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ABSTRACT
The present work deals with natural convection on a

vertical flat plate, where one side of the plate is maintained
at a uniform temperature - Ta, and the other side of the
plate is exposed to an environment of constant
temperature -Tx. The plate is consisted of several layers of

conductive and non-conductive materials such that the
series thermal resistance can be expressed as an equivalent

heat transfer coefficient It is also

assumed a negligible axial conduction, which can be
neglected. The present investigation treats the heat transfer
problem in the laminar zone in air (Pr«l).The wall effective
heat transfer coefficient is in the range of 4.3 to 11.5
^i/rA1 -° C- An experimental apparatus was constructed
to confirm the heat transfer features predicted analytically
in a previous work. The local experimental Nusselt number
was correlated with the modified Rayleigh number, for the
laminar range.

INTRODUCTION
In the novel design of passive safety systems of nuclear
reactors, the main idea is to reduce operator's
responsibilities and add an extra margin of safety. Natural
safety systems use the fundamentally dependable forces of
gravity and natural circulation to cool the reactor core and
to transfer the heat throughout the containment walls to the
atmosphere. The main mechanism in those systems is the
natural convection along the walls, where, from safety
reasons, the walls are thick and are made of several layers
of different materials. The arrangement of a thick wall
exposed to the atmospheric air to one side and to the
thermal conditions within the core at the other side, form a
conjugate problem of conduction and natural convection
along a vertical flat plate.

Natural convection heat transfer from a vertical plate has
been a subject of numerous investigations in the past few
decades. Laminar free convection along vertical plates with
uniform surface temperature or uniform surface heat flux
has been extensively studied analytically by Ostrach |1] and
Sparrow and Gregg [2] and experimentally for both laminar
and turbulent regimes by Warner and Arpaci [3] and Lock
and de Trotter [4].

In a large number of technical applications, the surface
heating conditions are non uniform. Laminar free
convection with non uniform surface heating has also
received considerable attention in the past. Sparrow [5]
formulated the boundary-layer problem for free convection
along a non-uniform heated vertical flat plate, by the
Karman-Pohlhausen method and obtained solutions by a
series expansion technique. Similarity solutions for free
convection on a non isothermal vertical plate were provided
by Sparrow and Gregg [6].

Several works treat more general natural convection
problems in which the heat transfer condition in one side of
the plate induces a natural convection in the other side.

The present work considers experimentally, a vertical
flat plate that transfers heat by natural convection to a fluid
at temperature - T ^ at a general boundary condition,
namely the other side of the plate is exposed to an
environment of a constant temperature-Ta, with which heat
is exchanged at an equivalent heat transfer coefficient (heq).

In engineering solutions for heat transfer problems, the
effective heat transfer coefficient, could be a result of a
forced convection or one dimensional conduction in the
wall. The physical model is shown in Fig. 1. The analytical
solution of that general natural convection problem, for the
laminar and turbulent regimes, was presented in a previous
work by Weiss et al. [7]. In the present work the laminar
regime is considered.
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Fig. 1: Schematic description of the problem, geometry,
configuration and coordinate system.
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EXPERIMENTAL APPARATUS

The plate used in the experiments is shown schematically
in Fig. 2 .
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Fig 2. Scheme of the experiment plate.

The experiment plate consists of three layers: The
exposed stainless steel plate, the aluminum isothermal plate
and an insulation layer between the two plates. The exposed
plate which is the heat transfer surface is 600 mm wide,
1020 mm high and 0.5 mm thick. That plate dissipates the
heat to the surrounding's air. The isothermal plate is 600
mm wide, 1020 mm high and 6 mm thick. The high
thermal conductivity of the aluminum and the fact that the
aluminum plate is 6 mm thick keep the plate isothermal.
Eight couples of heating strips was bonded on the back side
of the isothermal plate. Each couple was controlled by a
temperature controller to keep the whole surface at a
uniform temperature. The constant temperature of the
aluminum plate represents the hot temperature- Ta. A
number of ceramic paper layers, each of 3 mm thick with a
thermal conductivity of about 0.08 W/m-°C, is inserted
between the aluminum plate and the stainless steel plate.
Those insulation layers represent the effective heat transfer
coefficient - he(.. By changing the number of the insulating
layers one can change the value of the effective heat transfer
coefficient.

In order to measure the surface temperature of the
stainless steel plate (the exposed surface), twenty
thermocouples of chromel alumel of about 1 mm dia. were
brazed on that surface. The junctions of these
thermocouples were placed in the vertical direction along
the center line of the plate. The spanwise temperature

distributions of the heated plate was measured by six other
thermocouples which placed along three horizontal lines at
different distances from the leading edge as is shown in
Fig. 3.

1

J

I

f \

!
1

150 typ -
—

4 1 T.C type K

1 1
?

„

5

l

&

10

10

0

•n

+ 1 T.C type K

Figure 3. View of the experimental heat transfer plate
(stainless steal).

In order to measure and control the temperature of the
aluminum plate, eight thermocouples were bonded to the
plate covering the entire controlled heating zone.

Figure 4 presents the test chamber containing the
experimental plate and the peripheral measuring
instruments. To reduce heat losses from the rear of the
plate, two, 50 mm, layers of Rock wool insulation covered
the back side of the heaters and the isothermal plate.
Temperature stratification in the test cliamber was measured
by using K- type thermocouples, as is shown in Fig. 4.

The experiments were carried out in the closed perspex
chamber to avoid any air currents. A hot wire anemometer
was used to determine the laminar zone along the plate.

Three tests were conducted with three values of equivalent
heat transfer coefficients- hec,. The value of heq in each test
was varied by using a different number of ceramic paper
layers. Each couple of heaters were connected to the
temperature controllers, and the temperature Ta of the
aluminum plate was tuned. After reaching steady-state
conditions and a uniform aluminum plate's temperature, all
the temperatures of the stainless steel plate (Tw(x))
measured together with the ambient temperature ( T J in
the test chamber at various heights. This procedure was
repeated for each value of heq.
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Fig. 4: Schematic diagram of the experimental apparatus:
(1) perspex test chamber, (2) stainless steel plate, (3)
insulation layer - hCq, (4) isothermal plate, (5) heaters, (6)
backup rock wool insulation, (7) temperature controller, (8)
temperature measuring instrument, (9) hot wire
anemometer.

RESULTS AND DISCUSSION
The results reported here were presenter elsewhere [8] and

are based on three tests performed at various values of
equivalent heat transfer coefficient - heq.

The variation of the dimensionless wall temperature is
shown in Fig. 5. It shows that the minimum wall
temperature is near the bottom edge and increases along the
plate. That wall
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Fig. 5: Measured wall dimensionless temperature along the
wall.

temperature's behavior can be explained by the increasing of
the boundary layer thickness which decreases
the heat convection. The wall temperature is also increased
with the effective heat transfer coefficient.

The local heat flux along the wall was calculated by the
next equation:

(1)

and the local convective heat transfer coefficient is given by.

(2)

Equation (2) was solved by using the measured local wall
temperature and the calculated heat flux (fig. 5 and eq. 1
respectively). The local heat transfer coefficient is presented
in Fig. 6.
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Fig. 6: Local heat transfer coefficient.

In the present case the heat transfer coefficient depends
not only on the distance from the leading edge -x, but also
on the temperature difference (Tg-T^) and the effective heat

transfer coefficient- heq. Therefore, the results compiled
in terms of the dimensionless groups, namely the local
Nusselt number and the local modified Rayleigh number:

(3)

Where the fluid properties were taken at the mean stream
temperature and the distance - x was measured from the
bottom. The local heat transfer coefficient - h(x) is
determined from the local heat flux - q" and the local wall
and free stream temperature difference.
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Figure 7 shows the experimental data for the three values
of - hec.. The plot is given on logarithmic scales with
ordinates Nu(x) as function of Ra*(x) on the abscissa.
Figure 7 covers local Rayleigh numbers in the range of
1.3 105-i-2.46 108. Various - h e q values are denoted by
different symbols in the figure.

As can be seen from this figure the experimental results
converge well along a line of inclination - 0.266. The bulk
of the data can be correlated with a maximum deviation of
less than ± 12 % by the following relation:

(4)
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Fig. 7: Free-convection heat-transfer correlation for heat
transfer from heated vertical plate.

CONCLUSIONS
The results presented in this paper indicate that the
convective heat transfer coefficient increases with the
equivalent heat transfer coefficient - h eq and decreases with
the distance from the bottom of the plate. The wall
temperature increases with the distance from the bottom of
the plate. The flow regime is laminar in all of the measured
local Rayleigh number range.

NOMENCLATURE
dw- wall thickness

kvv- wall thermal conductivity

q"(x) - local heat flux

heq- equivalent heat transfer coefficient

T a - hot side temperature

Tw(x) - local wall temperature

h(x)- local convective heat transfer coefficient

TOQ- ambient cold side temperature

Nu - hx/k local Nuselt number at distance x.

Ra*- local modified Rayleigh number (eq. 3)
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