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Abstract

This paper presents the effect of roughness on heat transfer for semi-cylindrical cavity. Heat transfer measurements are performed on
smooth and rough surfaces for different tilt angles. The results are compared with a rectangular cavity of the same surface area to study
the effect of cavity shape on heat transfer. The roughness composed of 0.002 m diameter rods installed along the length of the cavity at
equal spacing. Roughness shows a large effect on heat transfer for the semi-cylindrical cavities. Two competing effects are present with the
existence of roughness. Roughness may increase the blockage effect on the flow that can cause the buoyancy force to decrease, but on the
other hand it increases the turbulence intensity resulting in a higher heat transfer. Both effects are function of tilt angles. Heat transfer for
the cylindrical cavity is higher than the rectangular cavity for all tilt angles. This increase in heat transfer for the cylindrical cavity is due to
the absence of sharp corners that can slow the buoyancy driven convection mechanism. 2002 Éditions scientifiques et médicales Elsevier
SAS. All rights reserved.
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1. Introduction

Natural convection in open cavities are getting more
attention due to the importance of such geometry in so-
lar thermal central receiver system, where heat losses af-
fect the performance of the system. Further, applications of
cavities include aircraft-brake housing system, pipes con-
necting reservoirs of fluids with different temperatures, re-
frigerators, fire research, electronic cooling, energy-saving
household refrigerators, waste heat disposal, building, insu-
lation, micro-electronic equipment, and many others.

Both experimental and numerical studies have been car-
ried out with various fluids and different heating wall condi-
tions.

Experimental and numerical works were carried out to
better understand the heat transfer mechanism inside cav-
ity. The effect of aspect ratio (AR =H/B) and opening ratio
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(OR = a/H ) as shown in Fig. 1 was investigated experimen-
tally at different tilt angles for rectangular cavities [5,11].
Problems involving natural convection in open cavities were
also studied by Doria [9] in predicting fire spread in a room
and Jacobs et al. [15,16] in modeling circulation above street
and geothermal reservoirs. Experimental studies were per-
formed by Chen et al. [7] and Sernas and Kyriakides [23]

Fig. 1. Geometry of a partially open rectangular cavity.
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Nomenclature

a height of aperture. . . . . . . . . . . . . . . . . . . . . . . . . m
AR cavity aspect ratio=H/B
B Height of the cavity walls . . . . . . . . . . . . . . . . . m
d distance from the centerline of the opening to

the base of the cavity . . . . . . . . . . . . . . . . . . . . . m
DR opening displacement ratio= d/H
Fpa configuration factor between hot cavity surface

and the aperture
GrL Grashof number for cavity with isothermal walls
Gr∗L Grashof number for cavity with walls having

constant heat flux
g acceleration due to gravity . . . . . . . . . . . . . m·s−2

h local value of heat transfer
coefficient . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

h average convective heat transfer
coefficient . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

H width of the cavity . . . . . . . . . . . . . . . . . . . . . . . . m
I electric current . . . . . . . . . . . . . . . . . . . . . Ampere
k thermal conductivity of air . . . . . . . W·m−1·K−1

kw thermal conductivity of the
aluminum . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

kin thermal conductivity of the hard insulation
(polystyrene) . . . . . . . . . . . . . . . . . . . W·m−1·K−1

L length of the cavity . . . . . . . . . . . . . . . . . . . . . . . m
Lc characteristic length of the cavity, also

the length of the cavity . . . . . . . . . . . . . . . . . . . . m
Nu average Nusselt number
�Nu uncertainty inNu
(�Nu)p precision limit error inNu
(�Nu)b bias limit error in the variableNu
OR opening ratio= a/H
q ′′ heat flux at the cavity surface= IV . . . W·m−2

q ′′
c convective heat transfer rate per unit area

of the cavity surface . . . . . . . . . . . . . . . . . W·m−2

q ′′
cd conductive heat loss rate through

the insulation . . . . . . . . . . . . . . . . . . . . . . . W·m−2

q ′′
r radiation heat loss rate per unit area

of the cavity surface . . . . . . . . . . . . . . . . . W·m−2

R radius of the semi-cylindrical cavity . . . . . . . . m
s distance along a wall . . . . . . . . . . . . . . . . . . . . . . m
ri inner radius of the hard insulation

on the semi-cylindrical cavity . . . . . . . . . . . . . . m
ro outer radius of the hard insulation

on the semi-cylindrical cavity . . . . . . . . . . . . . . m
T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Ti inner surface temperature of the hard

insulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
To outer surface temperature of the hard

insulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T w average cavity surface temperature . . . . . . . . . K
T wi local section cavity surface temperature . . . . . K
T∞ ambient temperature . . . . . . . . . . . . . . . . . . . . . . K
V voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . volts
x one of the variables used in the determination

of Nu
�xbi bias limit error in the variablesxi
�xpi precision limit error in the variablesxi

Greek symbols

α tilt angle of cavity, positive direction in
clockwise direction (see Fig.1)

β coefficient of thermal expansion of air . . . . K−1

ε emissivity of the cavity surface
ν kinematic viscosity of air . . . . . . . . . . . . . m2·s−1

σ Stefan Boltzmann constant. . . . . . . W·m−2·K−4

in modeling solar receivers. Also, Showole and Tarasuk [24]
have done experimental studies on natural convection in in-
clined cavities. They concluded that upward-faced cavities
enhance heat transfer while downward-faced cavities tend to
suppress the buoyancy mechanism. Also they concluded that
the lower corners that exist between the base and the side
walls of the cavity alter the growing boundary layer pattern
observed in on a flat plate and cause the heat transfer rate to
drop.

Most of the previous works in this area were focussed
on smooth-wall enclosures. Due to surface corrugation or
mounting of circuit chips, the walls of the enclosures could
be considered rough. Ruhul Amin [21] studied the effect of
placing adiabatic roughness elements at the bottom of an en-
closure cooled at the top and heated at the bottom. He found
that the presence of roughness elements on the hot horizon-
tal wall increases heat transfer rate across the enclosure in
comparison with a corresponding smooth walled enclosure.

Also he concluded that in some cases of the smooth walled
enclosure has more heat transfer rate than a rough wall, since
the rough wall delays the onset of convection motion.

Most of the previous studies were carried out on rectan-
gular cavities with different heating wall configurations and
at different inclination angles. In [4,25] presented numerical
studies of natural convection in cylindrical cavity. Different
boundary conditions were looked at to predict the thermal
performance for storage tanks. The effect of aspect ratio on
cylindrical cavity was studied by [14,22]. The authors are
not aware of any experimental studies on semi-cylindrical
cavity.

The present work focusses on the study of natural
convection from semi-cylindrical cavities at different tilt
angles. Semi-cylindrical cavities can be found in many
engineering applications. Semi-cylindrical cavites can be
used in the design of solar thermal receiver systems, where
heat loss affects the performance of the system.
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Table 1
Review of previous work on fully/partially open cavities

Reference Geometry DR B.C.* α Pr Gr or Ra

AR OR

Le Quere et al. [17] 1 1 0.5 A 0, 20, 45 0.73 104 � GrL � 107

0.5, 2 1 0.5 A 0 0.73 GrL = 107

Penot [20] 1 1 0.5 A 0, ±45,90 0.7 103 � GrL � 107

Miyamoto [19] 1 0.5, 1 0.5 A −45� α � 80 0.7 7× 103 � RaB � 7× 104

1 0.5, 1 0.5 A 0 0.7 1� RaB � 7× 105

Showole and Tarasuk [24] 0.25, 0.5, 1 1 0.5 A −90� α � −30 0.7 104 < RaL < 5× 105

1 1 0.5 A −90,−45 0.7 103 < RaL < 5× 105

Angirasa et al. [2] 1 1 0.5 A 0 0.7 104 � GrL � 107

Sernas and Kyriakides [23] 1 1 0.5 B 0 0.7 GrL = 107

Hess and Henz [13] 1 0.5, 1 0.5 C 0 7 3× 1010 � RaL � 2× 1011

Chan and Tien [6] 1, 0.143 1 0.5 C 0 1.7 103 � RaL � 107

Angirasa et al. [1] 1 1 0.5 C 0 0.1< Pr< 1 102 � RaL � 108

Lin and Xin [18] 1 1 0.5 C 0 0.7 RaL = 1010, 1011

Chakroun et al. [5] 0.25, 0.5, 1 0.25, 0.5, 1 0.5 E −90� α � 90 0.7 Gr∗L = 5.5× 108

Elsayed et al. [11] 1 1 0.5 C 0 0.71 102 � GrL � 105

Elsayed [10] 1 1 0.5 D 0 0.72 GrL = 105, 107, 1010

Present Semi-cylindrical cavity F −90� α � 90 0.7 Gr∗L = 5.5× 108

* see Table 2 explanation.

The flow induced by buoyancy-driven heat transfer mech-
anism is totally different in both semi-cylindrical and rectan-
gular cavities. Sharp corners effect in rectangular cavity was
studied by many researchers [25]. They show a significant
effect of the sharp corners on the flow field and heat trans-
fer process in the open-ended cavity via vorticity generation
and the introduction of flow instability. The previous finding
has motivated the present work where in a semi-cylindrical
surface, obviously no sharp corners are present. Both rec-
tangular and semi-cylindrical cavities with the same surface
area are tested under the same boundary condition to better
understand the effect of the cavity geometry.

The effect of roughness in semi-cylindrical cavity is
another objective of this paper. This paper provides heat
transfer results for two semi-cylindrical cavities one with
smooth wall and the other one with a periodic array of
0.002 m diameter rods mounted on otherwise smooth wall.
The 0.002 m rods are distributed 0.05 m apart. Transient as
well as steady state values of Nusselt number at different tilt
angles are presented.

Roughness in forced convection is proven to be a good
technique to increase the heat transfer mechanism. However,
in free convection blockage effect induced by the existence
of rough surface is essential since the convection mechanism
is weaker than that of forced convection. Two competing ef-
fects are present with the existence of roughness. Roughness
produces drag causing blockage effect to take place result-
ing in a less heat transfer. Roughness also increases the tur-
bulent intensity on the surface, which causes heat transfer to
increase. The magnitude of each effect is a function of tilt
angle.

A brief review of the previous work on fully and partially
open rectangular cavities is summarized in Table 1. Four
types of boundary conditions are included in the review.

Table 2
Explanation for the types of boundary conditions given in Table 1

B. C. type Boundary conditions on walls

1 2 3 4

A Th Th Th Th
B Th Th T∞ N/A

C Th a a a

D Tc a a a

E q ′′ a a a

F q ′′ q ′′ q ′′ q ′′

Th—constant wall temperature,Tc < T∞ < Th, q ′′—constant heat flux on
the wall,a—adiabatic,N/A—not applicable.

Different types of boundary conditions on the walls of the
cavity are explained in Table 2. In Table 1 two types of
Grashof numbers are used, one when the cavity walls are
maintained at constant temperature (isothermal walls) and
the other when the cavity walls has constant heat flux. These
tables are taken from Ref. [11] for comparison.

2. Experimental setup

The schematic diagram of the experimental setup is
shown in Fig. 2. The cavity is mounted on a stand and
supported by two arms. The arms and the stand are designed
to minimize the disturbance to the airflow and to ensure
good physical stability. The cavity can be rotated about its
longitudinal axis. The angle of rotation was measured with
respect to the vertical axis and can be read from a protractor.
Two types of cavities of same surface area, a rectangular and
a semi-cylindrical shape are used in this study.

Fig. 3 shows the cross section of both cavities. The semi-
cylindrical cavity is made up of aluminium. The cavity has
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Fig. 2. Main features of the experimental setup.

Fig. 3. Cross-section of the cavities with thermocouple locations.

a radius (R) of 0.15 m and a length (L) of 0.9 m. The length
of the cavity was chosen to ensure two-dimensional flow
of air inside the cavity. The thickness of the cavity sheet
is 0.004 m. The cavity is heated electrically with flexible
silicone rubber heater. A total of nine heating pads were
used, each producing a maximum of 7750 W·m−2. The pads
are self adhesive, and were fixed to the back of the cavity.
The heating pads are covered with glass wool insulation
of 0.02 m thickness followed by a layer of 0.03 m thick
hard polystyrene insulation. Another layer of 0.02 m glass
wool insulation is placed on the top. The cylindrical cavity
is closed at the ends by plexiglass plate of 0.009 m thickness,

the outer surface of which is covered by 0.02 m layer of glass
wool (see Fig. 3(a)).

The rough semi-cylindrical cavity composed of 0.002 m
diameter aluminium rods placed 0.05 m apart along the
cavity length as shown in Fig. 3(a). The rods are fixed to
the surface such that they are in full contact with the surface
along the cavity.

The design of the rectangular cavity is shown in Fig. 3(b).
The rectangular cavity has a cross section of 0.147 m×
0.158 m and a length of 0.915 m. The cavity surface is
made up of aluminium of 0.004 m thickness and it is
closed from the ends with plexiglass sheets. Similar heating
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elements as mentiond above are used to heat the surface
of the rectangular cavity. Heating pads, insulation type and
thickness are arranged similarly in both cavities.

The heat input to the heating pads was controlled by an
electric circuit of a 240 V and 50 Hz power supply and a
voltage regulator. The output of the voltage regulator was
directly coupled to the heating pads. All pads are connected
in parallel, hence they receive the same power. The voltage
and current supplied to the pads are measured with a digital
multimeter with an accuracy of 0.025%. The power supplied
to the pads was calculated from the voltage and the current.

The temperatures were monitored with the help of 30
(semi-cylindrical cavity) and 55 (rectangular cavity) copper-
constantan thermocouples. Eleven and eighteen thermo-
couples were fixed to the surface of the semi-cylindrical
cavity and the rectangular cavity, respectively. One thermo-
couple was used to measure the ambient temperature and the
rest to measure the temperature across the hard insulation.
The temperatures across the insulation were used to calcu-
late the conduction heat loss. Thermocouples are placed at
three equally spaced sections along the length of the cavity
as shown in Fig. 3. All the thermocouples are connected to a
digital temperature recorder (Make: Omega, Model: DR231)
which in-turn is connected to a computer to record the data
continuously as a function of time. A recording time of 10
hours, with a period of 15 min was used to record the tem-
perature history until steady state is achieved. The face of the
cavity was inclined at 13 different tilt angles from 90◦ (cav-
ity facing down) to−90◦ (cavity facing up) by an increment
of 15◦.

3. Nusselt number data reduction equation

The average Nusselt number from the cylindrical cavity
is defined as

Nu = hR

k
(1)

where h is the average heat transfer coefficient between
the cavity and the surroundings,R is the radius of the
cavity (R = B for rectangular cavity), andk is the thermal
conductivity of air in the cavity. In terms of the local heat
transfer coefficienth, Eq. (1) is rewritten in the following
form:

Nu = 1

k

R

H

H∫
0

hds (2)

whereH = πR ands is defined as shown in Fig. 3. When
the cavity surface is heated at constant heat flux, the local
heat transfer coefficient is given by the equation

h= q ′′
c

(Tw − T∞)
(3)

whereTw is the local temperature of the cavity surface and
q ′′

c is the convective heat transfer rate per unit area of the

cavity surface. Dividing the wall into five equal sections,
Eqs. (2) and (3) can be combined to give

Nu = R

5k

5∑
i=1

q ′′
c

(Twi − T∞)
(4)

where i is the order of the various sections on the heated
surface.

To calculateq ′′
c , an average energy balance for the heated

plate gives

IV =HL(
q ′′

c + q ′′
cd + q ′′

r

)
(5)

Where V and I are the voltage and the current to the
heating elements, respectively,q ′′

cd is the conduction heat
lost through the insulation to ambient, andq ′′

r is the heat
transferred by radiation from the cavity surface to the
surroundings. The double prime indicates that the heat
transfer term is per unit area of the cavity surface.

The radiation heat lossq ′′
r from the hot surface is

estimated as follows:

q ′′
r = σ [(

T w + 273
)4 − (T∞ + 273)4

](1− ε
ε

+ 1

Fpa

)−1

(6)

whereT w is the average temperature of the cavity surface,ε

is its emissivity andFpa is the configuration factor between
the plate and the aperture. In Eq. (6) it is assumed that
the surrounding is a black body at temperatureT∞. The
configuration factorFpa is calculated from the analytical
expression given by Gross et al. [12].

The conduction heat lossq ′′
cd in Eq. (4) is the heat loss

through hard wall insulation. This is expressed as follows:

q ′′
cd = kin

R

(Ti − To)

Ln(ro/ri)
for cylindrical cavity (7)

wherekin is the thermal conductivity of the hard insulation,
Ti andTo is the average inner and outside surface tempera-
tures of the hard wall insulation, respectively.

The conduction heat lossq ′′
cd for a rectangular cavity is

the sum of the heat loss through all hard insulation walls.
This is expressed as follows:

q ′′
cd = kin

H

3∑
j=1

(Tj,i − Tj,o) (8)

wherej is the wall identification number.
Using Eqs. (6) and (7), the expression ofNu given Eq. (2)

yields

Nu = R

5k

5∑
i=1

{
IV

HL
− kin

R

(Ti − To)

Ln(Ti/To)

−σ [(
T w + 273

)4 − (T∞ + 273)4
](1− ε

ε

)−1

+ 1

Fpa

}

(9)

The Grashof number for cavity with isothermal walls is
defined as follows:

GrL = gβ |Tw − T∞|L3
c

ν2 (10)
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whereLc is a characteristic length of the cavity (R for semi-
cylindrical cavity andH for rectangular cavity) andTw is
the temperature of the cavity surface.

The Grashof number for cavities with constant heat flux
is defined as

Gr∗L = gβ q
′′L4

c

kν2
(11)

whereq ′′ = IV , is the heat flux applied at the cavity surface.
The data in this paper are presented forGr∗L = 5.5× 108.

Uncertainty analysis

The uncertainty in the Nusselt number determined exper-
imentally was estimated based on the ANSI/ASME Stan-
dard on Measurement Uncertainty [3] using the procedure of
Coleman and Steele [8]. The uncertainty�Nu in the value
of Nu is expressed as follows:

�Nu =
√(
�Nu

)2
b + (

�Nu
)2
p (12)

where the subscriptsb andp refer, respectively to bias and
precision limit errors.

The values of(�Nu)p and(�Nu)b are then determined
as follows:

(�Nu)2p =
n∑
i=1

(
∂Nu

∂xi
�xpi

)2

(13)

(
�Nu

)2
b =

n∑
i=1

(
∂Nu

∂xi
�xbi

)2

+ 2

(
∂Nu

∂xi

)(
∂Nu

∂xj

)
�xbi�xbj + · · · (14)

�xbi is the bias limit error in the each variablexi that effect
the determination ofNu, and�xbi�xbj is the correlated bias
error for variablesxi andxj .

The values of�xbi and�xpi of the various variables used
in the determination ofNu are given in Table 3. Only the
bias limit errors of temperature readings are correlated with
each other since the same thermocouple wires were used to
measure all the temperatures. The value of�xbi�xbj for all
temperatures was taken equal to 0.18◦C.

Table 3
Precision and bias limit errors for the variables used in the determination
of Nu

Variable �xpi �xbi

Current 0.23% 0.2%
Volt 0.5% 0.3%
Temperature (any) 0.1◦C 0.23◦C
Distance (any) 0 0.03 mm
Thermal conductivity of air 0 0.5%
Thermal conductivity of the plexiglass 3% 3%
Emmisivity of aluminium 0 10%

It was found that the uncertainty�Nu, for the data ofNu
which will be reported later in the following section, ranges
from four percent to ten percent depending on the type of
cavity and the tilt angleα.

4. Results and discussion

The results in this study are presented for both rectangular
and semi-cylindrical cavities. Two semi-cylindrical cavities
were tested one with smooth wall and the other with
a periodic array of 0.002 m diameter rods mounted on
otherwise smooth surface. The 0.002 m rods are distributed
0.05 m apart. Transient as well as steady state average
Nusselt numbers are reported at different inclination angles
for the semi-cylindrical cavity. Steady state Nusselt number
is also reported for the rectangular cavity. Both rectangular
and semi-cylindrical cavities were designed to have the same
convection surface area. Therefore, the difference in the
average Nusselt number from case to case and from angle
to angle is due solely to the convection mechanism and the
change in the shape of the cavity and not due to the increase
in surface area. Also the same heat flux was maintained on
the surface for all three cases for easy comparison. All the
data were collected at Grashof number,Gr∗

L = 5.5× 108.
Figs. 4–10 present the time history of average Nusselt

number for the smooth and rough semi-cylindrical cavities
at different tilt angles. Fig. 4 presents the transient Nusselt
number at angle of 90◦. At angle of 90◦, the opening
of the cavity is facing down where the buoyancy force
is suppressed, allowing heat to be transferred only by
molecular conduction through the air enclosed within the
cavity. After the steady state time has surpassed, the air is

Fig. 4. Time history for average Nusselt number for the tilt angle of 90◦.
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Fig. 5. Time history for average Nusselt number for the tilt angle of 75◦ .

Fig. 6. Time history for average Nusselt number for the tilt angle of 60◦ .

stratified inside the cavity. The rough wall shows higher
value for the average Nusselt number than that of smooth
wall and this is due mainly to the increase in surface area that
is estimated to be 6%. No convection is taken place at this
tilt angle, therefore the roughness here has no effect on the
behavior of the flow inside the cavity. At this angle Nusselt
number reveals to have the lowest value.

At other tilt angles, roughness appears to have a large ef-
fect on heat transfer inside the cavity. Two competing effects
are present with the existence of roughness. Roughness pro-

Fig. 7. Time history for average Nusselt number for the tilt angle of 30◦.

Fig. 8. Time history for average Nusselt number for the tilt angle of 0◦.

duces drag causing blockage effect to take place resulting
in a less heat transfer. Roughness also increases the turbu-
lent intensity on the surface, which causes heat transfer to
increase. The contribution of each effect is a function of tilt
angle.

Figs. 5–7 present the time history for both rough and
smooth semi-cylindrical cavities at angles of 75◦, 60◦and
30◦ degrees respectively. For angles of 75◦ and 60◦, the
buoyancy driven force is still weak. The drag produced by
the presence of roughness, is slowing down the onset of
convection and the smooth wall shows larger values for the
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Fig. 9. Time history for average Nusselt number for the tilt angle of−30◦.

Fig. 10. Time history for average Nusselt number for the tilt angle of−60◦.

heat transfer over that of the rough wall. The buoyancy-
driven flow gets stronger as the inclination angle increases.
The stronger the buoyancy force, the larger is the effect of
turbulence induced by roughness. The increase in convection
mechanism seems to overcome the drag produced by the
presence of roughness for angle 30◦, and Nusselt number
seems to be the same for both rough and smooth surfaces.
At this angle, the figure reveals that both blockage effect and
more turbulence to the flow induced by roughness have the

Fig. 11. Effect of tilt angle on time required to achieve steady state for
semi-cylindrical cavity.

same contribution. Both effects cancel each other and no net
effect on heat transfer is observed.

Figs. 8–10 present the time history for the average
Nusselt number at inclination angle of 0◦, −30◦, and
−60◦, respectively. The buoyancy mechanism is strong for
this range of inclination angle. Roughness causes the heat
transfer to increase over that of the smooth surface for this
range of inclination angle. The increase in turbulent intensity
caused by the presence of roughness causes the boundary
layer on the surface to trip and more turbulence and mixing
is introduced in the flow resulting in increase in heat transfer.

The height of the roughness elements compared to the
boundary layer thickness is an important factor in the effect
of roughness. If the roughness height is within the viscous
sub-layer, the viscous effect dominates and the flow behaves
as if the wall is smooth. In fully-rough flows, the roughness
effects dominate, and viscosity is no longer important.
Transitionally-rough flows are those in between where both
viscous and roughness effects are important.

Fig. 11 presents the time required to achieve steady state
for both smooth and rough semi-cylindrical cavities. Steady
state is recorded when the average Nusselt number remains
constant for at least 120 minutes. The figure reveals that the
rough cases require more time to achieve steady state than
those of smooth cases. For the smooth case the steady state
time is almost constant between−90◦ and 45◦ and increases
sharply for the rest of the angles. For the rough cavity, the
steady state time remains almost the same for−90◦ to 0◦
and increases sharply for 0◦ to 90◦. When the cavities are
facing down more time is required to achieve steady state.

Fig. 12 presents the steady state Nusselt number for the
rectangular cavity and for both smooth and rough semi-
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Fig. 12. Effect of tilt angle on the average Nusselt number for
semi-cylindrical and rectangular cavities.

cylindrical cavities. The average Nusselt number is plotted
as a function of tilt angle. The square cavity shows lower
values for Nusselt number than that of semi-cylindrical
cavity. The heat transfer mechanism is different for each
geometry, even though the three cases have the same surface
area and same heat flux. The increase in heat transfer for
the smooth cylindrical cavity over the square cavity ranges
from 50 to 200% and depends on the tilt angle. Lesser values
for the heat transfer for the rectangular cavity is believed to
be caused by the presence of sharp corners. Sharp corner
effects via vorticity generation and flow instability are not
present in the cylindrical cavity. The flow motion inside the
semi-cylindrical cavity seems to be more stable and oriented
properly allowing the flow to move faster. The lower corners
which exist between the base and the side walls of the cavity
in the rectangular case alter the growing boundary layer
pattern and cause the heat transfer rate to drop.

Nusselt number for all three cases seems to be minimum
at angle of 90◦. As mentioned before, at this angle the cavity
is facing down and the heat is transferred through molecular
conduction. Nusselt number for the rectangular cavity is
about 4.5 compared to 13 for the semi-cylindrical smooth
case. The initial inclination of the cavity from 90◦ to −15◦
causes a significant increase in average heat transfer rate,
but a further increase in inclination angle appears to cause a
small increase in average heat transfer rate. Comparison is
better made when the range of inclination angles is divided
into two ranges, from+90◦ to 0◦ and from 0◦ to −90◦. For
the first range, both rectangular and semi-cylindrical cavities
are oriented downward and the heated surface is on the top,
hence suppression for the buoyancy force is taken place and
Nu takes low values. From 0◦ to −90◦ the cavities are facing

up and the buoyancy force is strong resulting in a higher heat
transfer.

5. Conclusions

The work presents heat transfer results for rectangular
and semi-cylindrical cavities. Smooth as well rough semi-
cylindrical cavities were tested. The data is collected for
13 different inclination angles ranging from 90◦ (when the
cavity is facing down) to−90◦ (when the cavity is facing
up). Both cavities have the same surface area and the same
heat flux.

The semi-cylindrical cavity shows higher values of Nus-
selt numbers than that of rectangular cavity at the same in-
clination angle. This increase ranges from 50 to 200% de-
pending on the inclination angle. Minimum Nusselt number
occurs when the cavities are facing down. The buoyancy-
driven flow gets stronger when the inclined angle decreases
resulting in higher Nusselt number. The initial inclination of
the cavity from 90◦ to 0◦ causes a significant increase in av-
erage heat transfer rate, but a further increase in inclination
angle appears to cause a small increase in average heat trans-
fer rate.

It is observed that the presence of roughness delays the
onset of convection motion at small deviation from the 90◦
angle. Therefore the heat transfer is more for the smooth
cavity in this range. Beyond this range, the roughness
element increases the heat transfer rate. At low tilt angle
molecular conduction is the dominant mechanism of heat
transfer; roughness seems to slow down the heat transfer
mechanism by adding more form drag to the momentum of
the flow. When the cavity is placed in an upward position,
high convection current occurs. Roughness helps to trip
the boundary layer and adds more turbulence to the flow
resulting in increase in heat transfer.
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