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1. INTRODUCTION - values. Many new buildings and residential
houses have adopted solar house designs

Solar energy utilization and energy- or have installed various types of solar

efficient building designs have received heating systems.

great attentions for the past two decades. The present study of bi—directional ther-

Most of the buildings built after the modiodes originated from the smart const-

energy crisis have more airtight envelopes ruction module proposed for next—-generation

and used construction materials of high R- building envelopes.l) [t was motivated to
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resolve the various problems of the previous
works, which deemed quite extricate to
overcome. First, the heat transfer rate
and dynamic behavior of a bayonet ther-
modiode were studied both theoretically
and experimentally to delve into its oper-
ational characteristics. The diode got its
name because its cross—section resembles
a bayonet with a narrow cavity above or
below a rectangular storage tank. Connec-
ting the cavity and the tank is an inclined
flow passageway. Despite its simple con-
figuration and construction, the bayonet
thermodiode has a major drawback in
changing heat flow direction. Chen and
"™ extensively studied the perfor-
mance of the bayonet thermodiode in the
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favorable mode of heat flow for winter
operations.

The authors have explored the feasibhility
of using bi-directional thermodiodes for
years to harness the solar energy more
expeditiously. Different types bi-directional
thermodiodes were designed, constructed,
and tested in their previous works.”™®
The proposed design introduced in this
paper is one of those which deems most
efficient and feasible among divers designs
of thermodiodes. This paper presents the
experimental results of the previous works
In such a way that they are put forth for
analysis to develop one-dimensional analy-
tical models which are simple but fairly
accurate. However, 1t 1s not the ohjective
of the present study to make one-on-one
comparison of these models but to suggest
simple analytical models for the type of
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energy system which involves rather
complicated heat flows depending on its
mode of operation.

Fig. 1 shows one of the thermodiode
designs with variable surface absorptivity
and alterable direction of heat flow. When
solar heating is desired, the outdoor-facing
surface will turn into a dark color for high
radiation absorption during the daytime,
but become highly reflective or opague at
night to reduce radiation loss. If the
rectangular loops are heated from below
during the hours of bright sunshine,
natural convection will be induced throug-
hout the loops. As the temperature differ-
ence in the loop reaches a critical value,
heat can be transferred efficiently across
the thermodiode from its front to the rear.
In this case, the thermodiode 1s said to be
in the forward biased mode of operation.
The bi-directional thermodiode allows heat
flow from the outdoors to the indoors, but
impedes heat loss in the opposite direction
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Fig. 1. A thermodiode design with alterable heat flow
direction and surface absorption.
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when the indoor temperature is higher
than that of the outdoors. Operations of
the change in surface absorptivity and the
thermodiode are opposite for summer
cooling application. That is, if the heated
horizontal section is above the cooled
section of the rectangular loop, only
conduction will take place in the loop and
the thermodiode is in the reverse-biased
operation mode.

Unlike many existing solar houses built
with passive or active schemes, the proposed
energy-efficient construction module can
be manufactured in large quantities in one
place and shipped to the construction site
for easy and quick assembly. The module
design makes it convenient to disassemble
and re-use these as necessary. In addition,
the module can take the advantage of
recent breakthroughs in microprocessor
and sensor technologies to optimize and
adjust its performance autonomously for
different weather conditions and heating/
cooling requirements. Sensors and a micr-
oprocessor can be mounted on a master
module. The weather data collected by the
sensors will be transmitted to the micr-
oprocessor where the optimal operations of
surface absorptivity, direction of heat
flow, and heat capacity will be determined
based on the required heating or cooling
load. The master module then sends out
electrical signals to the slave modules via
built-in adapters to control the mecha-
nisms that adjust the surface absorptivity,
direction and rate of heat flow, and the
module heat capacity.
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2. DESIGN AND CONSTRUCTION OF
THE BI-DIRECTIONAL THERMODIODE

Fig. 2 shows the major components of
the present bi-directional thermodiode
(Korean Patent No. 0290228), which include
closed rectangular loops and metallic panels
attached to the loop surfaces for increa-
sing heat transfer area, DC motors and
other mechanisms such as gears and belts
for moving or rotating the metallic panels
and the tubes. Each loop in the thermod-
iode system consist of two inclined pol-
yethylene tubes and two horizontal copper
tubes. Rotatable (swivel) joints were used
between the horizontal and inclined seg-
ments of the loops, allowing vertical
movements of the metal panels and changes
in inclination angle of the polyethylene
tubes. Flexible polyethylene tubes were
employed in the present design as they
could accommodate minor volume changes
of the working fluid and, hence, prevent
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Fig. 2. An oblique view of the present bi-directional
thermodiode
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leakage. The copper tubes were soldered
to 0.0004m-thick copper sheets with a

selective paint on their outer surfaces to

enhance radiation absorption. Water or a
mixture of water and an antifreeze was
chosen to be the working fluid.

The metallic panels facing the indoors or
the outdoors served as the collector or the
radiator for thermal radiation. The rectan-
gular loops were installed between the
collector and the radiator, with their
horizontal sections In contact with the
panels. Moving either the radiator or the
collector surface vertically changes the
direction o‘f heat flow and the buoyancy of
the induced natural convection. The space
between the collector and the radiator was
filled with glass wool so that the diode
system could also function as a regular
insulating wall with minimum heat leakage.

Fig. 2 is the oblique view of a thermod-
iode module built in the present study.
The exterior of this module consists of an
aluminum chassis, 0.003 m-thick aluminum
plates, sus meshes that covers the vent
openings jto prevent large debris from
entering the thermodiode interior, and
glazed windowpanes. Wooden panels of
0.006 m thickness were used to seal the
back and sides of the aluminum chassis.
The interior of the module was filled with
glass wool and polystyrene insulation to
hinder leakage of heat. The outer diameter
of the copper tubes was 0.0127 m with a
wall thickness of 0.001 m.

At the rear end of this thermodiode, a
slab-shaped radiator joins polyethylene
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tubes whose thickness is 0.02 m. This
radiator can accommodate pressure vari-
ation in the working fluid during the
heating mode, which might cause some
leakage at loosened joints due to excessive
pressure buildup within the circulation
loop.

3. ANALYTICAL MODELING OF DIODE
OPERATION BASED ON
EXPERIMENTAL DATA

3-1 Componental Model

A simple analytical model was developed
to analyze the diode(with a slab shaped
radiator) behavior and performance. The
mode] allows prediction and estimation of
diode temperature variations and heat
transfer rates c¢To reduce the complexity
to a manageable level, the average temper-
atures of individual components were used
In the analysis. Assumptions such as
constant fluid properties(except for the
expansion coefficient In buoyancy force
calculations) and constant and uniform
heat transfer coefficients or thermal resi-
stances were also made in the model.

In the following analysis subscripts a,
r, t, s, and w refer to the ambient air,
radiator, copper tubes, copper sheets,
and water in the tubes, respectively. The
time-dependent heat transfer process is
divided into three parts: a start-up phase
during which the copper sheets and
tubes are heated up very rapidly by the
incidence thermal radiation, but natural
convection throughout the loops has not

er=theliXlstel ==& Vol. 22, No. 3, 2002
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been induced vet: a heat-up phase during
which heat is transferred primarily by
natural convection between the collector
and the radiator, and a cool-down phase
after the radiative heating ceases. Strictly
speaking, there is a fourth part of the
heat transfer process. It is the short
period between the start-up and the
heat-up phases in which the natural
convection throughout the loops is first
induced. The hot fluid in the tubes begin
to enter the radiator and the cold fluid
In the radiator begin to enter the tubes,
causing the collector temperature to drop
and the radiator inlet temperature to
rise sharply. This process is very difficult
to model analytically and is more suitable
for a three-dimensional, time-dependent
numerical simulation. Since this process
lasts only a few minutes, it is not inclu-
ded in the present analytical study.

During the start-up phase the buoyancy
torce of water in the heated copper tubes
1S too weak to penetrate to the radiator.
Without a bulk flow in the axial direction,
the heat transfer rate from the copper
tubes to the fluid in the tubes is very low.
The resistance(and also the temperature
difference) to heat flow from the copper
tube walls to the fluid inside is therefore
much higher than that from the copper
sheets to the copper tubes. As a result
the copper sheet and copper tube temper-
atures(Ts and T,) are assumed to be the
same in the start-up phase. The energy
equations for this phase are: For the
copper sheets and tubes:
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[(pCV)s T (pCV)t ] th /dt = Q in ~ QS"&
a Qt—w (1)

For water in the copper and polyethylene
tubes:

(pcV)y dTw /dt = Qew (2)

where p, ¢, V, t, and Q denote density,
specific heat, volume, time, and heat
transfer rate, respectively.

The rate of incident radiation absorbed
by the copper sheets is calculated from:

Q in = Q raq QT 2As (3)

where q 14 is the radiation flux on the
diode surface. a and T are the absorptivity
of the paint on the collector surface and
the transmissivity of the glass panels.
Average values (@ = 0.85 and T =10.85) of
the radiative properties provided by the
manufacturers and/or measured by KIER
(Korean Institute of Energy Research)
were used In our analysis.

Laminar convection correlations of the
form:

Nu = hL/k = C Ra"" (4)

were first tried to model the heat transfer
from the copper sheets to the surroun-
dings(Qs«2) and from the copper tubes to
the fluid in the copper and polyethylene
tubes(Qiw) .

It was found however that the copper
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tube temperature variation could be
modeled more accurately if the two heat
transfer terms were calculated from con-
duction-like relations:

Qs—a — (Ts - Ta)/Rs—a (5)
(Ty - Tw)/Rw (6)

&L
2
]

Using the experimental results of 600
W/m" radiation flux, the two thermal

resistances were found to be approximately
Rs—a — 0888 and R{;—W — 0893 W/ OC .

The above analytical model with thermal
resistances determined from the 600 W
experiment predicts the water temperature
at the end of the start-up phase(which
should be very close to the measured
radiator inlet temperature at the onset of
natural convection throughout the loop)
within 1°C for input radiation of 400,
600, and 800 W/m>. The computed T; also
agrees well with the measured collector
temperature varlations, with the exception
of the last stage of the start-up phase for
the 400 W case in which the model under
predicts the collector temperature by about
4°C. The start-up phase ends when the
temperature difference between the fluid

in the tubes and the radiator reaches
about 17 °C.

During the heat-up phase, the energy

equation for the radiator temperature can
be expressed as:

(PCV)r dT, / dt = Qt-r N Qr-a (7)
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The heat loss term consists of natural
convection and radiation losses of the
indoor-facing surface-

Q-2 = Hy W (height x width of the indoor
facing surface)

(he (Ty - Ta) + 0&, (Ty* - Ty)) (8)

The emissivity of the dark gray paint on
the indoor facing surface is 0.84. The
convection coefficient h, was determined
from laminar natural convection on a
vertical isothermal plate:

hH, /ka = G R,/ = 0.59Ra,”?  (9)

Since the Nusselt number for laminar
natural convection generally depends on
the # th power of the Rayleigh number,
the heat transfer rate from the heated
copper tubes to the radiator was assumed

to be :
Qi = C (Ty - T (10)

Experimental results of 3 radiation fluxes
indicate a nearly constant temperature
difference, T, - Ty, during the heat-up phase.
For the diode we tested, this temper-
ature difference can be approximately
estimated from:

T, - T: (in °C) = (radiation flux on the
diode surface, in W/m?/34)"® (11)

The above relation allows determination

et=th2OlILXIEe] ==& Vol. 22, No. 3, 2002
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of the copper tube temperature at the
beginning of the heat-up phase from the
radiator initial temperature and the input
radiation flux.

Using the results of the 600 W experiment
and Eq.(11), C, was determined to be
around 1.55 and Q-+ was about 27.35 W.
Since Ty—-T: remained nearly constant
during the heat - up phase, the effectiveness
of the diode can be determined from :

Diode effectiveness = Q.+/(Conduction
through the insulating materials and
the stagnant water in the four polye-
thylene tubes for the same temper-
ature difference) = 93 for 600 W/m”
radiation input.

(12)

The copper tube temperature, which
should be very close to the temperature
measured by the thermocouple embedded
in the collector plate, can be determined
from the following energy equation:

(pcV), dT, /dt = Qs+t~ Qtr (13)

Since Q- remalned nearly constant and
the variation of T: was observed to be
almost linear during the heat-up phase,
the average value of Qs was employed 1n
our analysis. Matching the theoretical
solution for T; with the experimental
result of 600 W, we found:

Qs—t‘ ave — 276 W (14)

Journal of the korean Solar Energy Society Vol. 22, No. 3, 2002

Using the average heat transfer rates for
Qsa and Qs-, the energy equation for the
copper sheets during the heat-up phase
can be expressed as:

(DCV)S dT, /dt = q rada.tzAs - Qs~a. ave ~
Qs—t, ave (15)

The mass of the copper sheets 1s very
small. The left-hand-side of Eq.(15) is
therefore close to zero. As a result the
average heat loss rate of the copper
sheets 18 approximately:

Qs—a, ave — { rad GTQAS - Qs—t. ave (16)

During the cool-down phase the radiator
temperature is calculated from:

(PCV)I- dT; / dt = - Qr—a.cooi—down (17)

The equation for the heat loss term is
identical to Eq.(8), but the convection
coefficient was determined {rom experi-
mental data. The C, value that matched
the cool-down phase data of 600 W was
found to be around 1.5. This wvalue is
much higher than that of natural con-
vection on an isothermal vertical plate.
Possible reasons for the difference are:

(1) The first term on the right hand
side of the energy equation in fact
includes natural convection on the
indoor-facing surface as well as heat
losses from the back and sides of
the radiator during the cool-down
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phase.
(2) The thermocouple that measured

the radiator surface temperature was

only attached to, not embedded into
the copper plate. The temperatures
it measured therefore were lower
than the average radiator temper-
ature due to exposure of the thermo-
couple bead to the airflow. Exper-
imental measurements during the
heat-up phase show that the radiator
temperature was a few degrees lower
than the arithmetic average of the
radiator inlet and outlet temperat-
ures. Since the temperature differ-
ence over most of the cool-down

 phase was small, a few degrees diffe-
rence In Tr measurement results in
a large decrease in Cr value.

Fig. 3 Normalized heat flows during heat-up phase

Results of the analytical model applied
to the case of 600 W/m” are presented in
Fig. 3. Heat transfer rates in this figure
were normalized by the radiation absorbed
by the copper sheets, which is only 61%
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(= at” in Eq.(3)) of the radiation incident
on the diode surface. During the start-up
phase the rate of energy transfer from the
heated copper tubes to the fluid in the
tubes first increases faster than the rate
of heat loss to the surroundings. However
the later increases continuously while the
former reached a maximum value of about
50 % before dropping to 33 % at the end
of the start-up phase. In the heat-up
period about 50% of the energy absorbed
by the copper sheets is transferred to the
copper tubes, and then to the radiator by
natural convection throughout the diode.
The rest is lost primarily from the
collector surface to its surroundings. The
heat transfer rate from the radiator to the
indoors increases steadily during the
heat—-up phase. The normalized Q-a reaches
28 % after 2 hours of heating.

3-2 Lumped Model

When the bi-directional thermodiode was
forward-biased, it had a short start-up
period. During this period the buoyancy
force of the working fluid in the heating
section was insufficient for natural con-
vection to be induced throughout the loop.
Small natural convection cells first appe-
ared in the heating section, then penet-
rated to the branches connecting the
heating and cooling sections. Before the
onset of throughflow in the loop, it 1s very
difficult to obtain an analytical solution
for the flow and heat transfer in the
diode. However this start-up phase of our
thermodiode system lasted only about 15

SIREIQIAKIE!E] =2 Vol 22, No. 3, 2002
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minutes. After that the simple analytical
model outlined below can predict the time
variation of the average water temper-
ature during the heat-up and cool-down
phases.

If the thermodiode is simplified to a
lumped system, the time variation of the
average water temperature, T, can be
calculated from:

((pcV) water + (PCV) copper) dT/dt =

Qin = Qoss ~ Qout (18)
where P, ¢, and V are the density, specific
heat, and total volume of the water in the
diode or the copper tubes and sheets. Qin
is the rate of radiation absorbed by the
collector surface. Qo includes natural
convection and radiation heat transfer
from the radiator surface to the indoors.
Heat losses from the diode surfaces other
than the radiator surface are included in
Qloss.

The rate of radiation absorbed by the
collector surface can be calculated from:

2
Qin = Qraq 4T Acollector | (19)

where graa 1s the radiation flux on the
diode surface, and a and T the absorptivity
of the paint on the collector surface and
the transmissivity of the glass panels.
According to manufacturers specifications
and the tests performed at KIER (Korean
Institute of Energy Research), the average

values of the above radiative properties
are.
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a=0.85 and T = 0.85 | (20)

The heat loss term was approximated by
a natural convection relation of the form:

Qloss = N Agiode (T - Tambient) =
(T N Tambient)l'%/ Rconvection (21)

A convection resistance of 1.2 W/°C was
found to fit the experimental data of 800
W/m® quite well.

The emissivity of the dark gray paint on
the radiator surface, €, is about 0.84. For
laminar natural convection on a vertical
isothermal plate, the average heat transfer
coefficient can be calculated from Incro-
pera and DeWitt"

h =0.59 (k/H) Rag "% (22)

In the above equation k 1s the thermal
conductivity of the indoor air, H the
height of the radiator surface, and Rau
the Rayleigh number. The rate of heat
transfer from the radiator to the indoors
was calculated from:

Qout = Aradiator [h (T - Tindoor) +
0¢ (T4 - Tind001'4)] | (23)

Equation (1) can also be used to predict
water temperature variation during the
cool-down phase by dropping the heat
input term Qin. A comparison of the anal-
ytical solution and the experimental results
of 800 W/m" is given in Fig. 4. Consi-
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dering the fact that the analytical model
described above is rather a very simple
one, the agreement between these two is
quite remarkable. After the first 20
minutes of heating, the calculated water
temperatures are distributed fairly close
to the average of radiator inlet and outlet
temperatures during heat-up. Its rate of
increase 1s almost 1dentical with the
measured ones. This trend is also obser-
ved during the cool-down phase, Fig. b,
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where the calculated water temperature
shows a monotonic decrease from the
beginning as time elapses. The good
agreement between the analytical solution
and experimental data validates the accu-
racy of the simple analytical model for
heat transfer analysis of the present
thermodiode system.

4. Conclusions

A theoretical study was carried out to
investigate the heat transfer characteristics
of a new bi-directional thermodiode design.
The thermal diode is made using several
rectangular loops filled with a fluid(water)
and mounted between two vertical plates.
Rotatable joints are used between the
horizontal and inclined segments of the
loops to alter the direction of heat transfer,
when required. Two simple one-dimensional
analytical models were developed to analyze
the thermal diode(with a slab shaped
radiator) behavior and performance. Of
these, one presents the heat flows between
different system components whereas the
other is a lumped model to resolve the
time variation of the average water tem-
perature in the diode.
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