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Abstract

Air natural convection in an asymmetrically heated channel with unheated extensions has been investigated experimentally. Local
and maximum wall temperatures and heat transfer coefficients are presented, for different values of the process parameters. Optima
configurations in terms of the minimum values of maximum wall temperatures are obtained. Average Nusselt numbers and maximum
dimensionless wall temperatures are correlated to the Rayleigh number and to the geometrical dimensionless parameterssisx the®10—1
range of the Rayleigh number times the expansion ratio. The addition of downstream unheated extensions improves the thermal performanc
of the channel for some configurations, the longer the extension and the lower the aspect ratio the lower the wall temperature in the channel
0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction as it was shown for natural convection in [12], and more op-
timized configurations were reviewed in [13]. As far as sys-
Because of the continuously increasing heat rate dissi-tems with downstream adiabatic extensions are concerned,
pated in electronic systems the maximum temperature of thethe process parameters include the extension ratio, associ-
components could attain such a value as to jeopardize theated with the height of the adiabatic extension, and the ex-
system performance and reliability. A suitable thermal con- pansion ratio, related to the distance between the unheated
trol of electronic components can guarantee that the operat-extensions.
ing temperature does not exceed the prescribed threshold. In A review of the studies on natural convection in a ver-
many applications it is advantageous to employ natural con-tical channel with downstream adiabatic extensions is re-
vection, since it is cheap, maintenance and noise free and reported in the following. The channel-chimney system was
liable [1]. One of the more frequently investigated configura- investigated both experimentally and numerically in [6,7,14,
tions is the vertical channel [2]. Uniformly heated channels, 15]. Haaland and Sparrow [14] for the first time in a numer-
both symmetrically and asymmetrically, have been widely ical study showed that adding adiabatic walls downstream
studied [3-5]. The heat rate transferred by natural convec-of a channel with a point heat source or distributed heat
tion in a vertical channel can be enhanced by providing the sources determined an increase in the flow rate. The effects
heated channel with unheated extensions downstream of itsof adiabatic extensions coplanar to the walls of a symmet-
heated walls [6,7]. The increase in the heat transfer rate isrically heated vertical channel were analyzed only numeri-
obtained by means of the chimney effect, which is also usedcally in [16,17]. Oosthuizen [16] investigated a symmetri-
for heat sink configurations such as those shown in [8-11]. cally heated channel with uniform wall temperature. Results
Similarly, itis of interest to find out geometric arrangements showed that significant increases in heat transfer rate were
which allow the thermal optimization of the control system, obtained only with very long adiabatic extensions down-
stream of the heated channel. The effects of an unheated
PN . entry or unheated exit region on natural convection in ver-
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Nomenclature

b channelspacing................ ... m T temperature ... f
B extension Spacing . ........ooeviiiiiann m T* dimensionless temperature, Eq. (6)

B/b expansion ratio x,y,z coordinates ...t m
g accelerationof gravity . ............... -2 X dimensionless coordinate, Eq. (1)

Gr channel Grashof number, Eq. (2) Greek svmbols

k thermal conductivity ............ wh—1.K—-1 y

L overalllength............................ m B volumetric coefficient of expansion...... +*
L/Ln extension ratio " kinematic viscosity . ................. Tl
Ln/b  channel aspect ratio .

Ln channellength........................... m Subscripts _

Lext extensionlength.......................... m C convective

m',n’  coefficients in Eq. (10) k conductive

m”,n” coefficients in Eq. (13) max — maximum

Nu channel Nusselt number, Eq. (4) max 0 maximum, refers tbase case

Pr Prandtl number 0 ambient air

q heatflux.........ooovveinineinnnn... Wi—2 r radiative

r regression coefficient w wall

Ra channel Rayleigh number, Eq. (2) Q Ohmic dissipation

section affects the natural convection in the channel, partic- with a uniform wall heat flux, has not yet been carried out.
ularly at low Rayleigh numbers. A strong influence on nat- Results of an experimental investigation on the aforemen-
ural convection at high Rayleigh number was observed in tioned system are presented in this paper. The study was car-
channels with uniform heat flux at the walls and with an ried out, according to the procedure presented by Auletta et
unheated exit region. The numerical analysis of an isoflux al. [7], for an asymmetrically heated channel with unheated
heated channel with a downstream adiabatic extension wasextensions. Current and maximum wall temperatures and
carried out in [18]. A reduction of the maximum wall tem- heat transfer coefficients are presented, for different values
perature was found and the larger the Rayleigh number theof the process parameters. Optimal configurations in terms
less the reduction. The influence of width of the gap be- of the minimum values of maximum wall temperatures are
tween the adiabatic extensions was also investigated [6,7,150btained. Average Nusselt numbers and maximum dimen-
16]. A numerical study of a vertical isothermal tube with ~Sionless wall temperatures in the 105-k 10° range of the
an unheated extension was carried out by Asako et al. [19].Rayleigh number times the expansion ratio are presented.
Optimal configurations, which maximize the heat transfer They are correlated to the Rayleigh number and to the geo-
rate, were derived. A numerical and experimental investi- metrical dimensionless parameters.
gation on vertical isothermal channels with adiabatic exten-
sions was carried out by Straatman et al. [6]. The increase in
heat transfer rates was larger at low Rayleigh numbers than2. Experimental apparatus
at high Rayleigh numbers. A single correlation among Nus-
selt number, channel Rayleigh number and geometric para- A sketch of the channel-chimney system under investi-
meters was proposed. A system made of isothermal multiple gation is shown in Fig. 1(a). The axial coordinate and that
vertical channels (periodic channel expanded chimney) wasalong the channel gap are indicated withand y, respec-
numerically analyzed in [15]. The interaction between multi- tively. The transverse axis orthogonal to the picture plane,
ple channels increased the flow rate and the associated chimis not shown in the figure. The configuration was made of
ney effect was stronger than in a single channel with adi- two vertical walls (channel), one heated and one unheated,
abatic extensions. A system with the symmetrically heated and of two downstream unheated parallel extensions (chim-
channel at uniform wall heat flux was studied experimen- ney). The channel walls were made of a 3.2 mm thick and
tally by Auletta et al. [7], where results were derived in terms 530 mm wide phenolic fiberboard plate, with a typical ther-
of geometric parameters and Rayleigh numbers; correlationsmal conductivity of 0.17 Wm~—1.K~1, Their surface facing
for dimensionless maximum temperature and Nusselt num-the channel was coated with a 16 um thick copper layer,
bers in terms of channel Rayleigh number and geometricalwhich was the heater. Heat losses from the back of each
parameters were presented. wall of the channel were reduced by sticking a 120 mm
To the authors’ knowledge the thermal analysis of natural polystyrene block on the rear surface of each wall. The
convection in a chimney-channel, asymmetrically heated cross-section of the heated wall is sketched in Fig. 1(b).
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Fig. 1. Sketch of the experimental apparatus: (a) test section; (b) heated wall.

The heater was obtained by cutting the copper layer in a and air drafts were further reduced by a 2.5 m high vertical
4.6 mm wide and 9.0 m long serpentine track. Its expected screen. A large fraction of the lower part of the screen was
electric resistance was abou0 Q2. The electric supply = made up by a 0.20 m high mesh. The measured differences
wire was soldered to a thick copper bar bolted to the ends ofin the ambient air temperature in the proximity of the inlet
the heater. No electric resistance between the heater and thand the exit sections of the apparatus were less than 0.8 K.
bars was measured during preliminary tests. The dissipatedThe channel-chimney system was 475 mm wide. The length
heat rate through the electrical resistance was evaluated withof the channel wag., = 100 mm, and that of the chimney,
an accuracy oft2 percent, by measuring the voltage drop Leyt, varied in the 0—300 mm range. The channel spacing,
and the direct current. The chimney was made of two 30 mm b, varied in the 5.0-20.0 mm range; that of the chimry,
thick and 530 mm wide polystyrene blocks. A self-adhesive varied in the 5.0-80.0 mm range. With this dimensions, the
25 um thick aluminum foil was stuck on the surfaces facing channel aspect ratibn/b was in the 5.0-20.0 range and the
the channel and the chimney to obtain a low emissivity of expansion ratia /b ranged between 1.0 and 4.0.
the walls. A 0.1 value of the total emissivity was evaluated, = Wall temperatures were measured by 0.50 mm OD
by means of a radiometric direct measurement. copper-constantan thermocouples (type T), embedded in the

A suitable electric insulation between the copper surfacesfiberboard in the very proximity of the back side of the cop-
and the aluminum foil was assured by uniformly spraying per layer and bonded with a 3M epoxy glue. Thermocouples
an electrically insulating varnish onto them before coating. were run horizontally, parallel to the surfaces, thereby lying
Side walls of the channel-chimney system were made of along isotherms in order minimize conduction heat losses in
Plexiglas rectangular rods placed between the walls at theirthe leads. Ten equally spaced thermocouples were placed in
lateral edges. The rods were machined within an accuracythe centerline of the heated plate: the first was placed 5.0 mm
of £0.025 mm and the gap of the adiabatic extensions was downstream of the inlet section, the distance between two
measured with an accuracy &f0.50 mm. The channel-  successive thermocouples being 10 mm. At 75 mm from
chimney system was opened to the ambient only along thethe leading edge of the walls, eight additional thermocou-
top and the bottom edges. The walls were fastened togetheiples were located horizontally outward from the centerline
by a steel frame, which was designed in such a way as notat z = 100 mm,+125 mm andt150 mm in order to pro-
to obstruct the fluid flow in the proximity of the channel vide indications of the horizontal variation in the wall tem-
inlet. The channel and the chimney were aligned vertically, perature. The ambient air temperature was measured by the
with horizontal leading edges, by means of a plumb line same type of thermocouples located in the proximity of the
and a level. The clearance of the bottom edges of the heatedeading edge of the channel. Fifteen thermocouples were af-
walls above the floor was 1.20 m and the minimum distance fixed to the rear surface of the plates and embedded in the
between the exit section of the chimney and the ceiling was polystyrene block, in order to evaluate the conductive heat
1.80 m. losses.

The entire apparatus was located in an enclosed room, Thermocouples voltages were recorded to 1 pV. Each
accurately sealed in order to eliminate extraneous air currentthermocouple was calibrated in a 0.01 K thermostatic bath
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by means of a reference standard thermometer (Pt 100). The properties of the air are evaluated at the reference
The calibration of the temperature measuring system showedtemperature®y + 7o) /2.
an estimated precision of the thermocouple-readout system The local convective heat fluxgc(x), is not uniform
of £0.1 K. A National Instrument SCXI module data because of radiation and conduction. Experimental data are
acquisition system and a personal computer were used forreduced by first introducing, in the equations presented
the data collection and reduction. The data acquisition was above, the local convective heat flux
performed through the LabVieW software.

Tests showed that the wall temperature in the heated platedc(*) = g2(X) — gk(x) — gr(x) (7)

at the samer location can be assumed to be symmetric, |, gq. (7) the overall heat rate divided by the area of the
the differences being withint0.2°C. Wall temperature  heated wall surface is the local heat flux due to Ohmic dis-
was assumed to be independent of theoordinate within - gination, 4q (x), which was assumed to be uniform along

z = £100 mm, since in this region its maximum deviation e heated plateg(x) denotes the local conduction heat
from the centerline temperature was found to be_ no I_arger|osses from the plates amgl(x) is the local radiative heat
than 1.0°C when the latter was 70°C. No fluctuauons in flux from the plates. For each run, the tergaéx) were cal-

the wall temperature were measured during the tests. Thegjated by a finite difference numerical procedure, a three-
typlc_alitlme mtervall to attain steady-state conditions after dimensional distribution of the temperature being assumed
modifying the electric power supply was nearly 3hours. i, the polystyrene. The predicted temperatures in significant
configurations of the system had been previously compared
to those measured by the thermocouples embedded in the
polystyrene insulation and the agreement was very good, the
maximum deviation being 4 percent. Thgx) terms were
calculated, for each temperature distribution in the walls,
‘ambient temperature and channel spacing, by dividing each
plate into sixteen strips along its length, according to the pro-
cedure described by Webb and Hill [5]. A two-dimensional
radiative cavity was considered, which was made of the two

3. Datareduction

With reference to Fig. 1(a), the main geometrical para-
meters used in this investigation are the channel aspect ra
tio, Ln/b, the expansion ratiadB /b, and the extension ratio,
L/Ln.

The dimensionless coordinate along the length is

Y= @ plates, assumed as diffuse-gray surfaces, and the two edge
Lp sections, assumed as black at ambient temperature. In all the
The channel Rayleigh number is defined as investigated configurations the conductive heat losses were
4 about 9 percent of the Ohmic wall heat flux and the radiative
Rat — Gr L py— 8P4b” b o (2)  heatlosses ranged between about 3 percentand 5 percent.
Ln v2k Lp
wheregc is the spatially-averaged convective heat flux on
the heated wall 4. Uncertainty analysis
Ln
_ i/ (x)d 3) The uncertainty in the calculated quantities was deter-
Qde=7, | 4= mined in conformity to the standard single sample analy-
0

sis recommended by Kline and McClintock [20] and Moffat
The channel Nusselt number is based on the difference[21]. Accordingly, the uncertainty of a dependent variable
between the wall and the inlet fluid temperatures, rather thanas a function of the uncertainties in the independent variables
on that between the wall and the bulk fluid temperatures, X; is given by the relation
since the last one cannot be easily measured in practical

applications SR = a_R(gXl 2+ 3_R5X2 2+...
gch 0X1 X2
[of
Nu= ————— 4) 211/2
(Tw — To)k n ( oR 5X > i| (8)
with the average wall temperaturg,, defined as X, "
Ln The uncertainty in the values of the air thermophysical
Ty = i T (x) dx (5) properties can be assumed to be negligibl_e. On the basis
2Ln of Egs. (2), (4), (6), (7) and of the maximum percent
0 _ uncertainties in the values of the independent variables,
whereTy (x) is the local temperature of the heated wall. which are reported in Table 1, the maximum uncertainty
The dimensionless wall temperature is in Ra* ranged from 5 percent to 8 percent whereas the
. (Tw—Tok maximum uncertainty ifNu and in7,; ., turned out to be
Ty=—""" (6) 4 percentto 7 percent.

qcb
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Table 1 tios exceptfoB /b = 1.0; the optimum configuration among
Maximum percent uncertainty valueg X; / X;) x 100) those which have been investigated is that véijtb = 4.0.
Variable Tw To Tw-To b g @ 9o 4 Wall temperature rise above the ambient temperature

Uncertainty 0.50 0.93 11 12 30 50 20 40 as a function of the dimensionless axial coordinate, for
Ln/b =10.0, gq = 100 Wm~2 and different values oB /b
and of L/Ly, is reported in Fig. 3. Comparing results in
5. Resultsand discussion Figs. 3 and 2, we can notice that wall temperatures are
lower in the channel twice larger than the other, all other
Experiments were carried out on configurations of the process parame'Fers being the same. This is due to the eaSier
system withgg = 100,300 and 450 Wn2, Ln/b = 5.0, entrainment of g|r flow which, on turn, gnhancgs convective
10.0 and 20.0L/Ly = 1.0, 2.0, 3.0 and 4.0B/b ranging heat transfer. Fig. 3(a) ;hows that adding a chimney as long
between 1.0 and 4.0. The channel Rayleigh number times®> the heated.channel is worthless, apart ffom.the case of an
the expansion ratioRa x B/b, was in the range 10— expansion rat|cB/b:2.0_. Qn the contrary, In Fig. :”.(b) we
1.5x 10P. The configuration withL./ Ly, = 1.0 is the channel can remark that the addition of a longer ch|mney_|mpro_ves
without insulated extensions, which in the following will be 1€ thermal performance of the system for all configurations

referred to adase caselt should be taken in mind that the apart from that with/b = 1.0, thanks to the increase in the

configuration withB/b — oo physically coincides with the drl\_/lng force gaused by the chimney as well as _to ks widlih
which determines a pressure recovery in the chimney and a
base caséL/Ln=1.0).

pressure drop in the exit region of the heated channel.

Wall temperature rise above the ambient temperature as a
function of the dimensionless axial coordinate, fay/b =
5.0, go = 100 Wm~2 and different values of8/b and of

The temperature rise of the heated wall above the ambi- 1./, is reported in Fig. 4. One can clearly notice that
ent temperature as a function of the dimensionless axial co-for the lowest aspect ratio and the larger extension ratio
ordinate, forLn/b = 20.0, g = 100 Wm~2 and different  (Fig. 4(b)), whichever the expansion ratio, wall temperatures
values ofB/b and of L /Ly, is reported in Fig. 2. Inall cases  in a channel with the adiabatic extension are far lower
the maximum wall temperature is not attained in the exit sec- than those in the channel without it. Comparing results in
tion of the channel, because of the radiative edge effects toFigs. 2, 3 and 4 we can conclude that witiiL, = 4.0, all
the ambient, the heat conduction to the polystyrene and theother parameters being the same, the larger the system the
thermal plume in the exit section of the heated plate. Both lower the wall temperatures, since the increasing channel
figures exhibit very similar wall temperature patterns at all gap practically does not affect both the air inflow from the
expansion ratios. In Fig. 2(a) one can remark that the lowestupper exit section of the system and the thermal plume,
wall temperatures are attained f8Byb = 3.0 and the high-  which drives a larger mass flow rate in the wider channel.
est are those foB/b = 1.0. This likely occurs because the Wall temperature rise above the ambient temperature
larger the expansion ratio, and the cross section of the chim-as a function of the dimensionless axial coordinate, for
ney, the smaller the pressure drop in it. For the configura- Ly/b = 10.0, gq = 450 W:m~2 and different values of
tion under investigation, at the largest value of the chimney B/b and of L/Ly, is reported in Fig. 5. As already noticed
gap (B/b = 4.0) adding the unheated extension practically in Fig. 3(a) for a far lower dissipated heat flux all other
does not enhance the thermal performance of the channelquantities being the same, Fig. 5(a) shows that the addition
Fig. 2(b) shows that adding a longer chimney to the channel of unheated extensions slightly lowers the wall temperature
(L/Ln=4.0) improves its performance at any expansion ra- only when the expansion ratio B/b = 2.0, probably thanks

5.1. Wall temperatures

20 b . C 3
E L/L,=2.0 E 20 r 1
28t 1 M ost ;
HO C N © r ]
116 } Basc casc \‘E [_: 16 } E
8 E : ggzg E g C Basi case ]
g 14 ¢ —A— B/b=3.0 . = 14 F e g/ﬂt;;;.g ]
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12 ;I L1 I(lal)l 1 I T T Y I | |E 12 }I . Itl)? IR IR A lf‘ 113/]\3:14I0| L |E

0.0 02 04 06 08 10 0.0 02 04 06 08 10

X X

Fig. 2. Wall temperature rise vs the axial coordinate,ffigyb = 20.0, g = 100 W-m~2 and variousB/b: (a) L/Lp = 2.0; (b) L/Lp = 4.0.
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Fig. 3. Wall temperature rise vs the axial coordinate,fgyb = 10.0, g, = 100 wm~2 and variousB/b: () L/Lp =2.0; (b) L/L, =4.0.
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Fig. 4. Wall temperature rise vs the axial coordinate,ffgfb = 5.0, gq = 100 W-m~2 and variousB/b: (a) L/Lp = 2.0; (b) L/Lp = 4.0.
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Fig. 5. Wall temperature rise vs the axial coordinate,ffigfb = 10.0, g = 450 W-m~2 and variousB/b: (a) L/Lp = 2.0; (b) L/Lp = 4.0.

to a thinner boundary layer which weakens the effects of gion of the wall. Moreover, Fig. 6 shows that adding adia-
the ambient air downflow into the system. On the contrary, batic extension to the heated channel is worthwhile only if
Fig. 5(b) shows that, in a larger channdl/Ln = 4.0), L/Ln=4.0, like it was already pointed out observing data
except forB/b = 1.0, at any expansion ratios adding the in Fig. 4(b). Because of the curves clustering an optimum
chimney lowers the wall temperature. value of the expansion ratio cannot be identified.

Wall temperature rise above the ambient temperatureasa The ratio of the maximum temperature rise of the heated
function of the dimensionless axial coordinate, fgy/b = wall above the ambient air in a channel with the adiabatic
5.0, go = 450 Wm~—2 and different values oB/b and of extension to the one in a channel without the adiabatic
L/Ly, is reported in Fig. 6. We can remark that in this con- extension as a function of the expansion ratio for different
figuration wall temperature is weakly affected by the expan- values of the extension ratio and of the wall heat flux, at
sion ratio at both. /Ly, values, particularly in the hottest re- channel aspect ratios equal to 5.0, 10.0 and 20.0, is reported
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Fig. 6. Wall temperature rise vs the axial coordinate,ffgfb = 5.0, g = 450 Wm—2 and variousB/b: (a) L/Lp = 2.0; (b) L/Lp = 4.0.

in Figs. 7, 8 and 9, respectively. They point out the effect of
the unheated extension on the thermal performance of the
system, with reference to the maximum wall temperature
and allow to identify the optimum configurations. Fig. 7
shows similar thermal patterns Affmax/ A Tmaxo @t Ln/b =

5.0, whichever the extension ratid,/Lp, and the heat

(=]

9

5
=

=
flux, all the values of the maximum wall temperature ratio <]

laying in a+15 percent range. The best performing thermal %
configurations are those with an expansion rdj® equal g
to 1.0 or 2.0. 2

Data in Fig. 8 show that at a larger value of the channel
aspect ratio L,/b = 10.0) the best thermal performance of
the channel with long adiabatic extensiols L = 4.0) is
generally obtained witlB /b = 3.0 and 4.0. On the contrary,
when the chimney is as large as the chanmeli(= 1.0)
the chimney-channel system performs worst than the simple
channel, likely because of the strong pressure drop.

Similar observations can be made by observing results
in Fig. 9, for the narrowest channdl{/b = 20), where in
almost all cases maximum wall temperatures in a chimney-
channel system are higher than those in a simple channel.

Inthe investigated field of the process parameters the con-
figuration with a chimney four times longer than the channel
(L/Ln = 4.0) exhibited the best performance, whichever the
values of the other parameters. As a matter of fact, when the
unheated extension is long enough the ambient air downflow
in the chimney is prevented from reaching the exit cross sec-
tion of the channel and, as a consequence, the thermal plume
arising from its heated wall is not chocked.

5.2. Correlations for maximum wall temperatures

According to the analysis carried out by Straatman
et al. [6], the dimensionless maximum wall temperature
was correlated to the channel Rayleigh number times the
expansion ratio, in the 10-8x 10° range ofR&* x B/b,
and to the extension ratio, in the 2.0-4.0 rangé pf. By

‘ ‘ L/L=1.0
1.20 - 2 o L/Lh=2.0_
q =100W/m : L/L::z.o
—a— L/L=40
1.05 -
B —
0.90 -
(a)
0.75 ‘| !
1.20 ~ 5 -
q =300W/m
1.05 - —
—
0.90 -
(b)
0.75 : :
1.20 ~ 5 -
q =450W/m
1.05 - -
I__,// A A,
0.90 - )
(¢)
0.75 ' 1
1 2 3 4

B/b

means Qf the least square method the following correlation gig. 7. Ratio of the maximum wall temperature rise above the ambient air
was derived in a channel with the adiabatic extension to the maximum wall temperature

Thax= L71LRE B/b)~0220(, /1 ,)0-0365 ©)

rise above the ambient air in a channel without the adiabatic extension vs the
expansion ratio, foLp/b = 5.0 and variousL/Lp: (a) gq = 100 Wm~2;

with 72 = 0.960. (b) g = 300 Wm™2; (c) go = 450 Wm—2,



844 O. Manca et al. / International Journal of Thermal Sciences 42 (2003) 837-846

4 ' L LL-10 ' L 1L-10
q :100W/1’1’12 _e— L/Lh:2.0 | 1.20 [ 2 _e_ L/LhZZ,O
e Sa I S R -
2 2 1.05
S 00 == — —— 5
— =5 0.90
< (a) <
0.75 | | 0.75
1 2 3 4
1.25 - q =300W/m’ .
b m B/b
4 Fig. 9. Ratio of the maximum wall temperature rise above the ambient air

in a channel with the adiabatic extension to the maximum wall temperature

1.00 rise above the ambient air in a channel without the adiabatic extension vs
. \{‘I the expansion ratio, faty, /b = 20.0 and varioud. /Ly, g = 100 wWm=2,
A

(b) same 10-5 x 10° range ofRa" x B/b, by the following
0.75 | | equation, for all investigated values bf Li
T3 = 1L.40(R& B /b) 0178 (11)

1.25 - q =450W/m’ -

A

with 72 = 0.955.
Experimental data and curves from Eq. (10) fofL, =
4.0 and from Eq. (11) forL/Ln = 2.0, 3.0 and 4.0 are

1.00 K __e—— 9 reported in Fig. 10(a) and (b), respectively. Fig. 10(a) points
’ - out a weak dependence B, on R&" x B/b for Ra" x
3 B/b > 4.0, that indicates a poor improvement in the thermal
performance of the chimney-channel system at increasing
(e) values of Ra"B/b. Similar observations can be made on
0.75 ‘ ‘ the dependence of the maximum wall temperature on the
1 2 3 4 abscissa in Fig. 10(b), which exhibits a good agreement
B/b between the data and the correlation, that does not take into

account the different values of the extension ratio.
Fig. 8. Ratio of the maximum wall temperature rise above the ambient air
in a channel with the adiabatic extension to the maximum wall temperature 5.3. Correlations for channel Nusselt number
rise above the ambient air in a channel without the adiabatic extension vs the
expansion ratio, foL,/b = 10.0 and varioud./Lp: (a) g = 100 wm=2;

(b) g = 300 Wm~2; (c) g = 450 Wm~2. Again according to the analysis carried out by Straatman
et al. [6], the channel Nusselt number was correlated to the

Table 2 channel Rayleigh number times the expansion ratio, in the
Coefficients in Eq. (10) 10-15 x 10° range ofR&" x B/b, and to the extension ratio,
LLn " o 2 in the 2.0-4.0 range af /L. E_Sy means of the least square

20 129 0170 0.940 method the following correlation was derived

3.0 1.25 -0.167 0.972 Nu= 1.28(Ra" B/b)-07(L / L,)~0-0628 (12)

4.0 171 -0.208 0.961

with 2 = 0.960.

Since 0.0698 is smaller than 1.07, it is worthwhile to
correlate data also for each valuelofLy = 2.0, 3.0 and 4.0
by means of the equation

Since 0.0365 is much smaller than 0.220, data were also
correlated, for each value df/L, = 2.0, 3.0 and 4.0, by
means of the equation

T ax=m (R& B/b)" (10)  Nu=m"(RaB/b)" (13)

whose coefficients are reported in Table 2. Like it was whose coefficients are reported in Table 3. One can notice
expected, they are weakly dependent on the extension ratiahat also in this case they are weakly dependent on the
and, therefore, all experimental data were correlated, in theextension ratio and, therefore, all experimental data were
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Fig. 10. Dimensionless maximum wall temperature vs the Rayleigh number Ra*B/b

times the expansion ratio: (&)/Ln = 4.0; (b) L/Lp = 2.0, 3.0, 4.0.
Fig. 11. Nusselt number vs the Rayleigh number times the expansion ratio:
(@ L/Lh=4.0;(()L/Lh=20,3.0,4.0.

Table 3
Coefficients in Eq. (13)
L/Ln m’” n” 2

2.0 0.895 0.162 0.960 fluxes. Dimensionless maximum wall temperatures and Nus-

3.0 0.930 0.160 0.978 selt numbers were correlated to process parameters.

4.0 0.885 0.184 0.980 o .

The addition of unheated extensions downstream of an
asymmetrically heated vertical channel improved its thermal
correlated, in the same 10:51x 10° range ofRa" x B/b, by performance at both the heat fluxes under investigation for
the following equation, for all investigated valueslofLy, some configurations, the longer the extension the lower the
Nu= 0.888Rd" B/b)%167 (14) wall rt]emlperaturr(]a in tkr]}e channhel. X o oot
. The larger the chimney the better the thermal perfor-

with 2 = 0.960. g y P

mance of the system both in a large chandeg|/¢ = 5.0)

Channel Nusselt numbers and the curves from Eq. (13) and in a channel-chimney system with a large ratio of the

for L/Ly = 4.0 and from Eq. (14) forL/Ly = 2.0, 3.0 .
and 4.0 are reported in Fig. 11(a) and (b), respectively. The extension length to the channel length.

agreement between experimental data and the correlations .W'th a long extension/(/Ln = 4.0) the lower the aspect
can be considered good. ratio the better the thermal performance of the system.

Dimensionless maximum wall temperatures and channel
Nusselt numbers were correlated to the channel Rayleigh
6. Conclusions number times the expansion ratio, in the 15-% 10° range

of Ra x B/b, and to the extension ratio, in the 2.0-4.0

An experimental investigation on air natural convection range ofL/Lp. In the same ranges and for all values of the
in an asymmetrically heated vertical channel with unheated extension ratio, a single correlation for both dimensionless
downstream extension was carried out. Results were ob-maximum wall temperature and channel Nusselt number
tained for different geometrical parameters and wall heat was presented.
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