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Abstract

A numerical study of laminar mived convective heat iransfer of water in the vented annular region between
the two conceniric horizontal cylinders has been carried out. The diameter ratio of the outer and inner
cvlinders is 2.6. The forced flow conditions are imposed through the inler opening (Buie~30°) at the top of
the auter cylinder around the upper symmetry plane. The smalier outlet vent (Boutier=10") compared to the
inlet vent is at the bottom and is placed diametrically opposite from the inlet. The inner cylinder wall is
considered at @ constant temperature while the outer one is insulated except the inlet and owtlet ports. This
geometry is sultable as a heat exchanger for solar energy applications. The wo-dimensional conservative
form of continuity, Navier-Stokes and the energy equations are solved by using control volume based finite
difference technique on @ uniform staggered grid arrangement. The Boussinesq approximation is employed
to implement the natural convection term in the momentim equations. The effect of main non-dimensional
parameters governing the problem such as the Richardson niember (RI) varying from 0 < RI < 2.0 and the
Reynolds number (Rep) varving from 50°= Rep = 200 is considered. The nature and the basic characteristics
of the aiding as well as opposing flows are numerically investigared. In the cases studied. the aiding flow is
found to have a significant effect in the enhancement af average Nusselt rumber on the inner cviinder
compared to the appasing flow. It has been also found that the average Nusselt number increases with the
increase of the Reynolds number. Furthermore, it is predicied that after a ceviain value of the Richardson
number the average Nuiselt number remainy practically unchanged for the both imposed flow conditions
irvespective of the Reynalds mumber due to the insignificant effect of the bugvancy force. To get a visual
understanding of the mixed convection phenomena in the vented annulus, streamlines and isotherms for
various cases are also presented. Empirical corrvelations are developed for the average Nusself number as a
function of Richardson number and Reynolds rmumber for the both aiding and opposing flow situations in the
studied ranges..

Keywords: Laminar Mixed Convection, Numericol Study, Aiding and Opposing Flow, Vented Cavity, and Horizontal
Concentric Cvlinders.

NOMENCLATURE

a, coeflicient in the discretized governing equation

Dy Doy Dy By diffusive conductance

Fos P B strength of convection

£ gravitationu] acceleration, m.s™

h convective heat transfer coefficient

Key Local equivalent thermal conductivity = :Ti::'

Keq Circumferential average equivalent thermal conductiviry = %
L Giap width of the annulus = (r, - 1), m

Nu, Nusselt number for conduction between the annuli

Nu, Local Nusselt number

Nitgpg Circumferential average Nusselt number based on cylinder radius
o Pressure, Pa

Pr Prandtl number =E";

0 Radius of inner cylinder, m

s Radius of outer cylinder, m

R, Dimensionless radius of inner cylinder

Ra Dimensionless radius of outer cylinder
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a8 (T-Tori

Ra Rayleigh number = -L{'—“-"—ﬂ
f
; e, v Bl e =Tyl

Rl Richarson numb:rr et = g
Rep Reynold number =--f‘i;"1
T Temperature, K
To Temperature on cold wall, K
Ty Temperature on hot wall, K
Trer Reference temperature (Tp). K

$(for aiding flow) Dimensionless temperal urc-::':!
By |

¢ (for opposing flow) Dimensionless wmpmntu.re::;%f

&, Dimensionless temperature for inner cylinder wall=0K
Pe Peclet number
i Transported scalar
u v [nterstitial velocity components along 0 and 1 directions respectively, ms '
u.v Dimensionless interstitial velocity components along 0 and r directions respectively
B.r Polar coordinates, degree and m
Greek symbols
a; Thermal diffusivity, m’s”!
By Coefficient of thermal expansion, % K
vy Kinematic viscosity, m’s’
o Density, kg.m™
7 Dynamic viscosity, kg.o Tyl
Subscripts
e, W, M, 5 Four surfaces of control volume centred at T
nb Neighbouring points in numerical molecule
r Nodal point to be solved n difference equation .
i Inner cylinder
o Outer cylinder
ref Reference value

1.0 INTRODUCTION

For many practical applications, the analysis of mixed convection flow and heal transfer problems i annuli is
important. Mixed convection plays an important role in heat exchangers, electrome boards, combustors, thermul
design of buildings, solar co llectars, deilling operalions, ComMINerc 1al refrigeration, geothermal power gencration, float
glass producton, eic. The mixed convection is a combination of free and forced convection. [n mixed convection, the
free convection can either assist or appose the forced convection which will depend on the direction of the forced
convection Mow and the heat transfer within the fluid. The forced convection component n the mixed convection flow
is generated by the mechanical devices like & fan, a pump, rotating surfaces, etc. The free convection is generated duc
10 the density gradient within the fluid and appears as buoyancy force. The relative magnitude of forced and free
convection ultimately determines the averall flow and heat transfer patlems within the domain. In reality, the buoyancy
farce can be developed both due to the thermal gradient and concentration gradient. The latter two forces can either
assist or oppose one another which will depend on the direction and magnitude of the thermal and concentration
buoyancy forces. Moreover, mixed convection flow can be broadly characterized as externally mixed convection and
internally mixed convection. Many studies exist in the literature, which has dealt with the above two mentioned
categorics. The present study is coneerned with the intermally mixed convection where only thermal buoyancy has
been considered. There have been a lot of investigations published in the literature on mixed convective flow in the
cavities with many different configurations and combinations of thermal boundary conditions and with vanous
working fluids. The present study deals with a unigue mixed convection problem in a concentric and partially
ventilated horizontal cylindrical annulus. Since, a detailed literature search has not revealed a single study on the
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above-stated problem, hence a very limited literature review is provided below to assist the readers 1o understand the
extent of the work that has been carried out so far in this field.

In 2013, an excellent review paper was published on mixed convection flow and heat transier in borizostal vertical
and rotating cylinders subjected to different boundary conditions as well as cylinders embedded inside a channel,
annulus, and cavity by Hussein [1]. The latter author has reviewed about one-hundred published papers which were
collected from different local and international journals and conferences. This review has coversd the research in this
field up to the year 2012. All numerical, analytical and experimental works related to mined comvection were
categorically described. Obviously, this comprehensive paper can give # good overview and s solid background to
future researchers and readers who are intcrested and will be working in the field of the combined free and forced
convection flows in and around cylinders. Although in the next six years a number of papers on muxed convection in
enclosed cavities have appeared in the journals and conferences. unfortunately, all the lamer works sre mere
perturbations of the earlier studies. Below two papers are reviewed which bear some similarity with the present study.

El-Maghliny et al. [2] numerically simulated the two-dimensional double-diffusive mined comvestion within a
horizontal rotating annulus using the finite volume technique at sicady state. The inner cylinder was allowed to rotate
both clockwise and counter-clockwise dircctions while the outer cylinder was kept stationary. The thermal Grashof
number, Prandtl number, buoyancy ratio, and the radius ratio were kept at fixed values equal ©010%, 0.7, 1 and 2,
respectively. The two main parameters which were varied are Richardson number (Ri) and Lewis sumber (Le) in the
range of 0.01< Ri < 100 and 0.01 < Le = 100, respectively. As Ri increases the points of the minfmum and maximum
local Nusselt and Sherwood numbers were found to lie in the opposite direction of the inner cylinder rotation. With
the increase of the Lewis number, the mass transfer is increased but no enhancement for the hest transfer has
happened. With the decrease of Ri, the clockwise rotation of the inner cylinder is seen to give better heat und muss
transfer compared to the anti-clockwise direction.

Recently, Jafari ¢t al. [3] numerically investigated the steady-state 2-D laminar mixed convection flow between two
horizontal cylinders using the Lattice Boltzmann method, Different eccentricities of the inner cylinder were considered
while keeping the radius ratio of the outer to the inner cylinder as 2.5. Three Richardson numbers (Ri) were considered,
namely 0.01, 1, 100 for air (Pr = 0.716) and water (Pr = 6.2). For the mixed convection situation. the mner cylmnder
was allowed to rotate whereas the outer cylinder was stationary. The most important outcome of the simulsted results
is that the mean Nusselt number was found to depend on the value of the Ri and the maximum value of the Nusselt
number 15 obtained for the case of eccentric cylinders with an eccentricity of — 0.75, and Ri = 100 for water.

Based on the above literature review, no study seems to be there in the literature which compares the performances of
imposed forced flow in a horizontal annulus where the inner cylinder is at a different temperature with respect to the
temperature of the imposed fluid. The major objective of the present work is thus to study numencally the effect of
mixed convection on heat transfer and flow within the annulus formed by two horizontal, concentric cylinders under
both aiding and opposing buoyancy forces. This study concentrates on the characteristics of both aiding and opposing
buoyant flows arising from hot/cold jets impinging from the top of the outer cylinder of the ansulus and discharging
through the bottom of the outer cylinder. The wall of the inner eylinder is maintained isothermal either 2t 2 temperature
higher or lower than the temperature of the incoming jet of fluid. The above arrangements thus give rise to the aiding
and opposing buoyancy forces with regard to the forced flow situations. The oulgoing flow is sssumed 10 be
hydrodynamically and thermally fully developed. The rest of the outer (except the inlet and outlet ports) wall of the
outer cylinder is insulated. To the best of authors’ knowledge, no experimental or modeling work for this flow situation
in the horizontal concentric cylindrical annulus is reported in the literature. Because of the unsvailability of similar
studies, the presented results could not be directly compared with any experimental or numenical results from the
literature,
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Fig. I: Schematic diagram of a concentric and partially ventilated horizontal cylindrical annulus with coordinate
system

2.0 DESCRIPTION OF THE PROBLEM

The physical model of the problem is illustrated schematically in Fig. 1. The radius of the inner cylinder is denoted
by . while that of the outer cylinder is denoted by £, . The inner and outer cylinders are considered to be of aluminum

and their wall thickness is equal to one grid size. The mner cylinder is maintained at a uniform temperature of T, The
cylinders are assumed to be long enough that a two dimensional analysis can be applied. The Muid under consideration
is water. Due to symmetry, the computations are carried for only half of the physical domain by making use of the
vertical symmetry plane passing through the center of the eylinder. The ratio of the outer radius 10 the inner radius is
assigned a value of 2.6, which is reported 1n the literature to be the best geometry for obtaining the maximum heat
transfer rate. It is seen from the literature [4] that a lower radius ratio leads to multiple solutions and for a greater
radius ratio of more than 2.6 the importance of the outer cylinder is diminished so far the natural convection heat
transfer is concemed.

3.0 MATHEMATICAL FORMULATION OF LAMINAR FLUID FLOW AND HEAT TRANSFER INSIDE
THE ANNULUS

Natural convective motion is generated by the Buoyancy in between annulus in the (r. & ) plane with radial and
angular velocity components. The steady-state, two-dimensionless conservation equations of mass, rmomentum and
energy for a Newtonian fluid in conservative form under laminar mixed convection situation over a cylinder. including
the Boussinesq approximation, are given as follows:

Using the Boussinesq approximation, the density term is given by

P =Py ll-ﬂ(T-T,, )J )
Continuity:

1aRy) 10U o @
R ©R R 06

l-momentum equation:
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The dimensionless variables (capitalized letiers) are defined as:

1 T_T
sz': “=;u_= V*._.“ i ¢ for opposin g flow)= 1 = ; ¢(for aiding flow )=
: )

a

U it
Gr _nPe(T-T.) o _rtpv,

Re’ v¥ x Re? U

Prlo T
P z___p(r; PrF [P+[p,,,{l- ,{me,}-————p#ﬂ L jgrcusﬂ}
u

Rl =

3.1 Assumptions

To realistically model the stated problem some standard assumptions huve been considered. These are:

[1]. The thickness of the inner and outer cylinders coincides with one grid spacing.

[2]. The flow of the working fluid (water) is steady, laminar, and independent of the axial direction.

[3]). No-slip conditions are applicable for the velocity components at the solid boundaries.

—T.

o

I

3)

4)

(3)

=T

(6)

[4). The angular gradients of the vemperature, radial velocity, and angular velocity are all zero =t the axis of

symmetry,
The thermo-physical properties of the fluid sre temperature-independent, except for the density, for which the
Roussinesq approximation is applicable. Viscous dissipation, compressibility effects and radiation sre neglected.

1.2 Boundary Conditions

The right-half of the annulus is chosen #s the solution domain s shown in Fig. 1. The dimensionless boundary

conditions corresponding to this problem are presenied as follows:
(1).  On the inner cylinder surface, ic., Ri=1.0; U=V =0: ¢ =0

é
(2. On the outer cylinder surface except inlet and outlet ports, i.c, Ro = 2.6 U=V 0 :,.% =0

[3].  Lower plane of symmetry: ie, =0 : U=0- —=—=),

(4. Upper plane of symmewry; ic., =7 ; U=0.
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[5].  Atthe inlet port (Re=2.6, = 165" tor %ie.U=0; V=10, ¢, = 1.0 for the adding flow and U =
0; V=10, @, =—1.0 for the opposing flow.

[6].  Atthe outlet port (Re=2.6, G=0" 105" yie, U=0, —=—=0
] , oR R

3.3 Numerical Solution Procedure

The first step in numerical solution is to provide the algebraic form of transport equations at appropriately chosen gnid
points. This operation is termed ‘discretization’. Discretization equations are derived by integration of the partizl
differential equations over each control volume of the domain. To solve the discretized transformed governing
equations, a program based on the control volume finite difference (CVFD) was written. Patankar's SIMPLER
algorithm [5] was used to resolve the pressure-velocity coupling in the momentum equations. The general form of the
algebraic governing equations obtained from the discretization can be written in the following general form:

a, 0, =a, O +a, Py + ay Oy +a;D; +b, (7)

Here, @, , @y .0y .85 are the coefficients of the neighboring nodes and by, is the source term corresponding to
the variable @. With this computational procedure the whole domain is described by a displaced or staggered grid
system as shown in Fig. 2. The scalar quantities (P, T) are located at the middle of the scalar control volume shown
by the farm line (green color), while the velocity components (U and V) are located at the fuces of the scalar control
volumes and their control volumes are presenied by dotted lines (blue and pink colors)l. The advantages of the
staggered grid are twofold: firstly, the mass flow rates across the control volume faces can be calculated without any
interpolation from adjacent velocities and secondly, the pressure difference between two adjacent grid points becomes
the natural driving forces for the velocity components located between these grid poinls,

The variable U denotes the velocity in the 0-direction at the ‘e’ and w" locations of the cast and west faces. Simlarly,
the varinble V denotes the velocity in the r-direction at the ‘n” and *s” locations ol the north and south faces. Integration
of convective diffusion equations over the control volume involves approximating the value of & at the control volume
surfaces. The approximation can be done using different schemes. Here power-law scheme [5] was used to discretize
the convective derivatives in the main flow direction.

The generalized formula for the neighbor point coefficients for cach schemes are as follows:
a, = D AlPe|)+]-F. 0]
ay - D APe,|)+|-F. .0
ﬂh‘ = DlAﬂPeilll-P' 7 FTi 'Q|
a, = D AlPe,|)+|-F, .|

Here, D, is diffusion conductance at interfece & between P and E, and D, . D, and D, are similar values in w, i,

and s interfaces, respectively. F, denotes the strength of convection at interface e between Pand Eand F, , F, and
F, are similar values in w, n, and s interfaces, respectively. Pe is Peclet number defined by the ratio of strength of
convection to diffusion conductance. The operator [Ia " bﬁ is equivalent to AMAX (A,B) in FORTRAN. For power-
law difference scheme the formula for the function .4“?1"“ i& given in [5]. The general form of lincarized source

term is: Sg =S, + 5@, where, 5 becomes the contributor to b and S, is a contributor to @ in the
discretized equation
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Fig, 2: Staggered grid arrangement for (r, #) plane
3.4 Convergence Criteria

The termination of an iteration loop depends on the values of the residunls for U, V, AP and ¢ . The residual is
defined by the general variable @ as follows:

bl i
Residual = \"" . ‘ (8)

k
\az

Where, k is the number of iteration. The convergence was achieved when the maximum absolite value of the residuals
were less than 10, A block correction procedure [5] was used to enhance the convergence of the solution procedure.

1.5 Under-Relaxation Factor

The nonlincarity and inter-linkage of the gOVErnINg cquations may appreciably change the results from ileration 10
iteration. These rapid changes influence the magnitude of the coefficients of the tri-diagonal matrix which then
generally leads to divergence of the algebraic equations, To prevent the program from divergence, under-relaxation
parameters were introduced for velocities and temperature. Use of the implicit form of under-relaxation before solution
of the ulgebraic equations, changes the coefficients of these equations as follows:

;—"m,. =Y a,0,, + by +(1-as) % g 9)
F #h

gy

Where, @, is the under relaxation factor for the general variable &P . The suitable values of the relaxation factor werce
found by experience since they depend upon a number of factors (grid resolution, Rayleigh number, Reynolds number,
ef.). In the present smdy, much effort has been paid to find the relevant under-relaxation foctors. Various
combinations of under-relaxation factors were exumined and afier numerous runs the following under-relaxanon

factors were selected for the production runs: @, = 0.3 &, = 03; ;=04 and &= 0.1.

4.0 NUMERICAL CODE VERIFICATION

The luck of experimental data for the present work forced us to carry out the code verification with the available
experimental results in the literature The accuracy of the present numerical results was investigated by computing
natural convection in a concentric horizontal annular region for air. Various authors have studied this configuration in
detail and established to un extent that is used as a source of comparison for validating the numerical codes. Here, the
present numerical code is extensively validated against the experimental and numerical results of Kuhen and Goldstein
[4] and numerical results of Hes sami et al [6], Yang et al [7], Marie-lsabelle et al [E]. Table 1 presents a comparison
between the present numerical results with the available experimental results of Kuhen and Goldsiein [4] and
numerical results of others. The values of the dimensionless parameters were chosen exactly the same as others so as
to facilitate the comparison with the available experimental and numerically predicted dute. An equivalent average

thermal conductivity (T,h) on the outer surface of the inner cylinder and inner surface of the outer cylinder was used
to compare the accuracy of the present computations This parameter is defined as the ratio of actual heat flux to the

heat Mux that would have occurred due to pure conduction without the convective motion of the working fluid. Many
authors have used the value nl"k: on the inner and outer cylinders as a suitable criterion for the accuracy of their

numerical procedures. This choice may yield an error in computing the actual heat transfer rate since various authors
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have used various expressions for calculating the conductive heat transfer rate. In this study, one dimensional
conduction equation was salved to compute the heat flux without the flud motion (defined in Eqn. 12). It can be seen
in Table 1 that the present numerical results ure in very good agreement with the experimental results of Kuhen and
Goldstein [4] for Rayleigh number of 5x 107, Pr= 0.7 and non-dimensional diameter ratio of 2.6. The percentage of
error was calculated with respect to the experimental results presented by Kuchn & Goldstein. The difference between
the experimental and the present numenical results for ?(,TLL& less than 1 5% for the inner and about 2.2% for the outer
cylinder. The crrors in the numerical result may arise from the constant-property assumption, the finite 1|.1|.u!ubn|.-nl of
nodes, the convergence level of the solution, etc. The numerical analysis has the advantage of obtaining and observing
the velocity field which is difficult to obtain experimentally. In addition, an overall energy balance was made, i.e., the
integrated heat transfer rate through the inner cylinder must be equal to that of the outer cylinder. The discrepancy
between the heat transfer rales was found to be less than 3.6%.

Table 1: Comparison of present results for Pr = 0.7 with experimental and numerical results of others

Parameter Kuehn & Kuehn & Hessami Yang ‘ Marie Present
Goldstein Ginldstein et al et al et al numerical
exp. [4] nam. [4] num. [6] num. [7] | num, [B] computation
Rar [ a7x10* | s0xi0" | s0xi0f | 47x10* | 5.0x10° | sox1of
Pr 0.706 0.7 0.7 0.7 0.7 0.7
Kz on inner 3.0 3.024 126 2.943 2,955 3.044
eylinder ¥y
Percent of errot” 0.0%, 0.8% 5.7% L.9% 1.5% 1.5%
g, On Outer 10 2973 3.08 2.901 2,955 2,935
cylinder syt sl 1 e
Percent of error 0.0% 0.9% 1.7% 3,3% 1.5% FHaf 19

numerically predicted local equivalent thermal conductivities along the mner and outer cylinders for Pr nuu@ . ’
1.0 and 5,0; /D= 0.8; all for a fixed Rayleigh number of 10%. These results were obtained using & unifﬂﬂﬂ"jjélirf 42
(r-8) grid system. It is observed from Fig. 3 that a solution similar to the one presented by Kuhen and Goldstein was
obtained, These authors published results of averaged equivalent thermal conductivity for the same conditions and
these results are compared in Table 2. There is excellent agreement between the present results and the results from
Kuhen and Goldstein; the average equivalent thermal conductivities differ by less than 5%. This small difference may
be due to the lower convergence criterion used by Kuhen and Goldstein which was 107 and in the present simulatigp
study a ten-fold lower convergence criterion (10") was uscd. Besides this, Kuhen and Goldstein used an arbitrary set
of non-uniform grids while in the present numerical simulation a higher density uniform grid system was used. A

detailed deseription of code validation can be found in [9]. : N

TS
Figure 3 shows the comparison between the present numerically predicted data and Kuhen and Gol @i&:fﬁ]
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Fig. 3: Present numerical predictions versus numerically predicted data of Kuehn and Goldstein [4]
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Table 2: Comparison between numerical results of average equivalent thermal conductivity

Parameter Kuehn & Present Kuehn & Present Kuehn & Present |
Goldstein numerical Goldstein numerical Goldstein numerical
num. [4] computation L. [4] computation num [4] computation

Ray 10 T 1o 1o s i

Pr 5.0 5.0 1.0 1.0 0.7 0.7

Kegonimner 2069 2,119 2,038 2,089 2.010 205
cvlinder

Percent of 0.0% 2.42% 0.0% 2.50% 0% 1.99%

error
Keq onouter 2066 1.994 2,039 1.951 2.005 1933
eviinder

Percent of 0.0% 1.48% 0.0% 4.32%, 0.0% 31.59%,

error

5.0 GRID INDEPENDENT TEST

In the present work the grid distribution in the r-8 coordinates was uniform. The selection of the number of grid points
used in the present computation was reasoned hased on equivalent thermal conductivity prediction along the inner
cylinder. To obtan grid independent results four different numbers of grid distributions were tested. The computations
were carried out with 42 x42, 62 %62, 82 %82 and 102 % 102 grid design for # Prandt! number of 1.0, snnulus gap-
based Rayleigh number of 10° and outer to inner cylinder diameter ratio of 2.6. Table 3 shows the effect

of the number of prid points on mean eguivalent thermal conductivity (H’-'h) for the inner cylinder surface of a

horizontal cylindrical annulus. As iz observed from the Table 3, the difference among the mean equivalent thermal
conductivity obtained for 82 » 82 grid points and those computed with other numbers of grid poimnis is not very
significant (an crror of lesy than 7.0%). The effect of grid points on local equivalent thermal conduetivity predictions
1s also investigated. Figure 4 represents the results of the local equivalent thermal conductivity variation along the
inner cylinder wall for the above stated conditions. This figure shows that the local equivalent thermal conductivity
prediction along the inner eylinder surface for 82 % 82 prid points nearly correspond Lo those obtained from 42 <42
and 62x62 gnd points, while the difference with 102 x102 grid points is significont. The computations were
performed] on a personal computer having a speed of 2.66 Gllz and fitted with a RAM of 4 Gigabytes. The number of
merations required to obtain converged solution was presenied in Table 3. In view of the above results, for obtaining
accurate predictions and for the sake of computationnl economy all production runs were performed with the 82 « 52
grid system which was uniform in both directions, except near the walls where non-uniformity was doe to the
employment of B-type stagpered grids. The detils of the predicted results along with the comparnisons are provided
in [9].

Table 3: Effect of grid poinis on mean equivalent thermal conductivity (R )

i,
Grid points | 2 x42 | 62 %62 | 82 x§2 L 102102
Reqt““ inner cylinder 21 Z.14 218 2.3%
Percent of error 3.7% 1.84% 0.0% 6.88%
No. of iterations required for 1056 1742 2701 2804
the convergence N B i o E—
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Fig. 4: Local equivalent thermal conductivity varistions on the inner cylinder for Pr=1.0, Ra = 10°
6.0 CTHARACTERISTIC PARAMETERS
Non-dimensional Local Nusselt number along the inner cylinder 1s
ag

R=10

Circumferential average Nusselt number (N Hﬂﬂ; ) hased on cylinder radius, which gives the nct heat transfer rate
through the cylinder surface, is calculated as

0 (N, ), rdEZ
Nu _dalo\Nu, ), ndd
A% atr=r [ferdeaz

ol f L (1
EIR.—Ri

For presenting the results wo quantities atc used. These are circumferential average equivalent thermal conductivity
(Rfﬂ;) and local equivalent thermal conductivity K, along the inner cylinder.

Nuavg

T
Ko™ Niag o K., _Nug
ot Nﬂn ..'Nﬁf:

Ny = Nusselt number for conduction hetween the annuli. The subseript o indivates Nusselt number for conduetion

heat transﬁ:r in the annulus. This is obtained by solving the one-dimensional conduction equation at steady state which
15 given by

'__5,(,;, EI]={;. (12)
For ar )

The Nusselt number for conduction is evaluated as

1

Nuy = —=—

in R,
R,
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The Lagrangien interpolation scheme is used to calculate the local Nusselt number results. This interpolation scheme
is used to improve the accuracy of the calculations near the solid surfaces becayse of the non-uniform grid distributions
near the inner cylinder wall. The non -uniformity in the grid distributions near the walls is due 1o the employment of
B-type staggered grids. The average Nusselt number is obtained by integrating the local Nusselt number over the inner
cylinder, which is numerically calculated using the Simpson-rule of numerical integration of & definite integral,

7.0 RESULTS AND DISCUSSION

Flow and temperature fields, as well as heat transter from the heated inner cylinder wall are examined where the
Richardson number, R is varied as 0, 0.1, 0.5, 1.0 and 2.0 and the corresponding ranges of Rayleigh numbers (Gr =

Pr) varied from 10" to 10%, Reynolds number (Reo) is varied as $0, 100, 150 and 200, for an inlet angle, 6, =15°
+ &nd an outlet angle, &

[

=5% _ The values chosen for Re, arc in the laminar regime. The inlet angle (8, ).
rirhes Tmler

outletangle (€, ), the outer to inner radius ratio (2.6) of the annulus are kept fixed for a fotal of 40 different runs.

The working fluid is chosen as water with Prandi] number, Pr = 6.78. At the exit, the flow is assumed to be fully
developed, allowing derivatives of the radial velocity and temperature to be set 1o zero. Along the solid walls of the
cylinder the velocities are zero, while the non-dimensional temperature on the inner cylinder surface is zero and in the
inlet port is either positive one (defined as aiding flow) or negative one (defined as opposing tlow) depending upon
the case modeled. The above two flow sitations have been employed in this modeling work. The first one, referred

to as case | hereafter, involves forcing a hot fluid through the inlet port, ie., @, = 1.0 for the inlet fluid and
@, =0.0 for the inner evlinder wall, The second one, referred 1o #s case 1 hereafter, involves forcing a cold fluid

through the inlet por, ic., @,,, =—1.0 for the inlet fluid and @ =0.0 for the inner cylinder wall. In this study, the

definition of @ is different for the above two cases. It is to be noted thal converged solutions could not be obtained

for higher values of Reynolds number, Thus, the upper limit of the Reynolds number for which the flow stays laminar
could not be ascertained in this study. The numerical results are displayed as stream function and isotherm contours
in 4 flooded formar. Variation of the local Nusselt number around the perimeter of the inner cylinder at different
Reynolds numbers is provided. The average Nusselt number on the inner cviinder wall with Richardson numbers (also
celled buoyancy parameter or mixed convection parameter) for different Revnolds numbers are also been reported.

7.1 Characteristics of Flow and Thermal Fields for Cuase 1

First, the predicted streamlines and isotherms contours in the flooded format inside the annulus for four cases are
presented in Figs. S(a), 5(b), 6(c), and 6(d}. All are for aiding flow situation (case 1) for two RI values of ().] and 2.0
and for two Reynolds numbers, 50 and 200, Here, RI = 0.1 and 2.0 indicate two different regimes of flow: the first
one is a forced convection dominated flow problem and the second case signifies a natural convection dominated
Situation. There is a hot fluid flow entering from the top of the annulus, passing through a channel between the cold
inner cylinder surface and the insulated outer cylinder surface, and is coming out at the exit of the outer cylmder, The
isotherms for a Reynolds number of 50 in Figs. 5(a) and 5(b) and for two Richardson numbers of 0.1 and 2.0 show
large temperature gradients on the upper part of the inner cylinder and the fluid is cooled all along the inner cylinder
wall. Clearly, the heat transfer along the inner cylinder wall is mostly carried out by the forced and natural convection.
In both cases. thin bydrodynamic and thermal boundary layers are observed near the cold inner cyvlinder wall. A
comparison of the temperature contours of the shove figures shows that in the forced convection dominated situation
(RI=0.1) the fluid that comes out from the exit 1s much colder than that of the case when natural convection effect is
dominating (RI = 2.0). For Rep = 50, there is a small individual convection cell visible in the upper part of the annulus
near the outer cylinder, but there is no reverse flow near the bottom part of the annulus for RI = 2.0, Hence, the heat
from the surface is mostly transferred by natural convection by the fluid entering from the inlet and passing through
the annulus, The recirculation flow results from natural conveetion combined with boundary conditions specified at
the exit.

As Reynolds number increases, Figs. 6(c) and 6(d) show that the thermal boundary layer around the upper part of the
mner cylinder wall has become very thin ay expected, i.e., after about 60° and be yond (refer w 6(c)) and after about
25%and above (refer to 6(d)). For Rep =200, the streamlines show the formation of a reverse flow and & large separate
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ohserved at higher Reynolds numbers, With the increase of Ren, the fluid flow from the entrance is increased, the
higher velocity fluid passes above the upper part of the cooled surface and gets cooled. As a result, the thermal
buoyaney force manifests itself only in the lower par! of the domain, The isotherms for higher Rep show that as Rep
increases, the role of natural convection becomes negligible, and forced convection plays the dominant role in heat
transfer. The sireamlines and the isotherms for Rep= 50 and 200; and RI = 0.1 and 2.0 show clearly that heat transfer
is increasad by increasing Rep and RL The strenpth of the imposed flow plays an important role on the flow pattemns
and isotherms through creating the larger sizes of the recirculahion hubble near the outer eylinder wall,

From Figs. 5(a, b) and 6(c, d) the developmenis of the thermal boundary laver growth on the inner cylinder and the
effect of flow scparation on the temperature contours can e seen. Presented temperature contours reveal that the
separation angle is o function of both Reynolds and RT numbers. For a fixed RI number, the separation occurs carlier
when the Reynolds number is lower. For a higher Reynolds number a significant change of the separation angle from
the inlet is obscrved when R number varies but for lower Rep, there is an insignificant effect on the separation anglhe
for different R1 values. For a fixed Reynolds number, the flow separation occurs earlier fur smaller values of R1. Due
1o the difference in the locations of flow separation on the inner cylinder, the extent and strength of the formation of
wakes vary which reduce and creale different rates of heat flux at the outlet for various Reynolds and RT numbers.
Near the outlet, the flow could be unsteady in nature because of the development of the wakes, The present steady
state simulation might have not captured correctly the heat and fluid flow phenvmena o these regions, For accurale
predictions, detail and close examinations of the flow and temperature ficlds are required in the mixed comvection
phenomenon.

7.2 Local Nusselt Number Distributions for Case |

The distribution of the local Nusselt number (Nu, ) along the inner cylinder wall (Nu; 18 defined by Eqn. [10] ) for the
same configuration presented 1 Fig | and for four different remimes of {low, viz., purely forced convection (RT = 0),
dominating fnced convection (R1= 0.1 and U.5), mixed convection (R1=1.0), and dominating natural convection (R1
=20} and for four different Reynolds numbers (Rep) = 50, 100, 150 and 200 are shown in Figs. 7(e). 7(1), T(g) and
7(h). I'he intermittent character of the thermal boundary layer can be observed as the local heat wansfer is inereased
at the top of the inner cylinder. At different Reynolds numbers #nd to some extent on the upper part of the mner
cylinder, the increment of local Nusselt number 15 almost the same for four different flow regimes. The influence ol
Rl and Rey can be seen later, particularly towards the bottom part of the inner cylinder. As expected, increasing
impused flow enhances (he local heat transfer, which is more proneunced on the upper part of the inmer cylinder as
seen through Fies. 7(e)-7(f). Heat ransfer from the lower part of the inner cylinder is mainly due 1o forced and natural
convection and that through the exit is by natural convection with little contribution from forced convection. AtRI=
0 (purely forced convection), local heat wransfer is at the lowest level for every Rep compared to the dominating forced
convection. mised convection, and dominating natural convection sifuations.
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Fig. 5: 2-D views of streamline ¢ dimensionless) and isotherm (dimensionless) contours (a, b) for two different
Richardson numbers at Reynolds number (REp) of 30 for case l



Larifa Begum 24
Mixed Convention in a Ventilated Concentric Horizontal Cylindrical
Annulus tor Awding and Opposing Buovancy Forces

35 = 200

R0
oo T

-
"
4
]

|
H
i
1
T

|
C

Fig. 6: 2-D views of streamline (dimensionless) and isotherm (dimensionless) contours (a, ) for two different
Richardson numbers at Reynolds number (REp) of 200 for case |
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Fig. 7: The local Nusselt number on the imner cylinder wall in case of aiding flow (case I) for various Richardson
aumbers at Reynolds pumber (e) 50, (1) 100, (g) 130, and (h) 200

Local heal transfer is almost msignificant at the lower part of the inner cylinder wall for RI = 0 and 0.1 and the extent
of this region increases with increasing Rep. From Figs. 5(u) and 6{c), it is observed that at RI = 0.1, the fluid is
vertically downward in the stagnant zone and conduction and natural convection are the principal modes of heat
trunsfer in that zone, In the dominaung forced convection flow regimes i.e.. RI = 0.1, the local heat transfer rate at the
lower symmetry plane is negligible due to the scparation of the flow and for weak buovancy effect. In case of mixed
and domunating natural convection flow regimes, the local Nusselt number increases sequentially at the lower
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svmmetry plane with the increased imposed flow because of increased natural convective effects, It is seen that Nu,
is an increasing function of @ (& is equal 1 zero al the lower symmetry plane) with incressed RI because the
buoyancy force is acting in the imposed flow dircction m case of aiding flow situation. As a result, the natural
convection effect is enhanced with the increase of RI

7.3  Characteristics of Flow and Thermal Fields for Case 11

Here, the results are discussed for an opposing flow situation (case [I). In this case, the mner evlinder wall is al &
higher temperature compared to the inlet fluid jet entering the annulus from the wp. The isotherms and streamiines
for Reynolds number 50 and 200, and two Richardson numbers 0.1 and 2.0 are presented in Figs. 8(i), B(): and in
Figs. 9(k), %1}, respectively. For Rep — 50 and 200, the streamlines are similar to those of Figs. 5(x), 5(b), and. 6(c).
6(d) except the fact that the fluid is separuted from the wall of the inner cylinder much carlier compared 1o case 1. In
case M, for the forced convection situation the fluid gets more heated and comes out of the exit. For the natural
convection case. the fiuid amains lower energy and exits al a lower temperature The above situation is further
enhanced when the Rey is increased as can be seen in Figs. 9(k. 1). In the opposing flow casiz, the isotherms spread
out more than the aiding fMlow case. This indicates that a lower temperature gradient prevails near the inner cyhnder in
case of opposing flow than aiding flow situativns. For an opposing flow, due to the unfuvorable munifestations of the
buoyancy effect, heat transfer rafe is decrcased in comparison to that of an aiding flow for the same parametric
conditions.

74  Local Nussell Namber Distributions for Case 11

The local Nusselt number along the inner cylinder is calculared for various BT and Re i the opposmg tlow case. Here,
the heat exchange occurs between the hol inner eyhinder surfuce and the cold inlet Muid. As the cold Muid descends
from the fop it gains heat from the heated inner cytinder and it bacomes relatively warmer than the inlet temperature.
The warm fluid then comes out at a higher temperature through the exit vent. The heat teansfer through the upper nner
cylinder surface is generslly higher for each Rueg und R1 since the influence of forced convection 15 predominant there
and this Tesults in the mcrease of heat transfer from the wp of the mner cylinder 1oto the cold Mud. In case of pure
and dominating foreed, mixed, and natursl convection flows regimes. it 1s seen thal for opposing flow, 4t cach Rep.
the local heat transfer rate is generally higher for up to some extent of the upper portion of the mner cylinder wall
compared o case 1. From Figs. 8(7) amd 9(1), 1015 observed that at Rep = S0 and 200, a strong reverse Now occurs and
u hig recirculation cell is formed near the inner evlinder in the lower portion of the domain end this cell is pol seen to
form for aiding flow situation. An unomalous phenomenon OCcurs for RI = 0.1 because the buoyancy force opposcs
the imposed flow in a nonlinear fashion which can be seen in Figx 10{m)-10(p),

R ] &

Fig. 8: 2-D views of streamline (dimensionless) and isotherm (dimensionless) contonrs (i, j) for two different
Richardson numbers at Reynolds number (REp) of 50 for cuse 11

In opposing flow situation, the thermal buoyancy force opposes the momentum of the incoming jet and helps to
separate the flow on the inner cylinder earlier compared with aiding flow situation. As a consequence of this, the witke
forms carlier from the top which in tums results in inconsistent behavior in this regime, From Figs. 8{i. ) and 9(k. 1),
the effects of separation and thermal boundury laver growth on temperature contours can be found. Prosented
temperature contours reveal that the separarion angle is a strong function of Reynolds numbers. but 1t 15 almost
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independent of R numbers. Fora fixed RI. the flow separation occurs earlier when the Reynolds number is lower and
compared to the aiding flow situation the flow separations oceurs faster for a given Rep and Rl numbers

Fig. 9: 2-D views of streamline (dimensionless) and isotherm (dimensionless) contours (k, 1) for two different
Richurdson numbers at Reynolds mumber (REp) of 200 for case Ll
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7.5 Average Nusselt Number For Case 1 And Case 11

The effect of the R1 on the average Nussclt number 1 examined for Rep = 30,100, 130, and 200 when buoyancy forces
near the inner cvlinder aids and opposes the infet forced flow. The predicted average Nussel number res ults for mixed
aiding tlow and mixed opposing flow situations are presented through Figs. 11 and 12, From Fig. 11, it can be seen
that Nigy increases with the increase of Rep, but for R1> L0, N, re mains practicully unchanged. For purely forced
convection situation Nil,, 15 the mimmum for all cases. For opposing Mows, shown 1o Tig, 12, Nugy, is migher with
the increase of Rep for all RL Fora fixed Rep. Nuge decreases first and then gradually increases with RI. In each case,
Ny, attains almost a constant valuc at about R1 > 1.5. Al Rep = 50, for opposing flow, the heat transier rote s
maximum when RI = 0 (purely forced convection). The increase of the Richurdson number leads 1o un increasc the
strength of the buoyancy foree. Since in this study a very limited range of RI is considercd which has not appreciably
increased the Grashof munnber and the co rrespond ing buoyaney toree.

A comparative study of aiding and opposing flow cuses was performed and is presented in the form ot average Nusselt
qumber as a function of Rey for Jifferent RI in Figs. 13, 14, 15 and 16. It can be deduced that the average Nussclt
aumber increases with inereusing Ren. For all Rl the Niwg is greater for mixed aidmg flows compared 1o mixed
opposing flows. These figures also show that for all R1 for mixed aiding Tow Nu,,, is greater in refavon to the purely
forced convection flow. For RT=0.1, the N, for the opposing flow is always lower than the purely foreed conved! ion
simation (Fig. 13), For RI =10.5, the Nu... for the opposing flow for Rep up 10 about 80, is lower than purely forced
convection Now whereas lor Rep = 80 it is higher (Fig. 143 This 1s due @ the fact that the buoyaney force is weaker
for R1=0.5. With the increase of Re. the foreed flow for {his case increases more rapidly. In Fig. 15,3015 scen that for
R1= 1.0, the Nu.g issmaller in valug for the apposing flaw condition compured 1o the purely forved convection flow
situation up to aboul Rep < 60, For R1 = 2.0, Nu is groater for pposing flow condition after Rey — 50 than the

value obtamed for ®1 =0 (Fig-16).
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Fig. 11: Variation of average Musselt pumber on the inner cylinder wall with Richardson numbers for vanious
Reynolds number of 50. 14, 150, and 200 during the aiding low gituation (case 1)
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The Nutsvg values for waler in mixed aiding flow situation are correlated using the multi-linear leasi-squares regression
analysis and con be represented by:

Nitarg=0.7315 (RIP® (Rep)® ™, 0.1 =RI=2.0, 50 Rep =200, R = 98 5%. (13)
For the opposing flow situation. the correlation of Nty is represented by:
Niig=0.4059 (RI)" " (Rep)*™2, 0.1 <RIZ20, 50<Rep <200, R=954%, (14

The overall correlation coefficient for aiding and for opposing Mow situations shows that the fit of the datn 15 excellent
in the range of the parameters considered in this study. From the above correlations, it is observed that under identical
goeometric and thermal conditions, the mixed aiding (law leads to a higher heat transfer rate than the mixed opposing
flow situation as can be seen from the higher constant multiphying factor. I is further seen that for opposing flow, the
sverage Nusselt number is slightly more sensitive with regard to Richardson number and Reynolds number compared
to the adding flow situation

80 CONCLUSIONS

A pumerical study has been carricd out on mixed convection heat transfor (laminar nanural convection and forced
comvection) in the annulus between two horizontal concentric cylindars for aiding and opposing buoyaney driven
flows. It is found that the average Nusselt number is affected considerably by the imposed flow, and the strength of
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the buoyancy force. Markedly different flow behaviars are observed between the above two different flow situations,
For the wding flow case, the average Nusselt number increases monotonically with the increase of the Richardson
number up to the value of about 1.0 and then it remuins practically unchanged beyond that value and this is true for
all Rep studied in this investigation, In case ol opposing flow, it first decreases and then it increases with the increase
of RT up to a value of about 1.5, after that it remains almost constant for all the values of the studicd Res, The average
Nusselt number is an increasing function of the impased flow rate for both situations. For the arding flow, since the
imposed flow is strati fied (top heated fluid above the cold Nuid in the annulus), some flow stratification at the bottom
regions 1s also observed for all different studied cases, The local Nusselt number at the upper part of the inner ¢vlinder
has a high value and it decreases very slowly to some exient along the inner evlinder and this trend is independent of
the flow regime. After the slow decrease, the local N usselt number then decreases rapidly to a small value at the lovwer
part af the inner eylinder for both aiding and apposing flow conditions. At the lower purt of the inner eylinder, heat
transfer rate is insignificant for R1 < 0.1, because of the weuk buoyancy foree effect for both cases. The local Nusselt
huitiber near the hottom part of the inner evlinder exhibits an oscillatory behavior for various Rep and RI numbers.
This ascillatory behavior is due to various effects, namel ¥. wake formation, the location of the separation of the flow,
the developments of thermal boundary-layer und the presence of weak naturul convection. Based on the Mow
visualization, computations prediet carlier separation of the tlow in case of opposing flow comparad to the mding
flow. This is due 10 the opposing cffects of the thermal buoyancy force on the inlet jet. For 4 better explanation of the
results, the location of the separation point and the formation of the wake region require a more eareful examination
of the Mow and thermal fields near the surface of the jnner eylmder. For the limited range of parameters siudied in this
investigation, it is dbserved that the average Nusselt number is sigmificantly higher for mixed aiding flow than mixed
apposing Nuw, Correlations tor the average Nusselt number (INUyvp) mgzainst R1L and Ry ure developed 1o evaluate the
elfect of R1und Re), on Nu,.. for both the #iding and opposing tlow situations, These correlations will help in designing
vented horizontal tubular heat exchangers.
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