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Unsteady Three-Dimensional Mixed Convective Airflow
over a Horizontal Plate

C. C. Huang* and T. F. Lint
National Chiao Tung University, Hsinchu 300, Taiwan, Republic of China

The buoyancy-induced longitudinal vortex rolls and the associated heat transfer in a mixed convective airflow
over a horizontal heated plate were numerically investigated by directly solving the unsteady three-dimensional
Navier-Stokes equations and the energy equation. Numerical results for the onset of vortex instability, the
subsequent evolution of the longitudinal vortices, and the effects of these vortices on the heat transfer were
carefully examined. The results indicate that steady two-dimensional laminar forced convection dominates for
GrjRel5 < 100. In the range ofGrJRe*5 from 100 to 200, three-dimensional vortex flow appears, accompanied
with significant heat transfer enhancement. The vortex flow eventually reaches steady state when GrJRel-5 <
300. At a higher GrJRe\-s the merging of the vortex rolls is seen and the resulting flow is unstable. With Gr.l
Rel

z
5 > 600 the vortex flow is relatively unstable. It was also noted that the parameter Gr.lRel5 is only appropriate

for characterizing the heat transfer data. The detailed flow and thermal structures depend on both Re. and Gr_.

Nomenclature
A = aspect ratio, blH
b — plate or channel width
Gru = Grashof number, gfi(Tw - Te)H*/v2

Grz = local Grashof number, gfi(Tw - Te)z3/v2

Gr\ = modified Grashof number for uniform wall
heat flux

g = gravitational acceleration
H = channel height
h = local convection heat transfer coefficient
k = thermal conductivity
/ = dimensional length of the heated plate
Nu = Nusselt number, hHIk
Nu, = spanwise-average Nusselt number
P = dimensionless pressure, pm/pw2

Pr = Prandtl number, via
pm — dimensional dynamic pressures
ReH = Reynolds number, weHlv
Rez = Reynolds number, wezlv
T, 9 = dimensional and dimensionless temperatures,

(T - Tf)l(Tw - Te)
t, T = dimensional and dimensionless time, t/(H/WJ
U, V, W = dimensionless velocity components, u/we, v/we,

and w/we
u, v, w = velocity components in ;c, y, z directions
X, Y, Z = dimensionless Cartesian coordinates, x/H, ylH,

and z/H
x, y, z = Cartesian coordinates
a = thermal diffusivity
/3 = thermal expansion coefficient
v = kinematic viscosity
p = density

Subscripts
e = values at the duct inlet
w = of wall quantities
z = based on the axial coordinate
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Introduction

B UOYANCY resulting from temperature nonuniformity
begins to significantly modify a forced flow and the as-

sociated heat transfer when its magnitude is comparable with
the external force driving the flow. This flow modification is
mainly affected by the relative orientation and magnitudes of
the buoyancy and inertia forces, system geometry, method of
heating (e.g., uniform wall temperature or heat flux), and the
type of fluid. When the buoyancy is parallel with a forced
flow as that in a vertical duct, it may reverse the flow direction,
even in a buoyancy-aiding condition.1 Apparently, this will
cause a substantial change in the flow and thermal structures,
and the flow may become unstable and transitional due to
the presence of the inflection points in the velocity profiles.
In a forced flow over a heated horizontal plate we often have
a buoyancy normal to the flow direction. For an unstable
heating configuration longitudinal and transverse vortices may
be induced. In this horizontal flow the detailed characteristics
of the steady and unsteady buoyancy-induced vortical flow
are still not fully understood. This study intends to investigate
the steady and unsteady secondary vortex flow in mixed con-
vection over a heated horizontal plate through a transient
three-dimensional numerical simulation.

Early studies on the mixed convective flow over a horizontal
plate mainly focused on the situation in which the buoyancy
is not high enough to cause flow separation, and hence, the
flow is unidirectional and possesses a boundary-layer char-
acter. Solution methods based on similarity, local similarity,
and nonsimilarity transformations were normally employed
to analyze the problem. The effects of the buoyancy were
frequently expressed in terms of local Nusselt number vari-
ations with a parameter formed from a certain combination
of the local Reynolds and Grashof numbers.

Boundary-layer analysis of the buoyancy effects on the flow
over a horizontal, isothermally heated plate was first carried
cut by Mori2 and Sparrow and Minkowycz.3 The flow equa-
tions were solved by expanding the solution into series around
a perturbed parameter selected as GrJRe25. Sparrow and
Minkowycz identified the conditions under which the buoy-
ancy shows significant effects on the forced flow. The mixed
convection parameter GrJRe2 5 was shown to be appropriate
only for the Prandtl number of order of unity by Hieber.4

Chen et al.5 suggested that for GrJRe25 > 0.05 or GrJRe25

< -0.03, the airflow will be considerably affected by the
buoyancy force. Similar analysis was performed by Mucoglu
and Chen6 for the plate subject to a constant heat flux. Sig-
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nificant buoyancy effects occur for Gr*JRel > 0.025. Ra-
machandran et al.7 extended their nonsimilarity related meth-
ods to cover the entire Prandtl number range and entire range
of buoyancy forces from forced to natural convection.

A number of linear stability analyses have been reported
in the literature to predict the onset of thermal instability.
Wu and Cheng8 assumed the disturbances in the form of sta-
tionary longitudinal vortices and used a nonparallel flow model.
The proposed mixed convection parameter is GrJRel5. A
similar vortex instability analysis was performed by Mout-
soglou et al.9 In their analysis the effects of buoyancy on the
basic flow were included. Later, the dependence of the dis-
turbances on the streamwise coordinate were considered by
Yoo et al.10 and Lee et al.11-14 The predicted critical GrJ
Re\5 is at least one order of magnitude below the experimental
data. Chen and Chen15 extended the above analysis to the
Falkner-Skan flows. Experiments performed by Gilpin et al.16

confirm the existence of the longitudinal vortices and provide
the data for the onset of thermal instability on a horizontal
Blasius flow of water heated from below. These longitudinal
vortices were considered to be the first stage of the buoyancy-
induced laminar-turbulent transition process in the flow. The
detailed process of this buoyancy-induced flow transition was
later experimentally examined by Imura et al.17 They con-
cluded that the onset of thermal instability occurs at a value
of GrJRel

=
5 approximately equal to 100. In the range of GrJ

Rel
z
5 from 100 to 300 the flow undergoes a transition from

laminar forced convection to turbulent mixed convection. Ad-
ditionally, their data for heat transfer coefficients indicate that
GrJRel-5 is a suitable mixed convection parameter. But Wang18

experimentally shows that GrJ Re22 is a suitable parameter.
Similar experiments including flow visualization and detailed
temperature and flow measurement from Takimoto et al.19

and Moharreri et al.,20 however, still suggest that GrJRel5

is an adequate parameter. The onset of instability for airflow
was found to also be at GrJRel5 = 100. Recently, Cheng et
al.21 moved further to examine the buoyancy effects in the
transition regime (2.5 x 104 < Res < 2.2 x 106). GrJ Re*-7

was found to be a good parameter for turbulent mixed con-
vective horizontal flow.

The above literature review clearly indicates that the onset
point is significantly underpredicted by the linear stability
analysis. Although several detailed measurements have been
carried out in the literature, the detailed characteristics of a
mixed convection flow over a heated horizontal plate are still
not well understood. For instance, the choice of a suitable
mixed convection parameter solely based on the data of heat
transfer coefficient needs to be re-examined. The present study
intends to explore the detailed processes of the vortex for-
mation and subsequent flow development in the mixed con-
vective airflow over a horizontal flat plate through an unsteady
three-dimensional numerical simulation.

Analysis
Mathematical Formulation

The physical system under consideration is mixed convec-
tion over an isothermally heated horizontal plate. Note that
mixed convection in a bottom heated horizontal rectangular
channel can approximate the mixed convection over a hori-
zontal plate if the boundary-layer thickness on the plate is
much smaller than the channel height. Instead of directly
simulating the external mixed convective flow, which is rel-
atively difficult numerically, we consider the situation in Fig.
1. An isothermal horizontal flow at Te with a uniform inlet
velocity we enters a horizontal rectangular channel. Initially,
the flow in the entire channel is isothermal at Te. At a certain
instant of time, designated as time = 0, it is assumed that the
bottom plate temperature is suddenly raised to a uniform
value Tw over a finite length /, and is maintained at this level
thereafter. Meanwhile, all other surfaces of the channel are

Fig. 1 Schematic of the physical model and the detection points, point
1—(0.5, 0.025), 2—(0.5, 0.057), 3—(0.5, 0.09), 4—(0.254, 0.025),
5—(0.254, 0.057), 6—(0.254, 0.09), 7—(0.041, 0.025), 8—(0.041,
0.09).

thermally well-insulated. Immediately after the elevation of
the plate temperature, the fluid adjacent to the plate is heated
and an upward buoyancy is generated, which displaces the
flow to deviate from the horizontal direction. As the process
continues, the buoyancy gets stronger and affects a larger
region due to the diffusion and convection of heat by the flow.
Hence, the flow can be significantly modified when the buoy-
ancy is large compared to the inertia force. New flow struc-
tures may be induced in the flow. The flow can become os-
cillatory and transitional and is obviously three dimensional.
The detailed processes of flow evolution from a simple uni-
directional flow to a complex unsteady three-dimensional vor-
tex flow will be numerically simulated.

The appropriate dimensionless flow equations with the
Boussinesq approximation are

a/7 dV dW
dx + ay + az (i)
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subject to the following initial and boundary conditions:

at T = 0

U = V = 0, W = steady isothermal flow in the duct (6)
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at r > 0:

at Z = 0

at Z - 211H

= = = _ ^
dZ ~ dZ ~ dZ ~ dZ ~~

at 7 = 0 and Z < II H

at all other surfaces

dn

(7)

(8)

(9)

(10)

where n is a unit normal to a surface. The above equations
were written in terms of the nondimensional variables defined
in the nomenclature. Note that in the above formulation an
insulated section of length / is added to the exit end of the
heated section to facilitate the prescription of the outflow
boundary conditions in the present elliptic flow analysis. This
added section must be long enough so that the downstream
boundary condition [Eq. (8)], is suitable.

The local Nusselt number on the heated plate is defined as

Nu =
h-H dO_

"ay (ii)

and the spanwise-averaged Nusselt number is defined as
1 rh z A z rNU. = -\ — dx = — \b J<> k A Jo ay 6X (12)

where A is the aspect ratio of the channel.

Solution Method
In view of the complex unsteady three-dimensional mixed

convective vortex flow to be simulated, a highly efficient and
accurate numerical scheme is needed. We chose the projec-
tion method22 combined with the higher-order finite differ-
ence spatial discretization to solve the Navier-Stokes and en-
ergy equations in primitive form on a uniform, but staggered,
grid system.

In discretizing the above equations, a third-order upwind
scheme developed by Kawamura et al.23 is employed to dis-
cretize the convective terms. Specifically, a typical convective
term is approximated as

(13)

where /denotes the velocity components or temperature. The
diffusive terms are approximated by a fourth-order central
difference.24 For instance

~ (-//+2 + 16/., - SO/;- + 16/,_, - /._2)/12(Ax)2

(14)

Time advancement may be done either implicitly or explicitly.
The first-order Euler explicit scheme was employed since it

was easy to implement and requires much less computer mem-
ory allocation than any equivalent implicit implementation.
The stability of the scheme is limited by the requirement that
the Courant number be less than unity.25 To insure the nu-
merical convergence, the Courant number is set below 0.05
in the computation, which leads to

AT < 0.05-min jj
°m

AF AZ
' V7 ' W

(15)

The above solution method is verified by comparing our
prediction at large T with the data reported by Moharreri et
al.20 for mixed convective airflow over an isothermal hori-
zontal plate. Their experimental condition for the data chosen
for comparison is wx = 34 cm/s, Tw - T^ = 30°C, b = 30
cm, and / = 104 cm. By choosing H = b, the case corresponds
to ReH = 6376, GrnIRe^ = 2.63, and A = 1. Note that the
reason for choosing the height of the channel to be the same
as its width is to insure the boundary-layer thickness over the
entire heated plate to be much smaller than the channel height.
Computation was performed by using a 61 x 61 x 41 grid.
This comparison is shown in Fig. 2 for the spanwise variations
of the axial velocity W and temperature 0 at z = 29.5 cm and
y = 0.5, 1.5, and 3.0 cm'. The agreement is good. Our pre-
dicted temperature contours are also in good agreement with
the incipience and growth of mushroom-type vortices visu-
alized by Moharreri et al.20 Furthermore, the predicted span-
wise-average Nusselt number also agrees well with the data
of Takimoto et al.19 Finally, the grid-independence test is
conducted. Sample results from such tests indicate that the
oscillation frequency of the flow, a very important charac-
teristic of the oscillatory flow, calculated from the 61 x 61
x 41, 71 x 71 x 41, and 71 x 81 x 51 grids for a typical
case with Ren = 4000 and GrlRef, = 3 are, respectively, 0.210,
0.208, and 0.208. The differences between them are all less
than 3%. Additionally, the spanwise-average Nusselt number
predicted from these grids for the same case also shows good
agreement. Good agreement is also noted for the time oscil-
lation of W and 6 at the sampling locations. Through these
program tests, the adopted solution procedures are consid-
ered to be suitable for the present study.

present study at y=3.0cm
» Moharreri et al.(1988)

3 Moharreri et al.(1988)
present study at y= 3.0cm 0 ooooo o Q O oogoopoo
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Fig. 2 Spanwise distributions of the streamwise velocity and tem-
perature (we = 34 cm/s, Tw - Te = 30°C, z = 29.5 cm, y = 0.5, 1.5,
and 3.0 cm).
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Results and Discussion
The foregoing problem formulation indicated that the prob-

lem under consideration is governed by five nondimensional
parameters: 1) Pr, 2) Ren, 3) ratio of buoyancy to inertia
forces Grff/Reff, 4) A, and 5) length of the heated section
IIH. To simulate mixed convection of air over an isothermally
heated horizontal plate, Pr is fixed at 0.7, A is taken to be
unity, IIH is selected as 3.5, and ReH is chosen to be above
3000 to insure the boundary-layer thickness on the heated
plate to be much smaller than the channel height. The pa-
rameter Gr,,IRef{ is chosen to insure the generation of the
vortices, which is expected to occur when GrzIRez

5 > 100.
Based on this criterion, Grf//Reff is varied from 2 to 6. The
predicted results for the cases specified by Ren and GrHl
Re?f can be easily transformed to the parameters normally
used in the mixed convective flow over a horizontal plate,
namely, Rez and Grz/Rel

z
5.

The results are first presented for a case with the convective
stability parameter Grz/Rez

5 not much larger than 100. For
clear illustration of the formation of the vortices, the spatial
distributions of the local Nusselt number on the heated bottom
plate are shown in Fig. 3 for steady state for Re/f = 4000 and
GruIRejj = 2. At r > 18.39 steady state is already reached.
The results reveal that in the entry portion at small Z (<0.9)
the flow remains two dimensional and heat transfer is dom-
inated by forced convection. Nu decreases with the down-
stream distance, indicating the entrance effects in the duct.
At certain critical downstream distances depending on the
spanwise location, longitudinal vortices are induced by the
upward buoyancy. The critical distance is shorter near the
side walls (X = 0 and 1). This means that the vortices are
first induced in the bottom corners simply because heat is
accumulated in these regions and the buoyancy is higher therein.
For clarity, the critical Z is defined as the location at which
the heat transfer coefficient is augmented by the vortices by
3% as compared to the forced convection value. This will
become evident later. Six pairs of vortex rolls are clearly seen
on the plate for 2.3 < Z < 2.8. The vortices cause significant
heat transfer enhancement over the pure forced convection.
However, the one near the side wall disappears as the flow
approaches the exit end, resulting in five pairs of vortices
there.

To directly demonstrate the evolution of the vortices, the
secondary flow and temperature distributions at various cross
sections are examined. Since the flow was found to be sym-
metric with respect to the midplane X = 0.5, and the gen-
erated vortices were very close to the bottom wall in the
computation, only the isotherms in the lower left quarter
(0 < X < 0.5, 0 < Y < 0.5) and cross plane streamlines for
the lower right quarter (0.5 < X < 1.0, 0 < Y < 0.5) of the
channel are presented together in Fig. 4. These results clearly
show the earlier appearance of the first pair of vortices near
the side wall at the location where Grz/Rez

5 is about 100. A
second pair of vortices emerge in regions adjacent to the first
one at Grz/Rez

5 = 183.2. At Grz/Rez
5 = 442.4, another

pair of vortices near the midplane X = 0.5 appear. Com-
parison of the stream function values at various cross sections
and times indicates that the secondary vortex flow becomes

r>18.39

Y=0.5

Y=0.0

TT> 18.39
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Fig. 4 Isotherms and streamlines for secondary flow at various cross
sections at steady state for ReH = 4000 and GrHlRe^ = 2.
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Fig. 3 Steady local Nusselt number distributions on the bottom plate
for ReH = 4000 and GrHlRe% - 2.

Fig. 5 Secondary flow in a typical period at a large T for ReH — 4000
and GrH/Re£ = 3 at Z = a) 1.0, b) 2.0, and c) 2.3. The period of the
oscillation r0 is about 5.1.

stronger with the downstream distance and with time. Al-
though the flow eventually approaches steady state, the lon-
gitudinal vortex roll patterns are rather irregular.

Next, the effects of GrHIRef, are examined. The predicted
local Nusselt number distributions for Grf//Re^ = 3 and Re},
= 4000 indicate that at this higher buoyancy the flow becomes
time periodic after the initial transient. It is noted that the
longitudinal vortices appear earlier for a higher GrHIRe^{. For
GrjjIRejj = 3 the critical distance for the appearance of the
vortex rolls is in the range Z = 0.6-0.7. This range is normally
considered as the onset point of the vortex instability corre-
sponding to the value of the mixed convection parameter Grzl
Rez

5, ranging from 88 to 111. This value again is in good
agreement with the measurement of Gilpin et al.,16 Imura
et al.,17 Takimoto et al.,19 and Moharreri et al.20 Note that
the wavelength of the vortices varies from roll-to-roll, and it
gradually increases in the flow direction. Finally, it is again
noted that large heat transfer enhancement results due to the
vortex flow. Examining the secondary flow shown in Fig. 5
for GrHIReY, = 3 reveals that at a higher value of Grn/Re?f
the secondary flow is stronger and the three-dimensional vor-
tex flow does not approach steady state at large r. Note that
the cellular flow motion at the cross section Z = 2.304 (or
GrzIRez

5 — 663.6) is relatively irregular in space. The char-
acteristics of this irregular flow can be obtained by checking
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Fig. 6 Time histories of the axial velocity and temperature at Z = 1.963 and 3.329 at eight selected locations for ReH = 4000 and GrHl
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Fig. 7 Isotherms and streamlines for secondary flow at various cross
sections at T = 30 for ReH = 4000 and GrHlRe% = 6.

with the time samples of W and 0 given in Fig. 6 for selective
locations. The coordinates of these detection points are spec-
ified in Fig. 1. It is noted that in the vortex flow the velocity
and temperature oscillations intensify as the flow moves
downstream, reflecting that the flow becomes increasingly
unstable as it travels downstream. Near the leading edge the
flow is essentially steady. At Z = 1.963 the flow is time
periodic. Further downstream, large amplitude, irregular ve-
locity, and temperature oscillations exist at several locations
at the cross section Z = 3.329.

To further explore the unstable mixed convective vortex
flow characteristics, results for higher buoyancy strength are
examined. The isotherms and streamlines of the secondary
flow at various cross sections at r = 30 are presented in Fig.

T + 0.5tD

Fig. 8 Local Nusselt number distributions of the bottom plate in a
typical period at a large T for ReH = 3000 and GrHlRe£ = 3. The
period of the oscillation TP is about 4.688.

7 for GrjjIRe^j = 6, with other parameters fixed. Contrasting
these results with those for GrltIReJ{ = 3 in Fig. 5 again reveals
that at a higher buoyancy the longitudinal vortices appear
earlier and the critical downstream distance from the leading
edge for the onset of the vortices are shorter. It is of interest
to note that the vortices at various spanwise locations are
almost simultaneously initiated at this high buoyancy. Also,
more longitudinal rolls were induced, i.e., the wavelength of
the vortex rolls is shorter. It is also important to note that the
combination of the vortices into larger rolls takes place around
Z = 1.0 (Grz/Rez-5 = 380), which was also observed in the
experiment of Moharreri et al.2() The combined vortex rolls
become rather irregular, apparently implying the oscillatory
and unstable character of the flow. The time records of the
velocity and temperature show that at GrHIRe^ = 6 the flue-
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tuations in W and 0 are much more intense and contain higher
frequencies and are relatively unstable, reflecting that the flow
could be in transition or turbulent regime.

Next, the effects of the Reynolds number are to be dis-
cussed. Figures 8 and 9 respectively present the local Nusselt
number distributions on the bottom plate and the secondary
flow and temperature fields at several cross sections in a typ-
ical period at large r for a lower Reynolds number, Re,, =

Y=0.5

c) Y=O.O

Y=0.5

T * + 0.5rp

Q:0(.1 )1 *:-.02(.005).Q2 8:Q(.1 )1 *:-.Q2(.004).Q2

1ULAI Z=2.304

:0(.1 )1 *:-.02(.Q03).Q2 Q:Q(. 1 )1 *:-.02(.QQ4).Q2

a) Y=0.01
X=0 0.5

i J
Z=0.939
r> _ /T3«.1.5_ •«

-0 0.5 1
34.3

Fig. 9 Secondary flow in a typical period at a large r for ReH = 3000
and GrHlRe% = 3 at Z = a) 1.0, b) 2.0, and c) 2.3. The period of the
oscillation r0 is about 4.688.

3000 and Gr,,IRe^, = 3. When these results are contrasted
with those for Re,, = 4000 and GrnIReji = 3 in Fig. 5, it is
noted that the qualitative flow structures for these two Reyn-
olds numbers are quite similar. But for Re = 3000, the flow
is time periodic in the entire duct. A close inspection of the
detailed flow and thermal structures, however, discloses that
at lower Re,,, the rolls are slightly smaller. However, the flow
oscillates in a lower frequency with larger amplitude (Fig. 10).
Results for a higher buoyancy with Reu = 3000 and GrHl
Re?{ = 4 also show the merging of adjacent vortices in the
downstream region. After the cell merging the flow is non-
periodic, and hence, highly unstable.

Experimental data for heat transfer coefficient are often
expressed in terms of Nuz/Rez

5 vs GrzIRez
5.ly 2(S Our pre-

dicted results for various cases are shown in Fig. 11, which
clearly show the heat transfer enhancement by the induced
vortices for GrzIRez

5 > 100. These data can be correlated
by the equation:

NuzIRe()
z
5 = OW3(Grz/Rel

z
5) - 0.005, for GrzIRel

z
5 > 100

(16)

Does the excellent fit of the experimental and numerical heat
transfer data using the parameter Grz/Rez

5 suggest that it is
a suitable parameter for characterizing the mixed convection
flow over the horizontal plate? This question can be answered
by examining the flow and temperature fields at the same
value of Grz/Rez

5 from various cases presented above. A
careful comparison of the results in Figs. 4, 5, and 7 clearly

o.eo 0.95 /WWW

©

^o °-2W ' 'aid ' 'atio °-°%& |[ o on w u u u w w w v , '
340 U"C^5Q 525 540

Z=1.963 Z=3.329
Fig. 10 Time histories of the axial velocity and temperature at Z = 1.963 and 3.329 at eight selected locations for ReH = 3000 and GrHl
Re* = 3.
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Fig. 11 Correlation for the spanwise-averaged Nusselt number with
the mixed convection instability parameters for the data from the
present prediction.

shows that the vortex flow patterns are very different with
the same Grz/Rez

5, but different Rez and Grz. Therefore,
the parameter is only suitable for characterizing the heat transfer
data.

Within the range of 120 < GrHIRe^ < 500, the minimum
wavelength of the longitudinal rolls Amin can be expressed by
a simple correlation as

(\mJZ)(Grz/Rel
z
5)m = (17)

Concluding Remarks
A transient three-dimensional numerical simulation was

carried out in this study to investigate the temporal evolution
of flow and thermal structures in a mixed convective vortex
flow over an isothermal horizontal plate. The results were
obtained for air with Rez up to 1.2 x 104, and Grz up to 2.55
x 109. The major results are summarized below:

1) For Grz/Rez
5 < 100, two-dimensional laminar forced

convection dominates and the flow quickly approaches steady
state. The local Nusselt number monotonically decreases in
the downstream direction.

2) In the range of Grz/Rez
5, between 100-200, a three-

dimensional vortex flow starts to form. Significant heat trans-
fer enhancement is noted in this vortex flow regime. For Grzl
Rez

5 below 300, the vortex flow gradually reaches a steady
state after the initial transient has died out.

3) The merging of the vortex rolls takes place for Grzl
Rez

5 > 400 when GrH/Re?f = 6. These larger vortex rolls are
rather unstable. The vortices do not merge for GrHIReJ{ =
3. For Grz/Rez

5 > 600, the flow is also unstable even without
vortex roll merging.

4) The parameter Grz/Rez
5 is only suitable in character-

izing the spanwise-average heat transfer coefficient.
During the course of this investigation, we realize that the

number of nodes placed in each coordinate direction is not
large enough to adequately resolve the steep velocity and
temperature gradients in the thin layer of vortex flow on the
bottom plate. It is also recognized that the employed step
sizes in space and time are not small enough to directly capture
the high-frequency small disturbances in the flow. These dis-
turbances are nearly isotropic and rather dissipative. Thus, a
subgrid modeling of certain type can be used to account for
their influences on the flow. In view of the limited available
computation capacity for this work, the multilevel multigrid
scheme or other advanced schemes can also be used to im-
prove the results in the future. Results for the mixed con-
vective water flow on the horizontal plate are also of interest.
Effects of the plate inclination can also be examined in the
future.
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