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Abstract

The ease of thermal control by means of air natural convection stimulates the investigation of configurations with
the aim at improving the thermal performance. The effect of adding adiabatic extensions downstream of a vertical
isoflux symmetrically heated channel has been experimentally analyzed. Optimal configurations have been identified
through the measured wall temperature profiles, with reference to the extension and expansion ratios (L/L;, and B/b) of
the insulated extensions. Conspicuous maximum wall temperature reductions have been achieved by means of these
optimal configurations. In details, percent increases of the heat transfer rate (i.e., average channel Nusselt number) were
of order 10-20% depending on the channel aspect ratio, L;,/b, and imposed wall heat flux. In any case, quite large
extensions should be added to enhance the heat transfer rate, i.e. about 3.0 times the height of the channel, while the
optimal expansion ratio was nearly 2.0 for all the configurations. Composite correlations between the average Nusselt
number and the maximum dimensionless wall temperatures and Ra*, the Rayleigh channel number, B/b and L/L;
parameters, in the 1.5< L/L, <4.0,1.0 < B/b<4.0 and 10*> < Ra*B/b < 5.0 x 10° ranges, have been evaluated. © 2001

Elsevier Science Ltd. All rights reserved.

1. Introduction

Nowadays more recent investigation trends in natu-
ral convective heat transfer are oriented towards either
the seeking of new configurations to enhance the heat
transfer parameters or the optimization of standard
configurations. This is true in particular for thermal
design in cooling of electronics as it has been well ex-
plained in [1-3] recently. In fact, the continuously
growing heat transfer rates to be dissipated force re-
searchers to focus their efforts to improve the heat
transfer coefficients, without renouncing the cheap and
reliable natural convection mechanism.

A configuration where natural convection heat
transfer has been widely studied is the heated vertical
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parallel plates, as reported in [4-6] and reviewed more
recently in [7]. This review does not need to be repeated
here. Several authors tried to optimize the thermo-geo-
metrical configurations to enhance the heat transfer,
both from the experimental side and from the numerical
one, as for example in [2,3,8].

One of the techniques employed to improve the heat
transfer rate is the placement of adiabatic extensions
downstream of the heated channel. This induces an in-
crement of the flow rate due to the well-known chimney
effect. Haaland and Sparrow [9] were the first research-
ers who showed that a higher flow rate of fluid through a
confined open-ended enclosure can be induced by the
chimney effect. They accomplished a numerical solution
for natural convection flow in a vertical channel with a
point heat source (channel plume problem) or distrib-
uted heat sources situated at the channel inlet (chimney
problem). Oosthuizen [10] numerically studied the
heat transfer enhancement caused by the addition of
straight adiabatic extensions at the exit of isothermal
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Nomenclature

b channel spacing, m

B extension spacing, m

g acceleration of gravity, m s>

Gr Grashof number, Eq. (2)

k thermal conductivity, W m~! K~!
L total length, Le + Ly, m

Lex extension length, m

Ly channel length, m

Nu average channel Nusselt number, Eq. (4)
Pr Prandtl number

q heat flux, W m2

regression coefficient
Ra*  channel Rayleigh number, Eq. (2)
T temperature, °C

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

Greek symbols
B volumetric coefficient of expansion, K~!
v kinematic viscosity, m? s~!

Subscripts
convective
conductive

ax maximum
ambient air
radiative
wall
ohmic dissipation

vErTog~wCo

parallel-walled channel. He solved the parabolic form of
the governing equations by means of a fully implicit
forward marching procedure. The results indicated that
substantial increases (about 50%) in the heat transfer
rates could be achieved but that very long adiabatic
sections were required. Wirtz and Haag [11] obtained
experimental results for isothermal symmetrically heated
plates with an unheated entry channel portion. Their
investigation was carried out over a wide range of the
Rayleigh number, from the single-plate limit to the fully
developed channel. They found that the flow is quite
insensitive to the presence of the unheated entry section
for large channel spacings, while it is severely affected
when the gap spacing is small. Asako et al. [12] exam-
ined numerically the heat transfer increment due to an
unheated chimney attached to a vertical isothermal tube.
The numerical results were obtained by a control volume
approach solving the full elliptic form of the governing
equations. They evaluated the optimum chimney diam-
eter where the maximum amount of heat is transferred
and found that for optimum chimney diameters the heat
transfer enhancement was up to 2.5 times for low Ray-
leigh numbers and small chimney sizes. Straatman et al.
[13] carried out a numerical and experimental investi-
gation of free convection in vertical isothermal parallel-
walled channels, with adiabatic extensions of various
sizes and shapes. They employed a finite element dis-
cretization to solve the fully elliptic form of the gov-
erning equations with the inlet boundary conditions
based on Jeffrey-Hamel flow. The experiments were
performed with ambient air, using a Mach—Zender in-
terferometer. The increase in heat transfer rates varied
from 2.5 times at low Rayleigh numbers to 1.5 times at
high Rayleigh numbers. The authors proposed a single
correlation in terms of the channel Rayleigh number
and all the geometric parameters (heated length ratio,
expansion ratio). Lee [14] investigated numerically the

effects of the unheated entry or unheated exit section on
natural convection in vertical channels with isotherm or
isoflux walls. The results were obtained by means of the
boundary layer approximation and an important finding
was that an unheated exit determines larger total heat
transfer and flow rate than an unheated entry does.
Campo et al. [7] presented numerical solutions to the
wall temperature distribution and the thermal and fluid-
dynamic fields in a channel with partially isoflux heated
parallel plates. They found a reduction in the maximum
wall temperature when an insulated extension was
placed downstream of the heated part, the larger the
Rayleigh number the less relevant the reduction. Fisher
et al. [15] and Fisher and Torrance [16] developed ana-
Iytical solutions for a vertical parallel plate isothermal
heat sink and chimney system [15] and for a pin-fin sink
and chimney system [16]. In the former investigation a
ridge of maximum total heat transfer was observed with
respect to the plate spacing and the heat sink height, and
the authors showed that smaller heat sinks can be used
together with a chimney without compromising the
thermal performance and without increasing the system
size. In the latter, the chimney effect was shown to en-
hance local heat transfer rates in such a way that the
minimum temperature rise remains approximately con-
stant while the height of the heat sink relative to the
total height is reduced. Bianco et al. [17] studied exper-
imentally the same geometrical configuration presented
in [13] but with the heated part at uniform wall heat flux.
They presented a limited investigation in terms of geo-
metric parameters and Rayleigh numbers. Shahin and
Floryan [18] analyzed numerically the chimney effect in a
system of isothermal multiple vertical channels (periodic
channel expanded chimney). Each channel had an
adiabatic extension, just like the geometry studied in
[13]. They claimed that the interaction between multiple
channels increases the induced flow rate and that the
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associated chimney effect is stronger than in a single
channel with adiabatic extensions. Fisher and Torrance
[19] carried out experiments on air natural convection in
a finned vertical parallel plate heater, with an adiabatic
downstream extension. The effect of the fin spacing and
the channel length on the total heat transfer was inves-
tigated and results confirmed prior theoretical predic-
tions.

It is worth noting that, apart from the studies in
[11,13,19], the chimney effect in channels has not been
deeply investigated from the experimental point of view,
particularly with uniform heat flux at walls. In addition,
as pointed out by Asako et al. [12], the optimal thermal
configurations can be sought by considering the physics
of the problem. In fact, the addition of insulated exten-
sions downstream of the heated part brings an increment
of the induced mass flow rate. By fixing the extension
height, an optimal gap should exist between the two
limiting cases, i.e. when there are no extensions (no
augmentation at all) and when this gap tends to infinity.

In this paper an experimental investigation, focused
on the seeking of optimal configurations, is presented.
Wall temperature profiles along the channel length and
maximum wall temperatures are reported. The optimal
configurations are obtained in terms of the minimum
values of maximum wall temperatures. Average Nusselt
numbers have been evaluated and presented in the
10~'-10° range of the Rayleigh number. Furthermore,
useful correlations are suggested which allow the ther-
mal electronic designers to choose the best thermal
configuration.

2. Experimental apparatus

The investigated test section is shown in Fig. 1, where
x,y and z are the axial coordinate, the coordinate along
the channel gap and the coordinate orthogonal to the
picture plane, respectively. The configuration (Fig. 1(a))
was made of two symmetrically heated vertical parallel
plates (channel) and a downstream unheated region
(chimney). The channel was made of two heated plates,
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b 4 plates
-~ i
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Fig. 1. Sketch of the test section.

each of them was a 3.2-mm thick and 530-mm wide
phenolic fiberboard plate, with a typical thermal con-
ductivity of 0.17 W m~! K~!. Their surface facing the
channel was coated with a 16-um thick copper layer,
which was the heater. Heat losses from the back of each
wall of the channel were reduced by sticking a 120 mm
polystyrene block on the rear surface of each wall. The
cross-section of the heated wall is reported in Fig. 1(b).
Each heater was obtained by cutting the copper in a 4.6-
mm wide and 9.0-m long serpentine track. Its expected
electric resistance was about 0.50 Q. A thick copper bar,
bolted to the electric supply wire, was soldered to the
ends of each heater. No electric resistance between the
heater and the bars was measured during preliminary
tests. A direct electrical current was passed through the
copper and the dissipated heat rate was evaluated with
an accuracy of +2%, by measuring the voltage drop and
the current through the electric resistance. A maximum
variation of £10% in the electrical resistivity of the
copper was evaluated in the worst conditions, when the
maximum difference in the wall temperatures was 30 K.
Therefore, a uniform wall heat flux was assumed, with a
+5% maximum deviation from its average value.The
typical time interval to attain steady-state conditions
after modifying the electric power supply was nearly 3 h.
The chimney was made out of two 30-mm thick and 530-
mm wide polystyrene blocks. The total normal emiss-
ivity of the heated and unheated walls was 0.1. It was
obtained by sticking a self-adhesive 25-um thick alu-
minum foil on the surfaces facing the channel. The
emissivity was evaluated by means of radiometric direct
measurements. The electric insulation between the cop-
per surfaces and the aluminum foil was assured by
uniformly spraying an electrically insulating varnish
onto them before coating. Side walls of the channel and
of the chimney were made of Plexiglas rectangular rods
placed between the walls at their lateral edges. The rods
were machined within an accuracy of +0.03 mm. A
caliper measured the gap of the channel with an accu-
racy of £0.025 mm and the gap of the insulated exten-
sions with an accuracy of +0.50 mm. The channel was
open to the ambient only along the top and the bottom
edges. The walls were fastened together by a steel frame,
which was designed in such a way as not to obstruct the
fluid flow in the proximity of the channel inlet. The
channel and the chimney were aligned vertically, with
horizontal leading edges, by means of a plumb line and a
level. The clearance of the bottom edges of the heated
walls above the floor was 1.20 m and the minimum
distance between the exit section of the chimney and the
ceiling was 1.80 m. The entire apparatus was located in
an enclosed room, accurately sealed in order to eliminate
extraneous air currents and air drafts were further re-
duced by vertical screens, 2.5 m high. A large fraction of
the lower part of the screens was made up by a 0.20-m
high mesh. The measured differences in the air ambient
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temperature in the proximity of the inlet and the exit
sections of the apparatus were less than 0.8 K.

The channel and the chimney were 475 mm wide. The
length of the channel was L;, = 100 mm and that of
the chimney, Ly, varied in the 0-300 mm range. The
channel spacing, b, varied in the 10-40 mm range; that
of the chimney, B, varied in the 10-200 mm range. With
these dimensions, the channel aspect ratio L, /b was in
the 2.5-20 range and the expansion ratio B/b ranged
between 1.0 and 8.0.

Wall temperature measurements were carried out by
0.50 mm OD copper—constantan (type T) thermo-
couples, embedded in the fiberboard in the very prox-
imity of the back side of the copper layer and bonded
with a 3 M epoxy glue. They were run horizontally,
parallel to the surfaces, thereby lying along isotherms in
order to minimize conduction heat losses in the leads.
Ten equally spaced thermocouples were placed in the
centerline of each plate: the first was placed 5.0 mm
downstream of the inlet section, the distance between
two successive thermocouples being 10 mm. At 75 mm
from the leading edge of one of the heated walls, eight
additional thermocouples were located horizontally
outward from the centerline at z = +75.0, £100.0,
+125.0 and £150.0 mm, in order to provide indications
of the horizontal variation of the wall temperature. The
ambient air temperature was measured by the same type
of thermocouples located in the proximity of the leading
edge of the channel. Fifteen thermocouples were affixed
to the rear surface of the plates and embedded in the
polystyrene block, in order to evaluate the conductive
heat losses. Thermocouple voltages were recorded to
1 uV. Each thermocouple was calibrated in a 0.01 K
thermostatic bath by means of a reference standard
thermometer (Pt 100). The calibration of the tempera-
ture measuring system showed an estimated precision of
the thermocouple-readout system of £0.1 K. A National
Instruments SCXI module data acquisition system and a
personal computer were used for the data collection and
reduction. The data acquisition was performed through
the LabView™ software.

Tests showed the wall temperature to be symmetric in
the two heated plates at the same x location, the differ-
ences being within +0.2°C. Wall temperature was as-
sumed to be independent of z coordinate within z = +100
mm, since in this region its maximum deviation from the
centerline temperature was found to be no larger than
1.0°C when the latter was 70.0°C. No fluctuations in
the wall temperature were measured during the tests.

3. Data reduction

The dimensionless coordinate along the length is

X

X=7 (1)

The channel Rayleigh number is defined as

b gPqch* b
Ra* = Gr—Pr = —
a 4 Lh vk Lh ’

2

where ¢. is the mean value of the spatially averaged
convective heat flux

1 Ly

qc T

= | ama o)

The channel Nusselt number is based on the difference
between the wall and the inlet fluid temperatures, rather
than on that between the wall and the bulk fluid tem-
peratures, since the last one cannot be easily measured in
practical applications:

qcb

Nu=—1"__ 4
YT - Tk “)
with the average wall temperature defined as
1 [
Ty =— Ty (x) dx. (5)
Ly Jo

The dimensionless wall temperature is
(Tw — To)k

T =
qch

w (6)
The properties of the air are evaluated at the reference
temperature (T, + 7,)/2.

Local convective heat flux, ¢.(x), is not uniform be-
cause of radiation and conduction. Experimental data
are reduced by first introducing, in the equations pre-
sented above, the local convective heat flux

qc(x) = qa(x) — gx(x) — g:(x). (7

In Eq. (7) the overall heat rate divided by the area of the
heated wall surface is the local heat flux due to ohmic
dissipation, gq(x), which was assumed to be uniform
along the heated plates; gi(x) denotes the local con-
duction heat losses from the plates and ¢,(x) is the local
radiative heat flux from the plates. For each run, the
terms ¢y (x) were calculated by a finite difference nu-
merical procedure, a two-dimensional distribution of the
temperature being assumed in the polystyrene. The
predicted temperatures in significant configurations of
the system had been previously compared to those
measured by the thermocouples embedded in the poly-
styrene insulation and the agreement was very good, the
maximum deviation being 4%. The g¢,(x) terms were
calculated for each temperature distribution in the walls,
ambient temperature and channel spacing, dividing each
plate into 10 equal length strips along the channel, ac-
cording to the procedure described by Webb and Hill
[20]. For all the investigated configurations the con-
ductive heat losses were about 9% of the ohmic wall heat
flux, whereas the radiative ones ranged between about
3% and 5%.
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Table 1
Maximum percent uncertainty values ((0X;/X;) x 100)
Variable Ty T, T, — T, b qe qr g0 9k
Uncertainty 0.50 0.93 1.1 1.2 3.0 5.0 2.0 4.0
4. Uncertainty analysis that in the base case the temperature profile exhibits a
dip in the proximity of the exit section of the channel.
The uncertainty in the calculated quantities was de- These edge effects are due to the convective and radiative
termined according to the standard single sample anal- heat transfer to the ambient, which are stronger in the
ysis recommended in [21,22]. Accordingly, the upper region of the channel. The dip in the wall tem-
uncertainty of a dependent variable R as a function of perature is less pronounced when the chimney walls are
the uncertainties in the independent variables X; is given aligned with the channel walls (B/b = 1) since in this
by the relation case the convective heat transfer to the ambient van-
s s 1/ ishes. On the contrary, in all cases with B/b > 1, the
SR — [ < R 6X1> . (Gi 5X2) - ( OR 5 Xn) ] . large_r B/b the larger the wall temperature decrease. As
oX, X, oX, B/b increases, the wall temperatures show lower values
) than for the base case and, in addition, a minimum is
found at B/b = 2.0. The reduction of wall temperatures
The uncertainty in the values of the air thermophysical for B/b values larger than 1.0 depends on two causes.
properties can be assumed to be negligible. On the basis The first is the enhanced chimney effect due to the in-
of Egs. (2), (4), (6) and (7) and of the maximum percent sulated extension, which implies an increase in the ef-
uncertainties in the values of the independent variables, fective height of the channel and a subsequent increment
which are reported in Table 1, the maximum uncertainty in the buoyancy force. The second is the following: for a
in Ra* ranged from 5-8% whereas the maximum un- fixed length of the adiabatic extensions, an increment of
certainty in Nu turned out to be 4-7%. their spacing determines a pressure recovery in the un-

heated region and a low-pressure zone at the exit of the
channel. Both these effects concur to enhance the

5. Results and discussion chimney effect. As it was already observed in this figure,
when L/L;, = 1.5 and the expansion ratio B/b is 2.0, a

Since one of the main aims of the present paper is to noticeable optimum is found in terms of wall tem-
cope with the sensitivity analysis of the heat transfer peratures. The greater the B/b, the greater the wall
parameters as a function of the thermal and geometrical temperatures, since the adiabatic extensions are not long
parameters, which characterize the system, rather large enough to act as a shroud with respect to the flow
ranges of the latter have been investigated. With this in coming from the chimney. In fact, an inflow of cold air
mind and with reference to Fig. 1, the wall temperature from the outer ambient cools the thermal plume exiting

profiles for L,/b=2.5,5.0 and 10,gq = 100,300 and the channel, implying a weaker chimney effect. As it can
450 W m~2, L/Ly, =1.0,1.5,2.0,3.0 and 4.0 and B/b be seen in Fig. 2(b), which refers to the configuration

ranging between 1.0 and 8.0 are reported in the fol- with L/L, = 3.0, the thermal performance of the channel
lowing. The configuration with L/L;, = 1.0 is the simple is considerably better than the base case at any B/b and
channel without insulated extensions, which in the fol- B/b = 4.0 yields the best thermal performance for this
lowing will be referred to as base case. It should be taken value of L/L,. In contrast, when B/b = 8.0 the system
in mind that the configuration with B/b — oo physically behaves the same way as for B/b = 1.0. A similar be-
coincides with the base case (L/Ly, = 1.0). havior is observed at the larger heat flux value (go = 300
W m~2), Figs. 2(c) and (d). When L/L; = 1.5 (Fig. 2(c))
5.1. Wall temperature profiles the wall temperature profiles lay in a very narrow band,
except for the case with B/b=2.0. Even when
The wall temperature profiles along the axial coor- L/L, =3.0 (Fig. 2(d)), almost all the configurations
dinate, in the heated part of the system, at different ex- show nearly the same pattern of wall temperature pro-
pansion ratio values, B/b, are reported in Fig. 2, with an files. The configuration with B/b = 4.0 is very close to
aspect ratio Ly, /b = 10, dissipated heat fluxes of 100 and the optimal one, which is attained at B/b = 2.0. Finally,
300 W m~2 and an extension ratio, L/Ly, equal to 1.5 comparing Figs. 2(a)-(d), one can notice that a longer
and 3.0. When L/L; is equal to 1.5, Fig. 2(a), and the chimney determines a better thermal performance,
expansion ratio is equal to 1.0 the wall temperatures are whichever the B/b ratio.
greater than those for B/b — oo, i.e. without extensions The temperature profiles, for the configurations with

(base case). As already noticed in [20,23], we can remark L, /b = 5.0, the extension ratio L/L;, equal to 1.5 and 3.0,
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Fig. 2. Wall temperature profiles with L,/b =10 for several expansion and extension ratio values and two ohmic wall heat

fluxes.

at different values of the expansion ratio B/b and several
dissipated heat fluxes (300 and 450 W m~2) are reported
in Fig. 3. All the configurations show a stronger decrease
in the wall temperatures close to exit section since the
edge effects are larger than the previous case. Almost all
the tested configurations show a better thermal per-
formance than the base case, even if the shrouding effect
of the insulated extensions vanishes as B/b increases.
The configurations at B/b =2.0 and 3.0 show nearly
the same thermal performance. At gq =300 W m™2
(Figs. 3(a) and (b)), the wall temperature profiles in the
channel attain slightly lower values when B/b = 1.0 than
the base case. On the other hand, at the channel exit the
temperature differences are larger. This occurs because
the edge effects are more evident without the adiabatic
extensions, since the trailing edge of the plate can di-
rectly transfer heat to the ambient, as it was already
observed. The larger the expansion ratio the better the
heat transfer performance, up to an optimal value for
each configuration (i.e., for fixed gq, Ly/b, L/Ly); then it

worsens at increasing B/b values. The sensitivity analysis
of the B/b parameter shows that the base case
(B/b — oo) performs in an intermediate way when
L/L, = 1.5, while it performs worse for the larger L/L;,
value. At go =450 W m™2 the adiabatic extensions
always imply at any B/b, a better thermal performance
than in the base case, as it is shown in Figs. 3(c) and (d),
and for this configuration the optimal value is located at
B/b=4.0, when L/L, =3.0. In this case, too, at
L/L, = 1.5, a poor improvement of the thermal per-
formance is exhibited, whereas at L/L, = 3.0 any B/b
determines wall temperatures lower than those without a
chimney.

The temperature profiles as a function of X, with
Ly/b = 2.5 and qq = 300 and 450 W m~2 for L/L, = 1.5
and 3.0 and several expansion ratio values, are reported
in Fig. 4. The edge effects are more remarkable in this
figure than in the case for L; /b = 5.0 (Fig. 3). One can
notice that the differences among the curves at different
B/b values in Fig. 3 are smaller than those in Fig. 4. In
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Fig. 3. Wall temperature profiles with L,/b = 5.0 for several expansion and extension ratio values and two ohmic wall heat fluxes.

addition, wall temperatures are slightly larger at
L,/b =2.5than at L/L, = 5.0, at the same B/b value. As
it was previously observed, the fluid dynamic shroud
behaves worse for the lower L/L;, values.

5.2. Maximum wall temperatures

What was previously observed is well summarized in
Figs. 5-7, where the maximum wall temperatures as a
function of the expansion ratio B/b and for several ex-
tension ratios, L/Ly, are shown. In Fig. 5 the profiles
with an aspect ratio L,/b=10 and various heat flux
values are reported. Fig. 5(a) (go = 50 W m~2) shows
that when B/b = 1.0 and 8.0, the thermal performance is
always worse than that of the base case (L/Ly =0),
whereas almost all other configurations perform better
than the base case. At L/L, = 1.5 an asymptotic be-
havior is attained at increasing B/b and, in addition, the
optimal configuration is found at B/b = 2.0, for any
L/Ly. Fig. 5(b) (go = 100 W m~2) shows that only for
B/b=1.0, some configurations show a greater AT

than that in the base case. We can notice that the opti-
mal value of B/b is equal to 2.0 for L/L, = 1.5 and 2.0,
while this value increases for L/L, = 3.0. Besides, an
asymptotic trend of the maximum wall temperatures is
observed as B/b increases. This pattern can be easily
explained since the more B/b increases, the more it gets
closer to the limit value B/b — oo, i.e. the base case. On
the contrary, Fig. 5(c) (go = 300 W m~2) clearly shows
that the optimal configuration is always obtained at
B/b = 2.0, whichever the L/L;, and an asymptotic be-
havior is observed with B/b. The thermal performance
of the channel is the worst for B/b greater or equal to 3.0
and L/L, = 1.5.

The ATy values at L,/b = 5.0 are represented in
Fig. 6. Fig. 6(a) (g0 = 100 W m~2) shows that at B/b
smaller than 3.0, the configuration with L/L; = 2.0 op-
timizes the thermal performance whereas at B/b larger
than 3.0, the larger the L/L;, the smaller the AT.x.
Fig. 6(b) (9o = 300 W m~2) exhibits increasing ATp,,
values at increasing L/Ly, values. Comparing Fig. 5(c) to
Fig. 6(b) shows that, as the channel aspect ratio (L /b)
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Fig. 4. Wall temperature profiles with L, /b = 2.5 for several expansion and extension ratio values and two ohmic wall heat fluxes.

decreases, the optimal value of B/b shifts from 2.0 to 3.0
and in both cases AT,,,x decreases at increasing L/Ly,. In
Fig. 6(c) (o = 450 W m™2) the value of B/b which im-
plies a minimum AT, is equal to 3.0 when L/L;, = 1.5,
while for larger L/Ly, values the optimal expansion ratio
is about 4.0. Anyway, it should be pointed out that the
differences between the ATy,.x are not larger than 0.5°C
when B/b > 2.0.

The same quantities as in Fig. 6, for L,/b = 2.5 and
at different ¢q, are reported in Fig. 7. The optimal B/b
values are greater, Fig. 7(a), than those for the corre-
sponding configurations in Figs. 5 and 6. Furthermore,
when L/L, > 3.0 the optimal B/b values are larger
than at lower L/L; values. As gq increases, the optimal
value of B/b also increases and when gq = 300 W m—2
(Fig. 7(b)), it lies between 3.0 and 4.0 at L/L; lower
than 4.0, while for L/L, = 4.0 the system is not af-
fected by the B/b increase. When gq =450 W m™
(Fig. 7(c)), the configurations at L/L, = 1.5 and 2.0
exhibit optimal values of B/b, whereas at L/L, = 3.0

there is no B/b value which markedly optimizes the
heat transfer. One can, therefore, conclude that an
extension length nearly equal to the channel length
(L/L, =2.0) and an expansion ratio (B/b) equal or
larger than 2.0 determine a marked reduction in the
maximum wall temperatures. Similarly, decreasing the
channel aspect ratio (L,/b) requires increasing B/b
values in order to avoid the increase in maximum wall
temperatures.

5.3. Correlations for dimensionless maximum wall tem-
peratures and average Nusselt numbers

The dimensionless maximum wall temperatures, Eq.
(6), as a function of the channel Rayleigh number times
the expansion ratio, for the investigated L/L;, values, are
reported in Fig. 8. Two monomial correlations between
the AT, Ra*(B/b) and L/L, have been proposed for
two different ranges of Ra*(B/b): 107'-10*> and
10°-5.0 x 10°, namely
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Fig. 5. Maximum wall temperatures as function of the expansion ratio B/b and several extension ratios with Ly, /b = 10 for three ohmic

heat flux values: (a) 50 W m~2, (b) 100 W m~2, and (c) 300 W m—2,

B —0.416 L —0.0551
AT* =7.32| Ra"— — 9
( 2 b) (L) )

with the regression coefficient #*> = 0.984, in the 1.5<
L/L;<4.0, 1.0<B/b<4.0 and 107! <Ra*B/b<10?
ranges and

§ *B —0.191 L —0.0317

with 72 = 0.975, in the 1.5<L/L, <4.0, 1.0<B/b<4.0
and 10> < Ra*B/b < 5.0 x 10° ranges.

The first correlation, Eq. (9), was obtained as the
asymptotic limit to the fully developed flow (Ra* — 0).
The second one, Eq. (10), represents the asymptotic
limit to the single plate (Ra* — oo). It should be ob-
served that there is a very weak dependence of the AT,
on L/L,. By following the suggestions of [24], a com-
posite correlation is now proposed for the full investi-
gated range

1.74

~0.191 ~0.0317
ATy, - {1.35(&1*3) (L) }
b Ly
~0.416 —0.05517 174
ro(re8) (L) ]
b Ly
(11)

with 2 =0974, for 1.5<L/L,<4.0, 1.0<B/b<4.0
and 107" <Ra*B/b< 5.0 x 108,

The channel average Nusselt numbers as a function
of Ra*(B/b), as suggested by [13], are reported in Fig. 9,
for several L/L; values. In order to avoid overlaps at
different L/Ly,, the average Nusselt numbers were mul-
tiplied by a numerical coefficient. The correlations be-
tween Nu, Ra*(B/b) and L/L;, were sought in the form
proposed in [24]:

() (o) o)1)

(12)

1/1.74

+
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Fig. 6. Maximum wall temperatures as function of the expansion ratio B/b and several extension ratios with L, /b = 5.0 for three
ohmic heat flux values: (a) 100 W m~2, (b) 300 W m~2, and (c) 450 W m~2.

When reference is made to the two asymptotic
conditions, the fully developed flow proposed by
[25] (with ¢; =0.288 and »n =0.500) and the single
plate limit, as suggested in [26] (with ¢, = 0.730 and
p=0.200) and the m and ¢ parameters are ob-
tained by means of a regression analysis, Eq. (12)
reads

L 0.100 *B 0.500

132y Cl/132

0.73 (Ra* g)m} (13)

with 72 =0.965, for 1.5<L/L,<4.0, 1.0<B/b<4.0
and 107" <Ra*B/b< 5.0 x 106,

When all the six parameters are obtained by means of
the regression analysis, Eq. (12) is the following:

—1.32

+

7 00268 B 03997 ~202

~1/2.02

B 0150 =202
1.42(&:*5) ] (14)

with 72 =0.993, for 1.5<L/L,<4.0, 1.0<B/b<4.0
and 107" <Ra*B/b < 5.0 x 10°.

The above correlations are compared to the exper-
imental results presented in Fig. 9 and a very good fit is
found.

+

6. Conclusions

The temperatures measured in the experimental study
on the chimney effect induced by adiabatic extensions
downstream of two vertical parallel symmetrically he-
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ated isoflux walls show that in most investigated con-
figurations the thermal performance is better than in the
channel without the extensions (base case).

The experiments have been carried out for values of
the extension ratio, i.e. the ratio of the total length, L, to
the length of the heated region, Ly, in the 1.0 and 4.0
range and values of the expansion ratio, i.e. the ratio of
the spacing of the adiabatic extension, B, and of the
heated region, b, in the range 1.0-8.0. The channel
Rayleigh number varied in the 107'—1.1 x 10° range.
The experiments focused for Rayleigh number values
greater than 1.8 x 10 and wall temperature profiles as a
function of the extension and expansion ratios have been
presented. Furthermore, the optimal channel con-
figurations have been derived, which yield the minimum
value of the maximum wall temperature. In most cases
they are exhibited in the 2.0-3.0 range of the B/b ratio
when L/L, ratio is lower than 3.0 whereas the best
thermal performance is exhibited for larger values of
B/b when L/Ly is larger than 3.0. Finding an optimal
configuration is in agreement with the predictions by
Asako et al. [12] and is confirmed by the fact that when
B/b tends to infinity, the channel configuration coincides
with that in a channel without adiabatic extensions. The
average channel Nusselt number in the channel with
extensions increases in the 10-20% range when the
channel Rayleigh number varies in the 1.8 x 10°-
1.1 x 10° range.

Finally, both dimensionless maximum wall temper-
atures and average channel Nusselt numbers have been
correlated to the extension ratio, L/Ly, and to Ra*B/b, in
the 1.0<L/L, <40, 1.0<B/b<4.0 and 1.0 x 107! <
Ra*B/b < 5.0 x 10° ranges. All the correlations point out
a weak effect of the extension ratio L/Ly, on the thermal
performance of the channel.
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