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Many engineering and industrial applications always seek to find ways
to dissipate heat from heated surfaces used in these industries. As it is
involved in the cooling of electronic parts and electrical transformers,
as well as the design of solar collectors, in addition to being a process
of heat exchange between hot surfaces and the fluids in contact with
them. Since most electronic devices or their parts are cooled by
removing the heat generated inside them by using air as a heat transfer
medium and in a free convection way, and the fact that heat transfer by
free convection occurs in many fields, so there were many studies that
dealt with this topic. The free load is generated by the buoyant force
(Bouncy force) As a result of the difference in the density of the fluid
adjacent to the heated surface due to the difference in temperatures
between the fluid and the surface. The laminar flow along surfaces has
been extensively studied analytically [1,2,3,4] In the horizontal,
inclined and vertical case, whether by constant heat flux or constant
surface temperature, there are also many experimental studies of heat
transfer by free convection from horizontal, inclined and vertical
surfaces with constant heat flux or constant surface temperature
[5,6,7,8]. Some experimental studies have also been conducted on heat
transfer by convection from heated surfaces in the form of a disk
(ring)The outcome of these studies was to extract an exponential
mathematical relationship between the average of Nusselt number and
the Kirchhoff number or Rayleigh number and the following formula:
(Nu=C(Ra) n It is one of the most suitable formulas for heat transfer by
free convection from heated surfaces in all its forms and over a wide
range of Rayleigh number . It is noted that not all of these studies dealt
with the study of the effect of the cavity ratio on heat transfer by free
convection from square-shaped surfaces, which is the form that is more
applied in electronic devices. Therefore, the current research means
studying the rate of change in the average of Nusselt number, which
represents a function of the rate of change in the rate of heat transfer by
convection, as well as studying the thermal gradient above the surface,
and this was done through using three hollow surfaces in proportions

(0.25,0.5,0.75) of the total area.
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Introduction:-

Many engineering and industrial applications always seek to find ways to dissipate heat from heated surfaces used in
these industries .As it is involved in the cooling of electronic parts and electrical transformers, as well as the design
of solar collectors, in addition to being a process of heat exchange between hot surfaces and the fluids in contact
with them .Since most electronic devices or their parts are cooled by removing the heat generated inside them by
using air as a heat transfer medium and in a free convection way, and the fact that heat transfer by free convection
occurs in many fields, so there were many studies that dealt with this topic .The free load is generated by the
buoyant force) Bouncy force) As a result of the difference in the density of the fluid adjacent to the heated surface
due to the difference in temperatures between the fluid and the surface.

The laminar flow along surfaces has been extensively studied analytically [1,2,3,4] In the horizontal, inclined and
verticalcase, whether by constant heat flux or constant surface temperature, there are also many experimental studies
of heat transfer by free convection from horizontal, inclined and vertical surfaces with constant heat flux or constant
surface temperature [5,6,7,8].

Some experimental studies have also been conducted on heat transfer by convection from heated surfaces in the
form of a disk (ring) The outcome of these studies was to extract an exponential mathematical relationship between
the average of Nusselt number and the Kirchhoff number or Rayleigh number and the following
formula: (Nu=C(Ra) n It is one of the most suitable formulas for heat transfer by free convection from heated
surfaces in all its forms and over a wide range of Rayleigh number . It is noted that not all of these studies dealt with
the study of the effect of the cavity ratio on heat transfer by free convection from square-shaped surfaces, which is
the form that is more applied in electronic devices .

Therefore, the current research means studying the rate of change in the average ofNusselt number, which represents
a function of the rate of change in the rate of heat transfer by convection, as well as studying the thermal gradient
above the surface, and this was done through using three hollow surfaces in proportions (0.25,0.5,0.75) of the total
area.

Experimental Set-up

The Experimental Set-up used in this study and shown in Figure (1) consists of a means of fixing the surface in the
horizontal state with a three-dimensional stirring mechanism, the double-spatial stirring that is used to measure the
temperature over three flat hollow surfaces .Each heat exchange surface is an aluminum plate that has a shape
modulus  of(l) and  anemissivity  of,(0.04) square in shape and  dimensions (96mmX96mm) and
thickness (9.6mm) With a square central cavity with dimensions [72mmx72mm] That is, by (.0.25,0.5,0.75)
)m=A /A =of the total area, as shown in Fig (24)

Each of the used plates was finely polished in order to obtain a flat surface, and each surface was perforated with
eight holes with a diameter(2mm) and with an impenetrabledepth of (8.8mm) With three holes in each side, as in
Figure ,(2) and in order to measure surface temperatures, thermocouples of the type. were used (T) And that is after
being calibrated and installed inside the designated holes using high temperatures (Super Glue).

The method used in the process of heating the heat exchange surfaces is represented by thin strips made of
nichrome( Alloy of Nickel and Chromium) with a width of (1.28mm) and its thickness (0.07mm) It is fixed
longitudinally on a layer of mica( Mica )its thickness (0.5mm) With an average separation distance of (mm) Then it
is covered with another layer of mica for the purpose of electrical insulation, and the heater is fixed on the surface
using (Super Glue).

Use glass wool with thermal conductivity (0.05W/m.°C) and thickness(4cm), and a thermal conductive cork
(0.024W/m.°C) withthickness(3cm) to isolate the underside of the heat exchange surfaces and the heater together,
put two thermocouples at the bottom of the cork material in order to determine the heat transmitted vertically to the
bottom of the surface. The heater, glass wool and cork were also surrounded by a thick wooden frame (2.3mm) This
is to ensure electrical insulation .

To ensure parallel Flowat the edges of the model ; the heat exchange surface at the edges is surrounded by a square

wooden board with dimensions (360mmX360mm ) and thickness (4mm) As an extended surface, it was isolated
from heat exchange surfaces using Teflon (Teflon) has a thermal conductivity of (0.36W/m.°C) And isolate it from
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it with rubber silicon. Figure ( 3) Explain the method of isolation and the extended surface of one of the surfaces
used. .

In order to provide the appropriate climate for conducting practical experiments and to reduce the influence of
external factors on the surface of heat exchange, the laboratory apparatus was surrounded by a closed space of
wooden walls with dimensions(220cmX160cmX200cm) In order to provide a stable state ,reduce the effect of air
currents and maintain a constant room temperature, the heat exchange surface was surrounded by a closed space of
nylon material with dimensions (70cmX70cmX130cm) This is after pulling the electrical power supply wires for the
heater and thermocouples out of the space in order to ensure ideal test conditions for heat transfer by free convection
by preventing the occurrence of any air currents as well as ensuring that the ambient temperature does not fluctuate,
which was (27°C) In most readings with fluctuation did not exceed°C % 1 During all the experiments.

Equip the heater with alternating current by means of an electrical transformer with a range of (220 - 0) volts,
connected to a type voltage stabilizer.

(VOLTAC) Use a multi -purpose digital scale type (PhilipsPM2521) To measure both the voltage and current
supplied to the heater with an accuracy of up to (0.01) millivolts and) 0.001 (milliamperes .The same device was
also used to measure the temperatures of the heat exchange surface by measuring the voltages generated in the
thermocouples, with an accuracy of up to ( 20 ) degrees Celsius..

Test method and results

The study aims mainly to study the effect of the cavity ratio on the rate of heat transfer by free convection, by
comparing the results obtained for each hollow surface with the results of the other two hollow surfaces. And each
surface on both sides was fixed horizontally by means of the mounting jaws in the device used so that the surface is
free from the top and the bottom. Done Measuring the temperature above the surface at the center line for
each hollow surface and for four selected levels, Rayleighnumber among seven levels, in order to show the effect of
the cavity ratio on the slope in the thickness of the adjacent layer generated above the hollow surface, which was its
maximum slope at the outer edge . The measurements were made at the center line of the axis (x) The positive and
above the outer, inner and middle edges, because through the initial practical experiments it was found that there
was symmetry around the center line as well as the symmetry that included every quarter of the surface. Used for
aluminum plate in addition to the central cavity.

The surface has been equipped with a constant electrical power by means of a variable voltage electrical
transformer, which is connected in series with a voltage stabilizer. The surface is left for a sufficient period of time
until it reaches a stable state, which ranged between (2-4) hours, depending on the equipped capacity of the heater
and the cavity ratio . After reaching the stability state, the readings of the thermocouples are taken, the voltage and
current supplied to the heater and the ambient temperature, as well as the measurement of the air temperature
represented by the adjacent layer above the surface, and the reading of the thermocouple is taken after every-4)
(3minutes of changing the height. Then this test method is repeated for another equipped power, which is
represented by seven levels of the equipped power and for the other two surfaces.

For the purpose of showing the effect of the cavity ratio on the rate of heat transfer by free convection from hollow
surfaces and finding the relationship of the average Nusselt number with Rayleigh number, the experimental data
that we have available has been reduced from the readings for each surface and limited to the average Nusselt
number and Rayleighnumber by performing the following calculations:

The supplied power of the heater can be calculated from the two readings of the supplied voltage and current i.e

[9]:

1) IP=VI
By balancing the generated and lost heat energy :
(2) Ip:Q Coan cond +Q rad

By calculating the amount of heat transferred by radiation and conduction , [10] the heat transferred by convection
was calculated:

) Qrad=Fsur€. 0. A(Ts4 - Ta4)
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(Ts—1,)
(4) Qcond. = Y -
1

(5) Rins = [Lm—51 + Lm_sz] -

Kinsl KinsZ AS
whereas
©) As=A—Ay
And through equation(2)

Q conv.= IP—(Q cond. + Q raq)

The heat transfer coefficient average (h) can be calculated as follows:
(8) Qconv. =h".A ( Ts— Ta)

- = _Qconw.
(9) h - As (Ts_Toc)

As for calculating the average of Nusselt number, it is done by relying on the difference between the outer and inner
lengths( Lo — Li)as a distinctive length(11)
(10
N_u — h~(Lo—Li)
Ky
Air properties are taken at the temperature of the membrane layer) T ¢,(which was calculated from the following
equation.
1D
T = TSJ; Ta
As for Rayleigh's number, it was calculated for all surfaces as follows(12)
12)

R, = L8~ (Lo-Li)?

v.a

From the two equations ( 10, 12) the data became a function of two variables; only average of Nusselt number,
Rayleigh number, and for the three surfaces, and by plotting the data for each surface, the values of the constants
were obtained. (c,n) which govern the relationship between the mean Nusselt number and the Rayleigh number.
In order to find the temperature distribution over the hollow surface, the dimensionless difference in temperature
was calculated using the following equation [13]
(13
g=""Ta

TsTq

Results:-

The practical experiments of the current research were conducted on the three hollow surfaces to show the effect of
the cavity ratio on the change in the mean Nusselt number with the change in Rayleigh number, as well as the effect
of the cavity ratio on the thickness of the adjacent layer generated above the surface and for the Rayleigh humber
range that ranged between (5.62x10 ° Using air as a heat transfer medium.

Figure 4 shows the change of the mean Nusselt number calculated for the first hollow surface at (0.25=m) With the
change in Rayleigh number and for seven levels of Rayleigh number, as we notice from the figure that increasing
Rayleigh number at the same cavity ratio will lead to an increase in the average number of Nusselt .It was found
through the results that the change in the mean number of Rayleigh at (Ra<1.2x10 ®)It is less than the rate of change
at Rayleigh is greater than this amount and the reason for this is that the decrease in Rayleigh number will generate
heat exchange between the heated surface and the barrier in contact with it less than if its value was higher because
in the presence of the cavity the hot air current generated inside the cavity, which increases the buoyancy
force Bouncy) At the surface ,its effect increases with the increase in the Rayleigh number as a result of its high
temperature and the presence of the cavity, which leads to its faster flow to the top . In order to compare the results
obtained at (0.25=m) A general equation was found that governs the change in the average Nusselt number as shown
in the figure (4)

Figure (5) shows the change of the mean Nusselt number with Rayleigh number at (m=0.5)We note that
the increase in Rayleigh number leads to an increase in the average number of Nusselt, and that the effect of the
cavity is clear, as we note the stability of the increase in the average number of Nusselt is at the level of Rayleigh
number is lower than it is at (0.25=m) This is due to an increase in the cavity rate, which increases the heat
exchange rate.
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The equation for the change that occurs in the mean Nusselt number with Rayleigh number and by comparing it with
the first surface at. has been found (m=0.25) It turns out that there is an increase in the average number of Rayleigh
of (39.6%) This, in turn, will improve the cooling rate of the surface and the reason for the increase is an increase in
the value of (m) Which increases the thermal gradient at the edges, as well as the absence of the thermal separation
area.

Figure (6) shows the change of the mean Nusselt number with Rayleigh number at (m=0.75) It was shown through
the equation for this surface that the rate of increase in the average number of Rayleigh reached (78%) of its value
at (m=0.25). As for the rate of increase between the three surfaces, we notice from Figure ( 7) that the rate of
increase between the two surfaces is (m=0.25,0.5)It isgreater than the increase between the two
surfaces (m=0.5,0.75)With the increase in the average number of Rayleigh with the increase in the cavity ratio.

In order to show the effect of the cavity ratio on the thermal gradient along the surface, the temperature was
measured above the surface and it was found that the maximum thermal gradient is at the outer edge and for all
studied levels, but the change in the thickness of the adjacent layer at the outer edge is little affected compared to
other points along the surface that The change then is greater, so to show the effect of the cavity ratio and the level
of heating on the thickness of the adjacent layer, the temperature distribution was drawn above the outer edge of the
three surfaces and four levels of the Rayleigh number, because a small change then generates a greater change in
the other points.

Figures ( 8,9,10,11) show the distribution of the measured temperature over the three hollow surfaces and at the
outer edge of the four levels of the Rayleigh number, as shown in each figure. Figure (8) shows the temperature
distribution of the three hollow surfaces at the Rayleigh number (5.62 x 10 5 )We notice from the figure that the
thickness of the adjacent layer decreases with the increase in the cavity ratio and that the rate of decrease increases
with the increase in Rayleigh number.

We notice from Figure ( 11) which shows the temperature distribution at the Rayleigh number (1.67 x 10 6 ) The
decrease in the thickness of the adjacent layer increased with the increase in Rayleigh number, where the percentage
of decrease in it was at (m=0.75)Between the highest and lowest level of the rally number more than double, and
this is clear by comparing the results of the two figures, (8,11 ) and this indicates that the increase in the cavity
ratio increases the thermal gradient rate along the surface.

Conclusions:-

The study of heat transfer by free convection from three hollow surfaces in their horizontal position with different
cavity ratios and at a constant heat flux along the surface, and the main conclusions that have been reached can be
summarized as follows:

1. The heat transfer by free convection increases with the increase of the cavity ratio and Rayleigh number.

2.The behavior taken by changing the averageof Nusselt number in general was similar for all surfaces with the
change of this increase according to the Rayleigh number and the cavity ratio .

3. The rate of increase in the average number of Rayleigh at (m=0.5) It reached (%39.6) of its value at.( m=0.25)

4 .The rate of increase in the averagenumber of Rayleigh at (m=0.75) It reached (%29.2) of its value
at (m=0.5)and (%78) of its value at ( m=0.25).

5.The maximum thermal gradient is at the outer edge of the surfaces and the gradient rate increases along the
surface with the increase in the Rayleighnumber and the cavity ratio.

Icon List
code the meaning units
Ay Cavity space m,
A, surface area m,
A The total area m,
C,n constants -
Four surface modulus -
G ground acceleration m/s °
h- average heat transfer coefficient wim? °c
| electric current A
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IP Equipped capacity W
gr Kirchhoffnumber -
K Thermal conductivity of the fluid w/m. °C

K ins Thermal conductivity of the insulator w/m. °C
Li inner length M

L ins insulation thickness M
Lo External length M
m bore ratio) A 1y A «( -

Nu Nusselt number -
Q cond Thermal energy transferred by conduction W
Q conv Heat transmitted during pregnancy W

Q rad. Radiant heat transfer W
Ra Rayleighnumber -

R ins Thermal resistance of the insulator m °ciw
T temperature above the surface °c
Ts surface temperature °c

Ambient air temperature °c

T
T« Insulator bottom surface temperature °c
V electric potential difference %

Greek symbols

€ heat exchange surface emissivity | -

Thermal diffusivity | m?/s

volumetric expansion coefficient | k ™

kinematic viscosity | m?/s

Q| ™R

Stefan and Boltzmann constant) 5.67 x 10 ®) | w/m?* .k *

Dimensional symbol

0 | Dimension temperature |

l------—-——-———-———————--—-——--

Vo — &

| ‘
V' — 1
|
|

¢ | ;

= e g 0 e

I £

I
|
Figure (1):- Schematic diagram of the experimental Set-up.
1. Joint of movement in the direction of axis z
2. double space
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3. Heat exchange surface
4. Nylon closed compartment
5. Jaws of installation

/\

96mm

9.6m
(m=0.75) (m=0.5)

(m=0.25)

Figure (2):- Dimensions of the three aluminum sheets used with holes for thermocouples.
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Figure (3):- A cross section showing the thermal insulation process.
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1- Extended surface
2- Square aluminum
plate.

3- Layers of Mica

4- electric heater

5- Glass wool

6- Cork

7- Thermocouples
8- Central cavity

9- Wooden frame
10- Power supply wires
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Figure (4):- The relationship between Rayleigh's number and the average of Nusselt number at Ym=0.25(
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Figure (5):- The relationship between the Rayleighnumber and the average of Nusselt number at )m=0. 5(
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Figure (8):- Temperature distribution over the outer edge of the hollow surfaces at Ra=560000.
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Figure (9):- Temperature distribution over the outer edge of the hollow surfaces at Ra=1033100.
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Figure (10):- Temperature distribution over the outer edge of the hollow surfaces at Ra=1422000.
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