
ems

II,

lly. Local
s. Optimal

maximum
0–1
erformance
e channel.

ooling
International Journal of Thermal Sciences 42 (2003) 837–846
www.elsevier.com/locate/ijts

Experimental analysis of asymmetrical isoflux channel-chimney syst

Oronzio Mancaa, Marilena Mustoa, Vincenzo Nasob,∗

a DIAM – Dipartimento di Ingegneria Aerospaziale e Meccanica, Seconda Università degli studi di Napoli, Real Casa dell’Annunziata,
Via Roma, 29-81031 Aversa (CE), Italy

b DETEC – Dipartimento di Energetica, Termofluidodinamica applicata e Condizionamenti ambientali, Università degli studi di Napoli Federico
Piazzale Tecchio, 80-80125 Napoli, Italy

Received 13 May 2002; accepted 13 May 2002

Abstract

Air natural convection in an asymmetrically heated channel with unheated extensions has been investigated experimenta
and maximum wall temperatures and heat transfer coefficients are presented, for different values of the process parameter
configurations in terms of the minimum values of maximum wall temperatures are obtained. Average Nusselt numbers and
dimensionless wall temperatures are correlated to the Rayleigh number and to the geometrical dimensionless parameters in the 1.5× 105

range of the Rayleigh number times the expansion ratio. The addition of downstream unheated extensions improves the thermal p
of the channel for some configurations, the longer the extension and the lower the aspect ratio the lower the wall temperature in th
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Because of the continuously increasing heat rate d
pated in electronic systems the maximum temperature o
components could attain such a value as to jeopardize
system performance and reliability. A suitable thermal c
trol of electronic components can guarantee that the op
ing temperature does not exceed the prescribed thresho
many applications it is advantageous to employ natural c
vection, since it is cheap, maintenance and noise free an
liable [1]. One of the more frequently investigated configu
tions is the vertical channel [2]. Uniformly heated chann
both symmetrically and asymmetrically, have been wid
studied [3–5]. The heat rate transferred by natural con
tion in a vertical channel can be enhanced by providing
heated channel with unheated extensions downstream
heated walls [6,7]. The increase in the heat transfer ra
obtained by means of the chimney effect, which is also u
for heat sink configurations such as those shown in [8–
Similarly, it is of interest to find out geometric arrangeme
which allow the thermal optimization of the control syste
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as it was shown for natural convection in [12], and more
timized configurations were reviewed in [13]. As far as s
tems with downstream adiabatic extensions are conce
the process parameters include the extension ratio, as
ated with the height of the adiabatic extension, and the
pansion ratio, related to the distance between the unhe
extensions.

A review of the studies on natural convection in a v
tical channel with downstream adiabatic extensions is
ported in the following. The channel-chimney system w
investigated both experimentally and numerically in [6,7,
15]. Haaland and Sparrow [14] for the first time in a num
ical study showed that adding adiabatic walls downstre
of a channel with a point heat source or distributed h
sources determined an increase in the flow rate. The ef
of adiabatic extensions coplanar to the walls of a symm
rically heated vertical channel were analyzed only num
cally in [16,17]. Oosthuizen [16] investigated a symme
cally heated channel with uniform wall temperature. Res
showed that significant increases in heat transfer rate
obtained only with very long adiabatic extensions dow
stream of the heated channel. The effects of an unhe
entry or unheated exit region on natural convection in v
tical channels with isotherm or isoflux walls were inves
gated numerically [17]. The unheated entry or unheated
sevier SAS. All rights reserved.
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Nomenclature

b channel spacing . . . . . . . . . . . . . . . . . . . . . . . . . . m
B extension spacing . . . . . . . . . . . . . . . . . . . . . . . . m
B/b expansion ratio
g acceleration of gravity . . . . . . . . . . . . . . . . m·s−2

Gr channel Grashof number, Eq. (2)
k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

L overall length . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
L/Lh extension ratio
Lh/b channel aspect ratio
Lh channel length . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Lext extension length . . . . . . . . . . . . . . . . . . . . . . . . . . m
m′, n′ coefficients in Eq. (10)
m′′, n′′ coefficients in Eq. (13)
Nu channel Nusselt number, Eq. (4)
Pr Prandtl number
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

r regression coefficient
Ra∗ channel Rayleigh number, Eq. (2)

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T ∗ dimensionless temperature, Eq. (6)
x, y, z coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
X dimensionless coordinate, Eq. (1)

Greek symbols

β volumetric coefficient of expansion . . . . . . K−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

Subscripts

c convective
k conductive
max maximum
max,0 maximum, refers tobase case
o ambient air
r radiative
w wall
� Ohmic dissipation
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section affects the natural convection in the channel, pa
ularly at low Rayleigh numbers. A strong influence on n
ural convection at high Rayleigh number was observe
channels with uniform heat flux at the walls and with
unheated exit region. The numerical analysis of an iso
heated channel with a downstream adiabatic extension
carried out in [18]. A reduction of the maximum wall tem
perature was found and the larger the Rayleigh numbe
less the reduction. The influence of width of the gap
tween the adiabatic extensions was also investigated [6,
16]. A numerical study of a vertical isothermal tube w
an unheated extension was carried out by Asako et al.
Optimal configurations, which maximize the heat trans
rate, were derived. A numerical and experimental inve
gation on vertical isothermal channels with adiabatic ex
sions was carried out by Straatman et al. [6]. The increas
heat transfer rates was larger at low Rayleigh numbers
at high Rayleigh numbers. A single correlation among N
selt number, channel Rayleigh number and geometric p
meters was proposed. A system made of isothermal mul
vertical channels (periodic channel expanded chimney)
numerically analyzed in [15]. The interaction between mu
ple channels increased the flow rate and the associated c
ney effect was stronger than in a single channel with
abatic extensions. A system with the symmetrically hea
channel at uniform wall heat flux was studied experim
tally by Auletta et al. [7], where results were derived in ter
of geometric parameters and Rayleigh numbers; correla
for dimensionless maximum temperature and Nusselt n
bers in terms of channel Rayleigh number and geomet
parameters were presented.

To the authors’ knowledge the thermal analysis of nat
convection in a chimney-channel, asymmetrically hea
,

-

with a uniform wall heat flux, has not yet been carried o
Results of an experimental investigation on the aforem
tioned system are presented in this paper. The study was
ried out, according to the procedure presented by Aulet
al. [7], for an asymmetrically heated channel with unhea
extensions. Current and maximum wall temperatures
heat transfer coefficients are presented, for different va
of the process parameters. Optimal configurations in te
of the minimum values of maximum wall temperatures
obtained. Average Nusselt numbers and maximum dim
sionless wall temperatures in the 10–1.5× 105 range of the
Rayleigh number times the expansion ratio are presen
They are correlated to the Rayleigh number and to the
metrical dimensionless parameters.

2. Experimental apparatus

A sketch of the channel-chimney system under inve
gation is shown in Fig. 1(a). The axial coordinate and t
along the channel gap are indicated withx andy, respec-
tively. The transverse axisz, orthogonal to the picture plan
is not shown in the figure. The configuration was made
two vertical walls (channel), one heated and one unhea
and of two downstream unheated parallel extensions (c
ney). The channel walls were made of a 3.2 mm thick
530 mm wide phenolic fiberboard plate, with a typical th
mal conductivity of 0.17 W·m−1·K−1. Their surface facing
the channel was coated with a 16 µm thick copper la
which was the heater. Heat losses from the back of e
wall of the channel were reduced by sticking a 120 m
polystyrene block on the rear surface of each wall. T
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.
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The heater was obtained by cutting the copper layer
4.6 mm wide and 9.0 m long serpentine track. Its expe
electric resistance was about 0.50 �. The electric supply
wire was soldered to a thick copper bar bolted to the end
the heater. No electric resistance between the heater an
bars was measured during preliminary tests. The dissip
heat rate through the electrical resistance was evaluated
an accuracy of±2 percent, by measuring the voltage dr
and the direct current. The chimney was made of two 30
thick and 530 mm wide polystyrene blocks. A self-adhes
25 µm thick aluminum foil was stuck on the surfaces fac
the channel and the chimney to obtain a low emissivity
the walls. A 0.1 value of the total emissivity was evaluat
by means of a radiometric direct measurement.

A suitable electric insulation between the copper surfa
and the aluminum foil was assured by uniformly spray
an electrically insulating varnish onto them before coat
Side walls of the channel-chimney system were made
Plexiglas rectangular rods placed between the walls at
lateral edges. The rods were machined within an accu
of ±0.025 mm and the gap of the adiabatic extensions
measured with an accuracy of±0.50 mm. The channel
chimney system was opened to the ambient only along
top and the bottom edges. The walls were fastened tog
by a steel frame, which was designed in such a way as
to obstruct the fluid flow in the proximity of the chann
inlet. The channel and the chimney were aligned vertica
with horizontal leading edges, by means of a plumb l
and a level. The clearance of the bottom edges of the he
walls above the floor was 1.20 m and the minimum dista
between the exit section of the chimney and the ceiling
1.80 m.

The entire apparatus was located in an enclosed ro
accurately sealed in order to eliminate extraneous air cu
e

r

,
t

and air drafts were further reduced by a 2.5 m high vert
screen. A large fraction of the lower part of the screen
made up by a 0.20 m high mesh. The measured differe
in the ambient air temperature in the proximity of the in
and the exit sections of the apparatus were less than 0
The channel-chimney system was 475 mm wide. The len
of the channel wasLh = 100 mm, and that of the chimne
Lext, varied in the 0–300 mm range. The channel spac
b, varied in the 5.0–20.0 mm range; that of the chimneyB,
varied in the 5.0–80.0 mm range. With this dimensions,
channel aspect ratioLh/b was in the 5.0–20.0 range and t
expansion ratioB/b ranged between 1.0 and 4.0.

Wall temperatures were measured by 0.50 mm
copper-constantan thermocouples (type T), embedded i
fiberboard in the very proximity of the back side of the co
per layer and bonded with a 3M epoxy glue. Thermocou
were run horizontally, parallel to the surfaces, thereby ly
along isotherms in order minimize conduction heat losse
the leads. Ten equally spaced thermocouples were plac
the centerline of the heated plate: the first was placed 5.0
downstream of the inlet section, the distance between
successive thermocouples being 10 mm. At 75 mm fr
the leading edge of the walls, eight additional thermoc
ples were located horizontally outward from the center
at z = ±100 mm,±125 mm and±150 mm in order to pro
vide indications of the horizontal variation in the wall tem
perature. The ambient air temperature was measured b
same type of thermocouples located in the proximity of
leading edge of the channel. Fifteen thermocouples wer
fixed to the rear surface of the plates and embedded in
polystyrene block, in order to evaluate the conductive h
losses.

Thermocouples voltages were recorded to 1 µV. E
thermocouple was calibrated in a 0.01 K thermostatic b
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by means of a reference standard thermometer (Pt 1
The calibration of the temperature measuring system sho
an estimated precision of the thermocouple-readout sy
of ±0.1 K. A National Instrument SCXI module da
acquisition system and a personal computer were use
the data collection and reduction. The data acquisition
performed through the LabViewTM software.

Tests showed that the wall temperature in the heated
at the samex location can be assumed to be symmet
the differences being within±0.2 ◦C. Wall temperature
was assumed to be independent of thez coordinate within
z = ±100 mm, since in this region its maximum deviati
from the centerline temperature was found to be no la
than 1.0◦C when the latter was 70.0◦C. No fluctuations in
the wall temperature were measured during the tests.
typical time interval to attain steady-state conditions a
modifying the electric power supply was nearly 3 hours.

3. Data reduction

With reference to Fig. 1(a), the main geometrical pa
meters used in this investigation are the channel aspec
tio, Lh/b, the expansion ratio,B/b, and the extension ratio
L/Lh.

The dimensionless coordinate along the length is

X = x

Lh
(1)

The channel Rayleigh number is defined as

Ra∗ = Gr
b

Lh
Pr = gβqcb

4

ν2k

b

Lh
Pr (2)

whereqc is the spatially-averaged convective heat flux
the heated wall

qc = 1

Lh

Lh∫
0

qc(x)dx (3)

The channel Nusselt number is based on the differe
between the wall and the inlet fluid temperatures, rather
on that between the wall and the bulk fluid temperatu
since the last one cannot be easily measured in prac
applications

Nu= qcb

(Tw − To)k
(4)

with the average wall temperature,Tw, defined as

Tw = 1

2Lh

Lh∫
0

Tw(x)dx (5)

whereTw(x) is the local temperature of the heated wall.
The dimensionless wall temperature is

T ∗
w = (Tw − To)k

(6)

qcb
.

r

-

l

The properties of the air are evaluated at the refere
temperature (Tw + To)/2.

The local convective heat flux,qc(x), is not uniform
because of radiation and conduction. Experimental data
reduced by first introducing, in the equations presen
above, the local convective heat flux

qc(x) = q�(x) − qk(x) − qr(x) (7)

In Eq. (7) the overall heat rate divided by the area of
heated wall surface is the local heat flux due to Ohmic
sipation,q�(x), which was assumed to be uniform alo
the heated plate;qk(x) denotes the local conduction he
losses from the plates andqr(x) is the local radiative hea
flux from the plates. For each run, the termsqk(x) were cal-
culated by a finite difference numerical procedure, a th
dimensional distribution of the temperature being assu
in the polystyrene. The predicted temperatures in signifi
configurations of the system had been previously comp
to those measured by the thermocouples embedded i
polystyrene insulation and the agreement was very good
maximum deviation being 4 percent. Theqr(x) terms were
calculated, for each temperature distribution in the wa
ambient temperature and channel spacing, by dividing e
plate into sixteen strips along its length, according to the
cedure described by Webb and Hill [5]. A two-dimensio
radiative cavity was considered, which was made of the
plates, assumed as diffuse-gray surfaces, and the two
sections, assumed as black at ambient temperature. In a
investigated configurations the conductive heat losses
about 9 percent of the Ohmic wall heat flux and the radia
heat losses ranged between about 3 percent and 5 perc

4. Uncertainty analysis

The uncertainty in the calculated quantities was de
mined in conformity to the standard single sample an
sis recommended by Kline and McClintock [20] and Mof
[21]. Accordingly, the uncertainty of a dependent variableR

as a function of the uncertainties in the independent varia
Xi is given by the relation

δR =
[(

∂R

∂X1
δX1

)2

+
(

∂R

∂X2
δX2

)2

+ · · ·

+
(

∂R

∂Xn

δXn

)2]1/2

(8)

The uncertainty in the values of the air thermophys
properties can be assumed to be negligible. On the b
of Eqs. (2), (4), (6), (7) and of the maximum perce
uncertainties in the values of the independent variab
which are reported in Table 1, the maximum uncerta
in Ra∗ ranged from 5 percent to 8 percent whereas
maximum uncertainty inNu and inT ∗

w,max turned out to be
4 percent to 7 percent.
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Table 1
Maximum percent uncertainty values((δXi/Xi) × 100)

Variable Tw To Tw − To b qc qr q� qk

Uncertainty 0.50 0.93 1.1 1.2 3.0 5.0 2.0 4

5. Results and discussion

Experiments were carried out on configurations of
system withq� = 100,300 and 450 W·m−2, Lh/b = 5.0,
10.0 and 20.0,L/Lh = 1.0, 2.0, 3.0 and 4.0,B/b ranging
between 1.0 and 4.0. The channel Rayleigh number ti
the expansion ratio,Ra∗ × B/b, was in the range 10
1.5×105. The configuration withL/Lh = 1.0 is the channe
without insulated extensions, which in the following will b
referred to asbase case. It should be taken in mind that th
configuration withB/b → ∞ physically coincides with the
base case(L/Lh = 1.0).

5.1. Wall temperatures

The temperature rise of the heated wall above the am
ent temperature as a function of the dimensionless axia
ordinate, forLh/b = 20.0, q� = 100 W·m−2 and different
values ofB/b and ofL/Lh, is reported in Fig. 2. In all case
the maximum wall temperature is not attained in the exit s
tion of the channel, because of the radiative edge effec
the ambient, the heat conduction to the polystyrene and
thermal plume in the exit section of the heated plate. B
figures exhibit very similar wall temperature patterns at
expansion ratios. In Fig. 2(a) one can remark that the low
wall temperatures are attained forB/b = 3.0 and the high-
est are those forB/b = 1.0. This likely occurs because th
larger the expansion ratio, and the cross section of the c
ney, the smaller the pressure drop in it. For the config
tion under investigation, at the largest value of the chim
gap (B/b = 4.0) adding the unheated extension practica
does not enhance the thermal performance of the cha
Fig. 2(b) shows that adding a longer chimney to the chan
(L/Lh = 4.0) improves its performance at any expansion
.

tios except forB/b = 1.0; the optimum configuration amon
those which have been investigated is that withB/b = 4.0.

Wall temperature rise above the ambient tempera
as a function of the dimensionless axial coordinate,
Lh/b = 10.0, q� = 100 W·m−2 and different values ofB/b

and of L/Lh, is reported in Fig. 3. Comparing results
Figs. 3 and 2, we can notice that wall temperatures
lower in the channel twice larger than the other, all ot
process parameters being the same. This is due to the e
entrainment of air flow which, on turn, enhances convec
heat transfer. Fig. 3(a) shows that adding a chimney as
as the heated channel is worthless, apart from the case
expansion ratioB/b = 2.0. On the contrary, in Fig. 3(b) w
can remark that the addition of a longer chimney impro
the thermal performance of the system for all configurati
apart from that withB/b = 1.0, thanks to the increase in th
driving force caused by the chimney as well as to its wi
which determines a pressure recovery in the chimney a
pressure drop in the exit region of the heated channel.

Wall temperature rise above the ambient temperature
function of the dimensionless axial coordinate, forLh/b =
5.0, q� = 100 W·m−2 and different values ofB/b and of
L/Lh, is reported in Fig. 4. One can clearly notice th
for the lowest aspect ratio and the larger extension r
(Fig. 4(b)), whichever the expansion ratio, wall temperatu
in a channel with the adiabatic extension are far low
than those in the channel without it. Comparing results
Figs. 2, 3 and 4 we can conclude that withL/Lh = 4.0, all
other parameters being the same, the larger the system
lower the wall temperatures, since the increasing cha
gap practically does not affect both the air inflow from t
upper exit section of the system and the thermal plu
which drives a larger mass flow rate in the wider channe

Wall temperature rise above the ambient tempera
as a function of the dimensionless axial coordinate,
Lh/b = 10.0, q� = 450 W·m−2 and different values o
B/b and ofL/Lh, is reported in Fig. 5. As already notice
in Fig. 3(a) for a far lower dissipated heat flux all oth
quantities being the same, Fig. 5(a) shows that the add
of unheated extensions slightly lowers the wall tempera
only when the expansion ratio isB/b = 2.0, probably thanks
Fig. 2. Wall temperature rise vs the axial coordinate, forLh/b = 20.0, q� = 100 W·m−2 and variousB/b: (a) L/Lh = 2.0; (b) L/Lh = 4.0.
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Fig. 3. Wall temperature rise vs the axial coordinate, forLh/b = 10.0, q� = 100 W·m−2 and variousB/b: (a) L/Lh = 2.0; (b) L/Lh = 4.0.

Fig. 4. Wall temperature rise vs the axial coordinate, forLh/b = 5.0, q� = 100 W·m−2 and variousB/b: (a) L/Lh = 2.0; (b)L/Lh = 4.0.

Fig. 5. Wall temperature rise vs the axial coordinate, forLh/b = 10.0, q� = 450 W·m−2 and variousB/b: (a) L/Lh = 2.0; (b) L/Lh = 4.0.
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to a thinner boundary layer which weakens the effects
the ambient air downflow into the system. On the contr
Fig. 5(b) shows that, in a larger channel (L/Lh = 4.0),
except forB/b = 1.0, at any expansion ratios adding t
chimney lowers the wall temperature.

Wall temperature rise above the ambient temperature
function of the dimensionless axial coordinate, forLh/b =
5.0, q� = 450 W·m−2 and different values ofB/b and of
L/Lh, is reported in Fig. 6. We can remark that in this co
figuration wall temperature is weakly affected by the exp
sion ratio at bothL/Lh values, particularly in the hottest re
gion of the wall. Moreover, Fig. 6 shows that adding ad
batic extension to the heated channel is worthwhile onl
L/Lh = 4.0, like it was already pointed out observing da
in Fig. 4(b). Because of the curves clustering an optim
value of the expansion ratio cannot be identified.

The ratio of the maximum temperature rise of the hea
wall above the ambient air in a channel with the adiab
extension to the one in a channel without the adiab
extension as a function of the expansion ratio for differ
values of the extension ratio and of the wall heat flux
channel aspect ratios equal to 5.0, 10.0 and 20.0, is rep
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Fig. 6. Wall temperature rise vs the axial coordinate, forL /b = 5.0, q = 450 W·m−2 and variousB/b: (a) L/L = 2.0; (b)L/L = 4.0.
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in Figs. 7, 8 and 9, respectively. They point out the effec
the unheated extension on the thermal performance o
system, with reference to the maximum wall tempera
and allow to identify the optimum configurations. Fig.
shows similar thermal patterns of�Tmax/�Tmax,o atLh/b =
5.0, whichever the extension ratio,L/Lh, and the hea
flux, all the values of the maximum wall temperature ra
laying in a±15 percent range. The best performing therm
configurations are those with an expansion ratioB/b equal
to 1.0 or 2.0.

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

Similar observations can be made by observing res
in Fig. 9, for the narrowest channel (Lh/b = 20), where in
almost all cases maximum wall temperatures in a chimn
channel system are higher than those in a simple chann

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

5.2. Correlations for maximum wall temperatures

According to the analysis carried out by Straatm
et al. [6], the dimensionless maximum wall temperat
was correlated to the channel Rayleigh number times
expansion ratio, in the 10–1.5 × 105 range ofRa∗ × B/b,
and to the extension ratio, in the 2.0–4.0 range ofL/Lh. By
means of the least square method the following correla
was derived

T ∗
max= 1.71(Ra∗B/b)−0.220(L/Lh)

0.0365 (9)

with r2 = 0.960.
e

Fig. 7. Ratio of the maximum wall temperature rise above the ambien
in a channel with the adiabatic extension to the maximum wall tempera
rise above the ambient air in a channel without the adiabatic extension v
expansion ratio, forLh/b = 5.0 and variousL/Lh: (a) q� = 100 W·m−2;
(b) q� = 300 W·m−2; (c) q� = 450 W·m−2.
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Fig. 8. Ratio of the maximum wall temperature rise above the ambien
in a channel with the adiabatic extension to the maximum wall tempera
rise above the ambient air in a channel without the adiabatic extension v
expansion ratio, forLh/b = 10.0 and variousL/Lh: (a)q� = 100 W·m−2;
(b) q� = 300 W·m−2; (c) q� = 450 W·m−2.

Table 2
Coefficients in Eq. (10)

L/Lh m′ n′ r2

2.0 1.29 −0.170 0.940
3.0 1.25 −0.167 0.972
4.0 1.71 −0.208 0.961

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

T ∗
max= m′(Ra∗B/b)n

′
(10)

whose coefficients are reported in Table 2. Like it w
expected, they are weakly dependent on the extension
and, therefore, all experimental data were correlated, in
Fig. 9. Ratio of the maximum wall temperature rise above the ambien
in a channel with the adiabatic extension to the maximum wall tempera
rise above the ambient air in a channel without the adiabatic extensio
the expansion ratio, forLh/b = 20.0 and variousL/Lh, q� = 100 W·m−2.

same 10–1.5 × 105 range ofRa∗ × B/b, by the following
equation, for all investigated values ofL/Lh

T ∗
max= 1.40(Ra∗B/b)−0.178 (11)

with r2 = 0.955.
Experimental data and curves from Eq. (10) forL/Lh =

4.0 and from Eq. (11) forL/Lh = 2.0, 3.0 and 4.0 are
reported in Fig. 10(a) and (b), respectively. Fig. 10(a) po
out a weak dependence ofT ∗

max on Ra∗ × B/b for Ra∗ ×
B/b > 4.0, that indicates a poor improvement in the therm
performance of the chimney-channel system at increa
values ofRa∗B/b. Similar observations can be made
the dependence of the maximum wall temperature on
abscissa in Fig. 10(b), which exhibits a good agreem
between the data and the correlation, that does not take
account the different values of the extension ratio.

5.3. Correlations for channel Nusselt number

Again according to the analysis carried out by Straatm
et al. [6], the channel Nusselt number was correlated to
channel Rayleigh number times the expansion ratio, in
10–1.5×105 range ofRa∗ ×B/b, and to the extension ratio
in the 2.0–4.0 range ofL/Lh. By means of the least squa
method the following correlation was derived

Nu= 1.28(Ra∗B/b)1.07(L/Lh)
−0.0628 (12)

with r2 = 0.960.
Since 0.0698 is smaller than 1.07, it is worthwhile

correlate data also for each value ofL/Lh = 2.0, 3.0 and 4.0
by means of the equation

Nu= m′′(Ra∗B/b)n
′′

(13)

whose coefficients are reported in Table 3. One can no
that also in this case they are weakly dependent on
extension ratio and, therefore, all experimental data w
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Fig. 10. Dimensionless maximum wall temperature vs the Rayleigh num
times the expansion ratio: (a)L/Lh = 4.0; (b) L/Lh = 2.0, 3.0, 4.0.

Table 3
Coefficients in Eq. (13)

L/Lh m′′ n′′ r2

2.0 0.895 0.162 0.960
3.0 0.930 0.160 0.978
4.0 0.885 0.184 0.980

correlated, in the same 10–1.5×105 range ofRa∗ ×B/b, by
the following equation, for all investigated values ofL/Lh

Nu= 0.888(Ra∗B/b)0.167 (14)

with r2 = 0.960.
Channel Nusselt numbers and the curves from Eq.

for L/Lh = 4.0 and from Eq. (14) forL/Lh = 2.0, 3.0
and 4.0 are reported in Fig. 11(a) and (b), respectively.
agreement between experimental data and the correla
can be considered good.

6. Conclusions

An experimental investigation on air natural convect
in an asymmetrically heated vertical channel with unhea
downstream extension was carried out. Results were
tained for different geometrical parameters and wall h
s

Fig. 11. Nusselt number vs the Rayleigh number times the expansion
(a) L/Lh = 4.0; (b) L/Lh = 2.0, 3.0, 4.0.

fluxes. Dimensionless maximum wall temperatures and N
selt numbers were correlated to process parameters.

The addition of unheated extensions downstream o
asymmetrically heated vertical channel improved its ther
performance at both the heat fluxes under investigation
some configurations, the longer the extension the lower
wall temperature in the channel.

The larger the chimney the better the thermal per
mance of the system both in a large channel (Lh/b = 5.0)
and in a channel-chimney system with a large ratio of
extension length to the channel length.

With a long extension (L/Lh = 4.0) the lower the aspec
ratio the better the thermal performance of the system.

Dimensionless maximum wall temperatures and cha
Nusselt numbers were correlated to the channel Rayl
number times the expansion ratio, in the 10–1.5× 105 range
of Ra∗ × B/b, and to the extension ratio, in the 2.0–4
range ofL/Lh. In the same ranges and for all values of
extension ratio, a single correlation for both dimension
maximum wall temperature and channel Nusselt num
was presented.
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