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Abstract

Mixed convection heat transfer to air inside an enclosure is investigated experimentally. The bottom wall of the
enclosure is maintained at higher temperature than that of the top wall which keeps in oscillation motion, whereas the
left and right walls are well insulated. The differential temperature of the bottom and top walls changed several times in
order to accurately characterize the temperature distribution over a considerable range of Richardson number.
Adjustable aspect ratio box was built as a test rig to determine the effects of Richardson number and aspect ratio on the
flow behavior of the air inside the enclosure. The flow fields and the average Nusselt number profiles were presented in
this work. The results show that, at a constant value of the Richardson number, average Nusselt number (Nu,y)
increases with aspect ratio. Furthermore, as Richardson number decreases, the time period decreases with constant

values of aspect ratio.
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1. Introduction

The problem of heat transfer by mixed
convection has been the subject of intensive
numerical, and experimental investigations in the
recent years because of its significant applications
in nature and in many scientific and engineering
practices such as, cooling of electronic
devices[1],the design stage of Ceiling Radiant
Cooling Panel (CRCP)system [2], manufacturing
of solar collectors, flow and heat transfer in solar
ponds[3]. A survey of the literature on mixed
convection in enclosures shows that most of these
studies were adapted the numerical methods while
very few of these studies were carried out
experimentally. Aydin, and Yang [4] investigated
numerically mixed convection in cavities with a
locally heated lower wall and moving sidewalls
which was assumed to be moving downward

across the cavity and to be kept at a constant
temperature. The remaining parts of the cavity
were considered to be adiabatic. Mixed
convection heat transfer in a two-dimensional
rectangular cavity with constant heat flux from
partially heated bottom wall while the isothermal
sidewalls were moving in the vertical direction,
was studied by Guo and Sharif [5]. All
computations were done for a range of Richardson
number from(0.1 to 10).The results show an
improvement of the flow and temperature field
and increasing of the Nusselt number values by
increasing of both of the Richardson number and
the heat source. Hakan and Dagtekin[6], Abdalla
Al-Amiri, et al.[7], Sharif [8], and Waheed,
[9]were also studied the problem for the mixed
convection in enclosures under different boundary
conditions numerically and they concluded a
number of explanations for the change in the
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values of the Nusselt number. Khanafer and
Amiri[10] investigated the effects of oscillatory
motion of the upper wall. The results reveal that
the Reynolds and Grashof numbers would either
enhance or retard the energy transport process and
drag force behavior depending on the velocity
cycle.Ghasemi,and Aminossadat[11] present a
numerical investigation of mixed convection in a
square cavity which configured such that one of
the vertical walls is cooled and slides either with a
constant speed or with a sinusoidal oscillation.
The results indicate that the direction and
magnitude of the sliding wall velocity affect the
heat transfer rate. An experimental study of mixed
convection and flow pattern in a lid-driven arc-
shape cavity were carried out by Chen and
Cheng[12]. The top flat lid maintained at
temperature AT and was moving from left to right
at a constant speed. The bottom arc-shape wall is
heated such that its temperature is fixed at a
higher temperature. The flow visualization
technique using kerosene smoke is applied to
observe the flow pattern. An experimental
investigation for the flow field in an enclosure
with a bottom wall maintained at a temperature
higher than the temperature of the top wall was
done in the present work. The top wall was
moving horizontally in a certain sinusoidal motion
while the two other walls were perfectly insulated.
The air was used to be the working fluid.

2. Experimental Apparatus and Procedure

The schematic diagram of the test rig is shown
in Fig.(1). The main part of the experimental rig is
the enclosure which shown in Fig. (2).It is a
rectangular box manufactured from wood. The
enclosure has a width of (300) mm and a variable
height of(150)mm, (300)mm, and (600) mm. To
ensure that the flow is two-dimension, the depth
of the enclosure is adjusted to(1000) mm([13].The
bottom wall is heated by an external plate heater
fixed by bolts. Three holes on the bottom side
used to inject smoke inside the enclosure as
shown in Fig.(3).The top wall is connected to an
external mechanism to provide an oscillating
motion. The moving apparatus was designed and
fabricated to provide a horizontal variable speed
motion to the top wall according to [U=Upax SIN
(ot)].The oscillation amplitude (umax) represent
the maximum top wall moving speed as shown in
Fig. (4). Fig. (5) shows the moving apparatus
which  consists of (600mm x 1000 mm)
aluminum plate,(3 mm) thickness connecting to a
variable speed DC-motor with an arm. A slice of
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rubber was inserted between the movable part
(aluminum plate) and the sides of the enclosure to
prevent air leakage. The left and right walls of the
enclosure were perfectly insulated to ensure that
no heat exchange across them. The
symptomaticwalls of the enclosure provided with
two glass windows to visualize the flow field
inside the enclosure as shown in Fig.(6).An
electrical film heater was mounted on the bottom
surface of the enclosure to provide a constant heat
flux. Many strips of Chrome-Nickel alloy having
a width of (1) mm and of (48) ohm/m electricalre
sistance used as heating element. The heating
element supplied a wide range of constant heat
flux values. The power required for the heating
element was controlled by adjusting the electric
current supplied to the element. The flow field
was visualized by imaging the smoke inside the
enclosure. Type-K thermocouples with a digital
thermometer were used to measure the
temperature distribution inside the enclosure, and
the differential temperature of the cold and hot
sides as in Fig.(7).The thermocouples were
connected in parallel to a digital thermometer by
leads through a selector switch. In order to obtain
accurate measurements, a calibration for the
thermocouples, compensating cable, selector
switch, and the measuring device were done. The
angular velocity of the motor is measured by
using speed meter. Air flow visualized using
smoke method technique. The smoke is fed into
the cavity through three holes placed beneath the
bottom wall of the enclosure. The two glass
windows and the smoke allowed the flow field in
the enclosure to be visualized by using a digital
camera. During each test run, the temperature of
the bottom heating surface and the top moving
wall is specified and the accessories is setting
according to these selected specification. A digital
watch was used to control the time period of
oscillation. The temperatures of the hot and the
cold walls were monitoring continuously
(threethermocouplesT, T,, andTsfor the hot wall,
and one thermocouple T for the cold wall) as in
Fig (7).Each (1/4) and (3/4) period, the air
temperature inside the enclosure was recorded.
When the recorded temperature of a previous
period and that of the later period is almost equal,
for the entire air in the enclosure, the experiment
assumed to be reached the steady state condition.
When the enclosure is considered to be at a steady
state condition the smoke has been injected to the
cavity through the three holes of the bottom wall
and photographs of the flow field have been done
by using the digital camera. At the end of the
experiment, the heating element switch off, and
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the rig will allowed returning to its original
temperature before starting new test run.The
analyses of the experimental uncertainties of the
results have been given proper attention. In the
present study, the uncertainty analysis was

performed by the method proposed by Holman
1984[14]for all experiments, and it was found that
the expected experimental error was within
+4.3%for all test runs.

DC motor
Aluminum plate 5 mm thick

Electrical heater
Wood Enclosure

Eal A

Glass window
Joint with screw

Iron frame
Flexible arm

©oN ov

Fig. 1. Schematic diagram and a photograph of the test rig.
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Fig. 2. Schematic diagram of the enclosure.

Pipe of smoke
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Fig. 3. The bottom wall.
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Fig. 4. The amplitude of oscillation.

Thermocouple

| Side wall
| fromwood

Boltto fixed heater | '_
with the enclosure

Fig. 6.The side wall of enclosure. Fig. 7. Thermocouple distribution inside the enclosure.
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3. Data Analysis

Richardson number is a measurement of the
relative importance variables of the buoyancy-
driven natural convection to the lid-driven forced

convection, which is calculated from the
following equation.

Ri= Gr/Re’ = (g.f.(Tv-T¢ ).H) /(Upax ) ..(1)
where

Upax= @ .T

The Nusselt number is assumed to be the
reference to the effect of fluid motion on heat
transfer. It is of a great interest to study this effect
by determining Nusselt number in each stage of
heat transfer process within the enclosure.
Generally, and according to the heat balance
which occurs between the heating surface and the
air inside the enclosure, one can say that
conduction heat from the heating surface is equal
to the convection heat to the air in the cavity

Qcona. = Qconv. ...(2)
where

aT
Qcona. = —Kerr -Actem. 3y ...(3)
and
Qconv. = h . Aetem. - ATp ...(4)

where A, is the area of the element under
investigation, and,

ATo =Tp — Tt ...(5)
so that,
aT
h.Agiem. - ATp = _Keff Aerem. a ...(6)
then
aoT
h 3y
= T (7
Kerr ATo )

where K.rr = K . Nu[15], but Nu = h'THand His

the length of the enclosure which is the distance
between the hot and cold surfaces,
so that equation (6) can be written as:

T
9 n

—hH_
Nu ="t = 2 ~(®)

4. Results and Discussion

Figs.(8) and (9) are represent photographs of
the flow field at (Ri=10) and (Ri=5) respectively.
These photographs show that the whole field
consists of two cells which occupy all of the
enclosure space, which is attributed to the fact the
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fluid flow inside the enclosure is dominated by
natural convection. Also it can be concluded from
these photographs that, decreasing Richardson
number (by increasing the Reynolds number) at
constant values of Grashof number and Aspect
Ratio (AR= 1), will lead to increase the force
convection due to increase the amplitude of
oscillation at the top wall (uma). It was very
difficult to image the flow field at Ri=1 and
Ri=0.1, because the process requires increasing
the top wall speed, which means that the time
period required to complete one cycle is very
little, unfortunately the facilities and the
equipment for this job were unavailable at the
time of experiments.

Figs. (10) and (11) represent the photographs
of the flow field at (Ri=5), and various values of
the Aspect Ratio (AR=0.5, and 2).It can be
conclude from these figures that the time required
to complete one cycle (period) will increase when
the aspect ratio is increase at the same value of the
Richardson number, mean that the time period is
increases due to the increase the amplitude of the
oscillation at the top wall (Umax).The temperature
measurement each (1/4 and 3/4) of the time period
was used to deduce experimentally the effect of
Richardson number, on the average Nusselt
number(Nu,,.). Fig. (12) Shows the relation
between average Nusselt number  with
dimensionless time for different values of
Richardson number (Ri=5 and 10) at constant
aspect ratio (AR=1) and constant Grashof number.
The figure shows that the average Nusselt number
(Nuy.) is increasing  with  Richardson
numberdecrease (Ri). For example; withRi=5the
average Nusselt number (Nu,.) is (2.9) at (t=25),
while with Ri=10 it is (Nu,.) is (2) at the same
(t=25). Also it may be concluded from the figure,
that the time lag to reach the periodical steady
state condition of the average Nusselt number
(Nug,.) decreases when the Richardson number
decrease, for example the required time to reach
the steady state condition with (Ri=10) is (1 =25 ),
while it is (t=20) with(Ri=5). Theexplanation of
this result is that, when the Richardson number
decreases the amplitude of the oscillation at the
top plate (umax) Will increased, also the oscillation
frequency of the average Nusselt number (Nu,.)
will increase which causes decrease in the time
lag to reach the periodical steady state condition.
Fig.(13) shows the relation between the average
Nusselt number (Nu,,.) with dimensionless time at
various values of the of Aspect Ratio and
constant value of Richardson number (Ri=5). It
shows that the average Nusselt number is
increased with increasing of the value of Aspect
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Ratio at the same value of the Richardson number.
For example at (t =25), the average Nusselt
number is (Nu,.=3.3) with(AR=2) while
(Nu,,.=2.9) with(AR=1), that is, the increase of
the Aspect Ratio must be associate within crease
the oscillating velocity at the top wall which
causes the force convection to increase, and will
cause an improvement in the heat transfer
coefficient and increase in the average Nusselt
number (Nu,,.).A comparison between the present
experimental work with numerical results which
carried out by the authorshas been made as
follows [ 16 ]:-

1. A comparison between the experimental and
numerical results for flow field is shown
together in Fig.(14) for (Ri=5) at Aspect ratio
(AR=2). This figure shows the effect of
Richardson number and Aspect Ratio on the
flow field inside enclosure, the flow
visualization photographs are given in the left
column of this figure, while the numerical
contour is located on right side from figure.
Both contours of the numerical and
experimental results consist of two cells and
occupy all of the enclosure space. This means
that the fluid flow inside the enclosure is
dominated by natural convection. It can be
seen from this figure that both contours have
the same trend and behavior.

2. A comparison between resulting average
Nusselt number for both experimental and
numerical solutions is shown in Fig’s.(15) and
(16). Fig.(15) shows that for (Ri=5) and when
the steady state condition is reached at (1=22)
the maximum experimental average Nusselt
number (Nu,) was (2.9)), while maximum
numerical average Nusselt number was
(Nuy,=3.4) at (1=22). Error ratio between
experimental and numerical values of the
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average Nusselt number in these figures is
about (14.7%). Moreover Fig.(16) shows that
at (Ri=10), and (1=22) the maximum average
Nusselt number in both experimental and
numerical results are(Nu,,=2) and (Nu,,=2.3)
respectively. The error ratio between the two
values is about (13%). From Fig’s.(15) and
(16) we may conclude that the maximum error
occurs with(Ri=5) and minimum error occurs
with (Ri=10), because, when Richardson
number decreases the amplitude of the
oscillation at the top wall (umax) Will increase
which causes a decrease in the time period.
Also it may be concluded from these figures
that the time lag to reach the periodical steady
state condition of the average Nusselt number
(Nug,) in experimental study is greater than
that for the numerical solution.For example the
time to reach the steady state condition in the
experimental case with Ri=10 is (t =20) while
in the numerical case, it is (t=4). To explain
this feature: as the average Nusselt number
(Nug,) depends on the temperature difference
between the hot wall and the air inside the
enclosure, and at the timejust starting the
experiments, the temperature of the air in the
enclosure is much lower than the temperature
of hot wall, so the temperature difference
between the hot wall and the air is high which
will increase the heat transfer coefficient. After
some time the temperature of the air will
increase and cause decrease in the temperature
difference produced a decrease in the average
Nusselt number continuously until reaching the
steady state condition.
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1/2 dp 1/4 dp

3/4dp

Fig. 8. Experimental flow field at Ri=10 and AR=1.

1/4dp 1/2 dp

"

3/4dp

Fig. 9. Experimental flow field at Ri=5 and AR=L1.
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1/2 dp

Fig. 11. Experimental flow field at Ri=5 and AR=2.
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Fig. 12. Experimental determination of the average Nusselt number versus dimensionless time at Aspect
Ratio(AR)= 1 with different values of (Ri) and constant (Gr).

Average Nusslte Number, Nuay,

Dimensionless Time, T

Fig. 13. The experimental determination of average Nusselt number versus dimensionless time at Richardson
number (Ri=5) with different values of (AR).
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Fig. 14. Flow field, comparisonof the experimental and numerical work at Ri=5, AR=2.
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Fig. 15. Comparing the experimental and numerical work at Ri=5, and AR=1.
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Fig. 16. Comparing the experimental and numerical work at Ri=10, and AR=1.
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5.

1-

Conclusions

When Richardson number decreases due to the
increase in the value of Reynolds number at
constant values of Aspect Ratio and Grashof
number, the time period is decrease.

The time period increases when the Aspect
Ratio increases at the constant value of the
Richardson number.

Average Nusselt number (Nu,.) increases
when the Aspect Ratio increases at the
constant value of the Richardson number.
Time lag to reaches the periodical study state
condition of the average Nusselt number
(Nu,,.) decrease when the Richardson number
increases.

The average Nusselt number increases when
Reynolds number increases at constant values
of the Aspect ratio and Grashof number.

Nomenclatures

Symbols Definition Units
AR Aspect Ratio AR=W/H -
Aclem Area of element under m?

investigation

dp Dimensionless period -
(dp=2=m /S)

f Frequency Rad

Gr Grashof number Gr=(g. -
B.(Ty-To).H)V?

g Acceleration due to gravity =~ m/s?

H Height of the enclosure M

h Heat transfer coefficient W/mz2,

C
k Fluid thermal conductivity wW/m.
C

Nu Nusselt number -

Re Reynolds number Re=( -
H.Unax)/ Vv

Ri Richardson number -
Ri=Gr/Re?

r Radius(r=15cm) M

S Dimensionless frequency -
S=m.H/Unax

T Dimensional value of the °c
temperature

T, Cold wall temperature °c

Th Hot wall temperature °c

t Time Sec

ATo Temperature difference Ty- °c
Te

tw Dimensionless time period -
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u max

Y

w

Top cover speed (Amplitude m/s
of the oscillation)

Dimensional length of they- M
axis

Width of the enclosure M

Greek letters

aq

eo T <

Thermal diffusivity m2/s
Thermal expansion 1/°k
coefficient

Dimensionless time -
T=(t.Umax)/H

Kinematic viscosity m2/s
Dynamic viscosity kg/m.s
Density kg/m3

Angular frequency o=2nf  rad/s
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