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Abstract

Experimental and computational studies were carried out to investigate the natural convection of
the single phase flow in a tank with a heated horizontal plate facing downward. This is a simplified
model for investigations of the influence of a core melt at the bottom of a reactor vessel on the
thermal hydraulic behavior in a water filled cavity surrounding the vessel. In this case the vessel is
simulated by a hexahedron insulated box with a heated plate horizontally mounted at the bottom of
the box. The box with the heated plate is installed in a water filled hexahedron tank. Coolers are
immersed in the U-type water volume between the box and the tank. Although the multicomponent
flows exist more probably below the heated plate in reality, present study concentrates on the single
phase flow in a first step prior to investigating the complicated multicomponent thermal hydraulic
phenomena. In the present study, in order to get a better understanding for the natural convection
characteristics below the heated plate, the velocity and temperature are measured by [ DA(Laser
Doppler Anemometry) and thermocouples, respectively. And flow fields are visualized by taking pic-
tures of the flow region with suspended particles. The results show the occurrence of a very effec-
tive circulation of the fluid in the whole flow area as the heater and coolers are put into operation.
In the remote region below the heated plate the flow is nearly stagnant, and a remarkable tempera-
ture stratification can be observed with very thin thermal boundary. Analytical predictions using the

FLUTAN code show a reasonable matching of the measured velocity fields.
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1. Introduction
The reliable removal of the heat from a core melt

located partially at the bottom of a pressure vessel is
an important safety criterion. A possible scenario may

be that the heat is transferred from the melt to a wat-

er filled cavity surrounding the wvessel through the
wall of the pressure vessel. The cavity water in con-
tact with the pressure vessel is heated and boils with
temperature increase and evaporizes. The generated
steam is transported to the condensers. The conden-
sed water sinks down in the cavity. Density differ-
ences are the driving forces for fluid circulation, i.e.,
the system is governed by a natural convection flow.
These cooling scenarios are studied by using a sim-
ple test apparatus with a heated horizontal plate in-
stalled in a water filled tank. Although multicompon-
ent flows are more probable in the cavity, present
study is focused on natural convection phenomena
of the single phase flow in a first step prior to pro-
ceeding to the complicated multicomponent flow
analysis. The fluid volume below the heated plate
and in the plena represents a storage of high heat

capacity. The question is how intensively the fluid vol-

ume in a tank contributes to the heat transport pro-
cess. Natural convection below the horizontal heated
plate facing downward at high Rayleigh numbers is

e Frr x4
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one of the basic programs in thermal hydraulic phen-
omena. Aihara et al. [1] carried out measurements of
velocity and temperature in quasi-two-dimensional
buovancy induced air flow. They measured the local
velocities by recording trajectories of fine particles
photographically. Faw and Dullforce{2, 3] and Hat-
field and Edwards[4] visualized the temperature fiel-
ds for downward facing plates by using a holographic
interferometry and quantified the heat flux. Restrepo
and Glicksman[5] measured the local temperature
profiles for a square heated and cooled plate in air
and evaluated the local heat flux from the measured
temperature data. Analytical studies [6—10] were
tried to predict natural convection below the down-
ward-facing horizontal heated plate. However the
predictions were not successful in all flow parameters
mainly because the flow below the heated plate is
very unstable and sensitive inherently and similarity
methods are not applicable to this problem. In this
study, whose parts were presented at the references
[11, 12], in order to get a better understaning for the
natural convection characteristics in a water tank with
a downward-facing horizontal heated plate, the local
velocity and temperature are measured by using
[ DA(Laser Doppler Anemometry) and thermocoup-
les, respectively. This problem can be treated numeri-
cally by multidimensional codes able to simulate the
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single and two-phase thermal and fluid dynamic proc-
esses. The thermal hydraulic FLUTAN computer
program[12, 13} is a highly vectorized version of the
thermal-hydraulic computer code family COMMIX
and represents a tool to analyze the combined fluid
dynamics and heat transport for three- dimensional,
laminar and turbulent, steady state and transient
problems. To access the capability of the FLUTAN
code for the simulation of this cooling scenario in a
first step, the single-phase thermal and fluid dynam-
ics of the problem is investigated because this pro-
cedure provides the basic information for the

two-phase flow considerations.
2. Theoretical Background

Typical thermal and fluid flow patterns with a co-
ordinate system for the present test configuration are
illustrated schematically in Fig. 1. The governing
equations for a two-dimensional natural convection
flow are derived by using the Boussinesq assumption
without introducing the boundary layer approxi-
mation[9, 14].

du o _
ax vy = 1
Ou du __ 1 9p ' | 8*u
“ortUay TT o Mt v ) @

2 2
+x%§+g—y‘é>+gﬁ(r—m (3)

ar ., T _ 8T | a*r
Uy +uv 3y = af pw +‘3;T) (4)

where v, g, f and « are kinematic viscosity, gravi-
tational acceleration, thermal expansion coefficient

and thermal diffusivity, respectively. There are two
kinds of natural convection flow in this test configur-

303

—

— j /NTD
Cooler

Heated Plate Th = U

Txo Voo

B

Section A-A

Fig. 1. Typical Thermal and Fluid Flow Pattern in a
Water Tank with a Heated Plate and Coordinate
System

ation, i.e., horizontal flow below the heated plate and
vertical flow in the plenum. In the horizontal flow re-
gion, the flow is governed dominantly by the u-mo-
mentum equation (2). Introducing the boundary ap-
proximation below the heated plate, equation (3) yiel-
ds

—gg- = 0gB(T— T.) (5)

Hence the buoyancy force of last term in equation(3)
influnces the horizontal velocity indirectly by way of
the hydrostatic pressure difference. The pressure dif-
ference is the direct driving force. Since, in stationary
flow, hydrostatic pressure distribution depends only
on the local temperature distribution in the boundary
layer, the pressure is higher in the hot fluid beneath
the plate than in the cold fluid at the same depth.
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This pressure difference forces the fluid horizontally
outward. In the plenum of the vertical velocity dom-
inated-flow region, the flow is governed by the v-mo-
mentum equation(3). The buoyancy force which is
the major force due to density difference drives the
flow upward near inner wall and downward near the
outer tank wall. In order to analyze the whole flow
area, governing equations (1) —(4) mentioned above
should be considered without boundary layer ap-
proximation.

3. Test Facility

The test facility is schematically represented in Fig.
2 together with its main dimensions in millimeters.
The pressure vessel is simulated by an insulated box
with a height of 300mm and a square cross section
of 150150 mm. The heat source is modeled by a

Box
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Unit : mm

Fig. 2. Geometry of the Test Facility
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heated plate{150 X 150X 15 mm) horizontally moun-
ted at the bottom of the box The heated plate is a
square copper plate which has long holes for insert-
ing heating lines and thermocouples. The box with
heated plate symmetrically installed in an open-top-
ped water filled glass tank. This installation realizes a
U-ype water volume with two elbow type plena of
identical dimensions on both sides of the box. Each
plenum is equipped with a two-sided plate-type cool-
er (150 12x 105 mm) immersed in the water. The
primary flow along the cooling surfaces of the cooler
is guided by two plexiglass plates vertically positioned
3. 6mm from either side of the cooler. The coolers
are installed symmetrically to the box at identical elev
ations to the heated plate. The thickness(H) of the
water layer between the heated plate and the bottom
wall of the tank can be easily varied by placing a fill-
ing body of appropriate dimension at the bottom of
the tank. The tank, the body and the filling bodies
are made of glass and plexiglass to allow a visualiza-
tion of the flow. At the surface, the whole facility is
covered with heat insulation during all experiments.
The window for the LDA measurements is reduced
to a minimum to minimize heat losses to the en-
vironment. The experimental parameters are the heat-
er power and the water layer thickness between heat-
ed plate and tank bottom. Velocity and temperature
measurements were performed with varying the wat-
er layer thickness, H, below the heated plate, ie.,
H=10, 40, and 90 mm. Two levels of heat power
for each height, P=217W and 438W were tested.
During all experiments, the distance between heated
plate and water surface was kept constant(275 mm).
Hence the total water volume varied, for the various
water layer thickness H. The whole circulating flow
phenomena are two-dimensional except region ¢
about 5mm from front and back window wall, which
was confirmed by flow visualization.

4. Instrumentation and Test Procedure

Velocity measurements are performed by varying
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the distance from the edge of the heated plate,
y=65(V1), 85(V2), 105(V3), 125(V4), 145(V5), 155

(V6), and 225mm(V7) and the distance from the cen-

ter of the heated plate, which are illustrated in Figs.
3 and 4. All measurements were performed at z=0

mm. Velocity components in main directions, i.e., par-

allel to the side wall (vertical velocity component in
measuring direction 1) and the heated plate (hori-
zontal velocity component in measuring direction 2)
were measured. Local velocities are measured using
a one-component DISA 55X Fiber Optic Laser Dop-
pler Anemometry{FOLDA) aligned with the backward
scatterred mode. The probe head is positioned out-
side the test facility and is connected to a PC con-
trolled 2D traversing system. Local fluid temperatures
are measured by using NiCr-Ni thermocouples of 0.
25mm outer diameter along the measuring direction
as shown in Fig. 3. Before the start of the experi-
ments, all measuring devices were calibrated. The fol-
lowing uncertainties can be assumed :

—flow velocities { = 0.5 mm/s

—temperatures ( > 0.1°C

—core power { > 2%

—heat losses ( > 4%

Measuring
] direction 1 |

N

=

Measuring
direction 2

Y

Fig. 3. Measuring Positions and Directions Showing
Typical Velocity Profiles

The preliminary measurements of the heated plate
were performed from the some thermocouples em-
bedded in the central and outer region of the heated
plate. Deviation from the average temperature is wit-
hin 1%. Basing on this fact that the isothermal con-
dition was almost satisfied, the heated plate tempera-
ture was obtained at central region of the heated plat-
e. After installation and calibration of all measuring
devices, the heat power is switched on and the cool-
ers are put in operation. At the secondary side of
each cooler, the circulating volume flow rate of 0.
0163 £ /s and inlet temperature 10°C are kept con-
stant during the course of the experiment indepen-
dent of the core power. When the steady state flow

conditions are reached, velocity and temperature are

Velocity measuring
traverses : V1 - V10

Beam sheet

—————— Vi T
— Laser 1 with
[} . .
: : : rotating muror
'V8 V9 V10 “Visualized area
2 Rotating

mirror

x |Beamsheet

Chopper ""

Camera ‘)—(E

-

Fig. 4. Measuring Traverses and Flow Visualization Met:
hod
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measured by using a LDA and movable thermocoup-
les, respectively. The matrix of the experimental cases
is given in Table 1. For the main parameters, namely
the water layer thickness H and the heat power P
are indicated. As for the characteristic number of nat-
ural convection flow, when Rayleigh number is de-
fined as Ra =Gr Pr with the Grashof number:Gr
=gB(Th-T) L3/¥? and the Pranditl number:Pr=y/
a, where Th, T» and L indicate the measured tem-
perature at the center of the heated plate, the water
temperature near the bottom of the tank, and the
characteristic length of one-half of the heated plate
width, respectively, the range of the Ra number is
obtained from 1.41 X 10 to 9.5 10%. The flow fields
are visualized by using the method illustrated in Fig.
4. A laser beam of 1 mm diameter is directed to a
rotating mirror. The produced beam sheet visualized
particles (Plyolite, 1.04 g/cm®) equally distributed in

Table 1. Matrix of Measurements

dJ. Korean Nuclear Society, Vol. 27, No. 3, June 1995

the water. A beam chopper allows to interrupt the las-
er beam to quantify the velocity and flow direction of
the particles recorded photographically.

5. Computer Code Simulation

A highly vectorized version of the thermal-hy-
draulic computer code FLUTAN[12, 13] has been
used for the numerical prediction of the experiments.
The slab geometry is modeled by a 3D noding
scheme with about 3000 volume cells. The following
boundary conditions are specified: Constant heat flux
normal to the heated wall surfaces are assumed. At
the coolers secondary side, the heat transfer is deter-
mined on the basis of the measured mass flow rate
and inlet temperature. At the primary side, boundary
conditions account for fluid convection, thermal ca-
pacity of the walls, and heat transfer to the surround-

Height Measuring positions
between Heater Measuring Measuring
heated Power, direction 1, y {mm) direction 2, x/L.
plate and P (W)
bottom wall, Velocity Temperaure Velocity Temperaure
H (mm)
65, 105, 047, 0.67
217 145 1.00
10 65, 105, 047, 067
438 145 1.00
217 65, 105, 65, 105, 047, 0.67 0.0, 0.33,
145 145 1.00 053,10
40 65, 105, 65, 105, 047, 0.67 0.0, 0.33,
438 145 145 1.00 053,10
65, 105, 65, 105, 047,067 00,01,
145 145 1.00 02,033,
217 053,08,
10
90
65, 85, 65, 105, 047, 0.67 00,01,
438 105, 125, 145 1.00 0.2, 0.33,
145, 155, 053,038,
225 10
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ing water. All computations are based on laminar
flow conditions.

6. Results and Discussions

6.1. Velocity Profiles

Fig. 5 shows the vertical velocities along horizontal
traverses V1 to V7 for a power of 438W and a water
layer thickness of H=90mm. The measurements at
powers of 217W taken along traverses V1, V3, and
b are also included in the graph. For the water thic-
kness of H=40 mm, the measured velocities along
traverses V1, V3, and Vb are represented in Fig. 6 at

powers of 217 and 438 W. In all cases maximum vel-

ocities occur near the wall of the box, where hot wat-
er rises upward. The negative velocities occur near
the wall of the tank where cold water coming from
the coolers flows downward. Between these areas of
fast flowing fluid, a large region with nearly stagnant
fluid is observed. This behavior is measured for dif-
ferent powers. The maxima of the upward or down-
ward velocities, however, are increased by about 50%
with doubling the power. With increasing the y-pos-
ition of the measuring traverses a more and more
pronounced shear flow phenomena taking place
near the inner wall can be detected. This is indica
ted by the measured negative vertical velocities in the
range of 5—10 mm distance from the inner wall,
This result implies that a small circulation exists in
this region in opposite direction of the large circu-
lation in the whole flow area. Downward flow below
the coolers is not shown at y=225 mm(V7), since
this measuring traverse is located above the lower
edge of the coolers. Along the V6(y =155 mm) meas-
uring traverse which is about 10 mm below the cool-
er the velocities of the downward fluid flows from the
cooler. With increasing distance from the cooler{dec-
reasing y-position), the maximum values are more
and more deflecteted to the outer tank wall and in-
crease due to flow acceleration. This is a kind of
Coandar effect caused by depressurization in the gap
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between the downward flowing water and the tank
wall. The lower measuring traverse indicates a re-
duction of the maximum downward velocity. In the
region near the heated plate this flow is already
influenced by the flow within the water layer thick-
ness below the heated plate. Figs. 7 and 8 show the
velocities along the traverses V1 and V3 for 217W
and different water layers. It is observed that the thic-

kness of the water layer below the heated plate seem-

s to be of no decisive influence on the local flow in
the plenum region above the heated plate. The hori-
zonta] velocities measured along the vertical traverses
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Fig. 6. Vertical Velocity Profiles for H=40 mm and Dif-
ferent Powers (Black symbol:P=438 W, White
symbol : P=217 W)
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VB(x/L =047), W(x/L=0.67), and VI0{x/L=10)
below the heated plate are indicated in Figs. 9 and
10. Fig. 9 shows the horizontal velocities for the wat-
er layer thickness of H=90 mm and different pow-
ers. And Fig. 10 represents the effect of the water lay
er thickness on the horizontal velocities. In general,
all data show that the highest velocities are measured
near the heated surface. The higher the power is, the
higher the maximum velocities are. The boundary lay
er is in a very thin fluid layer with a thickness of { 5
mm. With increasing x/L. the thickness of the bound-
ary layer is reduced. Near the heated surface the vel-
ocities increase with the lateral distance from the cen-
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Fig. 7. Vertical Velocity Profiles at y=65 mm, P=217 W
and Different Heights, H
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ter of the heated plate and with the heated power.

25
The maximum value of the velocity below the heated
plate is measured at the measuring location,
20 0. With increasing distance from the heated plate(dec-
reasing y) the flow direction is reversed and fluid
15 flows inward. In the case of H=90 mm, the reversed
flow region is from y=—5 mm to —30 mm. It seem
s that below this region the flow is rather stagnant.
10 For H=40 mm, the reversed flow region is not so
H . pronounced. The nearly stagnant flow region starts
€
£ s | T from y=-—20 mm. In the case of H=10 mm, the
z 3 ; P flow is reversed ranging from y=—2.5 mm to the
8 < l Al
% o % 1r - ] La 2 ‘ bottom.
E e
> i 6.2. Temperature Profiles
.5 "
: |

¢ Temperature profiles at steady state are measured
10 Lo H=90mm j by movable thermocouples at measuring directions 1

——0— H=40mm

and 2 indicated in Fig. 3. Temperature data below

—*— H=10mm

the heated plate for H=90mm and heat power,
438W, are shown in Fig. 11. It is observed from the
| data that thermal boundary thickness is very thin less

-18

-20 ‘ than 5mm. At the remote region from the plate, the
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Distance from inner wall, x -L{imm)
Fig. 8. Vertical Velocity Profiles at y=105 mm, P=217
W and Different Heights, H

temperatures are nearly constant, which implies that
the flow region is stratified thermally with the thermal
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Fig. 9. Horizontal Velocities below the Heated Plate for P=438 W and Different Heights, H
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boundary. With increasing x/L, temperature gradients
below the plate become higher, which means the hig-
her local heat transfer rates. The higher heat transfer
rates in outer region of the plate are due to the hig-
her wvelocities, of which results were discussed pre-
viously. Fig. 12 shows the temperature profiles in the
plenum abowve the plate. The results represent that
the hot fluid flows upward near inner wall and the
cold fluid flows downward from the cooler. The cold
fluid is mixed with neighboring fluid in the lower re-
gion of the plenum. A circulation in downward flow
direction at 5 mm away from the inner can be det-
ected from the temperature results at that region.
Local Nusselt numbers below heated plate were eval-

dJ. Korean Nuclear Society, Vol. 27, No. 3, June 1995

uated from measured temperature data. Local Nus-
selt number, Nu, is defined by

@l

where qu is local surface heat flux, and estimated
from the temperature gradient at the heated plate
surface. Local Nusselt numbers devided by the Ra®?
are plotted and compared with Aihara et al. [1] and
Singh et al. [15, 16) in Fig. 13. The results show
same trends with the others’ data. Fig. 14 shows a
comparison of the average Nusselt number, Nu, alon-
g the heated plate with data by the others[6, 7],
where Nu is defined by

_— L 4y
Nu=—}:»£ K( T,,—Tm) dx (7)

It is generally noted that the present results are dis-
tributed within the range of these two correlations,
Nu=025 Ra® in Ref. 6 and Nu=0.44 Ra® in Ret.
7. More comparisons of the average Nusselt numbers
with the others are listed in Table 2. It is observed
that present results are not much scatterred from the
others’ data.

6.3. Flow Visualization

The flow fields are visualized by taking pictures of
the illuminated area indicated in Fig. 4. A visualized
flow photograpy below the plate for H=90mm and
power, 217W is represented in Fig. 15. It is observed
that the fluids below the plate are directed to out-
ward and turning around the plate edge. The flow in
the plenum for H=90 mm and power 217W is vis-
ualizd photographically as shown in Fig. 16. It can be
seen from this picture that the flow circulates largely
in whole flow region and some vortexes at the higher
region near inner wall and in the lower plenum re-
gion can be observed. The features of the flow visual-
ization results coincide with those of the velocity and
temperature.
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Fig. 11. Temperature Profiles below the Peated Plate for H=90 mm and P=438 W
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Fig. 12. Temperature Profiles in the Plenum for H=90 mm and P=438 W
6.4. Comparison of Measured and Computed directions of the particles can be demonstrated by
Velocities pulsed illumination varying the pulse frequency. This

method is used to determine the flow fields in the

Velocity fields were visualized. The velocities and model. The visualized flow fields are compared with
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Fig. 14. Average Nusselt Numbers with the Others(Clif-
ton and Chapman(7], Chapman{6], Present
Data :H90438W(H=90 mm, P=438 W), H90P2
17(H=90 mm, P=217 W), H40P438(H=40 mm,
P=438 W), H40P217(H=40 mm, P=217 W))

computed velocity vector fields as shown in Fig. 17.
The photo on the left hand side is taken during the
heat-up phase, 1200s after start of the heating. The
photo on the right hand side is typical for steady stat
e conditions at about 8000s. In both cases the power
is 438W, the thickness of the water layer below the
heated plate is H=90 mm. Each photo represents
an illumination time of 16s. A strong upward flow

Table 2. Comparison of Average Nusselt Number Nu for the Heated Downward-Facing Plate

Authors Mu/R’2  Remarks
Present work Experimental two-dimensional flow,
square plate, in water
0.548 H=90 mm, P=438 W, Ra=9.5x10°
0.49 H=90 mm, P=217 W, Ra=141 x10?
041 H=40 mm, P=438 W, Ra=89x 108
0536 H=40 mm, P=217 W, Ra=1.66x10°
Aihara et al. [1] Experimental quasi-two-dimensional
flow, in air
0.509 Ra=1.02x10°
0500 Ra=7.16x10°
Sounders et af. [17] Experiment, rectangular plate, in air
0.523 Ra=94x10°
0.526 Ra=6.61x10°
Birkebak et al. [18] 0681  Experiment, square plate, in water
Singh et al. [15, 16] 046  Theory, two-dimensional flow, Pr=0.7
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Fig. 17. Comparison of Computed and Visualized Vel-

ocity Fields during Heat-Up Phase(1200s) and
Fig. 15. Visualized Velocity Fields below the Heated for Steady State Conditions (8000s)

Plate for H=90 mm and P=217 W

30 T i I 130
i 1 ! . !
20 20
Experiment
1081 i
\ y ={145mm
0 #
y :\\?__O_,_—c
# _
BEE
! Calculation 1

Vertical velocity, V.mm/sec

-10! ;
| Lo
-20 i i
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Distance from inner wall, mm
Fig. 16. Visualized Velocity Fields in the Plenum for Fig. 18. Comparison of Measured and Calculated Velo-
H=90 mm and P=217 W cities along Traverses Y=65, 105, 145 mm for

H=90 mm. P=438 W
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can be detected near the box wall initiating a vortex

near the free water surface. In a large portion of the

area below the heated plate, the flow is rather stag-

nant. In the graph on the right hand side, this stag-

nant flow area is no longer visible. A large vortex can

also be seen in the photo. The rotational center, how-
ever, seems to be shifted toward the tank wall. In ad-

dition a second vortex is formed right below the heat-
ed plate. A comparison of computational and test

data is shown in Fig. 18 for the vertical velocity prof-

iles along traverses V2, V3 and V4. The power is

438W and H=90 mm. As can be seen the meas-

ured vertical velocities indicate a maximum near the

tank wall and these values correspond to the meas-

urements. But the thickness of the upward and dow-

nward flowing fluid is too large in the circulations.

Therefore, the circulating mass flow from the calcula-

tions is about 50% higher than indicated in the meas-
urements. This leads to a smaller temperature differ-

ence along the water plenum under steady state con-

ditions.

Additional investigations are necessary to clarify
this local discrepancy which is mainly a result of the
coarse nodalization of the plenum. In general, how-
ever, it can be stated that the stream line photogra-
phy and the computations are qualitatively in agree-

ment.

7. Summary and Conclusions

Experimental and computational studies were car-
ried out using a simple setup with a horizontal heat
source which is movable in axial direction within a
water filled tank. Fluid temperatures and wvelocities
were measured under different buoyancy-driven op-
erational conditions. Following a tran- sient heat-up
phase, coolers are put into operation to reach stead-
y-state values where the heat input was equal to the
heat removal. For identical boundary conditions, the
heat power and the water layer below the heated sur-

face were varied.
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It was observed from measured velocity and tem-
perature data and flow visualizations that a very ef-
fective flow circulation starts right after the start of
the heating. During the heat up phase, the hot fluid
flows upward intensively within a small water layer at
the box wall. The cool water from the coolers sinks
toward the bottom of the tank. This flow initiates a
fiow circulation in the whole water volume stored in
the plenum above the heated plate. The flow for the
higher power of the heated plate circulates more in-
tensively than the lower power flow.

Below the heated plate, only a thin boundary less
than 5 mm is involved in the heat transport process.
In the case of thick water layers, hence, a large por-
tion of water is nearly stagnant and a remarkable tem
perature stratification can be observed with very thin
thermal boundary. The whole heat transport process
is not influenced significantly by the water layer thick-
ness below heated plate but mainly by the water vol-
ume above the heated plate.

Numerical predictions using the FLUTAN code
were compared with the experimental data. Over
wide range of parameters, the comparison shows a
qualitative agreement for the data available up to
now. Additional calculations are in progress to clarify
the unsolved problems.

Nomenclature

graviational acceleration , m/s*

Gr Grashof number, g8(Th T2

height between heated plate and bottom
wall, m

half-width of the heated plate, m

local Nusselt number, quL/(x(Th-T=))
average Nusselt number

w

T

heater power, W

pressure, Pa

Prandt! number, v/a

local surface heat flux, W/m?
Rayleigh number, Gr Pr

a‘?-g y o -Uglczll_
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T

Th
Tw

temperature, °C

heated plate temperature, °C

temperature at a remote region below heat-
ed plate, °C

u, v, w velocity components, m/sec

Ux, Vo velocities at a remote region below heated

plate, m/sec

X Y,z coordinate system, m

Greek symbols

a thermal diffusivity m?/s
B thermal expansion coefficient °c!
x thermal conductivty W/(m. °C)
v kinematic viscosity m?/s
P density kag/m?
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