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Free convection in an enclosure with vertical wavy walls
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Abstract

This paper describes a numerical prediction of heat transfer and fluid flow characteristics inside an enclosure bounded by two isothermal
wavy walls and two adiabatic straight walls. Governing equations were discretized using the finite-volume method with collocated variable
arrangement. Simulation was carried out for a range of wave xdtiefined by amplitude/average width) 0.00-0.4, aspect ratidefined
by height/average width) 1.0-2.0, Grashof numBer= 10°—10’ for a fluid having Prandtl number 0.7. Streamlines and isothermal lines are
used to present the corresponding flow and thermal field inside the enclosure. Local and global distributions of Nusselt number are presentec
for the above configuration. Lastly, velocity profiles are presented for some selected locations inside the enclosure for better understanding
of the influence of flow field on the thermal field.2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction face and number of the wave. Yao [3] presented the near wall
characteristics of flow and thermal field of a vertical wavy
Heat transfer and fluid flow inside wavy-walled enclo- wall. Saidi et al. [4] presented numerical and experimen-
sures has not been investigated widely due to geometrictal results of flow over and heat transfer from a sinusoidal
complexity. Numerous references deal with enclosures with cavity. They reported that the total heat exchange between
flat walls due to its huge applications in engineering and the wavy wall of the cavity and flowing fluid was reduced
geophysical systems like solar-collectors, double-wall insu- by the presence of vortex. Vortex plays the role of a ther-
lation, electric machinery, cooling system of electronic de- mal screen, which creates a large region of uniform temper-
vices, natural circulation in the atmosphere, the molten core ature in the bottom of the cavity. Asako and Faghri [5] gave a
of the Earth etc. These are always complex interactions be-Finite-Volume prediction of heat transfer and fluid flow char-
tween the finite fluid content inside the enclosure with the acteristics inside a corrugated duct bounded by sinusoidally
enclosure walls. This complexity increases when the wall wavy surface. Lage and Bejan [6] documented heat transfer
becomes wavy or with the change of orientation of the en- results near a periodically (timewise and spatial) stretching
closure. Hadjadj and Kyal [1] numerically investigated the wall. Hamady et al. [7] and Ozoe et al. [8] presented numer-
effect of sinusoidal protuberances on heat transfer and fluidical and experimental results of heat transfer inside rectan-
flow inside an annular space using a non-orthogonal coordi- gular enclosures at different aspect ratios and orientations.
nate transformation. They reported that both local and aver- This paper presents flow and heat transfer characteristics in-
age heat transfer increase with the increase of protuberanceside an isothermal-vertical wavy-walled enclosure bounded
amplitude and Grashof number and decreasing Prandtl num-by two adiabatic straight walls at different Grashof numbers
ber. Kumar [2] presented parametric results of flow and ther- and orientations for some selected waviness of the surface.
mal field inside a vertical wavy enclosure with porous media.
He concluded that the surface temperature was very sensitive
to the drifts in the surface undulations, phase of the wavy sur- 2. Mathematical modeling

— ) Considering a two-dimensional laminar natural convec-
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Nomenclature
a amplitude ofthewave................... m y vertical coordinate........................ m
A aspect ratie= H/W Y dimensionless vertical coordinate
g gravityvector ............. .. .00, . G
reek symbols
Gr Grashof numbes gBAT W3/v? y
H heightofthecavity ....................... m «o thermal diffusivity ................... 1
h heat transfer coefficient.......... MW2.K-1 B thermal expansion coefficient............ -k
K thermal conductivity ............ wh1.K-1 A surface waviness: a/ W
Nu Nusselt number ) density of the fluid .................. -3
Pr Prandtl numbes= v/« v kinematic viscosity . ................. 1
p Pressure. .....ooviiiiniiiiiiiieee, . ® dimensionless temperature
P dimensionless pressure ;
. ri
Ra Rayleigh numbes Gr - Pr Subscript
T temperature . ...............oooeuiai... K av average value
u velocity component in-direction.. . . . . . 00 At ambient condition
U dimensionless velocity component c average value based on cold wall
v velocity component iry-direction .. . . .. H average value based on hot wall
1% dimensionless velocity component L local value
w average width of the cavity .............. m W Value at the wall
x horizontal coordinate ................... m O Reference value
X dimensionless horizontal coordinate A Difference between two values
v A
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Fig. 1. Schematic diagram of vertical wavy enclosure.
ou v
approximationis valid. The governing equations are the con- —— + — (1)
tinuity equation, Navier—Stokes equations and the energy oy 5 )
equation. These equations can be put into dlmensmnlessU 3U 3U 9P + 1 <3 u . o U) @
forms by scaling different lengths with average widlth ve- X aY X  JGr\ax2 ay2
locity comf/c;nents with referenzce velocw tha_t is equal to U v Ly oV aP Lo. 1 /32y N 52y -
(gBATW)* =, pressure withp V7. The dimensionless tgm— ax Y oy Jor\ax2 T oy?
perature can be defined &= (T — T,)/ AT whereAT is ) 5
equal to(Tq — Tc). The governing equations can be written U@ 90 — 1 (3 4 + 9 @> (4)
in the following dimensionless form: X Y PrJ/Gr\ax2z = ay2
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2.1. Boundary and initial conditions

Fig. 1 shows the geometry under consideration in the
present investigation with different boundary conditions and
axis system. The upper and lower walls of the cavity are
horizontal and kept adiabatic. The vertical walls are wavy
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higher near the walls where higher gradients of variable val-
ues are expected (see Fig. 1). A collocated variable arrange-
ment is used in the present investigation. All variables are
calculated at the center of each CV. SIMPLE algorithm is
used. First the momentum equations (Egs. (2) and (3)) are
discretized and linearized. Both the convective and diffusive

and the surface wave shape is followed by the equationsfluxes are approximated using the CDS scheme, which is

given in Egs. (7) and (8). Vertical walls are kept isothermal.
The wall at the left side is coltdl” = T¢) and at the right side

is hot(T = Ty). Initial fluid temperature inside the cavity is
T. The initial temperature of the adiabatic walls is equal
to the initial fluid temperatur&,,. The gravity acceleration

g acts vertically downwards. No slip boundary condition
is applied for velocity components at both horizontal and
vertical walls. Boundary conditions can be summarized by
the following equations:

1 1
Y =0, —(=z—2)<X< (=2
Geelts)
a0
U=V =0, — =0
aY
1 1
Y=A, —<§—k><X<<§—)\>
U=V =0, — =0
aY
og<y<4a
1 b4 4y
X=(=—-2Xx All-Sin-{1+— 7
G-)olosz(e )] o
o<Y<A
1 4y
X=—|=z—2)—A[1-Sin={14+ — 8
o)z ()] @

As the initial condition, a motionless state and uniform
temperature are taken:
At0O<Y < A.

And
1 1 4y
(5-) a1 sz (14 2)] <x

4y
1+ —

- ©)

(1) o

)

2.2. Solution methodology

The numerical technique used in the present study is sim-
ilar to that of Hortmann et al. [9] based on the finite-volume
method as described by Ferziger and Peric [10]. The solu-
tion domain is first subdivided into finite number of control
volumes (CV). Body fitted, non-orthogonal grids are used.
Grids are oriented in such a way that the number of CV is

second order accurate. Linear interpolation and numerical
differentiation [10] are used to express the cell-face value of
the variables and their derivatives through the nodal values.
Discretized momentum equations lead to an algebraic equa-
tion systems for velocity componenisandV where pres-
sure, temperature, fluid properties are taken from the previ-
ous iteration except the first iteration where initial conditions
are applied. These linear equation systems are solved itera-
tively (inner iteration) to obtain an improved estimate of ve-
locity. The improved velocity field is then used to estimate
new mass fluxes, which satisfy the continuity equation. The
pressure-correction equation is then solved using the same
linear equation solver and to the same tolerance. The en-
ergy equation is then solved in the same manner to obtain
a better estimate of the new solution. This completes one
outer iteration and is repeated until the residual level is less
than or equal to 1. In this study the SIP-solver based on
lower-upper decomposition (ILU) is used to solve the linear
equation systems. To avoid divergence, an underrelaxation
parameter 0.7 is used for velocity, 0.2 for pressure and 0.9
for temperature.

2.3. Accuracy

In the present investigation a nonorthogonal, nonuniform
and nonstaggered grid system is used. Five combinations
(10x 10, 20x 20, 16x 32, 32x 64, 64x 128 and 40< 250)
of control volumes are used to test the effect of grid size
on the accuracy of the predicted results. Fig. 2 shows the
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Fig. 2. Average Nusselt number as a function of number of control volume
(CV) for A=2.0 andx = 0.25.
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ig. 3. Validation of average Nusselt number for= 1.0 and = 0.0 Fig. 4. Local Nusselt number as a function of vertical distancetfer 2.0,

Gr=5x 10* and». = 0.0-0.4.
distribution of average Nusselt numbers of the hot wall as

a function of grid sizes for four different Grashof numbers. eriggic distribution with respect to the vertical distance. For

It is evident from the figure that for lower Grashof numbers Y/A > 0.85, the Nusselt number strongly depends on the
the Nusselt number is independent of the grid sizes studied,, 5\ iness of,the vertical wall. For higher wavinggs= 0.4)
here and for the higher Grashof numbers the three highery . interwall spacing is very small beyong/A = 0.85.

grid sizes (32 64-40x 128) give the same result. Thus,  ,nyective distortion of the isotherms hardly occur at this

throughout this study the results are presented forx64  orion of the cavity, hence showing higher temperature
128 CVs'. Predicted results of average Nusselt numbers forgradients normal to the wall, as well as local Nusselt

a square cavity 4 = 1,4 = 0) with the same boundary ,;mpers. A = 0.334, the pattern is similar ds= 0.4, but

conditions are compared with the benchmark solution of i, Ny sselt number is lower. At a moderate surface waviness
Hortmann et al. [9] and with experimental data of Hamady ; _ g 55y the isotherms suffer the convective distortion
et al. [7] and Markatos and Pericleous [11]. Fig. 3 shows this due to the comparatively higher interwall spacing, hence

comparison. Predicted results show a very good ag_reemenghowing a descending local Nusselt number at this portion
with the reference benchmark solution and experimental

of the wall.
works. Local Nusselt numbers are integrated to calculate the
global or average value of Nusselt number according to
3. Resultsand discussions 1 i
Nuavz—/NuL dy (12)
3.1. Heat transfer H 9

The local heat transfer is calculated in terms of local the average Nusselt number is plotted as a function of

Nusselt number using the following equation: Grashof number in Fig. 5 for an aspect rago: 2.0 and
A = 0.25, 0.1666, 0.1 and 0.0. The variation of average
Nu = W - ﬂ(d_T> — <d_@> (10) Nusselt numbers with Grashof number is independent of
K AT \dx Jy  \dX /y the Grashof number, whatever the waviness of the surface

The local Nusselt number distribution along the hot wavy belowGr ~ 10, Up to this Grashof number the heat transfer
wall is presented in Fig. 4 for a constant Grashof number process is dominated by conduction for all wavy surfaces,
(Gr =5 x 10% and four selected surface waviness<{ 0.4, like a parallel wall ¢ = 0.0). Beyond this Grashof number
0.334, 0.25, 0.0) for an aspect ratib = 2.0. The heat (Gr > 10%) the heat transfer increases as the convection
transfer rate falls along the wavy wall gradually up to the dominates, but is less for higher waviness at a particular
maximum cross-sectiofY /A = 0.5) of the cavity. Because ~ Grashof number.

the temperature gradient normal to the wall falls gradually

in vertical direction due to the increase of the cross-section 3.2. Effect of aspect ratio

of the cavity up toY/A = 0.5. This nature is similar for

each surface waviness with a slight variation in magnitude.  Fig. 6 shows the variation of average Nusselt number for
In the range (b < Y/A < 0.85, the Nusselt number shows a a hot wall as a function of the Grashof number for three
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Fig. 5. Nusselt number as a function of Grashof numberfer 2.0. Fig. 7. Nusselt number as a function of surface wavinessifer 2.0 and
Gr=1.25x 10°.
3
= A=0.25 J Gr = 1.25 x 10%. A very lower value of surface waviness
- - - J (i.e., » < 0.05) does not play any effective role on the
6 ] average heat transfer. Heat transfer is invariant with surface
- - waviness belowa ~ 0.05. In a middle range of surface
5 waviness (i.e., @5 < A < 0.325), heat transfer gradually
. E falls with surface waviness. Closer to the value- 0.325
2 4 these scenarios again changes and for a very small range of
= (0.325< 1 £ 0.37) the average heat transfer is again shows
3F no variation withi. Further increase of surface waviness
= heat transfer increases with the increas.oft such high
2 = waviness, interwall spacing closer to the top end becomes
— o small causing no convective distortion of the isotherms. The
1 e local heat transfer rate (as welldsy ) is higher near the top
0 = 'ERRTITT ERRETTT ERRATIT ERRTIT SRRET | end of the cavity for the higher value of surface wavine$s (
10° 100 100 100 10t 100 10° This will be easily understood from Fig. 4. For a particular
Gr Y/A, difference between the local Nusselt number is small

for Y/A < 0.85 at differenti. ForY/A > 0.85, higher the
value of surface waviness larger the valuehaf, (Fig. 4).
So, when integratedju_ distribution fori = 0.4 produces
different aspect ratiost = 2.0, 1.33, 1.0 and a constant largerNuay thanNuay atx slightly lower than 0.4 and so on.
surface waviness = 0.25. Based on the Grashof number But this type of scenario is only restricted for the surface
two distinct zones can be identified from the figure. For waviness: > 0.35.

Gr < 10%, the average Nusselt number is constaal.Q)

and independent of the Grashof number whatever the value3.4. Velocity and temperature profile

of aspect ratio. This is actually the conduction regime, and

in this regime heat transfer rate is mainly dominated by  Profiles of dimensionless vertical velocity’Y and tem-
conduction. ForGr > 103, the Nusselt number increases perature @) are presented in Fig. 8(a) and (b) for four se-
and shows little influence of the aspect ratio. Magnitudes of lected Grashof number&¢ = 103, 10%, 10° and 16), an as-
average Nusselt number is slightly higher for lower aspect pect ratioA = 2.0 and surface wavineas= 0.25 atY = 0.5.

Fig. 6. Nusselt number as a function of Grashof numbe# fer0.25.

ratio. At Gr = 10° and 1d, velocity profiles in between the walll
and vertical centerline are similar to the parabolic profiles in-
3.3. Effect of surface waviness side two parallel plates. The velocity is higher ter = 10*

than forGr = 10° at every point from the centerline to the
Fig. 7 shows the distribution of average Nusselt number wall. A further increase of the Grashof number increases the
as a function of surface waviness)(for A = 2.0 and peak velocities but now the profiles shift towards the vertical
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very weak at low Grashof numbet=(Q0?). Isotherms are
vertical and strongly follow the geometry (waviness along
the vertical direction) of the surface at low Grashof numbers
as shown in Fig. 9(a). Convection is less dominant at this
Grashof number and heat transfer is mainly by conduction.
The basic difference between the isotherms in a rectangular
cavity and a wavy cavity at such Grashof numbers is their
shape. A further increase of Grashof numbers increases the
circulation inside the cavity. AGr = 10° and 125 x 10%,
streamlines shows a similar pattern as @r= 10? except

that the shape of the core is slightly deformed. But isotherms
turn back (convective distortion) towards the cold wall due
to the strong influence of the convection current. Isotherms

i\

-1.25 O | are concentrated at the bottom of the hot wall and at the
1.5 '_'0"3' '_'0"2' '_'0"1' . '0' "'0'1' "6'2" '6'3'" top of the cold wall. As the Grashof number increases
ST T xyA (Gr = 2.5 x 10%) the core of the streamline starts to distort.
@ The isotherms in Fig. 9(d) in the middle of the cavity

start to become horizontal with a low temperature gradient
that cause the distortion of central streamline. Gt =

1.25 x 10°, a thermal boundary layer forms. Isotherms are
highly concentrated at the wavy wall. Central isotherms are
horizontal with an almost vanishing or negative temperature
gradient, that causes a further distortion of the streamline
core. The core is divided into two counter rotating vortices
of nearly elliptic shape. AtGr = 1P, isotherms shift
towards and concentrated near the wavy walls causing rise
of temperature gradiend @ /9 X) in the vicinity of the wavy
walls. The convection between each layer leads to a negative
90 /03X in the center of the cross-section [12] causing two
secondary vortices. ABr = 10°, another vortex appears at
the center of the cavity. The pair of counter rotating vortices
appeared previously move further towards the wavy wall.

|
od A FNER1 FRNRE ANEN) FENRY ARRnd FRRRd NRN!

0.3 -02 -0.1 O 0.1 02 0.3
X/A 4, Conclusion
(b)
Fig. 8. (a) Vertical velocity profiles for = 2.0 andA =0.25 atY =0.5. Heat transfer characteristics with flow structure are stud-

b) Temperature profiles fot = 2.0 andx =0.25 atY =0.5. . . . . . . . .
(b) Temperature profi ied numerically in this paper for a cavity with differentially

heated vertical wavy walls. The effect of aspect ratio, sur-
face waviness on heat transfer is tested at different Grashof
numbers. Higher heat transfer is observed at lower aspect ra-
tios for a certain value of the Grashof number, above which
heat transfer shows little variation whatever the aspect ra-
tio be. This depends strongly on the surface waviness. For
a particular aspect ratio, heat transfer is constant and inde-
pendent of the Grashof number. This conduction regime is

The flow pattern inside the cavity and the thermal field determined by certain range Gfr. Above this range, heat

are presented in terms of streamlines and isotherms contouréransfer increases with the increase of Grashof number. The
in Fig. 9(a)—(e) forA = 2.0, » = 0.25 at six different lower the surface waviness, the higher is the heat transfer.

Grashof numbers. Hot fluid moves up along the hot wall For a constant Grashof number and aspect ratio, heat trans-
and turns to the left at the top adiabatic wall and then fer falls gradually with an increase of surface waviness up to
mixes with the fluid that moves downward along the cold a certain value of surface waviness, above which heat trans-
wall. This creates a circulation inside the cavity, which is fer increases again.

walls (hot or cold wall) and are concentrated. Velocities near
the center of the cavity decrease with further increase of the
Grashof number. The fluid is almost motionle$s~ 0) in

the center.

3.5. Flow and thermal field
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0

(a) Gr=10? (b) Gr=10°

20

Q.8

(e) Gr=1.25x10° (f) Gr=1x10°

Fig. 9. Streamlines (left) and isothermal lines (right) foe= 2.0 and = 0.25 for (a) Gr = 102, (b) Gr = 103, (c) Gr = 1.25 x 10%, (d) Gr = 2.5 x 10%,
(e)Gr=1.25x 10°, (f) Gr = 10°.
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