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Abstract—The purpose of the present study is to analyze numerically the developing mixed convection in
a vertical parallel-plate channel partially filled with porous medium. The SIMPLEC algorithm combining
the techniques of ADI and SOR is used in this study. The diffusion and convection are handled by a hybrid
scheme. The non-Darcy model, which includes inertia effect, boundary friction effect and convection, is
used in the momentum equations for the porous medium layer. The velocity and temperature distributions,
local Nusselt number (Nu,), local friction coefficient (C), pressure drop and entrance length in a vertical
parallel-plate channel partially filled with porous medium are obtained under various parameters, such as
different thickness of porous medium (Rs), Darcy number (Da), Grashof number (Gr). The numerical
results of this investigation show that (a) the local Nusselt number increases as Rs decreases and Da and
Gr increase; (b) the local friction coefficient increases as Da and Gr increase; and (c) the pressure drop in
the parallel-plate channel increases as Rs increases and Da decreases. There is a minimum non-zero local
friction coefficient where the thickness of the porous medium is about 0.2. Hydrodynamic entrance length
is shorter as the value of Rs is increased, and is longer as the values of Da and Gr are increased. Thermal
entrance becomes longer as the values of Rs and Da increase and shorter as the values of Gr increase.

1. INTRODUCTION

Using the porous medium and fluid layers (also called
composite system), the heat transfer and flow field of
two parallel plates with many tightly arrayed fins in
the heat exchangers can be simulated. A similar con-
dition can be found in a large computer cabinet where
there are many integrated circuits on the main board
that are similar to a porous layer. When cooling air
flows through channels between main boards, the case
can be assumed that fluid flows through a channel
with a fluid layer having a porous layer on each side.
The convection will be influenced by the interaction
of the flow and porous medium on the permeable
interface of the composite system. In order to realize
the change of heat transfer, flow field, friction drag of
fluid when flowing through the parallel-plate channel
with fins, and the channel between main boards with
integrated circuits, we conducted a basic research for
the convective phenomena by using a vertical parallel-
plate channel partially filled with porous medium.
There have beer some investigations of the porous/
fluid composite system on natural convection, but
there have been very few researches conducted on
forced convection in recent years. Prasad [1] has made
an excellent review for composite systems. Poulikakos
et al. [2] studied the convection for composite system
consisting of a fluid layer and packed bed heated from
below. Schulenberg and Muller [3] also studied natu-
ral convection in a saturated porous layer with

internal heat sources and an adiabatic boundary on
the lower side. Poulikakos [4] discussed the thermal
instability in a horizontal fluid layer superposed on a
heat generating porous bed. Taslim and Narusawa
[5] performed the thermal instability in a composite
system in which a porous layer is sandwiched between
two fluid layers. Sathe et al. [6] researched natural
convection in a rectangular cavity with porous/fluid
layers and permeable interface. Beckermann et al. [7,
8] also made a deep analysis of heat transfer with
various positions allocated for porous/fluid layers.
Campos et al. [9] studied the natural convection of an
enclosed cylinder partially filled with porous medium
while heated inside and cooled outside.

For the forced convection of a composite system,
this study will briefly introduce the related papers
separated into internal and external flow fields. For
the external flow field, as far as authors known, there
have been few investigations about external forced
convection fluid flow and heat transfer in the com-
posite system. Vafai and Kim [10] have studied the
forced convection over an external boundary lined
with a porous substrate. They found that the porous
substrate significantly reduces frictional drag at the
wall. Huang and Vafai [11] analyzed changes in flow
pattern and heat transfer characteristics due to the
existence of the multiple porous block structure and
compared the results with ref. [10].

For the internal flow field, an empirical approach
using the Darcy theorem for tangential velocity at the
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NOMENCLATURE
C inertia coefficient X half of the channel spacing
Ce friction coefficient X dimensionless horizontal coordinate,
C,  specific heat X/
Da  Darcy number, K/x2 y vertical coordinate
dy diameter of porous particle Yo length of channel
Gama ratio of porous medium and fluid Y dimensionless vertical direction, y/x,
conductivity (k,/k) Y, dimensionless length of channel,
Gr Grashof number Y, = 66.
heat transfer coefficient
permeability Greek symbols

h

K

k thermal conductivity

Nu, local Nusselt number, 2Ax,/ke
P pressure of fluid

P, pressure in porous layer
P dimensionless pressure in porous layer
Pr effective Prandtl number in porous

layer

Re Reynolds number

Rs dimensionless porous layer thickness,
§/%,

s porous layer thickness

T,  bulk mean temperature of both fluid
and porous layers

T, inlet temperature of fluid

T, wall temperature

U dimensionless horizontal velocity in
porous layer, V,/V,
vV dimensionless vertical velocity in

porous layer, V,,/V,
Ve inlet velocity of fluid
V.  horizontal velocity in fluid layer

V.,  horizontal velocity in porous layer
V,e  vertical velocity in fluid layer

V,,  vertical velocity in porous layer

x horizontal coordinate

diffusion coefficient [k/(pC,)]
coefficient of volume expansion
density
dynamic viscosity
kinematic viscosity (v = u/p)
dimensionless temperature in porous
layer, 8 = (T, — Ty)/(Ty— Tp)
0, dimensionless temperature in porous
layer, 8, = (Tp_ T/ (Ta—To)
6., dimensionless temperature,
Om = (Tos— T)/(T,— To)
0, dimensionless wall temperature,

=" ™R

0,=1
£ porosity.
Superscript

* fluid layer.

Subscript

effective

fluid

porous

wall

horizontal direction
vertical direction.

< %X €T ™Mo

interface between a Newtonian fluid and an isotropic
porous medium was first suggested by Beavers and
Joseph [12] in 1967. Neale and Nader [13] repeated
the research by using the Darcy—Brinkman model in
1974. They found the B-J slip condition is exactly
satisfied. An excellent review of the research on flow
past porous layers has been reported by Rudraiah
[14]. Using the non-Darcy model, Poulikakos and
Kazmierczal [15] and Jang and Chen [16] studied fully
developed forced convection in a horizontal channel
filled with porous/fluid layers. Vafai and Kim [17]
developed an analytic solution for the fully developed
composite system. Tong and Scharatchandra [18] also
discussed the problem in ref. [17]. As far as we know,
there are very few papers on the problems of mixed
convection of developing or fully developed flow and
heat transfer in a parallel-plate channel partially filled
with porous medium. This has motivated the present
investigation.

2. MATHEMATICAL FORMULATION

The analysis is based on solving the transport equa-
tions for two-dimensional flow through a vertical par-
allel-plate channel partially filled with porous
medium, depicted in Fig. 1. The two parallel plates
have an equal and constant temperature (7)) on the
wall. Fluid enters the parallel-plate channel from
below with a uniform velocity profile (¥,) and a con-
stant low temperature (7,). The symbol, Rs, rep-
resents the dimensionless thickness of porous layer.
It is assumed that the flow is steady, laminar, two-
dimensional and incompressible. The radiation and
thermal dissipation effect are neglected. In addition,
permeability and thermal conductivity of porous med-
ium are homogeneous and isotropic, and in local ther-
mal equilibrium with the fluid. The Boussinesq’s
approximation is valid, and p = p,[1 - f(T—T,)] for
fluid density is adopted in the buoyancy term. There
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Fig. 1. Physical model and coordinate system of vertical
parallel-plate channel.

is no heat source and chemical reaction in the parallel-
plate channel.

The conservation equations for mass, momentum,
energy, and boundary conditions in the fluid region
are

ou*  ov*
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All the variables in the fluid region have been non-
dimensionalized based on the following definitions:
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where T, is the bulk mean temperature of both fluid
and porous layers.

The generalized flow model known as the Brink-
man-Forchheimer-extended Darcy model was used in
the conservation equations in the porous region. The
following are the governing equations in the porous
region:

ou oV
EA;-FE—O (7)
au ou ,0P ¢ (U U
U5}+Vﬁ—_8 6_X+E<ﬁ+ﬁ>
1 c
_ZA_..— R
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1 c Gr
_82(DaRe + WIVI)VHZ 20D O

2 2
U@G o0 1 (69+00>. (10)

x T ey = Prre\ax: T ay?

Kand C are the permeability and inertia coefficients
of porous medium and are represented, respectively,
by the correlations [19]:

r_ 4 _ L5
175(1—¢)? J175
X=1 U=0 V=0 6=1
Y=0 U=0 V=1 6=0
_y 2P oo W %
Y=Yo=12 U=0 =0 72=0. (D)

All the variables in the porous region also have
been nondimensionalized based on the following
definitions:

T S A
Xo Xo Vo Vo
P, Ve T, o T,—T,
P=svi =y =701, %=1,
Gr = gﬁ(Tw_zTo)x?) Re = Voxo Da = 52
Ve Ve Xg
(12)



1334

It should be noted that the relationships for Pr,
Re and Gr in the fluid/porous layer are described as
follows:

(1) Using the equation k. = ek;+ (1 —e)k, [20].
Where k. is the effective thermal conductivity of the
fluid-saturated porous layer, k;and k, are the thermal
conductivity of the fluid and porous medium, respec-
tively. So, we can have

where Gama = ?p

f

Pr = Pr*/[e+ (1 —e)Gama],

(2) v. = v [13] then Re = Re* and Gr = Gr*.

It is worthwhile to note that the interface of the
composite system is handled as in Vafai and Kim [10]
[using equations (1)—(4) and (7)—(10) to calculate the
variables at the interface].

The local friction coefficient and local Nusselt num-
ber at the wall are

C_26V 4 Nu = 2 a8
TReox|_, M M™T1le,ex|._.
Tm_TO
where 0, = T.-T,

3. NUMERICAL ANALYSIS

The model equations are solved numerically using
the SIMPLEC algorithm. This approach was sug-
gested by Doormaal and Raithby [21] who modified
the SIMPLE algorithm initiated by Patankar and
Spalding [22] and Patankar [23]. The hybrid scheme
is used for the convection terms and diffusion terms.
By using the idea of ref. [10], the set of differences is
solved over the entire region of interest to obtain new
values for any desired variable by taking into account
the latest known estimated values of those variables
on the neighboring nodes.

A numerical scheme with nonuniform 33 x 90 grids
was applied to the present physical system. The finest
grid, of size 0.01 and located adjacent to the wall, inlet
region and interface of porous/fluid layer, is chosen
to get more detailed situation of the flow field. The
adequacy of the grid is verified by comparing the
results computed with 60 x 90 grids and 60 x 142 grids.
The comparisons for the temperature and velocity
distributions at different directions are satisfied. The
maximum discrepancy of local Nusselt numbers along
surface is less than 5%. In order to diminish the mem-
ory and computational time and still have the numeri-
cal accuracy, the nonuniform 33 x90 grids were
applied to the present physical system.

Applying the discretization procedure, the
coefficient matrix of difference equations is trans-
formed into a tridiagonal matrix by the ADI scheme,
and solved by the TDMA method. Meanwhile, we
quoted the E-factor [21] and SOR scheme to increase
the convergence speed in every iteration. The numeri-
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cal iteration was repeated until the following con-
vergence criterion was satisfied:

1 71
q)i./ _ (Di,j

<1073,
@, |

max

where @ could be the U, V, P, 8§, U*, V* P* or 6*,

4. RESULTS AND DISCUSSIONS

In order to confirm the validity of this numerical
model, the numerical result was compared with the
classical one in an extreme condition (Rs =0, no
porous medium). The obtained velocity, temperature,
and local Nusselt number are in fairly good agreement
with the data reported by Bejan [20], as shown
in Table 1. In this study, the ranges of simulation
parameters are: 0 < Rs<0.5, 107° < Da< 107,
0<Gr<10t, Re=50, Pr=072, £¢=0.8 and
Gama = 10.

4.1. Effects of porous layer thickness

Figure 2 shows the effects of porous layer thickness
on the flow velocity distribution in a vertical com-
posite parallel-plate channel. Due to flow resistance
in a porous medium, more fluid flows into the fluid
layer from the porous layer as the thickness increases
from 0 to 0.5. As a consequence, flow velocity near
the center line of the parallel-plate channel increases
as the thickness (Rs) increases. However, the hyd-
rodynamic entrance length decreases as thickness (Rs)
increases. The numerical results are also shown in
Table 2. Figure 3 shows the variation of temperature
distribution with different porous layer thicknesses.
When the porous layer exists, i.e. Rs > 0and ¥ = 0.1,
there is a lower fluid temperature for X > 0.74 and
Rs = 0.5. This is resulted by a large flow velocity in
the porous layer. Because of high temperature fluid
flowing into the fluid region and a high conductivity
of porous medium, the fluid temperature is higher for
X <0.74 and Rs = 0.5. At Y = 0.5, the fluid tem-
perature increases as the porous layer thickness
increases. This is due to the high thermal conductivity
of porous medium. When Y increases, the average
flow velocity in the fluid layer decreases as the porous
layer thickness decreases. More thermal energy is
absorbed by fluid and the fluid temperature rises
quickly. This results that the thermal entrance length
becomes shorter as the porous layer thickness
decreases. The numerical results are shown in
Table 2.

Figure 4 shows the variation of the local Nusselt
number with different porous layer thicknesses. For

Table 1. The comparison of present result of fully developed
Nusselt number and Bejan’s result [20]

Grids Present result Bejan result [20]

33x90 7.543 7.54
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Fig. 2. The variation of velocity with different porous layer thickness (Gr = 10°, Re = 50, Da = 1075,
Gama = 10, Pr = 0.72, ¢ = 0.8).

Rs >0 and at the inlet region (¥ <0.3), a thick
porous layer inducing high fluid velocity and better
convection effect results in larger local Nusselt
numbers. However, as ¥ > 0.3, the Nuof Rs = 0.2 is
greater than the Nu of Rs = 0.5. For Rs = 0.5 and at
near Y = 1, the fluid pressure in the porous layer is a
little less than the pressure in the fluid layer at the
interface of composite system which results in the
fluid with a lower temperature flowing into the porous

layer. In the meantime, the heat transferred from the
wallis less than the heat transferred out by conduction
and convection in the porous medium. Hence, the
bulk mean temperature 7, decreases slightly and the
local Nusselt number increases slightly.

Figure 5 shows the variation of pressure drop with
different porous layer thicknesses. When Rs is larger,
the total drag produced by the composite parallel-
plate channel is large. A greater pressure difference is

Table 2. The variation of entrance length with different parameters (general

parameter values

Rs =02, Da=1073,

Gama = 10, ¢ = 0.8)

Gr =1000, Re =50, Pr=0.72,

Rs Da Gr
parameter length parameter  length parameter  length
Hydrodynamic entrance length
0 46 107! 46 0 7
0.2 42 1073 44 10° 42
0.5 7 1073 42 10* 62
Thermal entrance length
0 47 107! 40 0 55
0.2 55 103 53 10° 54
0.5 66 1073 55 10* 49
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needed to push the fluid. Figure 6 shows the variation
of the local friction coefficient with different porous
layer thicknesses. Due to the drag force of the porous
medium, the fluid in the porous layer diminishes
rapidly. This results in a great change of velocity gradi-

Nux

Fig. 4. The variation of local Nusselt number with different
porous layer thicknesses (Gr = 10°, Re = 50, Da = 1073,

10073
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Fig. 3. The variation of temperature with different porous layer thickness (Gr = 10°, Re = 50, Da = 1077,
Gama = 10, Pr =0.72, ¢ = 0.8).
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Gama = 10, Pr =0.72, ¢ = 0.8).

ent and the local friction coefficient decreases sharply
at the inlet region (Y < 2). From the numerical
results, it also can be observed that as Y > 2 the local
friction coefficient decreases as the porous layer thick-
ness increases from 0 to 0.2. However, the local fric-

800
600 \
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2001 AN
] \
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4 N
] Mo e
R e e et S S S
0.0 10 100

1 0.1 7
Y

Fig. 5. The variation of pressure drop with different porous
layer thicknesses (Gr = 10°, Re = 50, Da = 10~°, Gama =

10, Pr = 0.72, & = 0.8).
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tion coefficient increases as the porous layer thickness
increases from 0.2 to 0.5 (due to the large velocity and
velocity gradient at the wall). Therefore there is a
minimum C; existing at Rs near (0.2.

4.2, Effects of Darcy number

Figure 7 shows the variation of velocity with differ-
ent Darcy numbers. When Y and Da are small, there
is a large velocity difference at the interface of the
composite system. Meanwhile, the convexity of the
fluid velocity distribution in the fluid layer is obvious.
When Y increases, the flow discharge in the porous
layer diminishes, and the convexity of the fluid vel-
ocity profile moves to the central axis of the vertical
parallel-plate channel. For small Da, ie. low per-
meability, most of the fluid is forced to flow into
the fluid layer, the central velocity increases, and the
hydrodynamic entrance length is reduced. The results
are shown in Fig. 7 and Table 2. Figure 8 shows the
variation of temperature with different Darcy

orous
[poTot

(porous
'medium|

Fig. 7. The variation of velocity with different Darcy numbers (Rs = 0.2, Gr = 10°, Re = 50, Gama = 10,
Pr=1072,¢=0.38).
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Fig. 8. The variation of temperature with different Darcy numbers (Rs = 0.2, Gr = 10°, Re = 50,
Gama = 10, Pr =0.72, ¢ = 0.8).

numbers. At ¥ < 0.5, at the same radial position the
fluid temperature is higher for the smaller Da. This is
due to more heat being absorbed by the fluid in the
porous layer. While Y increases, there is less fluid in
the porous layer and the convective effect and tem-
perature gradient are reduced. Therefore, the thermal
entrance length increases as Da decreases. This is
shown in Fig. 8 (¥ = 66) and Table 2.

Figure 9 shows the variation of local Nusselt num-
ber with different Darcy numbers. The temperature
gradient at the wall reduces as Y increases. Therefore,
the heat transfer and Nu, decreases. When Da
increases, there is a larger fluid velocity in the porous
layer and a larger convective effect at the wall, which
increases the value of local Nusselt number. Figure 10
shows the variation of pressure drop with different
Darcy numbers. When the value of Da decreases, the
penetrating capability of a porous medium diminishes
and induces more drag force on fluid. There is larger
pressure drop existing in the entrance region, hence,
the pressure drop increases as the value of Darcy
number increases.

Figure 11 shows the variation of local friction
coefficient at the wall with different Darcy numbers.
Due to the fluid velocity, the gradient in the porous

medium decreases as Y increases, the local friction
coefficient decreases as Y increases. At Y < 0.5 a smal-
ler Da number has a larger velocity gradient and local
friction coefficient at the wall. This is due to the fact

100-

Nu,

10

L R R T T

0.01 0.1 1 10
Y

T

100

Fig. 9. The variation of local Nusselt number with different
Darcy numbers (Rs = 0.2, Gr = 10°, Re = 50, Gama = 10,
Pr=0.72,6=0.8).
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Fig. 10. The variation of pressure drop with different Darcy
numbers (Rs =02, Gr=10°, Re=150, Gama = 10,

Pr=0.72,¢=0.8).

that the fiuid still does not flow out of the porous
medium rapidly. At ¥ > 0.5, because of low flow vel-
ocity existing in the porous medium, a smaller Da has
a smaller local friction coefficient.

2.0
1.5 1
i
o 3 lporous
> 3 medium
1.0 T———
Nas
] Y=0.1
0.5 A
1 — 6r=0
1--- 6r=1000
3 Gr=10000
0.0 frrrrrerrreree R NS S
0.0 0.2 0.4 0.6 0.8 1.0
X
2.0 4
159777 .
=] ] 4 norous
= ] . Y imedium
1.0 4 ..~ H
Nas x
] Y=3.0
0.5
1— 6r=0
1 --- 6r=1000
] e ¢r=10000
0.0 e b

00 02 04 06 0.8 1.0
X

1339
1004
107
o ] ﬂ\
S )
8 14 BT T TS
S -
0.1 3—— Da=10"" }
}--- Da=10"0 "
P Da=10
0.01 |
0.01 0.1 v 1 10 100

Fig. 11. The variation of local friction coefficient with differ-
ent Darcy numbers (Rs=0.2, Gr=10°, Re=>50,
Gama = 10, Pr = 0.72, ¢ = 0.8).

4.3. Effects of Grashof number

The purpose of this section is to understand the
influences of the buoyancy terms in equations (3) and
(9) to the flow field and heat transfer in the composite

2.0 7
1.5
o 1 lporous
o 2 medium
1.0 4
D
0.5 ] \
{—— Gr=0
i --- Gr=1000 ¥
J - Gr=10000
0.0 “rerrrer T ARNaaaREAEL
0.0 0.2 0.4 X 0.6 0.8 1.0
2.0
1.5
o N orous
= ‘meds
1.0 \
N
Y=66
0.5 \
—— Gr=0 \
-—- Gr=1000 \
--------- Gr=10000
0.0 e (BARARSASaasaasananel Soonaons

0.0 02 04 06 08 1.0
X

Fig. 12. The variation of velocity with different Grashof numbers (Rs = 0.2, Re =50, Da = 107",
Gama = 10, Pr=0.72, ¢ = 0.8).
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system, i.e. the effect of Gr/Re®. As Re is fixed, from
the value of Gr/Re?, the importance of the buoyancy
terms increases with increasing Gr. Therefore, by
knowing the effect of Gr, the buoyancy effect in the
mixed convection of the composite system is under-
stood.

Figure 12 shows the variation of velocity with
different Grashof number. When the Grashof number
increases, the fluid near the wall has a larger buoyancy
force and a greater velocity. At Y = 3.0 and Gr = 10%,
the fluid near the surface of a composite system has a
strong buoyancy effect which makes the central vel-
ocity smaller than the inlet velocity. When Y increases,
the heat is transferred gradually into the fluid from
the wall. As expected, the temperature difference and
buoyancy effect of the fluid are reduced along the
radial direction. For further Y position, the velocity
profiles almost remain the same. From the numerical
results, it is observed that the fluid velocity has only a
slight difference for Gr =0 and Gr = 10°. For Gr
greater than 1000, the buoyancy effect of the fluid has
important effects. For example, the strongest buoy-
ancy effect exists along the radial direction near
Y = 3.0, and hence, the central velocity of the fluid
is lower. When Y increases, because of the central
temperature and the buoyancy effect increases, the

1.0 5 Gr=0
] - -~ €r=1000
--------- Cr=10000
I Y=0.1
o 0.6
0.4

tiagarplugg

£l

X
1.0 - " er=0
3 -~ Gr=1000
] e Gr=10000
0.8 Y=3.0
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central velocity increases. Therefore, the hyd-
rodynamic entrance length increases as Gr increases,
as shown in Table 2.

Figure 13 shows the variation of temperature with
different Grashof numbers. At ¥ < 0.5, the buoyancy
effect and flow velocity of fluid in a porous medium
are larger for the larger Grashof number. This results
a large convection and hence the fluid has lower tem-
perature for larger Gr. At ¥ = 3.0 and Gr = 10*, the
fluid has a larger buoyancy effect and this makes the
central velocity lower. At the same time, the fluid near
the central axis absorbs more heat by conduction and
has a higher temperature. Therefore, the thermal
entrance length is shorter, as shown in Table 2.

Figure 14 shows the variation of local Nusselt num-
ber with different Grashof numbers. At the inlet
region (Y < 0.3), the effect of Gr on the local Nusselt
number is not obvious. When Y > 0.3 and Gr > 10°,
the convection effect produced by the buoyancy force
is strong enough to increase the temperature gradient
at the wall. It can be concluded that the buoyancy
effect cannot be neglected when the value of Grashof
number is greater than 10*. Figure 15 shows the vari-
ation of local friction coefficient with different
Grashof numbers. At ¥ < 1.5, there is a great vari-
ation of fluid velocity gradient in a porous medium,
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Fig. 13. The variation of temperature with different Grashof numbers (Rs = 0.2, Re = 50, Gama = 10,
Pr=0.72,e =0.8).
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Fig. 14. The variation of local Nusselt number with different
Grashof numbers (Rs=02, Re=50, Da=107%
Gama == 10, Pr = 0.72, ¢ = 0.8).

because of this the flow discharge reduces rapidly.
Hence, the local friction coefficient decreases sharply.
On the other hand, at Y > 1.5, the local friction
coefficient is very small. From the numerical results,
it is found that Gr increases the fluid velocity near the
wall and the local friction coefficient.

5. CONCLUSIONS

From numerical calculation and analysis, the fol-
lowing conclusions can be made:

(1) When a porous layer thickness increases, the local
Nusselt number decreases, and pressure drop
increases, the hydrodynamic entrance length
becomes shorter, and the thermal entrance length
becomes longer. According to the change of
porous layer thickness, there is a minimum non-
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Fig. 15. The variation of local friction coeflicient with differ-
ent Grashof numbers (Rs=0.2, Re=50, Da=10"7,
Gama == 10, Pr=0.72, ¢ = 0.8).
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zero local friction coefficient existing near
Rs=0.2.

When a Darcy number increases, the local Nusselt
number and the friction coefficient increase, pres-
sure drop decreases, the hydrodynamic entrance
length becomes longer, and the thermal entrance
length becomes shorter.

When a Grashof number increases, the local Nus-
selt number and friction coefficient increase, the
hydrodynamic entrance length becomes longer,
and the thermal entrance length becomes shorter.
Moreover, the change of velocity in the composite
system is severe due to a stronger buoyancy effect.
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