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Abstract

An experimental study for free convective heat transfer in a thermal diode type enclosure is

Nomenclature

. aspect ratio, Lv/H

¢ specific heat [kJ/kgC]

. datum depth of flow channel [m]

: actual depth of flow channel [m]

: dimensionless channel depth, d,/D

: gravitational acceleration [m/s?]

: height of heat source and sink plate [m]
: thermal conductivity [W/m]
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presented. The thermal diode is a device which allows heat to be transferred in one direction
by convection due to density difference of the fluid, and consists of a rectangular-paralle-
logrammic enclosure with a guide vane. It is used as heat collection system of solar energy
due to its simple construction and low cost. Experimental parameters were guide vane thick-
ness, the inclination angles of the parallelogrammic enclosare, and the lengths of the rectan-
gular enclosure part. The parameter range of the flux Rayleigh numbers was 2.4%10°~9.8x
102 The heat transfer rate of this system was shown 10~47% higher than that of other

earlier research results without the guide vane. The correlation for fixed ¢ =60° was obtained,
Nu=0.0037(Ra") "2 (g*)*(Ly/H )M

. length of the composed enclosure [m]

. length of the parallelogrammic part [m]
: length of the rectangular part [m]

: overall Nusselt number, Eq. (1)

: Prandtl number, Eq. (3)

: input heat flux [W/m?]

Ra’:

Rayleigh number based on heat flux,
Eq. (2)

Greek symbols

! thermal diffusivity [m?/s]
. coefficient of thermal expansion [1/K]

: temperature difference between heat

source and sink [T]
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*inclination angle in radian
: viscosity [Ns/m?]

: kinematic viscosity [m%s]

S ¥ R O

: inclination angle [°]
1. Introduction

Free convective heat transfer in enclosures
has received increasing attention in recent years,
due to the importance of such a device in
many diverse applications, such as home heat-
ing, solar collectors, cryogenic storage, thermal
insulation, nuclear reactor design and furnace
design.

A thermal diode is a device which allows
heat to be transferred in one direction by con-
vection due to density difference of fluid, and
blocks heat flow in the opposite direction, and
is composed rectangular-parallelogrammic en-
closure with a guide vane. Important examples
of the thermal diode type enclosure geometry
are the so-called thermal diode wall™® and
solar wall.

A number of investigators have studied the
free convective heat transfer in various types
of enclosure.®” The works thus far, however,
appear almost to be restricted to relatively
simple rectangular, cylindrical and spherical en-
closures. Dropkin and Somerscales® performed
an experimental study of a free convective
heat transfer in a liquid between two parellel
plates at various inclination angles. They de-
termined a power-law form correlation between
Nusselt, Rayleigh and Prandtl numbers. Free
convective heat transfer through inclined fluid
layers of high aspect ratio was investigated by
Hollands et al.,(g) who covered Rayleigh num-
bers up to 10° and inclination angles from 0 to
70 deg measured from the horiéontal. Anold et
al"® studied the free convective heat transfer
in a rectangular enclosure of various aspect
ratios with Rayleigh numbers ranging up to
10°%, They claimed that the variation of Nusselt
number with inclination angle -showed a local

minimum Nu between 30 and 70 deg, while Nu
had a local maximum at 0 deg inclination an-
gle. Turner and Flack™" investigated experi-
mentally the free convection heat transfer be-
tween an isothermal heated vertical wall and a
concentrated cooling strip on the opposing wall
of rectangular enclosures with adiabatic top
and bottom plates. The aspect ratio of the en-
closure and the size and location of the cooling
strip were parametrically varied for Grashof
numbers from 5%10° to 9x10° They found
that the effects of the aspect ratio from 0.5 to
2.0, on Nu are negligible for L»/H=0.25.

Seki et al*? performed an experimental study
for free convective heat transfer across a par-
allelogrammic enclosure with the various in-
clined angles for the parameter range of Ra=
34%10°~86x10", Pr=0.70—480, and various
inclination angles. They found that the heat
transfer coefficients for ¢ =—70 deg were de-
creased by the factor of 0.05 compared with
those for ¢=0 deg. Nakamura and Asako™
also investigated the free convective heat trans-—
fer in a parallelogrammic enclosure filled with
air both analytically and experimentally. They
reported that their analytical results are in
good agreement with the experimental ones for
the case of one vertical side uniformly cooled,
the opposing vertical side uniformly heated,
and linear temperature top and bottom inclined.

The foregoing literatures give only a limited
information on the heat transfer characteristics
of the composed rectangular-parallelogrammic
enclosure geometries (thermal diode type enclo—
sure).

The objective of this paper is to provide
with the experimental data for an experimental
study of free convective heat transfer in a ther-
mal diode type enclosure with a guide vane.
The enclosure is a two dimensional composed
rectangular-parallelogrammic one with two ver-
tical side isothermally heated and cooled, and
the rectangular-parallelogrammic adiabatic up-
per and lower walls. The test rig will use air
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as a working fluid. In particular, the effect of
the inclination angle and heat flux on the heat
transfer characteristics of the composed rectan—
gular-parallelogrammic enclosure was extensi—
vely investigated.

2. Experimental apparatus and procedures

A schematic diagram of the experimental
apparatus is shown in Fig. 1. The apparatus is
constructed for measuring the heat flux in the
test section, the details of which is explained
in Fig. 2. It consists of two vertical copper
plates 1 and 3, each 400 mm long and 800 mm
wide, and the composed rectangular-parallelo-
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Fig. 1 Schematic diagram of the experimental

apparatus.
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Fig. 2 A cross sectional view and components
of the thermal diode.

grammic enclosure, made of acrylic material,
between the two vertical copper plates.

The width of the parallelogrammic enclosure,
Lp, is 300 mm giving an aspect ratio Lp/H=
0.75. The lower vertical plate 3 is made of a 6
mm thick copper plate and was heated by two
foil-type heaters. Each heater can be indivi-
dually controlled so that a desired condition of
isotherrnal wall obtained. The other plate 1 is
cooled by temperature controlled water. Asbes-
tos insulating gaskets are plased between the
copper and acryl plates to reduce the thermal
conduction.

The power to the main heaters was obtained
by measuring the electric current and voltage
of the heating circuit. The power to the main
heaters was increased stepwise to a prescribed
temperature. It took 7~10 hours to reach a
steady state.

Surface temperature is measured from 18 T-
type (copper—constantan) thermocouples, placed
underneath the front face. The output of the
thermocouples was carefully calibrated and con-
tinuously recorded on Yokogawa multiplex re-
corder (DA2500). The obtained temperature dif-
ference between the two plates was up to 37
C. the temperature variations of the plates
were limited with in 0.3 and 0.6C for the cold
and hot sides, respectively.

3. Results and discussion

The present study is concerned with the ex-
periments of free convective heat transfer
across the thermal diode type enclosure with
the adiabatic rectangular-parallelogrammic up-
per and lower walls. Guided by a dimensional
analysis, the relavant dimensionless clusters
were fcund as

q'L[(ATk), gBg”L*/(avk), uC,/k, Lr/H, ¢

For the sake of convenience, the Nusselt
number, Nu, the Rayleigh number based on
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Fig. 3 Nusselt number variation compared
with the low Rayleigh number predic-

(311,12)

tions and the present experiment.

heat flux, Ra’, and the Prandtl number, Pr,
may be defined as follows.

Nu = ¢’L/(4Tk) (1)
Ra* = gBq"” ' L*/(avk) (2)
Pr = uC,/k 3)

More than 400 experiment were conducted
for various parameter ranges. The dimension-
less parameters will be evaluated at the re-
ference temperature, which is the average tem-
perature of the heated and cooled walls.

A comparison between the present data and
those obtained by previous investigators, Ec-
kert and Carlson,m Turner and Flack™ and
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Fig. 4 Effects of the inclination angle on the
Nusselt number.

Seki et al."? is shown in Fig. 3. The Fig. 3
shows the relationship between the Nusselt
numbers and Rayleigh numbers using air as
working fluid. The previous results are for the
rectangular only enc]osure,(a) for the rectangular
enclosure with concentrated energy source™”
and for the parrallelogrammic only enclosure.
The present experimental results indicate a
good agreement with the linear extrapolation of
the results in references 3, 11 and 12.

Fig. 4 shows the relationship between Nus-

(12)

selt number and inclination angle for d°=05,
Ly/H=05, and various numbers of Ra. The

value of Nu increases gradually with ¢ and Ra.
The driving force is increased by buoyant
force from the heat source of lower vertical
plate to the heat sink of upper vertical plate as
increasing inclination angle.

Fig. 5 gives the effects of the inclination
angle and Ra on Nu for d*=10, L»/H=05,
and a various Ra without a guide vane. As
can be seen, the variation of Nu with ¢ is
very small and has a different characteristics
from the Fig. 4, showing a minimum Nu near
45 deg. This behavior of Nu against ¢ is simi-
lar to previous results obtained by Seki et
al"? using air as working fluid. This compari-
son between Figs. 4 and 5 is probably due to
the following effects: (i) the heat transfer may
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Fig. 5 Effects of the inclination angle on the
Nusselt number without the guide vane.
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Fig. 7 Effects of the dimensionless channel
depth on the Nusselt number.

be promoted by the fact that the heated wall
is below the cooled one with increasing ¢; (ii)
the guide vane with increasing ¢ may enhance
the heat transfer across the enclosure.

The effects of the dimensionless channel depth
on Nu with L»/H=05 are shown in Figs. 6
and 7. The maximum Nusselt number occurred
for values of d*=0.6, which is more apparent
in Fig. 7, with ¢=60 deg. This is due to the
roll of the guide vane, which increases an
energy moving density with increasing ¢. Fur-
ther experimental tests for the cases with ¢=
30 and 45 deg also supported this explanation.

The effects of the aspect ration on the Nu
are shown in Fig, 8 In this case, the incli-
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Fig. 8 Effects of the aspect ratio on the
Nusselt number.
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Fig. 9 Correlation of the experimental results

for ¢ =60 deg.

nation angle was 60 deg and the dimensionless
channel depth was fixed at 0.5. In this figure,
Nu increases slightly with increasing L»/H,
and it seems to reach its asymptotic at about
Ly/H=05.

Fig. 9 gives all the data entered in Fig. 4
to 8 for =60 deg, using the plots of (Nw/

(d*)*®/(Lr/H)**S) versus Ra'. All the di-
mensionless parameters are computed using
properties evaluated at the mean temperature
between the hot and cold walls. The overall
correlation of the heat transfer rate was ob-
tained by the least square technique,

Nu=0.0037(Ra")**® (a")*® (Lr [H)*™* (4)
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for $=60 deg, 24x10°<Ra’<9.8x10°, Pr=0.71
and Lp/H=0.75.

The obtained equation correlates the data
within a deviation of less than about 30
percent.

4. Conclusions

This paper reports the results of an experi-
mental study of free convective heat transfer
between two plates across a thermal diode type
enclosure with a guide vane and constant
Lp/H. Rayleigh number was varied from 2.4
x10® to 9.8><108, and the inclination angles,
guide vane thickness and aspect ratio were
changed accordingly. The results are sum-
marized:

(1) The present experimental data for d*=
1.0 and Lr/H=0.0 are proved in a good agree-
ment with those of the previous study.

(2) For ¢=60 deg and L»/H=05, the Nus-
selt number has a maximum value.

(3) The optimum thickness of the guide vane
is d"=06 for =60 deg and Lr/H=05.

(4) The parametric correlation for the ranges
of the parameters investigated was found to be

Nu=0.0037(Ra*)"*® (d*)"%0( 1y [ F)0-045

for $=60 deg, 2.4X108<Ra"<9.8x10% Pr=0.71
and Lp/H=0.75.
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