) Figure 17: Mean velocity dlierence between maximum (close to the wall)

and minimum (at channel centre) on outlet velocity profilessus modified
Rayleigh numberRg).

This codficient of proportionality increased to 0.55 for the two
last experiments. It is also illustrated by figure 17 whicbwss

the diferenceAu between the maximum velocity and the mid-
channel velocity measured at the exit of the channel for th

A change in the flow behaviour is suggested to explain the
changes observed between the first three and the last two- expe
iments. Indeed, for experiments 1 to 3, an increase of the mod
. ) . . ified Rayleigh number leads to an increase of the mean vglocit
five experiments. Because the location of the maximum an ifferenceau (see fig. 17) which corresponds to an increase of

the minimum of_the velocity profiles remains almost_the SaM&e global shear at the channel outlet. The level of the ¢loba
for all the experimentsiu can be seen as an estimation of theshear drives the level of the velocity fluctuations as shown o

global shear at the channel outlet (up to a constant mgtipli figures 18 and 19. The growth of the velocity fluctuations in-

To find a physical meaning for this change, the profiles ofcreases the mixing between the fast fluid layer close to this wa
the root mean square of the fluctuations of velocity and tempe and the slow layer at the centre of the channel. So beyond a
ature at the channel outlet are plotted in figure 18, 19 and 20imit, the mixing becomes glicient enough to reduce the total
Figure 18 displays the root mean square of the vertical gloc shear as shown from experiments 4 and 5. This mfiteient
fluctuations made non dimensional by the velocitffetence  mixing is shown by the increase of the Nusselt number on figure
Au for the 5 experiments. For experiments 1 to 3, the root mead5. Figure 14 suggests that this higher thermal exchangegsom
square is proportional to the velocityfidirence with a ca-  with a different evolution of the Reynolds number against the
cient around 0.15. The shape of the profile of experiment Rayleigh number, but this point has to be studied in more de-
which seems to increase witib is not relevant due to the un- tails. Concerning the temperature fluctuations, no spédal
certainty which is high when the mean velocity is low. Exper-haviour is noticed between the experiments. Following aur e
iments 4 and 5 show the same behaviour but with dfeent  planations, we may expect a jump in the temperature fluctua-
around 0.5. Similar observations can be made on the root medions between experiments 3 and 4. But temperatuferdince
square of the horizontal velocity fluctuations plotted omifeg ~ with respect to the inlet temperature remains small andéaca
19 where the root mean square is also made non dimensioniala thin thermal bondary layer (see fig. 8) and the ratio betwe
by Au. Measurements can not be performed close to the wathe temperature fluctuations and the mean temperattier-di
because one of the laser beams was impeded by the box. Femnce remains lower than 0.2 (see fig. 20). Therefore, a change
experiments 1 and 2, the ratio between the root mean squaoé behaviour is diicult to detect on the temperature measure-
and the velocity dierence Au) remains very low. This ratio ments. Nevertheless, figure 8 shows a small increase of the
increases slightly for experiment 3 (around 0.08), and brexo  bulk temperature for experiment 5 which stengthens theddea
three times higher for experiments 4 and-50(25). Figure 20 a more dicient mixing inside the channel. Moreover, the mix-
presents, for experiments 1 and 3 to 5, the root mean squaneg impact is also observed on the estimation of the heat rate
of the temperature fluctuations in the channel, with regard ttransported by the fluctuating flow (see table 3). This heat ra
inlet temperature, divided by the mean temperatufiedince  increases from 25 to 35 % between experiments 3and 4 dueto a
between the wall and the inlet. The four curves have a simibetter mixing between the fast and hot fluid layer and the slow
lar behaviour, temperature fluctuations increase with ¢he-t and cold fluid at the centre. For now, the modified Rayleigh
perature dierence between the wall and the inlet without anynumber characteristic of this change is estimated arourd 10
detectable change between experiments. but further investigations are needed to specify this thokk

12
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Figure 18: Root mean square profiles of the vertical veloattyhe channel

outlet for the 5 experiments. The Root mean square is divilgetthe velocity
difference at the outlet (see fig. 17).

[-&-Exp. 1= Exp. 2-6-Exp. 35 Exp. 44-Exp. §

Figure 19: Root mean square profiles of the horizontal vsiaithe channel
outlet for the 5 experiments. The Root mean square is divilgetthe velocity
difference at the outlet (see fig. 17).

13
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Figure 20: Root mean square profiles of the temperature ahdr@nel outlet for
the 5 experiments. The Root mean square is divided by therelnce between
the mean wall temperature at the outlet and the mean ternpeiatthe inlet.

4. Conclusion

An original experimental apparatus was developed to study
the natural convection of a water flow in a vertical channéle T
boundary conditions on the heated channel walls were isoflux
conditions and the external channel temperature was regula
The test bench and its instrumentation was described anmd cha
acterised. The temperature profiles in a heated wall wergrsho
for five different configurations (fferent isoflux conditions)
as were the velocity and temperature profiles in the channel.
The temperature measurements were accurate even in the left
thermal boundary layer (wall temperature gradiant is well a
proached), but improvements must be made close to the right
wall. Measurements of the mean velocity were done by ac-
counting for the high level of fluctuations that requireddon
measurements. Moreover, 3D aspects were investigated and
taken into account for the flow measurement that is obtained
with a good accuracy.

The main result of this study is the observation of a change in
the flow behaviour that occurs for a modified Rayleigh number
around 10. This change is attributed to a mor&eient mixing
between the fast layer close to the wall and the slow layer at
the centre of the channel. This increase is clearly seen®n th
velocity fluctuations and it is strengthened by the estiomati
of the turbulent heat flux at the channel outlet that is higher
for the higher Rayleigh numbers. This change is also obderve
on the correlations of the Nusselt and the Reynolds numbers
as a function of the modified Rayleigh number. This exibits a
discontinuity with respect to a classical power law.

Study of the coupling between the dynamic of the flow and
the heat transfer has to be improved. Indeed the strong point
of this apparatus is that it allows velocity and temperatoea-
surement at the same time and at very close location. Threrefo
future studies will address the problem of synchronizedeig}
and temperature measurements. Lastly, the experimeniakde
was improved to allow horizontal velocity measurementse&lo



to the wall.
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