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Abstract.

Natural convection heat transfer in two-dimensional region formed by constant heat
flux horizontal flat tube concentrically located in cooled horizontal cylinder studied
numerically. The model solved using the FLUENT CFD package. The numerical simulations
covered a range of hydraulic radius ratio (5, 7.5, and 10) at orientation angles from (0° up to
90°).

The results showed that the average Nusselt number increases with hydraulic radius
ratio, orientation angles and Rayleigh number. As well as enhancement ratio for Nusselt
number at orientation angle 90° and hydraulic radius ratio 7.5 equal 24.87%. Both the fluid
flow and heat transfer characteristics for different cases are illustrated velocity vectors and
temperature contours that obtained from the CFD code. The results for the average Nusselt
numbers are compared with previous works and show good agreement.

Key words: Natural Convection, Horizontal Annulus, Flat Tube, Aspect Ratio,
Orientation Angle.

1. Introduction.

Natural convection in an annulus concentric cylinder has been extensively
investigated due to the variety of technical applications and practicality such as heat transfer
in heat exchanger device, solar collectors, nuclear reactor, cooling of electrical and electronic
components, thermal storage system, electrical transmission cables, etc. Among the problems
related to natural convection, many researchers focused their investigation on the heat
transfer and fluid flow behavior from differentially heated walls in a square or cubic cavity.
However, the heat transfer mechanism and fluid flow behavior in a concentric annulus
cylinder are strongly depended on the aspect ratio which is defined as a ratio of the diameter
of the outer to the inner cylinder. The temperature different between the heated inner cylinder
and cold outer cylinder contributes the density gradient and circulate the fluid in the annulus.
The next important dimensionless parameters are the Rayleigh and Prandtl numbers, which
affect the heat transfer mechanism, the flow pattern and the stability of the transitions of flow
in the system [1,2].

One of the first, well documented studies of heat transfer in horizontal annular
enclosures was presented by Beckmann [3]. He performed experimental measurements for
three different gases, air; H, and CO,, for the ranges of aspect ratio and Grp; where
1.1875<Do/Di<8.1 and 3.4x10°<Grpi<1.5x10". Kuehn and Goldstein [4] studied natural
convection in annular cavities filled with pressurized nitrogen over a Rayleigh number range
of 2.2x10°<Ra<7.7x10" and for radii ratio 2.6. The results showed that the flow is unstable in
the plume region for Ra=2x10° and that the flow becomes turbulent as Ra is increased. Also,
they reported that over the inner cylinder the flow is turbulent and that under the inner
cylinder the flow is laminar. Comparatively, fewer publications were noticed for natural
convection in non-circular domain, Rayleigh number range of 7x10°<Ra<10* and for radii
ratio 1.32, Lee and Lee [5] attempted to formulate the free convection problem in terms of
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elliptical coordinates for the symmetrical cases of oblate and prolate elliptical annuli and
have performed experiments for this geometry.

The problem of free convection heat transfer from horizontal elliptic cylinder placed
with its major axis vertical in a fluid of infinite extent is investigated by Bader and Shamsher
[6]. Their problem was solved for Rayleigh number varies from 10 to 10° Pr=0.7, and the
cylinder axis ratio (minor/major) varies from 0.1 to 0.964. Bader [7] studied the effect of
elliptic cylinder orientation. The cylinder orientation varies horizontal to vertical major axis
while the axis ratio ranges from (0.4 to 0.98) at two Rayleigh numbers of 10° and 10*.

Teertstra et al. [8] developed an analytical model for natural convection in the two
dimensional region formed by an isothermal. The model is comprised of a combination of
three solutions, the diffusive limit, the laminar boundary layer limit, and the transition flow
limit, and is applicable to a wide range of aspect ratios and inner and outer boundary shapes.
The model and data are in good agreement, with an average RMS difference of 6% for the
circular annulus and less than 9% for the other geometries. Djezzar et al. [9] expressed the
Boussinesq equations of the laminar thermal and natural convection, in the case of permanent
and flow, in an annular space between two concentric elliptic cylinders. They use a new
calculation code with the finite volumes with the primitive functions (velocity-pressure
formulation) and the elliptic coordinates system. The Prandtl number is constant at 0.7 and
internal elliptic tube (e; = 0.999, 0.9, and 0.83) the eccentricity of the external elliptic tube is
maintained constant (e, = 0.75) with varying the Grashof number (Gr = 103, 10* 10° and
2x10°). The authors examined effect of the geometry of the interior elliptic cylinder on the
results.

Eid [10] studied natural convection heat transfer in elliptic annuli with different aspect
ratios experimentally and numerically. Four test specimens having elliptic annuli cross
sections with different aspect ratios of 0.25 to 1 and an annulus diameter ratio of 2 were
tested experimentally. The model was solved numerically using the FLUENT CFD package.
The results show that the rotation of the elliptic annuli with small aspect ratio by a right angle
whenever the specimens are horizontal or inclined improves the free convective heat transfer
characteristics. The numerical predictions show that the annulus diameter ratio has more
significant effect on the results rather than the orientation mode.

Sakr et al. [11] investigated experimental and numerical of natural convection heat
transfer in horizontal elliptic annuli. Experiments were carried out for Rayleigh number
ranges from 1.12x10" up to 4.92x107, the elliptic tube orientation angle, 6, varies from 0° to
90° and the hydraulic radius ratio of 6.4. These experiments were carried out for axis ratio of
elliptic tube (minor/major=b/c) of 1:3. The numerical simulation for the problem is carried
out by using commercial CFD code. The numerical simulations covered a range of elliptic
tube axis ratio from 0.1 to 0.98 and for hydraulic radius ratio from 1.5 to 6.4. Both the
average and local Nusselt number from the experimental results are compared with those
obtained from the CFD code. Both the fluid flow and heat transfer characteristics for different
operating and geometric conditions are illustrated velocity vectors and isotherms contours
that obtained from the CFD code.

Padilla and Silveira-Neto [12] are performed large-eddy simulations of transition to
turbulence in a horizontal annular cavity. Solutions for Prandtl number of (0.707), hydraulic
radius ratio of (2) and Rayleigh number 4.6x10* up to 7.5x10° are obtained. The influences
of transitional and turbulent flows on local and mean Nusselt number are also investigated.

Nada [13] investigated experimental natural convection heat transfer in horizontal and
inclined annular fluid layers. The annulus inner surface is maintained at high temperature by
applying heat flux to the inner tube while the annulus outer surface is maintained at low
temperature by circulating cooling water at high mass flow rate around the outer tube. The
experiments were carried out at a wide range of Rayleigh number (5x10* up to 5%10°) for
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different annulus gap widths (L/D,= 0.23, 0.3, and 0.37) and different inclination of the
annulus (6= 0°, 30° and 60°). The results showed that:

(1) Increasing the annulus gap width strongly increases the heat transfer rate.

(2) The heat transfer rate slightly decreases with increasing the inclination of the annulus
from the horizontal.

Azmir and Azwadi [14] presented numerical study of flow behavior  from a heated
concentric annulus cylinder at various Rayleigh number (2.38x10° <Ra<1.02x10°), Prandtl
number (0.716, 0.717 and 0.718) and aspect ratio of the outer and inner cylinders (2.6, 3.6,
4.6 and 5). The finite different lattice Boltzmann method (FDLBM) numerical scheme is
proposed to improve the computational efficiency and numerical stability of the conventional
method. Current investigation concluded that the FDLBM is an efficient approach for the
current problem in hand and good agreement with the published papers in literature solution.
The above survey, of horizontal annulus studies and data as summarized in table (1).

In the present work, the present contribution presents a simulation of the problem as a
mathematical model which was solved numerically using the FLUENT-CFD package. The
present problem to investigate the effect of Rayleigh number, aspect ratio (hydraulic radius
ratio), and different orientation angle of the heated flat tube placed in an isothermal cooled
circular cylinder on the natural convection heat transfer.

2. Mathematical model.

Consider an annular space ranging from a flat tube placed at the center of a circular
cylinder filled with air. The internal wall of the annular space (flat tube surface) heater under
constant heat flux qu, and the external wall of the annular space (circular cylinder surface)
keep isothermally at temperature Tc. The inner flat tube is allowed to be inclined to the
horizontal axis by an orientation angle; 6. The physical model of the present problem is
illustrated in Fig. (1-a). The natural convection heat transfer between outer cylinder and inner
flat tube results in a buoyancy-driven flow in a vertical r- 6 plane. The space coordinates are
r, measured from the center of the cylinder and, 6, measured anti-clockwise from the
downward vertical symmetry line. The two-dimensional governing equations were
summarized as follows under the following assumptions, [15, 16]:

a) Steady state.

b) Two dimensional heat transfer.

c) The laminar flow.

d) The fluid is incompressible.

e) Constant properties except change in density, according to Boussinesq approximation.
f) The viscous dissipation is negligible.

The present problem is governed equations of continuity, momentum and energy.
These equations can be written in the form:

Continuity equation:

oV, V., 14V,
L4 —Cl=

=0 1
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r-momentum equation:
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6 -momentum equation:
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Energy equation:
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The buoyancy forces in r and 6 directions are written as:
F. =p9p(T —Tc)sin &

F, =p9p( —Tc)sin 6

The boundary conditions

At the surface of the flat tube, (r = Ri; 0 <8 < 2n), V=V =0, Z—I:const.

At the surface of the outer cylinder, (r = Ro; 0 <8 <2n), V,=V~0, T=Tc

3. Numerical method.

The governing equations were solved using FLUENT-CFD code; version 6.2 is
employed for all numerical simulations [17]. Gambit, Version 2.2.30, is used for the
development of the computational grid. Fig. (1-b) shows the computational grid. The
computational domain resulted from the subtraction of the flat tube section from the circular
cylinder section. The grid is made up of triangular elements to improve the quality of the
numerical prediction near the curved surfaces. The continuity is satisfied using a semi-
implicit method for pressure linked equations, which is referred to as the SIMPLE procedure.
To reduce numerical errors, second order upwind discrimination schemes are used in the
calculations. Each computational iteration is solved implicitly. The convergence of the
computational solution is determined on scaled residuals for the continuity, energy equations
and for many of the predicted variables. The total residual for a given variable is based on the
imbalance in an equation for conservation of that variable summed over all computational
cells. Less than 1000 iterations are generally needed for convergence.

4. Results and discussions.

Figs. (2, 3, 4) show the variation of the average Nusselt number with Rayleigh
number for different hydraulic radius ratio (5, 7.5, and 10) at orientation angles, (0°,45°, and
90°). The Nusselt number increases with increasing Rayleigh number. This is because the
Nusselt number depends on the heat transfer rate. In addition, figures show the effect of
hydraulic radius ratio on the Nusselt number. It can be seen clearly from the figures that the
Nusselt numbers at higher hydraulic radius ratio are higher than those at lower ones. The
increase of hydraulic radius ratio causes higher fluid re-circulation and higher swirl flow air
in the annular space due to the gradient in density, and consequently, the Nusselt number
increase with increasing hydraulic radius ratio. It is also found from these figures. the
enhancement in Nusselt Number at hydraulic radius ratio.

(Ro/Ri=5), orientation angle from 0° to 45° (19.8%), as from 6=0° to 6=90°
(24.3%).While, enhancement in Nusselt Number at (Ro/Ri=7.5) from 6=0° to 6=45° (19.4%)
and from 6=0° to 6=90° (24.87%). (Ro/Ri=10) from 6=0° to 6=45° (18.98%), from 6=0° to
0=90° (24.22%).
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The effect of the orientation angle on the flow and thermal fields contours are
illustrated in Figs. (5, 6). It is observed that both the velocity vectors and temperature
(isotherms) contours are symmetric about the vertical axis of the flat tube for orientation
angle 90°. A thermal plume above the flat tube is observed for all inclination angles. Also, it
is observed that as the orientation angle increases the temperature gradient decreases,
indicating that more cooling for the flat tube surface. The thermal plume size increase with
heat flux at all orientation different angles.

Figs. (7, 8, 9) show the variation of the average Nusselt number with Rayleigh
number for orientation angles, (0°,45°, and 90°) at different hydraulic radius ratio (5, 7.5, and
10). The average Nusselt number increases with increasing orientation angles at the same
value of Rayleigh number. In the other word, the maximum heat transfer rate occurs at 90°
orientation angle. Fig. (10) show the velocity vector and temperature contours for Ro/Ri=5 to
10 at orientation angle of 45° and qy=4+ OW/mZ.

Figs. (11, 12) show the variation of the average Nusselt number with orientation
angles for different hydraulic radius ratio (5, 7.5, and 10) at heat flux 10, 800W/m?
respectively. The average Nusselt number increases with increasing orientation angles. In the
other word, the maximum heat transfer rate occurs at hydraulic radius ratio 10. In other wise,
it is observed that from the these Figs. the rapid increase in the average Nusselt number in the
range of orientation angles (0° to 45°) after this orientation angles range the increase in the
average Nusselt number forward to fixed. The increase of the hydraulic radius ratio leads to
increase in the average Nusselt number for different orientation angles based on the
equivalent hydraulic radius of the flat tube. This is may be attributed to the longer annuli
(path) of the air fluid layer with higher velocity at higher hydraulic radius ratio. The best
enhancement in Nusselt Number at #=90° and Ro/Ri=7.5 which is (24.87%).

As well as the previous work Sakr et al. [11], see Fig. (13) this figure shows that the
present results are good agreement with the previous work.

5. Conclusions.
Natural convection heat transfer between outer cylinder and inner flat tube was
investigated numerically using the FLUENT CFD package.

1. The average Nusselt number increases with the increase of the flat tube orientation
angle.

2. Both the velocity vector and temperature contours are symmetric about the major axis
of the flat tube only at an angles of orientation of 0°, and 90°, which corresponding to
maximum rate of heat transfer condition.

3. The average Nusselt number increases with the increase of Rayleigh number.

4. The average Nusselt number increases with the increase of the hydraulic radius ratio.
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7. Nomenclature.
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Table 1: Review of horizontal annulus studies and data.

Authors Test Range of independent parameters Geometry
. Horizontal
Kuehnand | Experimental and | -5 5,1 2-p4<7.7107, PoiPi= 2.6 | circular
Goldstein [4] Theoretical
annulus
Elliptic
Lee ?g? Lee Experimental 7x10°<Ra<10” Po/Pi= 1.32 cylinder @
10 <Ra<10°, Pr=0.7, Elliptic
Bader and . . . !
Experimental (minor/major) varies from 0.1 to | annulus
Shamsher [6] 0.964
10°<Ra<10*, Pr=0.7, Elliptic
Bader [7] Experimental (minor/major) varies from 0.4 to | annulus @
0.98
Circular
Teertstra et Numerical Po/Pi= 2.12 to 6.37 annulus
al. [8]
Diezzar et l Pr=0.7, (e; =0.999, 0.9, and 0.83) | Elliptic
J (9] ' Numerical (e, =0.75) (Gr = 10°%, 10%, 10° and | cylinder @
2x10°)
Elliptic and circular
Eid [10] Experimental and 1x10°<Ra<500x10° annulus
Numerical Po/Pi=0.25t0 1 @
sakretal. | Experimental and 1.12x10'<Ra<4.92x10", annulus | Horizontal
a1 pNumerical inclination (8, 0° to 90°), elliptic tube
Po/Pi=6.4
S?I?/%Iilrlz-ﬁlnec:o Numerical Pr:0.7407, PofPi= 25 E(r)crtljzlgrn tal
4.6x10"<Ra<7.5x10
[12] annulus
5x10% <Ra<5x10° Horizontal
. (L/D ,=0.23,0.3,and 0.37) circular
Nada [13] Experimental annulus inclination (6 = 0°, 30° | annulus
and 60°).
At and 2.38x10° <Ra<1.02x10°, | Horzonta
Azwadi [14] Numerical Pr=0.716,0.717, 0.718 annulus
Po/Pi=2.6, 3.6, 4.6 and 5
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a- Physicél domain b- Computational grid

Fig. (1): Physical domain and computational grid.
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Fig. (2): The variation of average (Nu) with (Ra) at orientation angle, 0°, for different (Ro/Ri).
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Fig. (3): The variation of average (Nu) with (Ra) at orientation angle, 45°, for different (Ro/Ri).
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Fig. (4): The variation of average (Nu) with (Ra) at orientation angle, 90°, for different (Ro/Ri).
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Fig. (7): The variation of the average (Nu) with the (Ra) for different orientation angle

at (Ro/Ri =5).
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Fig. (8): The variation of the average (Nu) with the (Ra) for different orientation angle
at (Ro/Ri =7.5).
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Fig. (9): The variation of the average (Nu) with the (Ra) for different orientation angle
at (Ro/Ri =10).
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Fig. (10): Velocity vectors and temperature contours for §=45°, qy=400W/m?.
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Fig. (11): The variation of the Nu with 6° for different Ro/Ri at qr=10W/m>.
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Fig. (12): The variation of the Nu with 0° for different Ro/Ri at qH=800W/m2.
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Fig. (13): Comparison between the present numerical predictions with the previous work.

44 AJES-2010, Vol.3, No.2



Anbar Journal for Engineering Sciences

O IS el daia B8 Al gl & el Jaally 5 ad) Sl
A e Gl 5 A A A gl

e (e daa) il Jrax e e daaa g
Auudigl) AlS / o lova (g yia dunigh 438 / e lusa Guyda dunig) 438/ jaa
S Azl SV daala SV daala

-

Aadal

At s sl o) A Aihaie 8 el deally sl el JUEEY dpaae Al 50 Gl e
el oty byl 2 3sadll Ja 553y A shad Jals i 5l a (s vie e gl a8l
DY) Glail 4w (520 dgaael) 1Skad) il gl ((FLUENT CFD package) saaadl dall lapas axe
90° 0 0° (e dan 55 Lg) ) aie (10 7.5 <B) 4S5 el

A s L o) o Salg el il Coual A (e JS B3l 3 ooy il dae o gie ol gl iy
el A 5 90° Auasi Ayl ie s dae wll e A Joadl o aas ¢ U sae g (g gl sl
cillaladey dalise T sl all Jli 5 wld) (ljs pailiad cific (24.87%) a (7.5) LS5 ned addy)
L @8 e Jganll 2 A5l ¢gad) ae el Cnll 5 4 jlie die Ao jull 4nieg s jall da 5

45 AJES-2010, Vol.3, No.2



