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A numerical analysis of transient natural convection in vertical finite length plates with transient
symmetric isoflux heating has been performed. The parameters studied are Prandtl number 0.7, channel
aspect ratio 5, and steady-state Grashof numbers ranging from 10 to 10% From the results, it is found
that the effective time when the natural convection effect becomes significant relative to conduction (7,,)
is strongly dependent on the steady-state Grashof number and the local position on the channel wall. In
addition, transient thermal and flowfields, including isotherms, pressure contour, streamlines, and velocity
profiles for various steady-state Grashof numbers are also presented and discussed. A new composite
correlation of a transient-induced Reynolds number for a vertical finite length channel with various
transient Rayleigh numbers is proposed. For local heat transfer characteristics along the channel surface,
the transient Nusselt number at a specified location decreases with time in the beginning period of 0 =
T < T,, Whereas it gradually increases with time in the transient period of 7,, < 7. A rapid switching of
heat transfer mode on transient Nusselt number distribution can be found at large steady-state Grashof
numbers, say, Gr, > 10° Finally, the present numerical steady-state results of a local Nusselt number are

consistent with the existing correlation in the range of 10 = Gr, < 10°

Nomenclature
A = channel aspect ratio, L/H
Gr, = steady-state Grashof number, Bgq..H Tkv>
g = gravitational acceleration
H = channel spacing
h, = local heat transfer coefficient

= thermal conductivity of fluid

channel length

= extended lengths of computational
domain

Nu, = local Nusselt number, h,.x/k

dimensionless pressure, Eq. (2)

Prandtl number, v/«

fluid pressure

dimensionless transient induced flow rate

heat flux of the plate

Ra, = steady-state channel Rayleigh number,
Bgq.H lTkavL

= transient-induced Reynolds number, Q/Gr,

= fluid temperature

time

= dimensionless fluid velocity in X, Y
directions, Eq. (2)

= fluid velocities in x, y directions

dimensionless coordinates, Eq. (2)

coordinates

thermal diffusivity of fluid

= thermal expansion coefficient of fluid
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AT = dimensionless time step

(C) = dimensionless temperature, Eq. (2)

v = kinematic viscosity

p = fluid density

T = dimensionless time, Eq. (2)

Ton = dimensionless effective time of significant
natural convection occurrence

Subscripts

c = transient convective value

cs = steady-state convective value

m, max = maximum value

min = minimum value

s = steady state

w = channel wall

X = local value of the quantity

0 = at ambient

Superscripts
0 = at the previous time step
- = average quantity

Introduction

TEADY-STATE natural convection in a vertical semi-in-
finite channel has been extensively studied.' ® Recently,
an approximate numerical correlation of a local Nusselt num-
ber for steady-state laminar air (Pr = 0.7) natural convection
between vertical parallel plates with unequal heat fluxes was
proposed by Miyatake and Fujii.
Generally, the following assumptions were made by earlier
researchers in their computational studies.
1) The inlet temperature and velocity profiles were uniform.
2) The only mode of heat transfer from the channel is natural
convection.
3) The channel length was assumed to be semi-infinite, i.e.,
the channel aspect ratio is large so that the boundary-layer
approximations were valid.
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Most of the studies have dealt with boundary-layer flow, but
the effect of the elliptic nature of the flow has not, to the
authors’ knowledge, been definitely established.

To remove any assumptions that needed to be made on the
velocity and temperature profiles at the channel entrance, Ra-
manathan and Kumar® presented the numerical results of nat-
ural convective flows between two vertical parallel finite
length plates within a large solid enclosure. Their results were
in good agreement with those of the semi-infinite channel
cases reported in the literature for large aspect ratios, but not
for small aspect ratios. They concluded that this discrepancy
was because of the neglect of thermal diffusion in the vertical
direction of the channel. They also addressed that the geo-
metric dimensions of the large solid enclosure were maintained
at appropriate values such that the enclosure had no effect on
the results. According to our observation, however, heat trans-
fer in a finite length channel is influenced by the heat transfer
between the fluid within the solid enclosure and the enclosure
walls. Furthermore, their definition of Nusselt number based
on the centerline temperature at the channel entrance, which
varied under different Rayleigh numbers and aspectratios, was
not appropriate for interpreting the heat transfer characteristics
of the finite length channel in free space, especially for low
Rayleigh numbers and small aspect ratios. Moreover, no in-
formation related to the induced Reynolds number in such a
configuration was reported in their study. In addition, Hung et
al.” experimentally presented a generalized composite equation
of steady-state Nusselt number at the center location of chan-
nel wall, which can be applied to the complete range of flow
development in a vertical finite length channel with asymmet-
ric isoflux heating conditions.

More recently, to consider the effects of vertical thermal
diffusion and free space stratification, Lin et al.'® performed a
numerical study of steady-state natural convection within a
vertical finite length channel in free space. The effect of heat
conduction in the streamwise direction on the temperature dis-
tribution at the channel entrance was explored. From their re-
sults, the assumption of uniform ambient temperature distri-
bution can be employed only for cases with both high Rayleigh
numbers and high aspect ratios. For the velocity profile at the
channel, a fully developed profile can be properly assumed for
cases with both a small Rayleigh number and a small aspect
ratio; on the other hand, a uniform velocity profile can be
reasonably assumed for cases with both a large Rayleigh num-
ber and a large aspect ratio. Besides, the average steady-state
channel Nusselt number and the dimensionless maximum tem-
peratures occurred in the channel for the cases with a low
Rayleigh number and these results for a small aspect ratio
deviated significantly from the existing data. Finally, a new
correlation of the steady-state-induced Reynolds number for a
vertical finite length channel with an isoflux heating was also
presented in their study.

As for the transient heat transfer behavior of natural con-
vection, a series of investigations for transient characteristics
from a vertical heated surface had been surveyed by Gebhart
et al."' However, most calculations discussed by Gebhart et
al."' were based on idealized postulates concerning the tran-
sient behavior of either the surface temperature or the heat
flux. Specified changes of surface temperature or surface heat
flux, including steps, were assumed. These kinds of transient
boundary conditions are neither found in practice nor are they
usually attainable in the laboratory. For the transient heat trans-
fer behavior of natural convection in a vertical finite length
channel, a careful examination of the existing literature reveals
that Hung and Perng'” were the only ones to study the transient
natural convection between vertical parallel plates. They con-
ducted a series of systematic experiments for measuring tran-
sient natural convective heat fluxes in a one-sided heated ver-
tical channel. The effects of H and g. on the distribution of
transient convective heat flux were explored. A generalized
correlation was finally proposed to present the distribution of

transient convective heat flux as a function of time during the
power-on transient period. This correlation was presented in
the following form:

glgs =1 — exp(—0.00257) 1)

where ¢. and g represent the transient convective heat fluxes
at t and steady state, respectively. The correlation was valid in
the ranges of H = 0.007-0.160 mm and g, = 40-270 W/m?
(or Ra, = 2.86 X 10°-4.09 X 10°).

From the foregoing literature survey, steady-state natural
convection heat transfer in a vertical semi-infinite channel had
been investigated theoretically and experimentally. Investiga-
tions on natural convection within a vertical finite length chan-
nel in free space were scarce, however, especially on transient
heat transfer behaviors. To obtain further understanding on
transient phenomena within a vertical finite length channel in
free space, the present objectives are as follows:

1) Investigate the effective time of significant natural con-
vection occurrence within a vertical finite length channel.

2) Present a new correlation of 7,, related to transient
Grashof number and the location of interest on the channel
plate.

3) Explore all relevant transient behaviors such as the tran-
sient local temperature distributions, transient maximum di-
mensionless temperature on channel surface, and transient lo-
cal Nusselt number.

4) Propose a new composite correlation of transient-induced
Reynolds number in terms of transient Rayleigh number.

Mathematical Formulation

The schematic of a vertical finite length channel considered
in the present study is shown in Fig. 1. A two-dimensional,
transient, laminar natural convection is induced by the buoy-
ancy force in the fluid. Fluid properties except density are as-
sumed constant. The density variations in the equations for the
changing rate of mass and momentum are considered in the
present analysis. Besides, the viscous dissipation and the com-
pressibility effect in the energy equation are neglected.

In the present study, the primary interests are in both tran-
sient- and steady-state results on the onset of natural convec-
tion and transient characteristics under different Grashof num-
bers. For calculating transient natural convection solutions, a
small time step of A7 = 107 is chosen. In the analysis it is
necessary to obtain converged results of the system of alge-
braic equations at each time step. Therefore, at each time step,
the coefficients of the system are calculated until the converged
results are obtained. At successive time steps, the results ap-
proach the steady-state values. When ¢ = 0, the channel plates
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Fig. 1 Computational domain with relevant boundary condi-
tions.
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and the fluid are initially kept at the ambient temperature 7.
When ¢t > 0, the channel plates are heated with a generalized
correlation of transient convective heat flux expressed in Eq.
(1), which was experimentally proposed by Hung and Perng."”
The transient convective heat flux on channel plate continu-
ously increases with time. Finally, the transient heat flux will
approach a steady-state isoflux heating.

Governing Equations

With the previously mentioned assumptions and the follow-
ing transformations:

X y tv uH vH
X=— Y= 7=—5 U=— V=—
H H v v
— po)H? 1 — L
po P PH 5 1 <p - P0> _L
pv p\T —T, H
Gr. = ﬁgqcsH4 _ T—T, _ Bgq.H’> _ Gr,Pr
* kv? qeHIk * kavL A

The governing equations can be written in dimensionless forms
and expressed as follows:
Continuity equation:

= (£ + +—==0

L(de, o0, o0\ 23U 3V
p \or 0x oY)  ax 9y

X-momentum equation:

oU ou oU opP a’U U
—HU—=4+V—=——+GCrO+—+— 4
or oX oY 1.4 1.4 aY
Y-momentum equation:
oV oV oV aP 3’V 8%V
—+tU—=+V—=—— + — + — (5)
or 0X )4 aY  oX aY
Energy equation:
00 00 0 1 (0’0 0570
— U=+ V=== =+ — (6)
or 1.4 aY  Pr \oX aY

Treatment of Initial and Boundary Conditions

Governing equations, Eqs. (3-6), are elliptic forms with
transient term. Therefore, it is necessary to have initial and
boundary conditions specified over all of the domain studied.
Since the present analysis domain is symmetric, only half of
the configuration is needed to simulate the problem. Moreover,
since the channel-plate thickness is assumed much smaller than
the channel spacing, say H/25, the conduction heat transfer
within the plate itself can be neglected. Thus, the dimension-
less initial and boundary conditions over all boundaries of the
domain can be expressed as shown in the following text.

Initial Conditions
In the whole computational domain (7 = 0):

U=V=P=0=0 at —L,/H=X=A+ Lis/H

(7
or 0=Y=0.54+L,/H
On the channel plates (7 = 0):
90
-— = at 0<X<A Y=05
aY
(8)
90 t 0<X<A Y=0.54
o7 - a <X< =0.

Boundary Conditions

All of the boundary conditions on the centerline symmetric
boundaries, the solid-plate boundaries and extended bounda-
ries in free space for analysis, are shown in Fig. 1. Conse-
quently, the dimensionless boundary conditions can then be
expressed in the following.

On the centerline of channel:

—=V=—=——= at Y=0 9)
On the channel plates:

00
U=V=O§=1 —exp(—A7T) at 0<X<A, Y=0.5
(10)

where A = 0.0025H/v.

00
U=V=OW=O at 0<X<A, Y=054

Boundary conditions in free space:
U=V=P=0=0 at X —> £ YV > » an

For selecting a reasonable computational domain of —L,/H
=X=A+ Ly/Hand 0 =Y = 0.54 + L,/H in numerical
calculations, the boundary conditions of Eq. (11) become

U=V=P=0=0 at =—L/H,X=A+ Li/H

or Y=0.54 + L,/H (12)

For the problem under consideration, flowfields, temperature
distributions, and heat transfer characteristics are usually of
interest. Thus, the transient local Nusselt number representing
transient local heat transfer performance in the channel is de-
fined as

L (C)

h, 1 — —A
LS <£> [M} 13)
In addition, the transient-induced flow rate in the channel can
also be defined as

H 1
1

Q(_:—f udy:f U dy (14)
Y Jo 0

Numerical Method

In the present research, the governing equations, Eqs. (3-
6), with the associated initial conditions and boundary condi-
tions, Eqs. (7-12), are solved numerically by the finite differ-
ence method. A staggered grid system is employed in the pres-
ent study. The velocity components are calculated for the
points that lie on the faces of the control volumes. Further-
more, to convert the governing equations, Eqgs. (3-6), into
algebraic equations known as discretization equations, the gov-
erning equations are integrated over each control volume.
Thus, a set of discretization equations are derived by integrat-
ing Eqgs. (3-6) over the control volume with the power-law
scheme. These equations, then, are solved by using the itera-
tive numerical scheme based on the SIMPLEC algorithm,"
which was originally proposed by Van Doomaal and Raithby."*

The algebraic system of the finite difference equations is
solved by the alternating direction implicit (ADI) method. At
each time step, the algebraic equations are solved repeatedly
with the ADI method, and the convergence criteria including
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the balances of U, V, P, and T, and the overall mass for the
whole computational domain are

- ¢
d)max

> |smz

where ¢ represents U, V, P, or T; the superscript 0 represents
the values of the variables at the previous time step; the sub-
script max represents the maximum value over the entire do-
main; and = |Smj| represents the summation of absolute val-
ues of residual mass over the entire domain.

It should be noted that the Boussinesq approximation in nat-
ural convection can be employed in the present study when
the steady-state Grashof number is small (e.g., Gr, = 10°).
However, for the cases with higher steady-state Grashof num-
bers, say, Gr, > 10°, the grid cells in the flow region near the
upper parts of the channel plates have larger absolute values
of mass residual, and then the summation of absolute values
of residual mass over the entire computational domain cannot
be converged down to 107> The main reason may be that the
temperatures in those grid cells varied sharply because of the
strong driving buoyant force, so that the Boussinesq approxi-
mation cannot be employed in all of the calculation domain.
Therefore, the density-variation effect should be included in
the continuity equation in the present calculations [see Eq. (3)],
especially for the cases with a steady-state Grashof number
higher than 10°.

=5x%x10" (15)

=107 (16)

Results and Discussion

A numerical analysis of transient natural convection within
a vertical finite length channel in free space has been per-
formed in the present study. The parameters studied are Pr =
0.7, A = 5, and Gr, ranging from 10 to 10°. Under different
Grashof numbers, the relevant transient thermal and fluid-flow
characteristics such as isotherms, pressure contours, stream-
lines, velocity fields, local temperature distribution, maximum
wall temperature distribution, buoyancy-induced flow rate, and
local Nusselt number distribution are explored.

To achieve an acceptable transient numerical accuracy as
well as to save computational CPU time, it is necessary to
perform computational domain, grid size, and time step tests.
In selecting a reasonable finite computational domain to rep-
resent an infinite free space for numerical analysis, five kinds
of extended boundaries defined in Fig. 1 have been tested for
steady-state cases in the study of Lin et al.'"” For a comparison
of their steady-state results, the computational domain of L, =
L, =20L, and L5 = 25L was chosen for providing numerical
results of high accuracy. Thus, the same computational domain
is used in the present transient study. As for grid size test, five
grid sizes, 46 (in the X direction) X 48 (in the Y direction),
70 X 72, 82 X 84, 94 X 96, and 106 X 108, are tested for
the previously mentioned computational domain of L, = L, =
20L, and L; = 25L with Gr, = 2.86 X 107, A = 3.3, and A7 =
107° (Hung and Perng'®). As compared with the transient local
Nusselt number at x/L = 0.5 calculated with a grid size of 106
X 108, the average relative deviation of the results evaluated
with a grid size of 94 X 96 is 0.2%, with a maximum deviation
of 0.45% during the transient period of 0 < 7 < 8. Therefore,
we conclude that the grid size of 94 X 96 is acceptable and
can be employed with a high numerical accuracy. Furthermore,
in the present transient analysis, four time steps 1) At=4 X
107°,2)2 X 107>, 3) 107, and 4) 5 X 107° are tested for the
case of Gr,=2.86 X 107 and A = 3.3 with the computational
domain of L, = L, = 20L, and L; = 25L, and a grid size of 94
X 96. As compared with the transient local Nusselt number at
x/L = 0.5 calculated with AT =35 X 107° the average relative
deviation of the results evaluated with A7 = 107° is 0.34%,
with a maximum deviation of 1.45% during the transient pe-

riod of 0 < 7< 8. Thus, we conclude that the time step of AT
= 1077 is acceptable for high numerical accuracy and is chosen
in the present transient study.

Effective Time of Significant Natural Convection Occurrence

A transient convective heat flux dissipated from the channel
surfaces with a form expressed in Eq. (1) is assumed. When 7
= 0, the channel plates and the fluid are initially kept at To,
and ¢q. equals zero. After the power is switched on, the channel
plates are gradually heated with time. At a certain time during
the transient period, the heat transfer mode within the finite
length channel will switch from a pure conduction mode to a
natural convection mode. Therefore, it is very interesting to
explore an effective time when the natural convection effect
becomes significant relative to conduction (7,,) in such a ge-
ometric configuration. The effective time 7, is defined as the
time when the local dimensionless wall temperature ®,, has a
significant deviation, say, 5%, from that of a pure conduction
mode.

From the present study, it is obvious that 7,, is strongly
dependent on the transient Grashof number and the local po-
sition on the channel wall. At a specified location on the chan-
nel wall, 7, decreases with increasing Grashof number,
whereas 7, increases along the streamwise direction, x/L. A
similar trend for transient natural convection from a vertical
heated surface had been reported by Gebhart et al."' By using
a least-standard deviation method,” a new empirical correla-
tion for predicting 7, related to the steady-state Grashof num-
ber and the local position of the channel wall is proposed as
follows:

Ton = 4.667[(x/L)/Gr ] 17)

Equation (17) is valid for the cases with Pr = 0.7, A = 5,
and Gr, = 10>-10° As compared with the numerical transient
results, the average relative deviation of the data predicted by
Eq. (17) is 4.60%, with a maximum deviation of 7.25%.

Transient Thermal and Flowfields

Transient thermal and flowfields, including isotherms, pres-
sure contour, streamlines, and velocity profiles, for the typical
case of Pr = 0.7, A = 5, and Gr = 10°, during the transient
power-on period of 0 < 7 < 8, are shown in Fig. 2. In this
figure, the dimensionless temperature is defined as

0, = 0/0,,. (18)

where O, is the transient maximum dimensionless tempera-
ture on the plates at 7.
The dimensionless pressure is defined as

P P — Pmin (19)
"7 P — Prin

where P,.. and P, are, respectively, the transient maximum
and minimum pressures in the computational domain at 7. Be-
sides, the transient velocity profile is normalized by U.x, the
transient maximum dimensionless velocity in the computa-
tional domain at 7.

It should be noted that the results for 7 = 8§ may be consid-
ered as steady-state data in the present study. The main reason
is that the real times of 7 = 8 for the cases of H = 0.08 and
0.10 m are approximated as 54.2 and 84.8 min, respectively.
Thus, the consideration of 7 = 8 to achieve steady-state con-
dition is consistent with that presented by Hung and Perng."”
They reported that the steady-state conditions were achieved
within about 50 min after the power was switched on for nat-
ural convection of air within a vertical finite length channel.

From the transient isotherms shown in Fig. 2a, it is found
that the temperature gradient is symmetrically developed to
the channel centerline at 7 = 0.05. It is also seen that the
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Fig. 2 Transient thermal and flowfields for Pr = 0.7, A = 5, and
Gr, = 10 a) isotherms, b) pressure contours, c) streamlines, and
d) velocity profiles.

temperature distributions in the upper and lower regions of
the channel are almost the same. This means the conduction
mode dominates the heat transfer characteristics within the
channel. When time increases to 7 = 0.1, the conduction
mode begins to be affected by the driving buoyancy force
enhancement, and significant natural convection is about to

start. After 7 = 0.1, the natural convection will gradually
dominate the channel heat transfer. At 7 = 0.5, the effect of
natural convection on transient heat transfer behaviors be-
comes significant. The maximum dimensionless temperature
moves up to the location near the trailing edges of the chan-
nel plate (i.e., at X = A). When 7= 1.0, isotherms similar to
those at 7= 0.5 are continuously developing. At 7= 4.0, the
steady-state condition is achieved, and the isotherms are al-
most identical for 4.0 = 7 = 8.0. The relative deviation of
the maximum temperatures on the channel plates for 7= 4.0
and 8.0 is 1.2%.

From the distributions of transient pressure contours shown
in Fig. 2b, the high-pressure zone occurs in the region near
the trailing edges of the channel plates for 7= 0.05. A very
weak driving pressure gradient is induced near the inlet re-
gion of channel, and the low-pressure zone is formed near
the leading edges of the channel plates. Since the driving
pressure gradient is so small, the heat transfer behaviors are
merely dominated by heat conduction at this time. When time
increases to 7 = 0.1, a significant driving pressure gradient is
formed near the channel inlet region and the low-pressure
zone moves up from the channel inlet. The high-pressure
zone is moved away from the channel outlet. It is obvious
that the induced flow is enhanced upward from the channel
inlet. At 0.5 = 7 = 1.0, the driving pressure gradient near
the channel inlet region is more enhanced; and the induced
flow is more developing within the channel. During the tran-
sient period of 4.0 = 7 = 8.0, the pressure contours are al-
most identical. The average relative deviations of maximum
and minimum pressures for 7 = 4.0 and 8.0 are 1.37 and
5.51%, respectively.

As shown in Fig. 2c, the streamlines are so weak that the
fluid is almost still at 7 = 0.05. When time increases to 7 =
0.1, the strengths of streamlines increase significantly. At 0.5
= 7 = 1.0, the strengths of streamlines increase further. The
fluid is induced into the channel not only upward from the
far upstream region, but also from the lateral upstream re-
gion. The fluid flowing out from the channel looks like a jet
flow. At 4.0 = 7 = 8.0, the streamlines are almost identical.

Furthermore, the distributions of transient velocity profile
are also shown in Fig. 2d. As compared with the results at 7
= 8.0, the maximum velocity at 7= 0.05 is very small so that
the fluid may be considered to be still within the finite length
channel. When time increases to 7 = 0.1, it is seen that the
maximum velocity moves toward the centerline region; and
the onset of the natural convection may occur. At 0.5 = 7=
1.0, the buoyancy force becomes stronger and the maximum
velocity has moved to the centerline region to form a para-
bolic profile. Besides, it is also found that the velocity profile
at the channel inlet is almost uniform. At 4.0 = 7 = 8.0, the
velocity profiles are almost identical. The relative deviation
of maximum velocities for 7 = 4.0 and 8.0 is 0.37%.

As for the effect of steady-state Grashof number on tran-
sient behaviors, the transient results, including isotherms,
pressure contours, streamlines, and velocity profiles, for cases
of Pr = 0.7 and A = 5 with various steady-state Grashof
numbers at 7 = 0.1, 1.0, and 8.0 are explored. For 7 = 0.1,
the temperature gradient is symmetrical in the upper and
lower regions of the channel, and it is developed to the chan-
nel centerline for a low Grashof number, say, Gr, < 10°. The
heat conduction is the dominating mode within the channel
for lower Grashof numbers. Nevertheless, for a higher
steady-state Grashof number, say, Gr, = 10° it is seen that
the thermal boundary layer exists throughout the channel and
the natural convection dominates the channel heat transfer.
The present results show that the induced pressure gradient
is very weak near the inlet region of channel for Gr, < 10%
whereas, a strong pressure gradient is induced near the chan-
nel inlet region for Gr, = 10°. Accordingly, there are no
strong streamlines occurring for Gr, < 10°, but the significant
strengths of the streamlines exist in the whole channel for
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Gr, = 10°. Additionally, the results also reveal that the fluid
is induced directly upward, not only from the channel bottom
region, but also from the lateral upstream region for high
Grashof number cases, say, Gr, = 10°. The maximum veloc-
ity for Gr, < 10 is so small, compared with that for Gr, =
10°, that the fluid is considered to be almost still. For high
steady-state Grashof number cases, say, Gr, = 10°, the strong
driving force generated in the region near the heated channel
walls speeds the fluid up in that region of the channel. Con-
sequently, the velocity profile with two peaks near the chan-
nel walls is generated in the channel. Similar trends for the
transient thermal and fluid flow behaviors can be found for
the cases of Pr = 0.7 and A = 5 with various Grashof numbers
at 7= 1.0 and 8.0. Note that the transient behaviors for 7 =
1.0 and 8.0 will be significantly affected when Gr, = 10> and
10, respectively, instead of Gr, = 10° for 7 = 0.1.

2.5 g
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Fig. 3 Normalized transient local wall temperature distributions
for cases with various steady-state Grashof numbers. 7 = a) 0.1,
b) 1, and ¢) 8.
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Transient Local Temperature Distributions

For the case of A = 5 and Gr, = 10°, the transient local
temperatures are almost uniformly distributed on the channel
surface and increase with time during the period of 0.05 = 7
= 0.10. It represents that the onset of natural convection has
not yet occurred during this time period. When time increases
to 7= 0.5, it can be found that the local temperature near the
leading edges of the channel is rapidly decreased, while that
near the trailing edges is rapidly increased. The natural con-
vection dominates the whole channel heat transfer behaviors.
When 7= 4.0, the maximum temperatures on the channel sur-
face are located nearby the trailing edges of the channel plates,
and the temperature profiles are almost in agreement with that
at 7= 8.0. The relative deviation of the maximum temperatures
between 7= 4.0 and 8.0 is 0.8%. Besides, the deviation of the
present steady-state data, i.e., at 7= 8.0, from that reported by
Wirtz and Stutzman,'® is 1.2%.

Furthermore, Fig. 3 exhibits the normalized transient local
wall temperature distributions for the cases of Pr = 0.7 and A
= 5 with various steady-state Grashof numbers. At 7 = 0.1,
shown in Fig. 3a, the heat transfer characteristics in the finite
length channel are mainly dominated by heat conduction for
Gr, < 107, whereas the characteristics are significantly affected
by natural convection at higher steady-state Grashof numbers,
i.e., Gr, = 10”. When time increases to 7= 1.0, as shown in
Fig. 3b, the heat transfer behaviors will be dominated by nat-
ural convection, except for the case of Gr, = 10. When time
increases further to 7= 8.0, the heat transfer characteristics for
all of the presently studied cases, i.e., Gr, = 10, are dominated
by natural convection.

Transient Maximum Wall Temperature Distributions

Figure 4 presents the distributions of transient maximum
temperature on the channel wall. The maximum wall temper-
ature decreases with increasing value of Gr, at a specific tran-
sient time; and the maximum wall temperature achieves an
invariant at 7 = 4. Figure 5 shows the relationship between
maximum wall temperature and Grashof number at steady
state. Comparisons of the present results at 7 = 8.0 with the
existing experimental and numerical correlations of maximum
steady-state wall temperature presented by Wirtz and Stutz-
man'® and Ramanathan and Kumar® are made in Fig. 5. From
these comparisons, the present results are consistent with Wirtz
and Stutzman’s correlation'® at moderately large values of Gr,,
say, Gr, = 10°, because the maximum wall temperature occurs
at the location near the trailing edge of the channel. The max-
imum relative deviation is less than 2.6%. Besides, a signifi-
cant deviation of the present results from Ramanathan and Ku-
mar’s correlation,” especially for the cases at Gr, = 10 and Gr,
= 107, can be found in Fig. 5. The reasons may be that the
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Fig. 4 Distributions of transient maximum temperature on chan-
nel wall for cases with various steady-state Grashof numbers.
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Fig. 6 Distributions of transient-induced Reynolds number for
cases with various steady-state Grashof numbers.

finite length channel was confined in a solid enclosure in Ra-
manathan and Kumar’s study.” The solid enclosure was not
large enough so that the natural convection performance may
be affected and reduced by the enclosure; consequently, larger
maximum wall temperatures as compared with the present re-
sults were obtained in their numerical study.

Transient-Induced Reynolds Number

The distributions of transient-induced Reynolds number for
Pr=0.7 and A = 5 with various steady-state Grashof numbers
are shown in Fig. 6. Similar to the method suggested by Chur-
chill and Usagi,”” which aims at obtaining an approximate
composite Nu correlation by appropriately summing the Nus-
selt numbers of the fully developed limit and of the isolated-
plate limit, a composite transient Re correlation of a vertical
finite length channel with various transient Rayleigh numbers
can be obtained in the following.

The derivation of the fully developed limit on the steady-
state induced Reynolds number was presented by van Door-
maal and Raithby.'"* Therefore, the fully developed limit of
modified transient-induced Reynolds number may be ex-
pressed as

Re = \/&Ra™* (20)

where the modified transient-induced channel Reynolds num-
ber is defined as Re = Q/Gr, and Ra = (GrPr)/A.

From the scale analysis, the order of modified steady-state-
induced Reynolds number of a single plate was derived by
Bejan.'® Similarly, the modified transient-induced Reynolds
number of a single plate will have the order as

Re « Ra™*® 21
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Fig. 7 Relationship between induced Reynolds number and Ray-
leigh number at steady state.

According to the present results, the composite transient Re
correlation for a vertical finite length channel in free space can
be quantitatively expressed as

Re = [(\/%Ra—o.s)—z + (4.02Ra™0%)"2"12 22)

Note that the validity of using Eq. (22) is at the transient time
T = 7,,. The average deviation of the predictions evaluated by
Eq. (22) from the present numerical results is 7.52%.

Figure 7 presents the relationship between Re, and Ra, for
the cases of Pr = 0.7 and A = 5. A steady-state correlation of
a vertical finite length channel proposed by Lin et al.'® for the
cases with Pr = 0.7 and 1.4 = Ra, = 3.5 X 10%is also plotted
in the figure for comparison. For the cases of Ra, = 1.4 X
10*, the present results at 7 = 8.0 are in agreement with the
correlation of Lin et al.'” However, for large Rayleigh num-
bers, say, Ra, > 1.4 X 10% a significant deviation can be found
between the predictions evaluated by the correlation of Lin et
al.' and the present results; whereas the new transient corre-
lation presented in Eq. (22) can predict the present steady-state
results well with a maximum deviation of 10.80%.

Transient Local Nusselt Number Distributions

The distributions of transient local Nusselt number for cases
of Pr=0.7 and A = 5 with various steady-state Grashof num-
bers at x/L = 0.31, 0.50, and 0.69 are shown in Figs. 8a-8c,
respectively. Generally, the transient Nusselt number at a spec-
ified location decreases with time in the beginning period of
0 = 7 < 7, whereas it gradually increases with time in the
period of 7,, = 7= 7. This trend of transient Nusselt number
is reasonable because the transient heat transfer behaviors are
dominated by heat conduction in the beginning of the transient
period and the thermal resistance will become larger as the
transient boundary layer becomes thicker. When the significant
natural convection occurs at 7., the heat transfer mode will
switch to a significant natural convection domination from a
pure heat conduction, and the transient boundary layer will
become thinner gradually and approach a steady-state thick-
ness. A rapid switching of heat transfer mode on transient Nus-
selt number distribution can be found at large values of Gr,,
say, Gr, > 10°.

In addition, several steady-state correlations in the existing
literature are chosen to compare with the present results. From
the results presented in Figs. 8a-8c, the present numerical re-
sults are consistent with the correlation reported by Hung et
al.” in the range of 10 = Gr, = 10° The average relative
deviation is 7.16%, with a maximum deviation of 10.52%.
Additionally, the experimental steady-state data for the cases
of A = 3.3 and Gr, = 2.8 X 10°, presented by Hung and
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Fig. 8 Distributions of transient local Nusselt number for cases
with various steady-state Grashof numbers. x/L = a) 0.31, b) 0.5,
and c) 0.69.

Perng,'” are also listed in the figures for comparison, which
shows that Hung and Perng’s data'” are smaller than the pres-
ent numerical results because of the effect of A. Furthermore,
a good consistency between the present results and the corre-
lation reported by Miyatake and Fujii’ for small values of Gr,,
say, 10 = Gr < 10° can be found. However, a significant
deviation can be found for large values of Gr,, especially for
Gr, = 10, because of the limitation of the Gr, range for using
Miyatake and Fujii’s correlation.” Compared with the results
reported by Ramanathan and Kumar,® the present results are
also consistent with their correlation in the range of 10° = Gr,
= 10°. Nevertheless, a large deviation can be found for Gr, =
10”. The main reasons may be that the average Nusselt number
in Ramanathan and Kumar’s study® was based on the center-
line temperature at the channel entry, which is different from
the Nu, based on the ambient temperature employed in the

present study. Moreover, Ramanathan and Kumar’s correlation
cannot be applied to the cases of Gr, = 10"

Conclusions

A numerical study of transient natural convection between
vertical parallel finite length plates with transient symmetrical
isoflux heating has been numerically conducted. The main con-
clusions emerging from the results and discussion may be sum-
marized as follows:

1) The effective time when natural convection becomes
significant relative to conduction is strongly dependent on the
steady-state Grashof number and the local position on the
channel wall. This effective time decreases with increasing
steady-state Grashof number or decreasing x/L value with a
power of 0.278.

2) Transient thermal and flowfields, including isotherms,
pressure contour, streamlines, and velocity profiles, for the
caseof Pr=0.7,A =5, and Gr=10"'-10® have been displayed.
The transient behavior for 7 = 1.0 and 8.0 is significantly af-
fected when Gr, = 10> and 10, respectively, instead of Gr, =
10° for 7= 0.1.

3) The maximum wall temperature decreases with increasing
Gr, at a specific transient time, and the maximum wall tem-
perature achieves an invariant at 7 = 4. Furthermore, the pres-
ent results are consistent with Wirtz and Stutzman’s experi-
mental data'® at moderately large values of Gr, numbers, i.e.,
Gr, = 10°, because the maximum wall temperatures occurs at
the location near the trailing edge of the channel

4) At 7 = 0.1, the heat transfer characteristics in the finite
length channel are mainly dominated by heat conduction for
Gr, < 107, whereas the characteristics are significantly affected
by natural convection at higher steady-state Grashof numbers,
i.e., Gr, = 107. When time increases to 7= 1.0, the heat trans-
fer behavior will be dominated by natural convection, except
for the case of Gr, = 10. When time increases further to 7 =
8.0, the heat transfer characteristics for all of the present cases
studied, i.e., Gr, = 10, are dominated by natural convection.

5) A new composite correlation of transientinduced Reyn-
olds number for a vertical finite length channel with various
transient Rayleigh numbers is proposed. The correlation is
valid at the transient time T = T,

6) The transient Nusselt number at a specified location de-
creases with time in the beginning period of 0 = 7 < 7,
whereas it gradually increases with time in the period of 7,
= 7 = 7, A rapid switching of heat transfer mode on transient
Nusselt number distribution can be found at large values of
Gr,, ie., Gr, > 10°.

7) The present numerical results of a local Nusselt number
are consistent with the correlation reported by Hung et al.” in
the range of 10 = Gr, = 10%.
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