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ABSTRACT

In the present study, numerical investigation of jet impingement cooling of a constant heat flux horizontal
surface immersed in a confined porous channel is performed under mixed convection conditions, and the
Darcian and non-Darcian effects are evaluated. The unsteady stream function-vorticity formulation is used
to solve the governing equations. The results are presented in the mixed convection regime with wide
ranges of the governing parameters: Reynolds number (1 < Re < 1000), modified Grashof number
(10 < Gr* < 100), half jet width (0.1 < D < 1.0), Darcy number (1 x 10~ < Da < 1 x 10~2), and the distance
between the jet and the heated portion (0.1 < H < 1.0). It is found that the average Nusselt number (Nuayg)
increases with increase in either modified Grashof number or jet width for high values of Reynolds
number. The average Nusselt number also increases with decrease in the distance between the jet and the
heated portion. The average Nusselt number decreases with the increase in Da for the non-Darcy regime
when Re is low whereas Nu,yg increases when Re is high. It is shown that mixed convection mode can cause
minimum heat transfer unfavorably due to counteraction of jet flow against buoyancy driven flow.
Minimum Nu,yg occurs more obviously at higher values of H. Hence the design of jet impingement cooling

through porous medium should be carefully considered in the mixed convection regimes.

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

The jet impingement cooling through horizontal porous layer
are important from theoretical as well as application points of view.
The buoyancy driven phenomena in porous media has attracted
researchers interests due to number of technical applications, such
as, fluid flow in geothermal reservoirs, insulation of buildings,
separation processes in chemical industries, dispersion of chemical
contaminants through water saturated soil, solidification of casting,
migration of moisture in grain storage system, crude oil production,
solar collectors, electronic components cooling, etc. The heat
removal of high power density encountered especially in micro-
electronic devices can be done effectively using jet impingement of
cold fluid. To enhance the heat transfer, porous heat sinks are used
in the printed wire board and porous inserts are used in cooling
channel of injection mold. These devices could generate high heat
flux which induces buoyancy effect. Hence it is important to
understand the flow and thermal characteristics of the jet
impingement cooling through porous medium. Comprehensive
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literature survey concerned with this subject is given by Gebhart
etal.[1], Kaviany [2], Nield and Bejan [3], Pop and Ingham [4], Bejan
and Kraus [5], Ingham et al. [6]. Bejan et al. [7] and Vafai [8]. The
literature shows that the jet impingement through pure (non-
porous) fluid has been studied extensively (see, for example Al-
Sanea [9], Chou and Hung [10], Seyedein et al. [11], Chiriac and
Ortega [12], Chung and Luo [13], Sahoo and Sharif [14] and Sivas-
amy et al. [15]).

Recently many researchers considered the impinging jet
through porous media. Fu and Huang [16] investigated numerically
the effects of a laminar jet on the heat transfer performance of three
different shape (rectangle, convex and concave) porous blocks
mounted on a heated plate. They neglected the buoyancy effects
and considered the forced convection mode only. Their results
show that the heat transfer is mainly affected by a fluid flowing
near the heated region. For a lower porous block, all the three type
of porous blocks enhance the heat transfer. However, for a higher
porous block, the concave porous block only enhances heat transfer.
A detailed flow visualization experiment was carried out by Pra-
kash et al. [17] to investigate the effect of a porous layer on flow
patterns in an overlying turbulent flow without heat transfer. They
studied the effect of the parameters such as the jet Reynolds
number, the permeability of the porous foam, the thickness of the
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porous foam and the height of the overlying fluid layer. Jeng and
Tzeng [18] studied numerically the air jet impingement cooling of
a porous metallic foam heat sink in the forced convection mode.
They found the porous aluminum foam heat sink could enhance the
heat transfer from the heated horizontal source by impinging
cooling. Their results show that the heat transfer performance of
the aluminum foam heat sink is 2—3 times larger than that without
it. Saeid and Mohamad [19] studied numerically the jet impinge-
ment cooling of heated portion of an isothermal horizontal surface
immersed in a fluid saturated porous media in the mixed convec-
tion regime. It was found for high values of Peclet number at
increasing either Rayleigh number or jet width lead to increase the
average Nusselt number. Narrowing the distance between the jet
and the heated portion could increase the average Nusselt number.
Recently Jeng et al. [20] carried out experimental investigation on
heat transfer associated with air jet impingement on rotating
porous Aluminum foam heats sink. They investigated the effects of
jet Reynolds number (Re) in the forced convection mode, the
relative nozzle-to-foam tip distance (C/d), the rotational Reynolds
number (Re;) and the relative side length of the square heat sink
(L/d). They found that, when Re and L/d were small and C/d was
large, the increase in Re; increases the average Nusselt number.

Tong and Subramanian [21], Lauriat and Prasad [22], and Prasad
et al. [23] demonstrated the Brinkman-extended Darcy flow model
in the numerical investigation on natural convection in a vertical
porous layer. They highlighted the importance of Brinkman equa-
tion in convection of porous media. Hadim and Chen [24] reported
a numerical study of buoyancy-aided mixed convection in an
isothermally heated vertical channel filled with a fluid saturated
porous medium using the Darcy—Brinkman—Forchheimer model.
Their results show that, the effect of decreasing Darcy number is,
however, important only at low values of Darcy number (in the
Darcy Regime). At large Darcy number, the flow in this region is
dominated by forced convection and the Nusselt number is almost
independent of Da. Wong and Saeid [25] numerically investigated
the jet impingement cooling of heated portion of an isothermal
horizontal surface immersed in a confined porous channel under
mixed convection conditions with Brinkman-extended Darcy
model. The results were presented in the mixed convection regime
with wide ranges of Rayleigh number (Ra), Péclet number (Pe), jet
width and Darcy number (Da) in Darcy regime and non-Darcy
regime. The average Nusselt number decreases with the increase in
Da for the non-Darcy regime when Pe is low. When Pe is high, the
average Nusselt number increases with the increase in Da for the
non-Darcy regime. Variation of Da in Darcy regime has negligible
effect on the heat transfer performance.

In many application the hot surface may be at constant heat flux
instead of being isothermal, for example, embedded electronic
component on a circuit board. Whenever there is a large temper-
ature difference between the working fluid and the horizontal
heated surface with constant heat flux source and the flow velocity
is not significantly high, there might be some effect of thermal
buoyancy force. It is important to understand the effects of buoy-
ancy in the heat transfer and flow characteristics for designing the
cooling system when impinging jet cooling process operates in
mixed convection regime. This is the main motivation for this
study. It is interesting to investigate the effect of the Darcy number
for the jet impingement cooling of a constant heat flux horizontal
channel with fluid saturated porous medium.

2. Problem description
In the present study, the effect of the buoyancy on the jet

impingement cooling of a constant heat flux horizontal surface
immersed in a fluid saturated porous media is considered as shown

in Fig. 1. The objective of the present study is to characterize the
thermal performance of the jet impingement cooling in porous
media in the mixed convection regime.

The governing parameters in the present problem are the half
jet width d, the jet velocity Vj, the distance between the jet and the
heated portion h, and the heat source length 2L in additional to the
physical properties of the porous media and the fluid. These
parameters can be reduced to a number of dimensionless groups as
given in the next section. The physical properties are assumed to be
constant except the density in the buoyancy force term which is
satisfied by the Boussinesq's approximation. Further it is assumed
that the temperature of the fluid phase is equal to the temperature
of the solid phase everywhere in the porous region, and local
thermal equilibrium (LTE) model is applicable in the present
investigation.

Under these assumptions, the conservation equations for mass,
momentum and energy for the two-dimensional unsteady flow can
be written as: [25]
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Fig. 1. Schematic diagram of the physical model and coordinate system.
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v U

« _ gBKATL Wl _ K v
a)_ax Y Gr = 2 Re = ’ Da_LzPr_a
The flow and heat transfer characteristics are symmetrical around y-
axis as shown in Fig. 1. Due to this symmetry, only one halfis considered
for the computational purpose and the boundary conditions are

At X = 0 (Symmetrical axis):
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The physical quantities of interest in the present investigation are
the local and the average Nusselt numbers along the heat source
which are defined respectively as
1 L
Nuavg = / Nu(X)dX 8)
0

Nu(X) = f%

Y=0

3. Numerical procedure

The convective, the diffusive and the buoyancy terms in the
governing equations are discretized with a central difference
formulation. The unsteady vorticity transport equation (6) and
energy equation (7) in time are solved by alternate direction
implicit (ADI) scheme. The stream function equation (5) is solved by
the successive over relaxation (SOR) method. Roache [26] gives
a thorough discussion of the ADI and SOR schemes. The present
code is a modified version of code developed in [27].

Table 1

Grid refinement scheme: H = 1.0, Gr* = 100, Re = 100, and Da = 107°.
Grid refinement Y direction X direction Nugayg
level 0<X<L X>L D=01 D=10
Grid 1 11 10 21 29132 7.0180
Grid 2 21 20 31 2.8379 6.6183
Grid 3 31 30 41 2.8122 6.5055
Grid 4 41 40 51 2.7987 6.4620

Table 2

The comparison of average Nusselt number (Nu,yg) values with Wong and Saeid [25]
for H=1.0, D= 0.1, Ra =100, and Da = 10~° and Saeid et al. [19] (Darcy model).

Pe = RePr Wong and Saeid [25] Saeid et al. [19] This study
1 4.011 3.894 3.8741
10 4.140 4.017 4.0528
40 3.095 3.141 3.0811
100 3.571 3.627 3.6135
1000 8.778 9.016 8.9291

In X direction up to heat source length (L) the grids are arranged
uniformly after that clustered. In Y direction grids are clustered near
top and bottom walls. A systematic grid refinement study is con-
ducted to obtain grid independent solutions. The grid refinement
scheme is shown in Table 1. The computations are performed for
H=1,D=0.1,10, Gr" = 100, Re = 100, and Da = 10~ for various grid
refinement levels as shown in the Table 1. It is observed that grid
refinement level 3 produced almost grid independent results and
thus grid refinement level 3 is used for the entire computations.

The validation of the results against the numerical results of the
study by Wong and Saeid [25], whose geometry and flow parameters
are quite similar to the present study are reproduced using the present
code. Wong and Saeid [25] used a different computational procedure
(Finite volume method with power law scheme). The average Nusselt
number at the heat source predicted by the present computer code is
compared with Wong and Saeid [25] for various Péclet number with
H=10,D=0.1, Ra= 100, and Da = 10~% in Table 2. The agreement is
found to be good. The results of present study in the Darcy regime
matched well with Darcy model used by Saeid et al.[19].

4. Results and discussion

The results are presented as average Nusselt number against
Reynolds number for different values of the parameters Gr", D,
Da and H. The range of the parameters are 1 <Re <1000,
10<Gr'<100, 01<D<10, 1x10%<Da<1 x 1072 and
0.1 <H<1.0. The Prandtl number for air (Pr=0.71) is fixed
throughout the study.

The variation of average Nusselt number against Reynolds
number for different values of modified Grashof number is shown

10

—_—
Gr* = 10, 20, 30, 40, 50, 60, 70, 80, 90, 100

avg

Nu

\

Lol Lol L
10° 10’ 10° 10°
Re

Fig. 2. Variation of average Nusselt number with Peclet number with H =1, D = 0.1
and Da = 107,
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Fig. 3. Isotherms (left), streamlines (right) with H = 1.0, D = 0.1, Gr" = 100, and Da = 1075
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Fig. 4. Isotherms (left), streamlines (right) with H = 1.0, D = 0.1, Re = 10, and Ra = 100.
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Fig. 5. Variation of local Nusselt number with time (t) for H= 1.0, D = 0.1, Re = 10, and
Gr' = 100.

in Fig. 2 with fixed values of H= 1, D=0.1 and Da = 10~8. Note that
in Fig. 2, the logarithmic scale is used for both Nu,yg and Re.

In the cases of natural convection domination at low values of
Reynolds number, the increase in the Reynolds number decreases
the average Nusselt number for Gr* > 10 and the change of Re gives
negligible changes on the heat transfer at Gr* = 10. However, the
increase in the modified Grashof number increases the average
Nusselt number as shown in Fig. 2. At forced convection

A. Sivasamy et al. / International Journal of Thermal Sciences 49 (2010) 1238—1246

domination with high values of Re, Fig. 2 shows that the effect of
modified Grashof number is diminished and the variation of Nuayg
with Re for different values of Gr* forming a single curve for
Re > 300. It can be observed from Fig. 2 that the values of Nu,yg and
therefore the heat transfer show minimum values for moderate
values of Reynolds number with Gr* > 10. These values of Re which
result in minimizing the heat transfer are in-between the values of
Re for natural and forced convection domination, which is known
as mixed convection. The present mixed convection mode is of
opposing nature since the jet flow is always opposing the buoyant
flow. The value of Re at which minimum Nuayg occurs depends
on Gr*.

Fig. 3 shows the details of isotherms and streamlines for
different values of Re with fixed values of H= 1.0, D = 0.1, Gr" = 100,
and Da=107%, as to interpret graphically the mixed convection
mode discussed on Fig. 2. The isotherms and streamlines shown in
Fig. 3(a) and (b) for Re=1 and Re=10 respectively indicating
natural convection domination. The isotherms are cluster above the
heat source and one convective vortex rotating opposite to jet fluid
direction is formed above the heat source (Fig. 3(a)). At Re =10, jet
fluid depresses the rise of the single vortex rotating the fluid
formed above the heat source (Fig. 3(b)). It is also noticed that the
strength of the cell is reduced and the vortex becomes weaker,
leading to reduction of Nuays.

It is interesting to see the transient responses of the flow and
temperature fields at this Re (Fig. 4). The time step 0.001 is used
for the computation. The figure denotes that the initial action of
the impinging jet that enters in the saturated porous layer is
similar to that of the free jet (Fig. 4(a)). Sudden heating at t > 0 at
the bottom horizontal heat source creates sharp temperature
gradients in the proximity of the horizontal heat source. At this
moment heat transfer is high due to the sharp temperature

a £=5 (Nitgyg = 3.1689)
0.09—
9\/\ —
00— =
' ' ' ( (=025 | —— ' 0.01—]
-5 4 -3 2 1 00 1 2 3 4 5
b 1= 10 (Nitgy = 2.4553)
] IF 0.09—]
S \
’ gf\o\ 00—
-5 4 -3 2 -1 00 1 2 3 4 5
c =20 (Nug,, = 2.4299)
ja T ;‘ T
d
o
5 -4
e 1= 50 (Nt = 2.4275)
S 0.09—
g@@ w\‘k 0
| —_—
. . .(. ( . % k&k—f—r ——— 0.01
5 4 3 2 A 00 1 2 3 4 5

Fig. 6. Isotherms (left), streamlines (right) with H = 1.0, D = 0.1, Re = 60, and Gr* = 100.
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gradients. A small vortex is formed at the end of the heat source
(X=1.0) at t = 0.20 (Fig. 4(b)). This vortex grows as time increases
and the center of the vortex is located at the end of the heat
source (Fig. 4(b—c)). It can be seen from Fig. 4(d) that the jet fluid
reaches the bottom heat source and prevents the movement of
the vortex upstream direction. It is noticed from Fig. 4(e) that the
vortex grows and becomes stronger as time increases further. The
vortex moves upstream direction and stops the weak jet fluid
reaching the bottom heat source. As time increases the temper-
ature gradients decrease in the horizontal heat source and cause
the reduction in the average Nusselt number and hence heat
transfer. It can be seen from Fig. 5 that the local Nusselt number
decreases along the heat source as time increases. The Nu is
maximum at the end of the heat source (X=1.0) due to the
formation of convective vortex. The flow achieves its steady state
at large t (Fig. 3(b)).

At Re=23, Fig. 2 shows that Nuag=1.9626 which is the
minimum value for Gr* =100, the isotherms and streamlines for
this case are shown in Fig. 3(c). At this value of Re, the jet flow
prevents the growth of the bottom convective vortex by the
buoyant flow (as seen in transient results at Re = 10) towards the jet
axis and pushes it downstream. The strength of the vortex is also
less. Another vortex rotating the jet fluid direction (comparatively
stronger than bottom vortex) is formed near the jet inlet. The
isotherms are modified as well, where the isotherms are
compressed against the heat source from jet axis to a point where
the jet flow separates from the horizontal heat source.

In the forced convection domination, where Re is high, the two
rotating vortices disappear (explained below with transient results)
as shown in Fig. 3(d) and (e). The isotherms show high negative
gradients; especially in Fig. 3(e), which leads to increase the heat
transfer from the heat source. Fig. 6 presents numerically simulated
isotherms and streamlines plot at various time levels for H=1,
D=0.1,Re =60 and Gr* = 100. A small vortex is formed at the end of
the heat source at t=5 (Fig. 6(a)). This vortex grows as time
increases and the center of the vortex moves downstream as the jet
flow is stronger (Fig. 6(b—c)). Fig. 6(d) shows that the strong jet
flow pushes away the vortex. The size of the vortex becomes small
as tincreases and vanishes at t = 50 (Fig. 6(e)). As time increases the
temperature gradients decrease in the horizontal heat source and
cause the reduction in the average Nusselt number and hence heat
transfer. Fig. 7 shows the distribution of local Nusselt number along
the heat source with time (t). At t < 20, Nu is maximum at the end of
heat source due to the convective vortex. However Nu is minimum
at the end of heat source as vortex moves away and vanishes at
t > 30. The steady state solution is shown in Fig. 3(d).

The effect of the distance from the jet exit to the heat source (H) on
the variation of Nuayg with Re is studied with constant values of other
parameters (D = 0.5, Gr* = 50, and Da = 107). For natural convection
domination (Re <4), Fig. 8 shows that Nu,y decreases with the
increase in Re for H > 0.8 where as Nuay is constant with increase in
Re for H < 0.8. Minimum Nu,yg occurs more obviously at higher
values of H. It can be noticed from Fig. 8 that the values of N,y are
increasing with the increase of Re in the forced convection domina-
tion mode, similar to that shown in Fig. 2. The variation of Nu,yg with
Re is linear, when the logarithmic scale is used as shown in Fig. 8. The
heat transfer rate is increased when the distance from the jet exit to
the heat source (H) is reduced. Fig. 8 also shows that narrowing the
distance H from 0.2 to 0.1 leads to substantial increase in Nuayg. While
the enhancement of the heat transfer due to the change of H from 1 to
0.5 is relatively less than that due to narrowing the distance H from
0.2 to 0.1 especially at low values of Re.

Fig. 9 shows the details of isotherms and streamlines for
different values of H with fixed values of Re = 1.0, D = 0.5, Gr* = 50,
and Da = 1078, as to interpret graphically the effect of the distance

5

Nu

Fig. 7. Variation of local Nusselt number with time (t) for H = 1.0, D = 0.1, Re = 60, and
Gr' = 100.

from the jet exit to the heat source discussed on Fig. 8. At H= 1.0,
the single convective vortex occupies the entire space above the
heat source and the jet flow is unable to reach the bottom heat
source due to strong buoyant flow (Fig. 9(a)). As H decreases the
size and the strength of the vortex decrease due to decrease in the
buoyant flow. Hence the convective vortex is unable to move
upstream against the jet fluid flow and jet flow reaches the bottom
heat source (Fig. 9(c—e)). At very low H (H <0.2) the convective
vortex vanishes (Fig. 9(e)). The isotherms become parallel to hori-
zontal heat source surface as H decreases (Fig. 9 (c—e)). This is the
indication of forced convection domination which causes the
increase in heat transfer. The buoyant flow decreases rapidly as H
decreases and hence Nu,yg increases much at low H as noticed in
Fig. 8.

Next, the variation of the average Nusselt number with Reynolds
number is presented in Fig. 10 with different values of the half jet

10°
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Fig. 8. Variation of average Nusselt number with Péclet number with D = 0.5, Gr* = 50,
and Da = 1075,
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Fig. 9. Isotherms (left), streamlines (right) with Re = 1.0, D = 0.5, Gr" = 50, and Da = 1075,

width D and fixed values of H=1, Gr* =50 and Da = 10~%. Fig. 10
shows that at small values of Re, where the natural convection
dominated the average Nusselt number with small jet width is
more than that of big jet width. This is due to the fact that small jet
width D generating weak opposing flow to the buoyant flow for this
limits of Re and Gr". The average Nusselt number with high values
of D is higher than that at small values of D in the forced convection
domination mode. This indicates the effect of increasing the jet
mass flow rate by increasing D and hence increasing the forced

10°

—
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S 101
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=<

10’
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Fig. 10. Variation of average Nusselt number with Reynolds number for H = 1, Gr* = 50
and Da = 1074,

convective heat transfer. The values of Nu,yg show minimum values
for moderate values of Reynolds number in the considered range
of D. The value of Re at which minimum Nuayg occurs depends on D.
As D increases the value of Re at which minimum Nu,yg occurs
decreases.

Fig. 11 depicts the variation of average Nusselt number against
Reynolds number for different values of Da with fixed values of
D=0.1 and Gr* =100. It can be seen in Fig. 11 that, the variation of
Nuayg at any particular Re is approximately constant regardless

107
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© Da=10°, 107, 10% 107, 5x 107, 10*
== 10’
=
10° Lol Lol L
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Fig. 11. Variation of average Nusselt number with Reynolds number for H = 1,
Gr' =100 and D = 0.1.
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Fig. 12. Variation of local Nusselt number for different Darcy number, with fixed
Re =10, D = 0.1 and Gr" = 100.

of the value of Darcy number for Da < 10~ The regime of low
Darcy value (Da < 10~%) is known as Darcy regime and the regime
for Da < 10~# is known as non-Darcy regime [24]. Variation of Da
in Darcy regime has negligible effect on the heat transfer perfor-
mance. Fig. 11 also shows that, the average Nusselt number
decreases with the increase in Darcy number for the non-Darcy
regime when Re is low (Re < 23). This agrees with the results
obtained by Hadim and Chen [24] that, at low value of Reynolds
number, as Darcy number increases, the heat transfer performance
reduces. When Re is high, the average Nusselt number increases
with the increase in Darcy number for the non-Darcy regime.
Fig. 12 presents the local Nusselt numbers for different values of
Darcy number with fixed values of Re =10, D =0.1 and Gr" = 100.
For each curve in Fig. 12, the heat transfer along X shows minimum
local Nusselt number at the jet axis and higher local Nusselt
number at the end of heat source (X=1.0). The local Nusselt
number along the heat source decreases with increase of Da in the
non-Darcy regime.

5. Conclusions

The jet impingement cooling of a constant heat flux horizontal
surface immersed in a fluid saturated porous media is investigated
numerically. The external jet flow and the buoyancy driven flow are
chosen to be in opposite direction. The dimensionless governing
parameters results from the mathematical model are the Darcy
number, modified Grashof number, Reynolds number, jet width
and the distance between the jet and the heated portion normal-
ized to the length of the heated element. After validation of the
numerical method, the results are presented in the mixed
convection regime with wide ranges of the governing parameters.
The specific conclusions obtained from the present study can be
summarized as follows:

e The low values of Reynolds number at increasing the modified
Grashof number increases the average Nusselt number, and the
increase become less significant when Reynolds number
increase to high value.

e Increase in the value of jet width results in higher average
Nusselt number for high values of Reynolds number.

e The heat transfer rate is increased when the distance from the
jet exit to the heat source is reduced.

e The value of Re at which minimum Nuayg occurs depends on
Gr*, D and H. As D increases the value of Re at which minimum
Nugyg occurs decreases. Minimum Nu,yg 0Occurs more obviously
at higher values of H.

e The average Nusselt number decreases with the increase in
Darcy number for the non-Darcy regime when Re is low
(Re<23). When Re is high, the average Nusselt number
increases with the increase in Darcy number for the non-Darcy
regime. Variation of Da in Darcy regime has negligible effect on
the heat transfer performance.
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Nomenclature

d: half of the width of the jet (m)

D: half of the dimensionless width of the jet, D = d/L

Da: Darcy number, Da = K/L?

g: acceleration due to gravity (ms™2)

Gr*: modified Grashof number for porous medium, Gr* = g8KATL/v?
h: distance between the jet and the heated portion (m)

H: dimensionless distance between the jet and the heated portion
k: thermal conductivity (Wm™' K1)

K: permeability of the porous medium (m?)

L: half of the heat source length (m)

Nu: local Nusselt number

p: pressure (Pa)

Pe: Péclet number, Pe = VpL/a

Ra: Rayleigh number for porous medium, Ra = gBKATL /v«

Re: Reynolds number, Re = VpL[v

q": heat flux per unit area (Wm~2)

s: distances from the end of heated portion to the outlet, (m)

S: dimensionless distances from the end of heated portion to the outlet, s/L
t: non-dimensional time

t': time (s)

T: temperature (K)

u, v: velocity components along x- and y-axes, respectively (ms™!)

Vj: jet velocity (ms™1)

U, V: non-dimensional velocity components along X and Y-axes, respectively
x, y: Cartesian coordinates (m)

X, Y: non-dimensional Cartesian coordinates

Greek symbols

a: effective thermal diffusivity (m?s~1)
@: coefficient of thermal expansion (K~ ')
0: non-dimensional temperature

w: dynamic viscosity (Nsm™2)

v: kinematic viscosity (m?s~1)

p: density (kgm™3)

¥': non-dimensional stream function

w: non-dimensional vorticity

Subscripts
avg: average
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