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Circular Hole

Asst. Prof. Dr. Ikhlase M. Fayed* & Asst. Lec. Wassan N. Matti**

ABSTRACT

An experimental investigation of natural convection heat transfer from an isothermal horizontal,
vertical and inclined heated square flat plates with and without circular hole, were carried out in two cases,
perforated plates without an impermeable adiabatic hole "open core" and perforated plates with an
impermeable adiabatic hole "closed core" by adiabatic plug. The experiments covered the laminar region
with a range of Rayleih number of (1.11x10°<Ra;,<4.39x10°), at Prandtle number (Pr=0.7). Practical
experiments have been done with variable inclination angles from horizon (®=0°,45°,90°135° and 180°),
facing upward (0°<®<90°), and downward (90°<®<180°). The results showed that the temperature gradient
increases while the thermal boundary layer thickness decreases when Grashof number and perforation ratio
(m) increase . The temperature gradient for inclined position facing upward is less than facing downward,
while the thermal boundary layer thickness is greater. The temperature gradient decreases while the thermal
boundary layer thickness increases for perforated plates with an adiabatic core as compared with perforated
plates without an adiabatic core. The value of average Nusselt number increases with increasing perforation
ratio, and Grashof number for all specimens with and without an adiabatic core, also increases by increase in
inclination of plates approaching the higher value at vertical position (®=90°), then decreases with
increasing inclination of plates till horizontal position (©=180°). The average Nusselt number values for
perforated plates with an adiabatic core are lower than for perforated plates without an adiabatic core for all
perforation ratios. Maximum heat transfer rate occurs at perforated plate with perforation ratio of (m=0.1)
without adiabatic core for vertical position (®=90°), at a range of Grashof number
(1.576x10°<Gr; ,<6.292x10°), while the rate of heat transfer decreases with increasing perforation ratio for
plates with and without adiabatic core for decrease in heat transfer rate area. The rate of heat transfer for
perforated plates with circular hole is more than for perforated plates with square hole at the same
perforation ratios (m=0.1,0.16,0.24 and 0.36). It found that the lack of core flow decreases the overall heat
transfer rate by (6.477%) . There was a good agreement for the experimental present work results compared
with other pervious results .
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INTRODUCTION

Decades ago have witnessed a great
interest for the process of convection heat
transfer from finite bodies such as (square
surface) because of its wide spread
application in many engineering and
industrial applications, which include the heat
flow from streaming radiant, cooling small
electronic devices that have low power, air
conditioning, warming systems in rooms,
building walls, the natural convection enters
in nuclear power applications for cooling
objects surfaces that diffusion heat is
generated in. It is also used in heat transfer
resulting from chemical reactions, and in the
environment, libratory devices, cooking, also
natural convection can be found in
engineering system such as heat exchange fin
surfaces applications, electronic parts that
have different shapes, electrical natural
convection furnaces, heaters devices, and
some load cell.

Natural Convection heat transfer
from isothermal plates continues to be a topic
of current research, and also a number of
experimental and theoretical studies [AL-
Arabi & EL-Riedy (1976), Mustafa (2001),
Aziz (2002), Robinson & Liburdy (1987)
,Pera &Gebhart (1973), Sahraoui et al.
(1990)] have been made in past to determine
the natural convection heat transfer from
heated isothermal plates hold in horizontal
position, the convective flow situation is two
dimensional and thus easier to study
experimentally and theoretically. Two earliest
studies [Abd (2007)] has been done
theoretical study for a three-dimensional
natural convection heat transfer from an
isothermal horizontal , vertical and inclined
heated square flat plates (with and without
circle hole) which involved the numerical
solution of the transient Navier-Stokes and
energy equations by using Finite Different
Method (F.D.M.), & [Ali (2007)] has been
done experimental study for isothermal
square flat plate (with and without square
hole) with extension surface. The experiments
covered the laminar region with a range of
Rayleigh number of order of 10°, and
included the manufacturing of four square
models of aluminum (10cm) length, (1cm)
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thickness and perforation ratio
(m=0.0,0.04,0.16&0.36) respectively with
heater for each model for inclined position for
square plate of constant temperature. Table
(1) shows the results of previous studies.

The present experimental investigation
aims to study the natural convection heat
transfer from isothermal heated square plate,
with and without circular hole, for different
perforation ratio in two cases, perforator
plates with and without adiabatic circular
hole, and the effect of different inclination
angle from horizon (®=0°, 45°, 90°, 135° and
180°), facing upward and downward, different
ranges of Grashof number
(1.576x10°<Gr<6.292x10°), then analysis the
results to develop mathematical relationships
that rely on the accounts (arithmetic) of
natural convection taking into consideration
the effect of inclination angles (@),
perforation ratio (m) and heating levels.

EXPERIMENTAL APPARATUS
Manufacturing four specimens used as a
heat exchange surfaces are made of aluminum
sheets, having square shape with length and
thickness (100mm and 10mm) respectively. A
basic dimensions of the specimens are given
in Table (2). The first specimen is a square
shape, but the other specimens are perforated
with circular hole at different perforated area
(m=0.0,0.1,0.24 and 0.5) as shown in Figure
(1). In order to measure the surface
temperature homogeneity of the specimen, a
copper-constantan type (T) thermocouples,
embedded from the heated surface. The four
specimens were drilled with a number of
holes with diameter (2mm) and depth (9mm)
from the bottom. The holes were distributed
radialy with a pitch angle of 45° and radii (36,
40 and 45mm) for the specimens designated
as 2-nd, 3-rd, and 4-th respectively. To heat
up the heat exchange surfaces (specimens), an
electric heaters are manufactured from
nickrom (nickel-chromium alloy). In order to
study the natural heat transfer for inclination
angles from horizon ranging from (0° to
180°), the wooden extending surface which
contains the heat exchange surfaces
(specimens) have been installed on the
apparatus bracket. It can be moved by moving
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joints fitted between the extending surface
and apparatus bracket, with the inclination
angle could be controlled through the manual
metal protractor, as shown in Figure (2).

A uniform temperature on the surface of the
model was achieved by adjusting the
electrical input power to the heating element .
The specimen and heating element assembly
were installed for the purpose of conducting
the study with its own heater together with the
wooden extending surface to ensure parallel
flow at the specimen edges. The surface heat
exchange (specimen) was isolated together
with the heater from all sides, except the
upper surface to reduce thermal losses. To
minimize side effects of air currents room
temperature in the process of natural heat
transfer from heat exchange surfaces, the
apparatus was placed in a room with
dimensions (4m x 2m x 3m). In order to study
the heat transfer by natural convection from
the surface of a specimen, the surface air
temperatures ~ were measured by a
thermocouple, which was installed in a holder

with shape (ﬁ), to move the holder on the
specimen surface in three dimensions (x, y,
z), it is connected with three dimensional
mechanisms. The steady state at heat
exchange surface temperature is commonly
reached within (4 to 5) hours. The voltage and
current were recorded when reaching steady
state, in order to calculate the power supplied.
The temperatures over the heat exchange
surface were recorded and for a small equal

specified  distances to  the  Z-axis
perpendicular to each point of the
measurement  grid by the specified

thermocouple sensing till reaching the space
or ambient temperature in order to calculate
the thermal boundary layer thickness (6) until
the difference between measured temperature
and the ambient temperature  was
approximately (0=0.02). The temperature
distribution was measure at different ranges
of Rayleigh number as shown in Table (3).

To calculate the local heat transfer
coefficient by natural convection, a thermal
balance was done as follows:

dT
—k,—

Z z=0

=nT,-T,)

(1
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Rearranging equation (1), the local
heat transfer coefficient on the heat exchange
surface is obtained as follows:

dT
! dz 0

= — % oo
(r, -T,)

2)

By integrating equation (2) along the
plate area, the average heat transfer
coefficient has been calculated as follows:

— 1
h = —\| h.dA
A£ 3)

The Local Nusselt number has been

calculated from the following equation:
hL,

Tk (4)

Nu

Substituting equation (2) into equation
(4) yields:

L
Nu, =—Zl=0
’ (Tw - T”ﬂ ) (5)
7 = z
ke (6)
_ T-T,
T.-T. ()
Nu, = - a9
dZ z=0 (8)
So the average Nusselt number can be
calculated by integrating local Nusselt
number over the heat exchange surface as
follows:
Nu, = LJ.L J.La a0 dx.dy

The thermal energy transferred by
radiation can be calculated from the following
equation:

QRadiation :F*O-*S*A *(Tw4_Ta4) (10)

RESULT AND DISCUSSION

Temperature Distribution :- Figures
(3) and (4-a-b) show the dimensionless
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temperatures distribution at symmetry axes
(X-axis and Y-axis), at the planes (Z-X and
Z-Y), above the surface of square plate and
circular perforated surface specimens with
and without plug for inclination with
horizontal (©=0°,45°,90°,135°, and 180°), for
(GrL=1.576x10°, 3.546x10°, 5.083x10°, and
6.292x10%). Temperature gradient in the
upward heating state is lower than the case of
downward heating. The adiabatic plug
prevents the additional flow, that results
decrease in the temperature gradient leads to
decrease the quantity of the heat transferred.
Generally for all inclination angles (®),
increasing heating level, (increasing Grashof
number (Gr,)) and perforation ratio (m)
leads to increase the temperature gradient for
the specimens.

Thermal Boundary Layer Thickness (9):-
Figures (5) and (6-a-b) depict change of
thermal boundary layer thickness above the
surface of square plate and circular perforated
surface specimens with and without plug
above surface specimens in the (Z-Y) plane,
for inclination angles from horizon
(®=0°,45°,90°135°, and 180°), at heating
levels  (1.576x10°<Gr,<6.292x10%.  In
general, thickness of thermal boundary layer
decreases with increasing (Gr,), and
perforation ratio (m) for all inclination angles.
It is observed that the maximum thickness of
thermal boundary layer is at the center and
falls gradually toward the edges. This is
attributed to the fluid molecules density
which is greater above the edges compared
with density of fluid molecules density above
the center, which possesses the maximum
temperature at the surface. This leads to raise
the lower density hot molecules above the
center at higher speed causing pressure
rarefaction, then the adjacent molecules of
higher density move from the outer edges in a
horizontal moving to replace them. The flow
at the edges is parallel to the surface and
accelerates toward the center near to it, at
which the fluid moves upwards in the shape
of a plume, called thermal separation region
at center, thermal separation occurs at center
and the quantity of heat transfer is minimum,
while it is maximum at the edges. The fluid
rise near the specimen center results for
making thermal boundary layer it is
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maximum at the center in the horizontal
position of specimen (®=0°), it is seen that
the boundary layer thickness increases as
compared with perforated specimens without
plug, while the rate of heat transfer is reduced
as a result of reduction of temperature
gradient over perforated specimens surface in
presence of plug (with no additional flow). In
general thickness of thermal boundary layer
decreases when (Gr,) and perforation ratio
increase for all inclination angles with the
horizontal (®=0°45°90°135°, and 180°), at
four surface heating levels
(1.576x10°<Gry,,<6.292x10°).

Effect Of Inclination Angle On The Average
Nusselt Number:- Figure (7-a-b) show the
effect of inclination angle on the (Nu , ) for

the square specimen and circular perforated

Ly

specimen with and without plug for
inclination angles with the horizontal
(®=0°,45°90°,135°, and 180°) and for four
surface heating levels

(1.576x10°<Gr<6.292x10°%). Tt is observed
that, increases of the (Nu , ) in the case of

heating upward with increasing inclination
angle from (®=0°) reaching the vertical
position of specimens (®=90°), where is the
maximum value of the (W, ).With
increasing inclination angle of downward
heating reaching the horizontal position
(®=180°) the value of the (Nu , ) is gradual
decrease. Also, there is an increase in values
of (Nu,) with increasing (Gry,) and
perforation ratio, while decreasing values of
(Nu , ) for perforated specimens with plug
compared to those without plug due to lower
temperature gradient above the perforated
specimens with plug.

Effect Of Perforation Ratio On The Average
Nusselt Number:-  Figure (8-a-b) display
the effect of perforation ratio on (wzu , ) for
the square specimen and circular perforated
specimens with and without plug for
inclination angles with the horizontal
(®=0°,45°90°135°, and 180°), at surface
heating levels (1.576x10°<Gr,<6.292x10°).
It is noticed an increases in the value of
(Nu , ) with increasing perforation ratio, but

the increase for circular perforated specimens
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without plug is greater than for perforated
specimens with plug, because with hole the
thermal separation region can be removed,
which is formed at the centre of square
specimen and gets nearer to the flow of
boundary layer at the specimen outer edges,
which increases ( Ny |, ).

Lo

Mathematical _Correlation _Between _The
Average Nusselt Number And Rayleigh
Number:- Figure (9-a-b) for the square plate
and circular perforated specimens with and
without plug show a relationship, for upward
and downward heating situation according to
the following equation :
Nu, =C,(Ra.sin®)"**

.................................................. (11)
It is also observed the values of the
constant (C;) for perforated specimens

without plug is more than for the perforated
specimens with plug.

Figures (10) and (11) show the effect
of perforation ratio in correlation between
(Nu , ) and (Ray,) for perforated specimens
with and without plug in the upward and
downward heating situations for different
inclination angles in accordance with the
following equation:

Nu; =(C,+C; Xxm)(Ra.sin G023

(10)
The values of constants (C,) and (Cs)

in the upward heating case are lower than

those in the downward heating case for the

perforated specimens with and without plug.

Average Of Total Dimensionless Heat
Transfer:- Figure (12-a-b) display the effect

of  perforation ratio(m) on average
dimensionless heat transfer at Grashof
number

(GrLo=1.576x10°3.546x10°5.083x10°  and
6.292x10% for the square specimen and
perforated specimens with and without plug.
It is observed that the maximum heat transfer
quantity is at perforation ratio (m=0.1), and
gradually  decreases  with  increasing
perforation ratio (m=0.24 and 0.5), despite the
increase in ( Nu , ), due to the decrease in the

L

area of heat exchange, which leads to
decrease in the rate of heat transfer. It is also
observed the total heat transfer quantity to the
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perforated plates with plug is lower than that
transfer to the perforated plates without plug,
by (6.477%) for all perforation ratios due to
decreasing (nu , ) for perforated plates with

plug from that for perforated plates without
plug.

Choice _Of Suitable Hole Shape:- To
investigate the perforated shape, and to
determine the effect of most suitable hole
shape on heat loss, a comparison has been
done between quantity of heat transferred in
the case of circular hole in present work with
square hole as cited by [Ali, 2007] for the
ratios of perforation are (m=0.1,0.16,0.24,
and 0.36) for upward heating (0°<®<90°) and
downward heating (90°<®d<180°), at four
heating levels, as shown in Figure (13-a-b). It
is found that heat transferred in the case of
circular hole is greater than the heat quantity
in the case of square hole for the same
perforation ratios. It founded there is no effect
of square hole edges "corners" which
represented stagnation flow region[AL-Arabi
and EL-Riedy, 1976], this led to thermal loss
in case of circular hole is greater than in case
of square hole.

Comparison __ Of Present Results With
Previously Published Results:- There is
agreement between results of present work for
values of (Nu , ) for horizontal square plate

with its heated surface downward are shown
in Figure (14) and for vertical position in
Figure (15). And previous numerically
published work by [Abd, 2007], and
experimentally by [Ali, 2007] for horizontal
square plates with their heated surface
downwards, and in vertical position, also
compared with previous numerical results for
horizontal disc with heated surface
downwards, and for heating in the vertical
position with those by [Hassan, 2003]. Values
of (Nu , ) for inclined perforation square

plate, with circular perforation, at perforation
ratio (m=0.5) for both heating upward, shown
in Figure (16) and heating downward shown
in Figure (17) of present work with previous
numerical work by [Abd, 2007], for an
inclined square plate perforated with circular
hole of perforation ratio (0.6), and with
previous experimental work [Ali, 2007], for
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an inclined square plate, perforated with
square hole at perforation ratio (0.36) for
upward and downward heating. There is good
agreement in values of (Nu , ) with results

reported by [Abd, 2007], and the value of

(Nu , ) shows an increase, from the
experimental results of [Ali, 2007], by
(16.21%) for heating upwards, and by

(18.74%) for heating downwards.

Conclusions:- The results show that for square
specimen and specimens with circular hole
without plug

1- The minimum temperature gradient and
maximum thermal boundary layer thickness
(0) is above the centre of the square specimen
in the horizontal position heated face upward
(®=0°), while the gradient increases and
thermal boundary layer thickness (9)
decreases when specimens are perforated.

2- The value of local Nusselt number (Nuy,)
in the upward heating is less than in the
downward heating, this leads to increase the
quantity of heat transfer in the downward
heating than in the upward heating. The
maximum value of (Nur,) is at the lower
edge of inclined specimens in (©=90°).

3- Maximum value for the (M . ) is in the
vertical position (®=90°), and minimum
value is in both horizontal position
(®=0°,180%. The (M . ) increases with
increasing perforation ratio and heating level
to reach its maximum value at perforation
ratio  (m=0.5) and (Gr.,=6.292x10° in
(©=90°).

4- Maximum heat transfer quantity is at
perforation area ratio (m=0.1), and maximum
heat transfer rate for square and perforated
specimens is in the vertical position (®=90°)
at all heating levels .

5- The realization of an empirical correlation

for (M .) with term (Rasin®) and
perforation ratio for square specimens having
circular perforation with heated surface
upwards without plug

{Me . =(0.599+0.407Xm)(Ra.sin®)** }, and
its heated surface downwards
{Ne . =(0.634+0.333Xm)(Ra.sin®)"* }.

6- The rate of heat transfer for circular hole is
greater than for square hole for the same
perforation ratio .
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The results show for circular perforated
specimens with plug

1- Decrease in temperature gradient and
increase in the thermal boundary layer
thickness (8) occur in the perforated
specimens with plug.

2- The values of local Nusselt number and
quantity of heat transfer are lower than those
without the plug.

3- The average Nusselt number for perforated
specimens with plug is lower than without.

4- The quantity of heat transfer for perforated
specimens with plug, is lower than that
without plug by (6.477%) for all perforation
ratios. The maximum values of the heat
transfer is at the vertical position (©=90°) for
all heating levels.

5- In order to formulate an empirical
correlation for average Nusselt number

(M .y with the expression (Ra.sin®) and
perforation ratio for square specimens having
circular hole with its heated surface upwards

with plug
Nu", =(0.544+0.287Xm)(Ra.sin®)’*}, and its
heated surface downwards {

Nu ., =(0.566+0.305Xm)(Ra.sin®)"* }.
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List Of Symbols

Nomenclature
Symbol Definition Unit
A Total surface area m’
C,C,C;, Empirical constants of average Nusselt number with Rayleigh number correlation ~  ------
D, Disc diameter m
F Shape faccor
h Average heat transfer coefficient W/im’.°C
h Local heat transfer coefficient W/im’.°C
ky Fluid Thermal conductivity at film temperature Wim.C
L; Inner length for the square hole m
L, Length of square side m
L, Length of rectangular surface m
m Ratio of hole area to square platearea e
q Convective heat transfer rate calculated from local measurement method w
0 Dimensionless heat transfer rate by convection  —emer
O conveetion Convection heat transfer rate calculated from energy balance method w
O,adiation Radiation heat transfer rate from specimen surface w
R’ Correlation coefficient
T Temperature °’C
T, Ambient (atmospheric) temperature °C
T, Heated surface temperature °C
Xz Normal coordinates m
Dimensionless Group
Gr =gB(T,-T,)D, /v’ Grashof number based on the outer diameter of disc or ring
Gr =gp(T,-T,)L," /v’ Grashof number based on the side length of square plate
Nu —=hL,/k, Local Nusselt number based on the side length of square plate
Nu, =hlL, Ik, Average Nusselt number based on the side length of square plate
Nu , =hD,lk, Average Nusselt number based on the outer diameter of disc or ring
Nu, =hL,/ k Average Nusselt number based on the side length of square plate
SR S WL - Li) ik Average Nusselt number based on the difference between the length
S ! of square plate and hole length
Nu, =hlL,6/k, Average Nusselt number based on the side length of rectangular plate
Pr=v/«a Prandtl Number
Ra,, = Grp, - P. Rayleigh number based on outer diameter for disc or ring
Ra,, =Gr, P, Rayleigh number based on the side length of square plate
Ra,, =Gr,, P, Rayleigh number based on the side length of rectangular plate
Greek Symbols
Angle of plate inclination from horizon degree
Stefan-Boltzman constant and it value 5.678x10® Wim’K*

Emissivity of heat exchange surface o
Dimensionless temperature e
Thickness of thermal boundary layer mm

SIS
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Table (2) Basic dimensions of the specimens used in the laboratory experiments

Specimens arrangement

T ype

‘ Second Specimen ‘ Third Specimen ‘ Fourth Specimen

Square plate

Square plate with
circular hole

Square plate with
circular hole

Square plate with
circular hole

10mm

10mm

10mm

10mm

100mm

100mm

100mm

100mm

80mm
m=0.50

56 mm
m=0.24

36mm
m=0.10

0 mm
m=0.00

czrcular hole diameter

. External side length

Area ratio (m)

Table(3) Grashof number(Gry,) and Rayleigh number(Ray,) ranges of the experiments

100
336.5
6.292x10°
4.398x10°

40 60 80
306.5 316.5 326.5
1.576x10° 3.546x10° 5.083x10°
1.112x10° 2.496x10° 3.568x10°

Second specimen

M=0.0

First specimen

M=0.1

Fourth specimen
M=0.5

Third specimen

M=0.24

25/05/2008,

1 Digital clamp meter 5 Screw & nut 9 3-dimensional movement mechanism 13 Variac
2 i Mercury thermometer | 6 | Automatic voltage regulator 10 Holder 14 Wool box
3 Digital thermometer 7 Extension wires 11 Specimen

4 Protractor 8 Selector switch 12 Extending surface

Figure (2) Test rig with measurement devices
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Figure(4-a) experimental temperature distribution over 2°* specimen without plug m=0.1 for

Gry,=3.546X10°
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Figure (4-b) experimental temperature distribution over 2°! specimen with plug m=0.1for

Gry,=3.546X10°

specimen 1

Boundary Layer thickness

Gr.= 1576x10
61z 354610

6
61,7 5.083x10
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30

Z-axis

20
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08T = @

Figure(5) boundary layer thickness over 1* specimen surface m=0.0 for

(1.576x10°<Gr,,<6.292x10°)
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Figure(6) boundary layer thickness over 2°® specimen surface m=0.1 for
(1.576x10°<Gr,,<6.292x10°%)
-a- without plug (adiabatic core) for circular hole -b- with plug (adiabatic core) for circular hole
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Figure (7) the effect of inclination angle (®) from horizon on (mw)
-a- without plug (adiabatic core) for circular hole
-b- with plug (adiabatic core) for circular hole
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) for four heating levels V. Figure (8) the effect of perforation ratio (m) on the (

-a- without plug (adiabatic core) for circular hole
-b- with plug (adiabatic core) for circular hole
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Figure (10) (N “.) as a function of Ra sin(®) &
perforation ratio (m) for specimens without plug
(adiabatic core) for circular hole
-a- upface heated
-b- downface heated
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Figure (11) (N “.) as a function of Ra sin(®) &
perforation ratio (m) for specimens with plug
(adiabatic core) for circular hole
-a- upface heated
-b- downface heated
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Figure (12) the effect of perforation ratio (m) on the dimensionless heat transfer rate for
different heating levels
-a- without plug (adiabatic core) for circular hole
-b- with plug (adiabatic core) for circular hole
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