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Turbulent Transition Mechanisms of Natural
Convection over Upward-Facing
Horizontal Plates*

Kenzo KITAMURA**, Xiao-An CHEN**
and Fumiyoshi KIMURA***

Turbulent transition mechanisms and heat transfer characteristics of the natural
convection over heated, horizontal plate were investigated both experimentally and
analytically. An unsteady, 3-D numerical analysis has been performed on the water
flow over 150 mm-wide plate heated with constant heat flux. The analytical results
showed that longitudinal vortices play a crucial role on the turbulent transition over
the plate. The vortices appear first in the laminar boundary layer at certain distance
from the leading edge. Then, they detach from the plate and become distorted toward
downstream. Meanwhile, the flow and temperature fields over the plate were visual-
ized experimentally. The results confirmed that the above transition actually occurs
over the plate. Moreover, the local heat transfer coefficients predicted by the analysis
coincide well with those measured by the experiments.
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1. Introduction

Natural convective flows induced over heated,
horizontal plates have been the subjects of numerous
investigations during past decades. This is mainly
because that the flows are encountered in a wide
variety of engineering situations and of industrial
equipment. A number of studies, therefore, have been
carried out to investigate their flow and heat transfer
characteristics both experimentally and analytically.
However, the flows over heated, horizontal plates are
potentially unstable because of top-heavy and bottom-
light fluid situations. Thus, an exchange of the fluids
occurs over the plates, resulting in complex flow and
heat transfer characteristics of the natural convec-
tion. This also makes the analytical and experimental
treatments difficult. Therefore, the flow and tempera-
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ture fields over horizontal plates are not completely
understood when, in particular, compared with those
over the vertical plates.

Considering the above, the present authors have
carried out the intensive visualization experiments
and heat transfer measurements on the natural
convective flows of water over horizontal plates
heated with uniform heat fluxes¥’-®. The experi-
ments have covered the extremely wide range of the
Rayleigh numbers, Ra%=10°-10" by varying the
plate width from 25 mm to 1 500 mm. On the course of
the visualization experiments, we found specific flow
and temperature-patterns appear over the plate. The
typical examples are shown in Figs.1(a) and 1(b),
where the flow field and the surface temperatures of
the plate 150 mm-wide are visualized with dye and
liquid crystal sheet, respectively. As is apparent from
Fig.1(a), the dye issued from the left edge of the
plate first flows along the surface. Then, the dye
concentrates and detaches three-dimensionally from
the surface to become many filaments. These
filaments are, then, distorted toward downstream and,
finally, ascend away from the central portion of the
plate as a turbulent plume. Although it is indistinct in
the present black-and-white photo, one sees many
streaky temperature-patterns in Fig.1(b). These
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Fig. 1 Visualized flow field and surface temperature of
150 mm-wide plate

streaky patterns align with almost constant spanwise
pitches and cover the considerable portion of the
surface. Meanwhile, one can also see somewhat
different, irregular-shaped temperature-patterns
appear near the central portion of the plate. Based on
the above results and also on the results with larger
plates, the present authors have confirmed that the
three-dimensional separation of the laminar boundary
layer becomes a trigger to the turbulent transition
over horizontal plates.

Meanwhile, Sparrow and Husar® have first car-
ried out the visualization experiments on the natural
convective flows over heated horizontal and inclined
plates using electro-chemical techniques. They re-
ported that the longitudinal vortices, of which axes are
parallel to the flow direction, appear over the plate in
advance of the turbulent transition. Their results
have attracted considerable interests of others,
because such vortices have not been previously ob-
served in this flow configuration. A number of visualiza-
tion experiments have, therefore, been carried out
successively to obtain further information on these
vortices. For instance, Chen and Kim*® have conduct-
ed the visual experiments on the air flows over isother-
mal plate using smoke and have measured the onset
conditions of the vortices and their spanwise pitches.

These visual experiments will provide basic in-
sights into the turbulent transition phenomena over
horizontal plates. However, we can point out several
subjects remained unclear concerning with the turbu-
lent transition. The one of such subjects is the role of
the longitudinal vortices on the turbulent transition.
We already know that the longitudinal vortices
appear over the plate when the flows undergo a turbu-
lent transition. However, it is not clear how these
vortices are related to the turbulent transition. The
another subject is concerned with the transition pro-
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cess. The comprehensive information on the transition
process from the first beginning of transition to the
fully turbulent state is not available at present.
Moreover, the transition of flow will exert significant
influences on the local heat transfer from the plate.
However, very little information has been available
on the heat transfer characteristics, in particular, in
the transitional region.

In order to investigate these subjects, analytical
simulations of the turbulent transition process will be
necessary, because the visual experiments can afford
limited information on the transition process. In light
of this, we will next review the previous analytical
studies. There were several analytical studies that
have dealt with the natural convection over horizontal
plate. However, main concerns of these studies have
been directed to the laminar flows in the vicinity of the
leading edges. For example, Pera and Gebhart® and
Chen and colleagues” have conducted the analysis
using similarity parameters and have obtained
the velocity and temperature distributions of the
laminar boundary layer. Meanwhile, to the best of the
authors’ knowledge, two-dimensional numerical anal-
ysis by Ishiguro and colleagues® was the only work
that have dealt with high Rayleigh number flows.
They reported that oscillating flows take place over
the plate when Rayleigh numbers exceed certain criti-
cal value. However, the previous experiments by the
authors revealed that the above oscillating flows are
not concerned directly with the turbulent transition
phenomena.

The above circumstances motivate the present
numerical analysis. The analysis aims to simulate the
whole transition process including the generation of
the longitudinal vortices, the separation of laminar
boundary layer flow, and the successive distortion of
flows. The analytical results are, then, compared to
the experimental results to ascertain the availability
of the present analysis. The present analysis will
provide comprehensive information on the turbulent
transition mechanisms over horizontal plates. More-
over, the results will be of great help to investigate the
turbulent transition mechanisms of the natural con-
vections over upward-facing, inclined plates and
around horizontal cylinders. Because, similar transi-
tion phenomena as above have been also observed in
those flows®(19,

2. Analysis

As is apparent from the previous visual results,
the turbulent transition phenomena over horizontal
plate are potentially three-dimensional and time-
dependent. Thus, we have adopted an unsteady, three-
dimensional analysis to simulate the transition process.
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Figure 2 shows the analytical coordinate system
utilized in the present analysis. The analysis con-
siders a horizontal plate having finite width, W and
span, S, which is heated with a constant heat flux, qw.
The plate was flush-mounted to the bottom of a
solution domain of width, (W/2+ L), height, H and
Span, S. We also adopted the Cartesian coordinate
system x, ¥, and z and the corresponding velocity #,
v and w as are shown in the figure. Assuming the
constant properties of the fluid except for the buoy-
ancy term of the y-momentum equation, the govern-
ing equations become as:

Conservation of mass

ou_ @ ow.
ax yov, 0 e w_o (1)
Conservatlon of momentum

x-momentum

ou ou ou ou
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Conservation of energy
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In the present analysis, Equations (1) to (5)
were discretized directly by using a control-volume
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Fig. 2 Analytical co-ordinate system
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scheme. A third-order upwind difference and a second-
order central difference scheme were utilized to
discretize the convection terms and the other terms,
respectively. Moreover, a SMAC scheme, which
solves the velocity field explicitly, while the pressure
field implicitly, was used for the time-integration. A
time increment Ar was selected so as to satisfy the
Courant condition and also the stability criteria for
the viscosity and thermal diffusions.

To make the comparison with the experimental
results easier, the present calculations were carried
out for water at room temperature, Pr=6. A 150 mm-
wide plate heated with uniform heat fluxes was also
adopted as a test plate. The size was selected from
the following reasons. The whole transition phenom-
ena will be realized over the plate with the above size.
While, the flow over plate will not be fully turbulent,
so that the laminar equations from (1) to (5) can be
utilized for the prediction of the transition process.

In order to determine the appropriate sizes of the
calculation domain, preliminary computations were
made by varying the sizes of L, H and S in the ranges
as L=30-100mm, H=50-200mm and S=20-60
mm. As a result, calculated heat-transfer coefficients
of the plate converged within =3.29%, when L, H and
S are larger than 50 mm, 100 mm and 30 mm, respec-
tively. Taking account of this fact and also in view of
the necessary computation time and memories, the
values L=50mm, H=120mm and S=40 mm were
adopted as the domain sizes. The span S=40 mm was
also selected from the experimental result that the
spanwise pitches of the low-temperature streaks are
less than 10 mm. Thus, several streaks may appear ,
within the above span and this will enable the accu-
rate measurement of the spanwise pitches of the low-
temperature streaks as will be mentioned in the
below. Meanwhile, making use of the symmetrical
flow configuration over the horizontal plate, only half
of the calculation domain was considered in the analy-
sis, so that the calculation was proceeded in the region
from the leading edge to the mid-plane of the test
plate, W/2.

The majority of computations were made using a
70 <40 x50 (140 000 total nodes) grid. In the x-direc-
tion, fifty grids of equal spacing were placed over the
test plate, while twenty grids of unequal spacing were
placed over the bottom plane (see Fig.2 for plane
name). In the y-direction, the grids distribute densely
near the bottom boundary and sparsely near the top
boundary. While, uniform grids were deployed in the
z-direction. The grid dependence was checked by
carrying out the computations with finer grid sizes
than those of the above. We confirmed that the heat
transfer coefficients changed by less than +2.5%.

JSME International Journal

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

Table1 Boundary conditions

Plane* For Velocity For Temperature
heated plate u=v=w=0 (non-slip) q, = const(given)
bottom d(u,v,w) /1ay=0 T=Te
top du,vw)/dy=0 T/ dy=0
middle u=0,9(v,w)/d x=0 T/ /dx=0
counter du,v,w)dx=0 T=T«
side w=0,9(u,v)dz=0 dT/dz=0

* see Fig.2 for reference

The boundary, conditions at the computational
domain are listed in Table 1. The initial conditions
for velocities and temperature were imposed as: «=
v=w=0 and T = T, where Tw was set as T.=20°C
to coincide with the experimental condition. The
properties of water were estimated at the film-tem-
perature, T,=(Tw+ Tw)/2 except for the density in
the buoyancy term, which was calculated from the
programmed data table. The computations were
carried out with the surface-heat fluxes ranging as
gw=1-7kW/m?% Based on the above plate width and
heat fluxes, the modified Rayleigh numbers Ra¥ (=
9BqwW*/Ava) was ranged as : Ra$=15x10"-1.1x10".

In the present analysis, the time-dependent com-
putations were made under the prescribed boundary
and initial conditions. The results showed that the
surface temperatures in the laminar region converge
to constant values with the time, while the tempera-
tures in the downstream region of the separation still
fluctuate irregularly even if the computation time is
large enough. Taking account of the above fact, we
defined a pseudo-steady state with the state that the
temperatures in the laminar region converged to con-
stant values. We also confirmed that the pseudo-
steady state is accomplished within the time period of
300 seconds after the heating starts. The analytical
results mentioned in the below are all concerned with
this pseudo-steady state.

3. Results and Discussion

3.1 Flow and temperature fields over horizontal
plate

We will first mention the analytical results on the
flow and temperature fields over horizontal plate.
Figures 3 and 4 show representative results of the
velocity vectors and isotherms in the y-z plane at
different location of X, while the time and the surface
heat flux are kept constant as: =350 sec. and qu=
3kW/m?® In the cross-section of X =6 mm, the fluid
temperatures are uniform in the spanwise direction,
and no specific flow is observed over the plate.
Meanwhile, the temperatures begin to wave in the
spanwise direction and small vortices appear over the
plate at X=10.5mm. The above waves and vortices
are amplified at X =13.5 mm. Then, they are aligned
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(a) X=6mm heated plate

() X=135mm

(d) X=30mm

(e) X=45mm

(f) X=60mm

Fig. 3 Isotherms in y-z plane (g»=3 000 W/m’,
=350 sec)

with almost constant spanwise pitches in the plane of
X=30mm. Figures3(d) and 4(d) also depict that
the lift-up of high-temperature fluids occurs at the
portion of upward velocity vectors, while that the
portions of low-temperatures correspond to those of
downward velocity vectors. With further increase in
X, the waves and vortices begin to breakup and a part
of them detach from the surface as is shown in Figs.
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Fig. 4 Velocity vectors in y-z plane (g»=3 000 W/m?,
=350 sec)

3(e) and 4(e). Finally, the temperature and velocity
fields over the plate are distorted significantly in the
downstream section of X =60 mm, where irregular-
shaped, large vortices appear over the plate in Fig. 4
(f). Figures3 and 4 represent the instantaneous
isotherms and velocity vectors at =350 sec. While,
the results at different time steps demonstrated that
the waves and vortices change their location and
shapes irregularly with time.
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The above results also confirmed that the turbu-
lent transition undergoes through the following pro-
cess. Firstly, unstable stratification of the fluids occurs
over the plate. Then, the vertical exchange of fluids
takes place to dissolve the above instability. This also
results in the longitudinal-vortices. These vortices
are, then, distorted toward downstream, and finally, a
fully turbulent state is realized over the plate.

In order to assure the above analytical results, we
have next conducted the visualization experiments
under the same conditions as above and the results
were compared with the analytical results. Figure 5
shows the typical results of the visualized flow fields in
the identical planes as those of Figs. 3 and 4. Here, the
dye was issued from the long slit attached to the
leading edge of the plate, and the cross sectional
movement of the dye was made visible by using a
laser-sheet. The temperature of the dye will become
higher through flowing over the heated plate, and,
thus, the dye is supposed to represent the movement of
the high-temperature fluid. As is obvious from Fig. 5
(a), the dye spreads in the vicinity of the plate in-
dicating that the laminar boundary layer flow is real-
ized in the cross section of X=6 mm. Then, the dye
begins to wave in the spanwise direction at X =10.5
mm and grows to be a mushroom-shape as shown in
Fig. 5(c ). One sees the legs of the mushrooms detach
from the plate in Fig.5(d). This is observed as the
separation of dye shown in Fig.1(a). While, the
detached dyes are distorted markedly in the plane
X =45 mm and ascend away from the plate as shown in
Fig.5(f). Although we cannot compare these visual
results directly with the analytical results in Figs. 3
and 4, the present analytical results well predict the
movement of the high-temperature fluids.

For further confirmation of the present analysis,
the flow field was also visualized with fine particles
and the result was compared with the analytical
velocity vectors. Figure 6 shows an example of such
comparison, where the visualized and computed veloc-
ity fields in the cross-section of X=13.5mm are
represented with the identical scale. The visual result
in Fig.6(b) depicts the occurrence of counter-rotat-
ing, vortex pairs in the vicinity of the plate. Similar
vortex pairs are also predicted by the analysis as
shown in Fig.6(a). Moreover, these vortices are of
the same scales in between the analysis and experi-
ment.

From the above comparisons, it is expected that
the present analysis well simulate the actual flow and
temperature fields. However, the above comparisons
are qualitative rather than quantitative. Thus, further
comparisons were made on the surface temperatures
of the test plate in the next.
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Fig. 5 Visualized flow field in -z plane (g»=3 000 W/m?)

3.2 Surface temperatures of the test plate

As was mentioned previously, surface tempera-
tures of the constant-flux plate show specific patterns.
If these patterns are predicted also by the analysis, the
result will become one of the convincing proofs for the
present analysis. Considering this, the present authors
have drawn the contour maps of the surface tempera-
tures based on the computed results and the results
have been compared with the visualized temperature
patterns. The analytical and experimental results are
presented in Figs. 7 and 8 with the cases of g»=1, 3
and 5 kW/m?® Although, the original color contours
are indistinct in these black-and-white figures, the
following temperature patterns appear commonly in
the both figures. Those are; (i) two-dimensional
pattern near the leading edge, where temperatures are
uniform in the spanwise direction, while they increase
rapidly toward downstream, (ii) streaky, low-tem-
perature patterns that appear at certain distance from
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Fig. 6 Comparison of flow field at X=13.5mm

the edge, and (iii) irregular-shaped, low-temperature
patterns that appear near the center of the plate.
Moreover, similar variations with the surface heat
flux are obvious for the temperature patterns (ii).
Namely, the onset of the low-temperature streaks
shifts toward downstream and their spanwise pitches
become smaller with the surface heat fluxes. Mean-
while, the onset point and pitch of these streaks will
become a good measure to ascertain the availability
of the present analysis. Thus, we subsequently mea-
sured these quantities both from the analytical and
experimental results.

As is shown in Figs. 7 and 8, the onset points and
the pitches of the streaks vary significantly with each
streak. Besides, they vary with a time period of
several to ten seconds. Thus, we defined the onset
point and the pitch with the values averaged with
respect to time and space. On the measurements of
the time-average values from the experiment, the
whole visual results were once stored with VCR, and
their still pictures were reproduced with constant
period of 10 seconds to measure the spatial averaged
values. Then, these measurements were repeated at
least fifty times to yield the time-averaged values.
Similar measurements as above were also performed
on the analytical results, where the results at each
period of 10 seconds were utilized to measure the time-
averaged values.

The onset points and pitches of the streaks thus
obtained were given in Fig. 9, where the streamwise
distances from the leading edge to the onset of
streaks, S, and the spanwise pitches between streaks,
P, are plotted with surface heat flux, ¢». The figure
depicts that the distances S obtained from the present
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(¢c) @qw=5000W/m?

Fig. 7 Analytical isotherms of surface temperatures

analysis agree well with the experimental distances.
The values ranged from 10 to 20 mm and become
smaller with the heat flux. A good coincidence is also
apparent for the spanwise pitches P in between the
analysis and experiment. The results show monoto-
nous decrease of P from 9 to 4 mm with the increase
in the heat flux from 1 to 6 kW/m?

For further information on these quantities, the
distances S and the pitches P are normalized with the
modified Rayleigh numbers as; Ra¥ (=gBg,S*/Ava)
and Ra} (=gBg.P*/Ava). The results are presented in
Fig. 10 in terms of the surface heat flux. The figure
depicts that the Rayleigh numbers for the onsets and
pitches become constant as Ra¥=3.5x10°% and Ra}=
1.46 X 10° regardless of the heat flux. Taking account of
the fact that the onset of the streaks also corresponds
to the first onset of turbulent transition, the former
result, Ra¥=3.5x10° will give critical Rayleigh num-
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Fig. 8 Visualized surface temperatures by liquid crystal
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Fig. 9 Onset point and spanwise pitch of streaks

ber for the turbulent transition.
3.3 Heat transfer characteristics
The local heat transfer coefficients calculated
from the present analysis were next compared with
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those from the experiment. The results are presented
in Fig. 11, where the local coefficients, /.. under the
prescribed surface heat fluxes are plotted in terms of
the streamwise distance X. The heat transfer
coefficients are defined as:

he=qu/(Tuwe— Tw) (6)
where, Tw: and Tw stand for the wall temperature at
location X and the ambient temperature of the fluid.
Due to the occurrence of the low-temperature streaks,
the wall temperatures in the transition region show
marked variations in the spanwise direction. Thus,
we defined 7wz as the temperatures averaged
spanwise. On the calculation of Tz from the analysis,
the instantaneous temperatures were averaged first in
the spanwise direction and, then, they are averaged
again with time. Meanwhile in the experiment, the
output signals of the thermocouples, which were spot-
welded on the back of the foil heaters, were once
recorded with a pen-recorder for a period of 5 min-
utes. Then, their signals were averaged with time to
obtain 7Twz. The ambient temperature of water, 7w,
was measured with the thermocouple placed in the
same horizontal plane as the plate and 150 mm apart
from the plate edge.

As is apparent from the figure, the present analyt-
ical coefhicients agree well with the experimental
coefficients. The highest coefficients are achieved at
the leading edge, and the coefficients decrease rapidly
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with X and reach minimums at certain distances X.
Then, they turn to increase and show maximums. In
the downstream region of the maximums, they gradu-
ally decrease with X. It is also obvious that the
maximum and minimum points gradually shift toward
Comparing these
coefficients with the visual results in Figs. 7 and 8, the
minimum points were found to occur at the location
just upstream of the low-temperature streaks, while
the maximum coefficients were realized at the loca-
tion where the streaks expand widest in the spanwise
direction.

For further discussion on these coefficients, they
were replotted in Nuz-Ra¥ plane as shown in Fig. 12,
where Nu: and Ra¥ stand for the local Nusselt num-
bers and the local modified Rayleigh numbers expres-
sed as: Nur=h:X/A and Ra¥=gBquX'/Ava. The
analytical Nusselt numbers show linear variations
against the Rayleigh numbers, which are shown with
the solid lines in the figure. Moreover, the experimen-
tal Nusselt numbers gather around these lines indicat-
ing the coincidence between the analysis and experi-
ment.

Assuming the correlation between the Nusselt
and Rayleigh numbers with the form: Nu:= CRa%",
we next calculated the coefficient C and the exponent
n from the figure. Then, the results become as:

upstream with the heat flux.
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(i) Ra%¥<35x%10°

Nu,=0.66Rat"® (7)
(ii) 3.5%X10°< Ra¥<4x107

Nu,=0.012 5Ra*** (8)
(iii) 4x10"< Ra¥<8x10°

Nu:=0.70 Rat"® (9)

According to the previous experimental results by
the authors, the above Eq.(9) can be extrapolated to
the higher Rayleigh numbers, Ra%¥=28x10". Moreover,
the previous results also depicted that the following
turbulent correlation is applicable in the region of
higher Rayleigh numbers, 8 X 10'°< Ra% < 10™,

Nuz=020Ra¥"* (10)

Based on the latter result, the present analytical
range still remains in the transitional region. Mean-
while, it is worth while investigation whether the
present analysis is applicable or not to the flows of
higher Rayleigh numbers. Thus, we are planning to
conduct the similar analysis in the turbulent region in
the future.

4. Conclusions

The turbulent transition mechanisms of the natu-
ral convection over upward-facing horizontal plate
were investigated both analytically and experimen-
tally in the present study. The unsteady, three-dimen-
sional analysis has been carried out to simulate the
transition phenomena and the results were compared
with the experimental results. Water at room temper-
ature and 150 mm-wide plate heated with constant
heat flux was adopted as a test fluid and a test plate.
The following results were obtained from the present
analysis and experiment.

(1) The analytical results show that the flow
over horizontal plate undergoes a turbulent transition
through the following process. (i) The laminar
boundary layer flow first appears in the vicinity of the
plate edge. (ii) The flow gradually becomes unstable
due to heating. To dissolve the above instability, the
longitudinal vortices take place over the plate. (iii)
The vortices, then, grow toward downstream and
detach from the surface. Finally, they are disrupted
significantly and a fully turbulent state is accom-
plished in the downstream region of the plate. The
visualization experiments confirm that the above tran-
sition process actually occurs over the plate.

(2) The surface temperatures of the plate were
visualized with a liquid-crystal sheet. The results
were, then, compared with the analytical contours of
the surface temperatures. The both results show
identical temperature patterns. In particular, good
agreement is obtained for the onset and the spanwise

pitch of the low-temperature, streaky patterns.
Moreover, the local heat transfer coefficients calcu-
lated from the analysis coincide well with those from
experiment.

(3) 1In light of the above, it was confirmed that
the present analysis predicts the actual transition
phenomena quite satisfactory.
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