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NATURAL CONVECTION BETWEEN A PAIR OF ELLIPTICAL CYLINDERS IN
BLUNT AND SLENDER SITUATIONS
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ABSTRACT

In this paper, natural convection heat transfer between pairs of elliptical cylinders having
different elliptical ratios in blunt and slender situations was studied experimentally and
numerically. Three pairs of elliptical cylinders having the same axes ratio of 2 and elliptical
ratios of 0.662, 0.866 and 0.968 were cut using CNC wire-cut machining. The tests were
carried out by keeping the inner cylinder at a constant heat flux while cooling the outer one.
The effects of vertical eccentricity, horizontal eccentricity and angle of attack of the inner
cylinder on natural convection for both blunt and slender situations of each pair were stated.
Empirical correlation was deduced within acceptable uncertainty for the experimental results.
A validated numerical CFD model was conducted with the case study to clarify the thermal
behavior of air inside the elliptical annulus space between the two elliptical cylinders.
Compatible and satisfactory to the conscience agreement was found in the comparison among
present and corresponding previous works. In the vision of the comparison among the results
of present work, it was found that the vertical eccentricity can enhance natural convection by
about 15% than the concentric case, the horizontal eccentricity can enhance natural
convection by about 10% than concentric case and slender situation leads to about 30% - 40%
enhancement in natural convection than the blunt situation for the same elliptical ratio.

Keywords: Elliptical cylinders, blunt, slender, eccentric, angle of attack and CFD modeling.

NOMENCLATURE
a Semi-major axis, m &g Gravity acceleration, m /s*
b Semi- minor axis, m h Convective heat transfer coef.,
C Specific heat, Jkg K Wim* K
Gr Grashof number- b - Average heat transfer coef,,
F Shape factor . Wim? K
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1 Electric current, Ampere a Thermal diffusivity, m?/s
k Thermal conductivity, W/m.K b Coefficient of volume expansion,
L Cylinder length, m K
Nu Local Nusselt number S Eccentricity, m
Nu Average Nusselt number P Surface emissivity,
Pr Prandtl number ¢ Angle of attack, degree
? Pressure, N /m?. A Characteristic length, m
0 Heat transfer rate, W =a,—a forslender;
4 Heat flux, W/m’ =b,—b, for biunt.
Ra Ray!clgh number v Kinematic viscosity, m? /s
! Radius, m H Dynamic viscosity, kg/ms
T Temperature, X ?
t Cylinder wall thickness, m P Density, kg /m’
v Voltage, volt o Stefan-Boltzmann const.,
u Velocity vector, W imK*

= ui +vj +wk , m/s £ Elliptical ratio
u,v,w  Velocity components, m/s
*, Y» 2 Cartesian coordinates, m

Subscripts
a Alr i Inner cylinder
c Mid-length section 0 Cuter cylinder
e End-section s Solid
h Horizontal v Vertical
INTRODUCTION

The natural convection heat transfer
between circular or elliptical cylinders
becomes important in recent decade due to
is numerous associations with electrical
transmission lines, solar collectors-
receivers, insulations and flooding
protection for buried pipes used for district
heating and cooling, nuclear reactors,
space heating, refrigerator condensers,
heating of otls for ease of pumping, heat
exchangers,  passive  solar  energy
collectors, geothermal systems, crude oil
production, electronics cooling, fiber and
granular insulations, solidification of
castings, and many of machining
processes. Many of recent investigations
for natural convection in the eccentric
annular spaces have been performed.
Numerical solution was done for natural
convection heat transfer from an elliptic
heat source buried beneath porous medium
by Facas [1]. The results were presented
for 10 Ra<200 and0.167<b/a<1.0.
The slender orientation of the elliptic heat

source vields much higher heat transfer
rates at low b/a than the blunt orientation.
A numerical study for natural convection
heat transfer between two isothermal
eccentric horizontal cylinders was done by
Raghavarao et. al. [2]. The solution was
obtained forl®’ € Ra<10°, Pr=12 and
axes ratios of 1.0 and 2.0. It was found that
the minimum heat transfer is observed
when the two cylinders are concentric. The
DQ (differential quadrate method) was
employed to divide the derivatives in the
goveming equations of the natural
convection  between  eccenfric  inner
circular cylinder and outer square cylinder
by Shu et. al. {3]. This study considered
Ra=3x10"and a cylinder length £ = 2.2r,.

The validated DQ method found out that
the eccentricity has significant effects on
piume inclination. The influence of Prandtl
numbers on the natural convection
between vertically eccentric cylinders was
studied numerically by Projahn et. al. [4].
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The study considered 10° < Ra<10°,
0.7<Pr<100 andd/A=%0625. The
results were correlated by using a
regression analysis within 3% uncertainty.
The natural convection from a horizontal
cylinder in a rectangular cavity was
investigated numerically and
experimentally by Cesini et. al. [5]. The
study considered 1.3x10° € Ra<7.5x10",
air is the working fluid and the ratio of the
cavity width was changed from 4.2r

t08.6x . It was found that the increase in

Rayleigh number with decreasing the
cavity width leads to an increase in heat
transfer rate. Laminar free convection heat
transfer from a vertical array of honzontal
elliptic cylinders with vertical major axis
had been experimentally investigated by
Yousefi et. al. {6]. The spacing between
two successive cylinders was changed
from Za to 5@ Correlations were
developed for both an individual cylinder
in the array and the whole array
for10° < Ra<2.5x10°. Tt was found that
the heat transfer increased by increasing
cylinder spacing. Experimental and
numerical studies for matural convection
from concentric elliptical cylinder to a
large circular cylinder were carried out by
Sakr et. al. [7]. Experimental work scanned
1.12x10" < Ra<49x107and a rotation

angle from 0° to 90°with 5/4=0.333. The
numerical study covered 0.1<5/a2<098
and a hydraulic radius ratio from 1.5 to
6.4, 1t was found that Nusselt number
increases with the rotation angle. Also,
Nusselt number decreases with the radius
ratio up to 1.75 then it increases for higher
radius ratios. The effect of attack angle on
natural convection from a horizontal
elliptic  tube having b=05 was
investigated experimentally by Elshazly et.
al. [8]. The angle of attack was varied from
0°t090". The experiments covered
1.45x10° € Ra<1.78x107. It was found
that local Nusselt number increases with
the increase of attack angle. The natural
convection from an isothermal horizontal

elhptical cylinder with 5/6=0.5 and 0.75 in
two fluids having Pr=1 as well as 3 was
studied analytically for slender and blunt
orientations by Cheng [9]. 1t was found
that the beat transfer rate for slender
orientation 1s higher than that of blunt
orientation. Natural convection from a
horizontal square cylinder inside a vertical
adiabatic channel was studied using finite
difference method by Khodary et. al. [10].
The solution was obtained for square side
length to channel width aspect ratio from
0.1 to 0.8. The cylinder was placed at mid-
height of the channel at different lateral
locations. The results determined the
optimurn aspect ratio over a range of

Grashof numberl.0<Gr<3x10°. An
experimental study of natural convection
between a circular cylinder envelope and
an internal concentric heated square
cylinder with two slots was performed by
Liet. al. [11]). The internal cylinder was a
hollow one with twe horizontal slots up
and down. The ratio of the slot width to the
square side length was taken 0.0612 for
1.77%10* < Ra <8.72x10° and 0.3878 for
1.32x10* < Ra £6.25x10°. It was found
that the two slots can enhance the heat
transfer by about 31% and 54.2%
respectively. The distribution of the
surface heat transfer from two horizontal
heated cylinders under natural convection
conditions in water was found out
experimentally by Reymond et. al. [12].

The study considered Ra =2x10°, 4x10°

and 6x10° with a spacing of 1, 2 and 3
fimes of the cylinder diameter. The
measurements were taken with heating of
both cylinders, heating the upper cylinder
only or heating the lower cylinder alone. It
was shown that the plume rising from the
lower heated cylinder interacts with the
natural convective flow around the upper
heated cylinder. It enhances the turbuient
mixing and consequently the natural
convective  heat  transfer.  Natural
convection from a heated horizontal
cylinder has been investigated
experimentally by Atmane et. al. [13] in
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water with the free surface either closes to
the cylinder surface or raises the cylinder
surface by a depth from fifth to three times
of the cylinder diameter. It was noticed
that the natural convection flow around the
cylinder can undergo a transition from
stable to unstable when the depth of the
cylinder bellow the free surface equals
roughly the diameter of the cylinder,

Upon the previous review and up to author
knowledge, there is a shortage in studying
the effects of the curricular parameters that
strongly affecting nafural convection
between two elliptical cylinders. These

parameters are the elliptical ratio with
keeping the surface area to be the same,
vertical eccentricity, lateral eccentricity,
blunt orientation, slender orientation and
angle of attack. Upon this vision, three
pairs of elliptical cylinders having the
same corresponding surface area were cut
using CNC wire-cut machining and they
were experimentally tested to scan the
effects of the previous parameters. Also, a
validated CFD modeling was conducted
with the case study to give a full concept
of the problem. The experimental results
could be interpreted upon the CFD images.

EXPERIMENTAL WORK

Test specimens

The ellipse is a planer x-y curve where the
loci of its all points satisfy:

Xla’+ y bt =) (1
It has an clliptical ratio: '

Three pairs of elliptical cylinders having
an equal axes ratio of 2, an equal length of
0.9 m and an equal corresponding surface
area were cut from aluminum by using the
wire-cut JSEDM machining, [14]. Each

pair has the following tabulated
dimensions, table (1):

§:J -(b*/a") (2)

Table (1), Main dimensions of the three tested specimens.

Pair No. a,mm | b, mm a,, mm b, , mm E=Ji-(b*1ah)
1 5715 42 85 11430 | 85.70 0.662
66.67 3333 13333 | 66.67 0.866
3 80.00 20.00 160.00 40.00 0.968 ]

P
f 3 o

Pair No. 3

Pair No. 2

Pair No. |

Figure (1), Photographs of the three tested pairs.

Apparatus

The experimental apparatus, shown in
figure (2), contains mainly one pair of the
tested specimens (1 and 2), a heater (3), a
voltmeter, an ammeter, an  aufo-

transformer (4), twenty four thermocouples
(7), suspension wires (10), two-vertical
threaded bars (11), two-horizontal threaded
bars (12), tilting mechanism with a
protractor (14 and 15), and a temperature
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indicator. Each pair of the specimens were
oriented horizontally either blunt (major
axis is horizontal) or slender (major axis is
vertical). The two vertical threaded bars
were used to adjust the vertical eccentricity
and the two horizontal ones were used to
adjust the lateral eccentricity. A tilting
mechanism with a protractor was used to
rotate the inner cylinder in an increment of
15°, without rotating the outer cylinder.
The inner elliptical cylinder was heated by
a nickel-chrome electric heater. Ten K-type
thermocouples were used to measure the
temperatures of the outer surface of the
inner cylinder, [15}. They were situated on
five sections; two thermocouples are on
each section with180° between them with a
revolving angle of 72°between two
successive  sections.  Another  ten
thermocouples were used to measure the
temperature of the inner surface of the
outer cylinder. Three thermocouples weré
used to measure the air temperature inside
the gap between the cylinders. One
thermocouple  measures  the  room
temperature of the closed laboratory. A
digital temperature indicator of 0.1°C
resolution was used  to record the
temperatures. The power consumed by the
heater was measuwred by an ammeter of
0.01 Ampere resolution and a voltmeter of
0.1 volf resolution.

Experimental uncertainty analysis

The uncertainty of the measured results is
caused by random and systematic errors in
the measurements, it consists mainly of;
Uncertainty of electric current, Ai=0.1
Ampere

Uncertainty of voltage, Av=0.1 volt.
Uncertainty of temperature, AT =0.1°C .

Uncertainty of angle of attack, A¢g=1".
Generally, the uncertainty of the present

measurement lies within the range 2.5% to
4%.

Experimental program

Referring to figure (3), each pair was
tested alone for orientation cases from (a)
to (h). Thus; the range and the parameters
to be studied are as follows:

Elliptical ratio; 0.662 < & <0.968

Vertical eccentricity; -0.5<8,/A1<+ 0.5
Horizontal eccentricity; 0.0<6, /As+ 0.5
Angle of attack;

0.0 <4 <90° for pair No. 1.

0.0 ¢ <45 for pair No. 2.

0.0° <¢ <15 for pair No. 3.

Experimental data reduction
The heat transfer by natural convection
between inner and outer elliptical cylinders
18, [16]:

Q IOOFIVBC!IIOI'I =v i_lediatmn ‘_Q Iconductinn (3)
g radiation =(ﬂa(a.' +bl )r Lg (Tr" ‘T:))

+ Ff—o o (af +5,) L (T.r‘1 _Tod} (4)

1g +((1-¢,)Ye,) ((a, +b,)a, +5,))

2 w(a, +b,) 1 (T, -T,)
o= L ¢ L 5
Q conduction L’;2k5 ( )

The average convective heat transfer
coefficient, average Nusselt number and
Rayliegh number are calculated as follows:

h =Qoonvoclion f‘[E(O' + bi )L (T; —Tu)] (6)
Nu=h A/k %)

3
Ra=g'8(T"2_T")A Pr (8)

v
The air properties in the above equations

Uncertainty ~ of  eccentric  distance, were  determined  at an  average
AS =0.01 mm. temperature, T, [17], [T=(7, +T,)/2].
NUMERICAL MODEL

The flow of the case study investigated
herein i1s considered to be three
dimensional,  steady, laminar  and
incompressible except for Boussinesq
approximation for density in the buoyancy

term in y-momentum c¢quation. So the
governing equations could be reduced as
follows; [18 and 19] to:

Continuity equation; div (p u)=0 9)
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Momentum equations;

div{pu uw)=-0p/ dx +div (¢ grad u) (10)

div(pv u)=-0p/ dy +div (4 grad v) (an

.8 BT ~T.)

div{pw u}=-3p/ 0z +div(u grad w) (12)

Energy equation;

div (oCT w)=div(k grad T)
a VT =div (T)

The boundary conditions are:

- At the surface of inner elliptical cylinder;
u=v=w =0, q =const. (14)

- At the surface of the outer elliptical

cylinder;

w=v=w =0, T =T, (15)

- At the symmetry plane; x = 0.0

Suldx =Qv/dx =8w fox

=0p/ox =0T /dx =0

(13)

(16)

The volume beiween the inner and outer
elliptical cylinders was drawn in Gambit
such as x-axis is the semi-major axis; y-
axis 1s the semi-minor one and z-axis is the

meridian center of the volume. A quad-
pave meshing was applied to the elliptical
annuli face of the volume and hence &
hexagonal cooper meshing was applied for
the volume. The boundary conditions on
the surfaces of both inner and outer
elliptical  cylinders were identified,
insulation walls were also defined, solid
and fluid volumes were also specified. The
Gambit model was exported to the 3-D
Fluent solver. A 3-D implicit steady solver
was selected and the gravity effect was
considered in the negative direction of y-
axis. The thermal properties of air were
assumed to be changed versus its
temperature as a piece-wise linear. The
values of the heat flux and the temperature
were fed as boundary conditions. The
solver solves numerically the goveming
gquations using SIMPLE first order
upwind scheme to do several iterations
until the solution converges at certain
acceptable residuals, [20].

RESULTS AND DISCUSSION

Natural convection is arising as a result of
up flow fluid motion, due to density
changes resulting from heating processes.
The natural convection between a pair of
elliptical cylinders having the same axes
ratio with different elliptical ratios was
studied herein. Figure 4 shows average
Nusseit number against Rayleigh number
for the pair No. 1 in different eccentricities
for blunt situation. The figure shows that
the heat transfer is converted from
conduction regime to convection regime
at Ra 0 3000, which is a fair consistent with
the data of Kumar et. al. [21]. Referring to
figures (6 and 8), as the inner elliptical
cylinder was kept at a constant heat flux
which results in high temperature on its
surface: the air near the inner surface rises
upward due to the thermal expansion. The
uprising plume is then cooled by the cold
outer cylinder. The denser air is eventually
dropped downward along the surface of the
outer cylinder as shown in figure (7). As a
consequence, non circular vortices will

form in steady-state condition. The center
of the stronger vortices is shifted upward
while the center of weak ones 15 shifted
downward as shown in figure (9). Positive
and negative eccentricities between the
two elliptical cylinders offer slightly
increase in natural convection as shown in
figure (4). This is due to the air
temperature near the inner cylinder for
eccentric cases are slightly higher than that
of the concentric case as shown in figures
(6 and 10). This will produce slightly
stronger buoyancy driven upward plume,
as shown in figures (7 and ]11).

Figure (6) shows the CFD static
temperature plot versus x-axis of the cross-
section at the mid-length of the cylinders.
It is clear that, for horizontal eccentricity to
the right, the narrow right gap has hotter
air than the left wide gap which produces
narrow  non-circufar stronger vortices
through the right gap than those through
the left gap, as shown in figure (11). The
hotter vortices in the right gap drive the up
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flow plume which enhances the natural
convection between the c¢ylinders. Also,
the rotation of inner cylinder while keeping
the outer one without rotation will
significantly =~ enhance  the  natural
convection between the two elliptical
cylinders, as shown in figure (5). Referring
to figures ( and 12), the inner elliptical
cylinder was rotated with an angle of
attack ¢ , which causes the air near the top
edge of the mner cylinder hotter than that
at the bottom edge and as a consequence
stronger vortices are formed at the top
edge while weak vortices are formed at the
bottom edge, as shown in figure (13).

The lower elliptical ratio for the pair No. 1
reduces the flow resistance for the up flow
plume in blunt situation (concentric,
vertically eccentric, horizontally eccentric
and rotation with certain attack angle) if it
is compared with higher elliptical ratios for
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pairs No. 2 and 3 as clear in figures (4, 14
and 15). However, in slender situation the
higher elliptical ratio improves the natural
convection between the two elliptical
cylinders as shown in figures (16, 17 and
18).

Figure (19) shows that the positive vertical

eccentricity results in a slight enhancement
in natural convection than that the negative
gccentricity.  Also, the  percentage
enhancement is higher for slender situation
than that for blunt situation. The same
tendencies are even more accentuated in
figure (20). The enhancement of natural
convection is greatly affected by the angle
of attack as clear in figure (21).

The experimental results were correlated
as follows using the LAB FIT software
within uncertainty of 11.16%.

310} € Ra<547%10°
0.662< £ <0.968
—0.5<8,/4<+ 05

A b
NU=CxRa“x§‘“x[l+%‘ ]X[l‘i‘(%) ]x[chsinq}] for 006, /A<+ 05 (17)
0.0° S $<90° for £=0.662
Uncertainty = + 11.16% 00" <45 for £=0.366
0.0° s ¢ <15 for £=0.968
Orentation |  C n_ | m a b c |
0.0566 (.3491 -0.1203 32102 | 42018 0.3809
Slender 0.0664 0.3815 1.2011 1.2010 2.8704 0.6841

COMPARISON BETWEEN PRESENT AND PREVIOUS WORKS

The comparison between present work and
the previously published works in the
literatures as well as the validation of the
CFD model are shown in figure (22). As
the characteristic length which is used in
Nusselt number has various definitions in
the literature works, the fair comparison
has to be done using the convective heat
transfer coefficient instead of Nusselt
number.

Natural convection between vertically
eccentric cylinders was studied
numerically by Projahn et al.  {4]
forl0* <Ra<10°, 07<Pr<100 and
8,/A=+0.625. The results were correlated
as follows within 3% uncertainty:

Numuﬂ)lldncuun =0.21 2 % Ra0.243 (1 8)
for8,/2=0.0
Numuwnducuon =0.1 64 X RGOIIM (1 9)

for 3,74 =+0.625
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=0.310x Ra**"

canduchon ( 2 )

for 8,/ A =-0.625

Nu/Nu

Experimental and wnumerical studies for
natura]  convection from  concentric
elliptical cylinder to a circular cylinder
were carried out by Sakr et. al. [7]. The
results were correlated with a maximum
error of £10% as following:

Nu=1.264 x Ra"* HRR’® (l+sing)"*" an
for 1.26 x10"' € Ra<5.6x10%, 0" s 4590
Figure (22) shows compatible and
satisfactory to the conscience results as a
good agreement is noted between CFD
results and experimental data for the tested
pair No. 1 when it i1s oriented as slender
with¢ =60°. A fair matching between the
present and previous warks is also
obtained.

CONCLUSIONS

In this work, natural conveciion heat
transfer between pairs of elliptical
cylinders having different elliptical ratios
in blunt and slender situations was studied
experimentally and numerically. The study
scanned the effects of vertical eccentricity,
horizontal eccentricity, angle of attack on
natural convection of each pair. A 3-D
CFD model was conducted with the
present study to highlight the flow pattern
of aiv inside the elliptical annular space
between the two elliptical cylinders. The
results of the study could be summanzed
in the following remarks:

I. Positive eccentricity can enhance the
natural convection by about 15% than
the concentric case and the
enhancement ratio can increase with
decreasing the elliptical ratio for blunt
situation. Furthermore, positive
eccentricity gives an enhancement ratio
of about 40% than the conceniric case

and the ratio increases with decreasing
the elliptical ratio in case of slender
situation.

2. Horizontal eccentricity enhances the
natural convection between elliptical
cylinders by about 10% and the
enhancement ratio increases with
decreasing the elliptical ratio for both
blunt and slender situations.

3. The rotation of the inner cylinder with
an angle of attack leads to an
enhancement in natural convection
between the elliptical cylinders by
about 50% and 70% if 4= 90" for blunt
and slender situations respectively.

4. CFD results are compatible with the
experimental results that validate the
CFD model 10 investigate other
parameters that affect the natural
convection between elliptical cylinders
such as; axis ratio and other values of
elliptical ratio.
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1- Quter elliptical cylinder 7- Thermocouple 13- Stand

2- Inner elliptical cylinder 8- Thermocouple wire 14- Protractor

3- Electric Heater 9- Overhead ceiling 15- Handle

4- Auto-transformer 10- Suspension wire 16- Wooden end plate

3- Multi-switch (Selector) 11- Vertical threaded bar 17- Cooling water coil

6- Electric wire 12- Horizental threaded bar ~ S- AC-supply

A- Ammeter V- Voltmeter M- Temperature indicator

Figure (2), Experimental test-rig and measuring devices.

@

(h)

Figure (3), Schematic diagrams for biunt, slender, vertical eccentricity, horizontal eccentricity
and angle of attack.
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Figure (8), CFD Temperature levels
in {K) for the three tested pairs for
concentric and blunt orientation.

Figure (10}, CFD T-levels in (K) for
positive, negative and horizontal
eccentricities for blunt oricatation.

Figure {12}, CFD Temperature levels
in (X) for different attack angle for
slender orientation.
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Figure (9), CFD radial velocity levels
in (m/s) for the three pairs for
concentric and blunt orientation.

Figure (11}, Velocity magnitude for
positive, negative and herizontal
eccentricities for blunt orientation.

Figure (13), CFD velocity magnitude
levels in (m/s) for different attack
angle for slender orientation.
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Figure (15), Nusselt number versus Rayleigh
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Figure (16), Nusselt number versus Rayleigh
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Figure (22), Comparison between present and previous works.




