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Abstract

Turbulent natural convection between two horizontal concentric cylinders in presence of radial fins is studied numerically. Turbulence
modeling was done using a standard model. The conservation equations of mass, momentum and energy along with modeled equations
of turbulent kinetic energy and its dissipation rate were discretized using control-volume approach. Results are obtained in the form of
streamline and temperature contours for a number of radial fins ranges from 2 to 12 which are attached to the inner cylinder. Two different
configurations are investigated for the case of two and four radial fins to reveal the effect of fin height and fin configuration. The Rayleigh
number considered in this study ranges frorfl 010°. Results obtained for local Nusselt number variation of the inner cylinder shows that
fin arrangement has no significant effect on heat transfer and higher fin heights have a blocking effect on flow causing lower heat transfer
rate. It is observed that there is a reduction of heat transfer rate in all of the configurations considered in this study as compared to the case
of no fin at the same Rayleigh number. There is also an increase in Nusselt number prediction with increasing Rayleigh number, which is a
general behavior for all of natural convection problems.
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1. Introduction using air as a working fluid, it was reported that transition
from laminar to turbulent flow occurs at Rayleigh number
Natural convection between two horizontal concentric equal to 16.
cylinders has received much attention because of certain Turbulent flow regime exists for high Rayleigh numbers.
theoretical concerns and experimental applications. FromThe critical Rayleigh number depends on the inner to outer
theoretical point of view, different density stratification in cylinder diameter ratio. Some papers were published investi-
the upper and lower portions of domain causes severalgating turbulent natural convection between two concentric
flow pattern and regimes to exist in different regions of cylinders. Kuhen and Goldstein [2] measured heat transfer
annulus which in turn, makes accurate prediction of flow and coefficients for air and water in concentric and eccentric hor-
temperature fields more difficult. Engineering application of izontal annuli for Rayleigh numbers up to A@ishop [3]
this flow such as inert gas insulation of high electric cables, reported an experimental investigation of turbulent natural
receivers of some focusing solar collector and thermal convection of helium between horizontal isothermal concen-
energy storage systems reveals the importance of suchric cylinders at cryogenic temperature. With the next exper-
investigation. The first extensive research on this flow imental work of Mcleod and Bishop [4] for RR 4.85 they
geometry was done by Kuhen and Goldstein [1]. In their concluded that the heat transfer rate depends on magnitude
work, an experimental and numerical investigation has beenof the expansion number as well as on the Rayleigh number.
carried out for water and air in annulus for gap width to  Large eddy simulation of turbulent natural convection be-
inner cylinder diameter of 2.6. Rayleigh number based on tween concentric horizontal cylinders was done by Miki et
the gap width was $0to 1(°. In their experimental study,  al. [5]. The highest Rayleigh number for which solution ob-
tained, was 118 x 10°. The values of mean Nusselt num-
T Corre . ber were in good agreement with those obtained from ex-
orresponding author. . . . .
E-mail addressesahnama@mail.uk.ac.ir (M. Rahnama), periments, except for the highest Rayleigh number. Desai
farhadi@mail.uk.ac.ir (M. Farhadi). and Vafai [6] employing finite element method carried out
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Nomenclature
g gravity acceleration................... -$n? Greek letters
H finheight........... ... ... L, m AeNSIY ..o kg3
k Von Driest constant v kinematic viScosity .................. ~1
K turbulent kineticenergy .............. g2 P turbulent energy dissipation rate. . . .. .. 2gr3
Keq  equivalent thermal conductivitys gact/qcond n dynamic viscosity ............... kg1.s1
QAP WIAth,= Ry — Ri v veveeereeennn. m A thermal conductivity ........... wh—1l.ec-1
" normal vector on the wall o turbulent Prandtl number
NU local Nusselt number B volume_trlc coefficient of thermal
— - EXPANSION ...ttt -k
Nu  mean Nusselt numbes Jo (Nurdo T Shearstress .......c.ooeueeeein.. kg ls?
Nu, me:im Nusselt number without fin, A height of the wall element
[
= 7 Jo (NUrdo Superscript
P PreSSUME. . .ttt ettt eees Pa ) )
Pr Prandtl number * star denotes dimensionless parameters
R radius of cylinders...............coovoii.. m Subscripts
r radial coordinate t turbulent characteristic
Ra Rayleight numbers= gBI3(T; — T,)/va eff effective
RR radius ratio= R,/R; r radial direction
T temperature............ ..o, K 0 tangential direction
ut dimensionless value of, = u/\/7,/p ? icr):Jnt:rr
VEIOCIEY .« oot sl act actual
y distance from the wall cond conduction
yt dimensionless value of, = y./7,,/p/v w wall

a comprehensive work with detailed analysis of two- and an annulus with six radial fins arranged for two different
three-dimensional turbulent natural convection in a horizon- configurations. It was observed that orientation of the
tal annulus. The standakd-e turbulence model using awall  internal fins has no important effect on the average Nusselt
function approach was used for modeling turbulent flow. number prediction, while the blockage due to the fins has
They showed that if the annulus is sufficiently long, there significant effect on the flow and temperature fields and
exists a core region over a substantial length of the cavity therefore on heat transfer rate. Rahnama et al. [12] examined
that can be approximated by a two-dimensional model. Re-|aminar natural convection in annular region numerically.
cently, @ number of papers on numerical prediction of tur-  petajled data on natural convection in horizontal concen-
bulent natural convection in a concentric horizontal annulus yic cviinders with radial fins are very limited. Recently Abu-
were published which incorporated the effect of inner cylin- | yisj0, 113] studied laminar natural convection and entropy
der rotation [7]' multlple_perturbatmn [8], transition of nat- generation from a horizontal cylinder with multiple, equally
ura! conyect|on in a horizontal annulus [9] and very small spaced, low conductivity baffles on its outer surface. It was
radius difference [10]. . )

. . . shown that short baffles slightly increases the heat transfer

The most important parameter of interest in natural . .

convection between two concentric cylinders is the rate of rate at small values O.f nglelgh numbers while there was up
heat transfer which is constant for a prescribe boundaryto 72 percent re.ductlon in the value of the.average Nusselt
conditions and flow geometry. An essential restriction in number depending on the number and height of baffles as
natural convection in annulus is heat transfer limitation due We!l @ the Rayleigh number. _
to the fixed area of the inner and outer cylinders. One 10 the best of author's knowledge, there are no published
approach affecting heat transfer rate in annulus is applicationdata investigating the effect of radial fins on heat transfer
of some radial fins on inner cylinder. Existence of such fins in turbulent natural convection in annular geometry. In this
makes the flow and heat transfer characteristics substantiallystudy, the effect of radial fins on turbulent flow pattern,
different from those of annulus without fins. This flow temperature distribution and Nusselt number are presented
geometry has been investigated for laminar flow case by for various fin arrangements and different number of fins.
Chai and Patankar [11] and Rahnama et al. [12]. Chai The main purpose of the present study is to investigate the
and Patankar [11] studied the flow and heat transfer for effect of fins on heat transfer in turbulent natural convection.



M. Rahnama, M. Farhadi / International Journal of Thermal Sciences 43 (2004) 255-264 257

2. Governing equations Continuity:
Vﬁj =0 1)
The configurations to be studied are shown in Figs. 1

and 2. Each of the configurations of Fig. 2 consists of Momentum:
two cyl_indrical §urfaces and a numk_)er of fins attached ViVE = P54 [uen (Vi + Vi) — E‘T* )
to the inner cylinder surface. Each fin has a very small o Pr
thickness which is equal to one grid cell in tangential Energy:
direction. Cylindrical coordinateg¢r, ) was used for the
present computation with= 0 at the bottom of the annulus. VT = o (A& T3] 3)
The thermo physical properties of fluid are assumed constantT bulent kinet ]
except density for which the Boussinesq approximation is urbulent kinetic energy-
employed such that the variation of density with temperature f gt [“—fl(*} _ Rayy _—_
has been neglected except for buoyancy force terms. The'J ™.J = | 5, 7/ j— Pro,
viscous dissipation in energy equation does not need to ’
be considered because of low fluid velocity in natural +uf [V + VLIV 4)
convection. Dissipation of turbulent kinetic energy:
_ The basic equations governing fluid flow and heattransfer . Rate* 2
in annular geometry are the laws of conservation of mass, y*¢c* — [&8*} — 3_““t8 * ng_
momentum and energy, put into the non-dimensional form * oe 7] ProK* K*
by taking the characteristic length, velocity, pressure and g*
temperature as 1 (radius differenc&),= v/1, poV?2 and + Clﬁ“j[viikj + V;i]vifj (5)

(T: — T,). The time-averaged Reynolds equations goveming |, yhe ahove equation effective viscosi, and effective

turbulent natural convection in the annular enclosure are thermal diffusivityA’, are defined as:

written as:

where:

r 1A% LV,
=g W= W=
K*_IZ_K g*—l4—€ )\*—M—TPI’

A o (7)
P*:l_P M*:& T*:T_TU

pv?’ T T, —T,

/’LIZC;LKT

The values of the constants that appear in the governing
equations areCy = 1.44,C> =1.92,C, = 0.09,C3 = 1.44,
Pr=10, 0, = 1.0 ando, = 1.3. Although these constants

Fig. 1. Flow geometry for annulus with fins.

@) (b)

Fig. 2. Various configuration fin arrangements.

are well-established from data obtained for turbulent forced
convection flows, their use for turbulent natural convection
is justified as it is shown by Desai and Vafai [6]. They
mentioned that variation of these constants has a negligible
influence on the results. The standard turbulence model
used in this study is suitable for high Rayleigh number
flows which occur in the core region of the annulus. The
resolution of sharp gradient of flow variables in the near
wall and solid surfaces of the ribs cannot be achieved with

(d) (e)
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standardc—e turbulence model. Another shortcoming is the And Pr based on the Jayatilleke correlation [16] is given by:
inability of standard model to resolve the effect of viscosity . 0.75

on turbulence field in the viscous sub layer. To overcome Pr= 9'24(RT B 1)[1+O'28 ex;{—O.OO?RT)] (11)
these shortcomings a scheme was used for wall treatmenilhe interpolation functions in the specialized elements are
which is discussed in detail by Ciofalo and Collins [14]. constructed using a tensor product of the one-dimensional
In this scheme which is used in the present work, the basis functions corresponding to the local coordinate direc-
fully turbulent outer flow field and the physical boundary tions in the elements. The basis functions in the direction
are “bridged” by using a single layer of specialized wall along the wall are the same as the elements in the rest of the
elements. The interpolation functions in these wall elements computational domain. In the direction normal to the wall,
are based on universal near-wall profiles. They are functionsthe interpolation functions are based on Egs. (8)—(11). The
of the characteristic turbulent Reynolds numbers which boundary conditions for this problem with the heated inner
accurately resolve the local flow and temperature profiles. cylinder can be given as: no-slip conditions for the veloc-
The turbulent diffusivity in the near-wall region is calculated ity components at the boundary, uniform but different tem-
using Van Driest’s mixing length approach. The standard peratures of the inner and outer cylinders, uniform tempera-
k—e equations are solved in the part of the computational ture equal to inner cylinder surface temperature for fin sur-
domain excluding the wall element region. The elliptic form faces (or fins with high thermal conductivity) and vanishing
of the mean conservation equations are solved throughoutof pressure gradient, turbulent kinetic energy and dissipation
the computational domain. However, thee model is rate on the boundaries. The boundary conditionskfaand

applied only up to and excluding the wall elements. The ¢ the first grid point away from the wall are:

application of the present approach to complicated forced oK
flows involving strong and subtle flow reversal has already on At the first grid point
been demonstrated by Haroutunian and Engelman [15]. (12)
een demonstrated by Haroutunian a gelman [15] (€, K)LS away from the wall
The resulting model was found to be more accurate and ¢, = "T
K

computationally more effective than thie-= model using
standard wall functions. A brief description of this model This boundary condition fok' plays an important role in

is given below. As mentioned before, the viscosity-affected the approach used here. It allows the valuekoto adjust
region between the wall and the fully turbulent region away N response to the turbulent processes in both local and
from the wall is represented by means of a single layer of Neighboring regions.

special elements. These specialized shape functions which

are based on universal near-wall velocity profiles accurately .

resolve the velocity profiles near the wall. The functional 3 Solution procedure

form used for the wall element is:

ut = fr(y")

— 1 +

The governing differential equations for mass, momen-
tum, energy, turbulent kinetic energy and its dissipation rate
were solved using the control-volume-based finite differ-
ence method described by Patankar [17]. The convective and
diffusive terms were discretized using power law scheme
and the SIMPLER algorithm [17] was used to resolve the
pressure-velocity coupling. The grid points are not distrib-
uted uniformly over the computational domain. They have
greater density near the surface of the cylinders in the ra-
dial direction and near the fins in the tangential direction

+

+ 7.8[1 - exp(—%) - % exp(—o.33y+)} (8)

The universal profile used for temperature takes the follow-
ing form:

Tt = fr(y*, Pr,Pr,)

and have a lower density in the free region between the sur-

=PrDrut +Pr,(1— DT)(M+ + pT) (9) face and the fin. The expansion and contraction factors were
L ) ) ] selected 1.05 and 0.95, respectively. Selections of the num-
wherey™ is a dimensionless distance from the wall and: ber of grid points used in the present computation are rea-
P 11— Ry <0.1 soned based. on Nus§elt number prediction along the inner
Dr=expl ———Ry ) a= and outer cylinders. Fig. 3 represents the results of the Nus-
11 0.333— Rr 201 (49 Co s A .
Pr (10) selt number variation in tangential direction along the in-
Rr = Pr, ner cylinder for annulus without fin. This figure shows that
Table 1
Effect of grid points on mean Nusselt number for geometry of Fig. 2(a)
Grid points 40x 40 60x 60 70x 70 60x 80 80x 80
Nu 4.303 5.01 5.072 5.021 5.09
Percent of error 14.11% 0.0% 1.23% 0.22% 1.59%
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Fig. 3. Local Nusselt number variation on the inner cylinder, effect of
number of grids.

the Nusselt number prediction along the inner cylinder for
60 x 60 grid points nearly correspond to that obtained from
80 x 80 grid points, while its difference with 4Q 40 grid
points solution is remarkable. Therefore the number of grid
points is selected as 6060 for the present computations.
The effect of grid points on mean Nusselt number computa-
tion of annulus with two horizontal fins was investigated as
well. Table 1 shows the effect of number of grid points on
mean Nusselt number for geometry shown in Fig. 2(a). As is
observed from this table, the difference between mean Nus-
selt number obtained for 69 60 grid points with that com-
puted with other number of grid points is negligible (percent
of error less than 1.6) except for 4040 grid points. So the
minimum number of grid points which produces acceptable
results is 60x 60.

4. Resultsand discussion

As mentioned before, Fig. 1 shows the geometry con-
sidered in this study. Fig. 2 represents different fin arrange-
ments investigated in this paper. The first one is an annulus
with two horizontal and vertical fins, Fig. 2(a) and (b), re-
spectively. In the second geometry, the number of fins is se-
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Fig. 4. Equivalent thermal conductivity on inner and outer cylinders for
annulus without fin aRa= 2.51 x 10°.

sults are presented for turbulent natural convection in annu-
lus with radial fins for different fin arrangement. The effect
of fin height and Rayleigh number on flow and temperature
field are also investigated.

All computations in this study were carried out for ra-
dius ratio of 2.6 and ai¢Pr = 0.7) as the working fluid. Di-
mensionless temperatures for the inner and outer cylinder
are selected as one and zero, respectively. These values were
chosen so as to facilitate comparison with the available ex-
perimental data. While the effect of fin height has studied for
two-fin configuration, fin height is selected fixed as 20% of
the radius difference for all other geometries. As mentioned
in following sections, this was due to the relatively negligible
effect of fin height on mean Nusselt number prediction for
the geometry of two fins. Computations were performed for
Rayleigh number ranges from @@ 10 for all geometries.

4.1. Validation

The problem of natural convection between two con-
centric horizontal cylinders is studied both experimentally
and numerically by Kuhen and Goldstein [2]. Computations
were performed for this geometry to validate the accuracy

lected as four, but their arrangements are chosen differently©f the numerical results by comparing with the experimen-

(Fig. 2(c) and (d)) to detect the effect of fin orientation on tal results [2]. An equivalent thermal conductiviteq is

flow and temperature fields. Fig. 2(e) shows geometry of an- Used to compare the accuracy of the present computations.

nulus with other number of fins. The maximum number of This parameter is defined as the actual heat flux divided by

fins considered in this study is 12. the heat flux that would be occurred by pure conduction in
Results are represented in two parts. In the first part the the absence of fluid motion. Results are shown in Fig. 4 and

accuracy of solution method is investigated by computing fepresent good agreement between the present computations

natural convection in annular region without fin. This con- and experiments of Kuhen and Goldstein [2].

figuration had been studied in detail by various authors and

established to an extent that is used as a source of compar4.2. Fluid flow

ison for validating relevant numerical codes. The reason for

doing such computations was to show the reliability of com-  This section represents the results obtained for annulus

putational model in this geometry. In the second part, re- with radial fins which are the main part of the present
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study. As mentioned before, different fin configurationswere  Effect of fin height on flow and temperature fields has
studied in this investigation (Fig. 2). The first geometry been studied for two fin arrangements. Rahnama and Farhadi
considered is an annulus with two fins attached to the inner[18] reported this effect on turbulent natural convection for
cylinder. These fins could be in a horizontal (Fig. 2(a)) or the case of two horizontal fin arrangements. The streamline
vertical (Fig. 2(b)) direction. Fig. 5 shows streamline and pattern obtained showed that increasing fin height to radius
temperature contours for each configuratioRat= 10° and difference ratio more than 0.4 results in two recirculation
fin height to radius difference ratio of 0.2. It is observed zones. Its effect on Nusselt number variation will be dis-
that the center of recirculation zone has slightly moved cussed in the next subsection. As the aim of this paper was
to lower portion of annulus for vertical fin arrangements to investigate the effect of number of fins, the effect of fin
compared to the horizontal one. This effect makes little height were limited to the case of two fins and the ratio of
changes in temperature fields. But there is no significant fin height to radius difference has selected as 0.2 for all other
difference in flow pattern for both geometries. Results of geometries.

turbulent kinetic energy and its dissipation rate computations ~ The second geometry studied in this research, is annulus
have shown that there is a high turbulence level near theWith four fins attached to the inner cylinder, Fig. 2(c) and (d).
center of recirculation toward the top of the outer cylinder These two configurations have different fin arrangements.
while energy dissipation is concentrated near the rib and theFig. 2(c) shows an arrangement with two fins in horizontal
surface of inner and outer cylinders. Investigation of eddy and two fins in vertical direction while Fig. 2(d) shows the
viscosity contours shows that there is a maximum near the Sa8me fins rotate 45 degrees relative to horizontal and vertical
center of recirculation region indicating that the Reynolds arrangement. Flow and temperature fields in the form of
stress assumes a large value in this region. Therefore it carStréamline and isotherm are shown in Fig. 6. There are
be concluded that annulus with two vertical fins experiences differences between the streamline and temperature contours

higher turbulent kinetic energy and Reynolds stress along for different configurations. Results represent remarkable
with lower dissipation rate than the one with two horizontal différences in contours especially in the upper part of the

fins. This behavior affects heat transfer rate as discussed if2NNulus. The center of recirculation is néae 90 degrees
the next section. with a weak recirculation zone near the top rib for the case

of Fig. 2(d) while this center is near the top for the case of

Level stream F. Lovelsmoam .
Level T 13 205.642 Level T Levelstrean I
009 12 185.003 10 09 le 2027
9 08 11 164.364 9 08 13 20005
8 07 10 154.904 8 07 .
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6 05 10 160353
8 123.086 6 05 lo a3
5 04 7 102447 5 04 5
403 6 818077 4 03 8 120067
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Fig. 5. Streamline and temperature contours for two (a) horizontal, and (b) Fig. 6. Streamline and temperature contours for two different four-fin
vertical fins atRa= 10P. arrangements, both f&ka= 100,
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Fig. 2(c). Computational results showed that there are two whered7/dr temperature gradient in radial direction. To
recirculation zones for lower Rayleigh numbers for the case compute Nusselt number along the fin surfaces, this temper-
shown in Fig. 2(c) which changes to one zone for higher ature gradient should be replaced witfi/rd6. A second-
Rayleigh numbers. The differences observed in Fig. 6 can beorder accurate three-point differencing scheme was used
explained based on the following main points. Two vertical to calculate the Nusselt number results. The mean Nusselt
fins of the four fin arrangements in geometry of Fig. 2(c) number is obtained by integrating the local Nusselt number
are parallel with the fluid motion and therefore make lower over the inner cylinder and fin surfaces. To illustrate the ef-
resistance to the motion of fluid. Buoyancy-induced motion fect of fins on heat transfer rate more clearly as compared
in the lower part of the annulus is very weak due to the fact to the case of no fins, all mean Nusselt number obtained for
that high temperature surface (inner cylinder surface) is overthe case of annulus with fins, were divided by that computed
the low temperature one (outer cylinder surface). So there isfor no fin at the same Rayleigh number. Fig. 7 shows local
a stable density stratification which resists to fluid flow. In  Nusselt number variation in tangential direction for regions
fact, there is a very weak fluid motion in the lower part of 1 and 2 shown in Fig. 1. For the case of two horizontal fins,
the annulus. The lower fins shown in Fig. 2(d) make a high Fig. 7(a), it is observed that Nusselt number starts from a
resistance to this weak fluid motion and nearly block it. This local maximum a®# = 0 (bottom of the annulus) and de-
phenomenon does not happen for arrangement of Fig. 2(c). creases to nearly zero at the base of the fifi at90 de-

The fluid flow being started to circulate in the upper part grees. The maximum temperature difference between cold
of annulus, may have enough momentum to continue its fluid and hot surface of the inner cylinder é&t= 0 causes
motion to the lower part. The fluid along the inner cylinder maximum Nussel number at this point. Deceleration of flow
tends to move away from the symmetry line and tries to bend and lower temperature difference between cylinder surface
downward upon meeting the first fin. However, the buoyancy and adjacent fluid due to heating of the fluid makes the Nus-
force created by heating of air prevents air from moving selt number to decrease toward the point A in Fig. 7(a). The
downward and thus creates a region of almost stagnantfirst minimum Nusselt number occurs at the base of the fin
flow in the bottom of the annulus. Results of computation where there is really stagnant fluid. Nusselt number values
of energy dissipation and turbulent kinetic energy show over the fin surface are much lower than that over the sur-
that although each of these two is not the same for theseface of the cylinder. There is an increase and decrease of
two different four-fin arrangements, mean Nusselt number Nusselt number value from point B (refer to Fig. 1) to the
results which are discussed in the following section, reveal point with = 180 degrees.
that the fin arrangements have no significant effect on it. ~ The behavior of the local Nusselt number for the case of
Results of streamline and temperature contours for annulustwo vertical fins, Fig. 7(b), is different from that of horizontal
with more than four fins were similar to the one with four ones. Here Nusselt number starts from a higher value for
fins, so they are not presented here. It should be mentionedop of the rib at the bottomd(= 0) and decreases much
that increasing the number of fins from 8 to 12 makes the faster to nearly zero at the base of the fin which i8 at 0
number of recirculation regions to increase from one to two. as well. From the base of the lower fin to the base of the
Also, the value ofy™ for the first grid point near the surface upper fin there is an increase and decrease in Nusselt number
was less than 5, i.e., in laminar sub layer in all computations. prediction untild = 180 degrees. As compared to Fig. 7(a),

Nusselt number increases to a higher maximum along the
4.3. Nusselt number surface of the inner cylinder for vertical fins arrangement
than that of horizontal fins. It is expected that mean Nusselt

While flow and temperature fields in the form of stream- nhumber gets higher values for the case of two vertical fins
line and temperature contours do not differ significantly for compared with two horizontal ones. Dependence of Nusselt
various fin arrangements, results of Nusselt number predic-number on Rayleigh number is such that increasing Rayleigh
tion along the inner cylinder show obvious differences with Number increases Nusselt number significantly fo? 0
Rayleigh number. The main objective in this paper is to show Ra < 10° but small increase in Nusselt number would be
the effect of fins on heat transfer in the form of Nusselt num- Obtained if Rayleigh number changes fronf 16 1¢°.
ber as compared to the case of no fins. Heat transfer results Fig. 8 shows variation of mean Nusselt number ratio for
are presented in terms of the Nusselt number which is de-the case of two fin arrangements with ratio of fin height
fined as the ratio of the actual heat transfer to the pure con-to radius difference. As mentioned before, the abscissa in
duction heat transfer rate. Thus the expressions for the Nus-his figure is the ratio of mean Nusselt number for the case
selt number over the inner and outer cylinders, respectively, of fins attached to the inner cylinder surface to the one

are given by: obtained for annulus without any fin. This ratio is less than
one for any fin height, so attaching two fins to the surface
Ny = R; In<&)£ (13) of the cylinder makes heat transfer rate to decrease no
Ri ) or lr=R; matter how the arrangement selected (horizontal or vertical).

R,\ 3T This behavior is observed in all configurations studied in

Nu, = RO'”(E)E r=R, (14) this research. As is observed from this figure, increasing
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Fig. 7. Local Nusselt number variation for the case of two fin placed (a) horizontally, and (b) vertically for Rayleigh numiSetoof Foand H = 0.2.

—=—— Rayleigh number =1 E6
— A —  Rayleigh number =1 E7
— --®-—- Rayleigh number =1 E8
— -8 — Rayleigh number =1 E9

: —8—— Rayleigh mimber =1 E6

09k T — & —  Rayleigh number =1 E7 0.9
- : —--©-—- Rayleigh mmber =1 E§

r : — -5 — Rayleigh mimber =1 E9

08f
f T~z
S 07F B
N
06-_ .....................
05:— ............... . . e
e .
04f : .
0 5 L L L L 1 L L L L 1 L L L L
b2 04 06 0.8
H
(b)

Fig. 8. Mean Nusselt number ratio various for fin height (a) horizontally, (b) vertically for two fins and Rayleigh numb@rtofi18.
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Fig. 9. Local Nusselt number variation for the case of four fin as shown in (a) Fig. 2(c); and (b) Fig. 2(d) for Rayleigh numBepdf®and # = 0.2.

fin height decreases mean Nusselt number ratio. Thereforeneight. The ratio of heat transfer rate computed for fin height
it is concluded that increasing fin height has a lowering ratios of 0.2, 0.4 and 0.8 were 15.71, 14.56 and 11.74,
effect on mean Nusselt number. As the rate of heat transferrespectively, foRa= 10°, which shows reduction of heat

is of interest in this geometry and increasing fin height transfer rate with increasing fin height. This value for the

increases heat transfer area, computations were performedase of no fin is 26.8. Comparing Fig. 8(a) with (b) shows

for the ratio of heat transfer rate to that of pure conduction that Nusselt number ratio dependence on fin height is more
to see if heat transfer rate increases with increasing fin distinguishable for the case of two horizontal fins than that
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Fig. 10. Mean Nusselt number ratio various for Rayleigh number for fin Fig. 11. Mean Nusselt number ratio various for Rayleight number for 6 to
height 0.2 and several fin arrangement. 12 fins at fin height 0.2.

of two vertical fins. Another observation in this figure is  mean Nusselt number ratio is plotted versus Rayleigh num-
variation of Nusselt number ratio with Rayleigh number. per for different number of fins. As it is shown in this figure,
This parameter increases with increasing Rayleigh numberean Nusselt number ratio decreases with increasing num-

for both geometries. In most of the natural convection ey of fins with a slight dependence on Rayleigh number for
flows, there is an increase in Nusselt number with Rayleigh ¢5ch number of fins configurations.

number.

Variation of local Nusselt number with angular position
along the inner cylinder for the case of four-fin arrangements
is seen in Fig. 9. The qualitative behavior of Nusselt
number in this geometry is similar to that of two fin
arrangements. However comparison of Figs. 9(a) and 7(a)
shows a decrease in maximum Nusselt number for four-
fin relative to two-fin arrangements which in fact shows
the existence of lower temperature gradient on the surface
of inner cylinder for four-fin arrangement. One reason for
such behavior may be due to the lower fluid velocity for _ o
four-fin arrangements compare to two-fin arrangements. The(1) Fin arrangement has not significant effect on mean
effect of fin arrangement on mean Nusselt number is shown ~ NuSSelt number prediction although its effect on flow
in Fig. 10. The variation of mean Nusselt number with and temperature fields is remarkable for the case of four-

Rayleigh number is negligible for four fin arrangements fin arranger_nent._ o

while its value is lower for the case of Fig. 2(d) than that (2) Forall cgnflguratmn_s, resu_lts |nd|ca_te that chal Nusselt

of Fig. 2(c). The difference between mean Nusselt numbers _ number increases with an increase in Rayleigh number.

for these two geometries is not remarkable. The results for (3) Higher fin height has some blocking effect on fluid mo-

two-fins arrangement is shown in this figure as well. It tion. If there is a tendency toward reducing heat transfer

is observed that there are no differences in mean Nusselt ~'ate between two concentric horizontal cylinders, it is

number computation for Rayleigh numbers in the range of _ Detter to use higher fin height.

10° to 10 for the case of two-fins arrangements. (4) Increasing the number of fins decreases mean Nusselt
The overall behavior of the local Nusselt number vari- number ratio, with in turn reduces heat transfer rate.

ation for 6-, 8- and 12-fins arrangements is similar to that

of 4-fins and 2-fins arrangements; that is reduction of Nus-

selt number along the fins and alternate increasing and de-Acknowledgement

creasing of Nusselt number between the fins. It is expected

that reduction of mean Nusselt number ratio would be much ~ Support of Shahid Bahonar University of Kerman for

higher for these number of fins compared to the case of four- facilitating the computations made in this study is gratefully

and two-fins arrangements. This is observed in Fig. 11 whereacknowledged.

5. Conclusion

In this paper, turbulent natural convection between two
horizontal concentric cylinders with radial fins is studied
numerically. The number of fins was selected between 2 to
12 and Rayleigh number was changed frorfi t01(°. The
following major conclusions can be drawn from this study:
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