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Nomenclature

constant for the Nusselt Rayleigh number correlation, Nu = C - Ra®3".
height of the cavity, m.
width of the cavity, m.

heat transfer rate, W.

temperature of the hot vertical wall in the cavity, °C.

temperature of the movable vertical wall in the cavity, *C.

temperature of the top wall in the cavity, °C.

temperature of the bottom wall in the cavity, ‘C.

ambient temperature outside of the flow near the hot vertical wall, “C.
temperature of water measured at the inlet of the cooling channel, °C.

temperature of water measured at the outlet of the cooling channel, *C.

Biot number, % .

_ 3
local Grashof number, Gr = M )
v

gﬂ(TH _TC)L3 .

| 4

horizontal Grashof number, Gr, =

XIix



Nuy

Pr

Ra

T, -T, 3
vertical Grashof number, Gr, = gp ( To zﬂonom )H '
1%

local Nusselt number, Nu = };—y

average Nusselt number for the hot vertical wall, Nuy = if— .

Prandt]l number, Pr= Y .
a

local Rayleigh number, Ra = (—ﬂ—) .g-(T,-1,)-»*
av

Stratification rate, the non-dimensionalized temperature gradient of the
ambient air in the vertical direction in the core region of the cavity.

non-dimensionalized temperature difference between the top and bottom

TTop —TBanom

walls, §, =
TH "'Tc

non-dimensionalized mean temperature in the vertical direction of the

—  (Tnp + Touom )2
cavity, Ty =-—2 .
Y (T H™ Tc )

gravity acceleration, m/s? .
heat transfer coefficient, W/m? - C.
average heat transfer coefficient for the hot vertical wall, #/m? -* C.

thickness of the plate, m.

exponent for the Nusselt Rayleigh number correlation, Nu = C- Ra®*".



AT

temperature difference between the temperature of the hot vertical wall

and the local ambient temperature, T, -7, "C.

thermal diffusivity, m?/s.

volume expansion coefficient at constant pressure, X .
specific heat, J/kg-* C.

thermal conductivity, W/m-" C.

kinematic viscosity, m?/s.

thickness of the hydrodynamic boundary layer, m.

thickness of the thermal boundary layer, m.
flow velocity parallel to the vertical walls, m/s.
density, kg/m®.

mass flow rate of the water, kg/s.

heat flux, W/m?.
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Figure 1.1 Schematic of the natural convection in a rectangular enclosure with
temperature difference in the horizontal direction.

~

Figure 1.2 Schematic of the natural convection in a rectangular enclosure with
temperature differences in the horizontal and vertical directions.
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heat transfer in the square cavity was investigated. An experimental facility was designed
and constructed that allowed control of both horizontal and vertical temperature
differences in an air-filled rectangular enclosure. In this thesis, attention is focused on the
effect of the stable stratification for enclosures with an aspect ratio of one.

This thesis contains five chapters. The previous investigations on natural
convection in enclosures are summarized in Chapter two. The experimental facilities,
procedure and the data reduction are documented in Chapter three. The results are

discussed in Chapter four. Finally, in Chapter five, the conclusions are presented.
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Investipators Approach Study Area Findings
MacGregor and | Numerical Natural convection for isothermal wall | The effects of Pr, Gr, and aspect
Emery (1969) computations and constant-heat-flux wall-boundary ratio on natural convection were

and experiment

conditions.

described. Experimental
measurements of heat transfer, and

the velocity and temperature profiles
were given.
Newell and Numerical Two-Dimensional laminar natural The time-dependent governing
Schmidt (1970) | techniques convection in air-filled rectangular differential equations were solved.
enclosure with isothermal walls at Steady-state solutions were obtained.
different temperatures.
Cormack etal. | Theoretical Natural convection in a shallow cavity | The flow consisted of two regimes: a
(1974 a, b) analysis and with differentially heated end walls. parallel flow in the core region and a
simulation second, non-parallel flow near the
ends of the cavity.
Ostrach and Experimental The effect of stabilizing thermal The flow generated by a horizontal
Raghavan gradients on natural convection in gradient was retarded by a stabilizing
(1979) silicone oils in rectangnlar cavity with | thermal gradient. The reduction was
different aspect ratio. Pr~10%; Grup | Shown as a function of the relevant
to 20; and aspect ratios of 1 and 3. parameters.
Sernas and Experiment Heat transfer rates inside rectangular The heat transfer characteristics and
Lee (1981) using an air enclosures of aspect ratios between | flow patterns within the two types of
interferometer 0.1 and 1. enclosures were found to be
2.64x10% <Gr<5.45x10° . significantly different.
Shiralkar and Numerical The flow and heat transfer in an square | A stabilizing vertical temperatare
Tien (1982) technique enclosure subjected to comparable difference was found to decrease the
horizontal and vertical temperature vertical velocities along the hot wall,
differences. but increase the horizontal heat
transfer.
Briggs and Experiment Two-dimensional periodic natural Clearly defined the existence of the
Jones (1985) using a laser- convection in a rectangular enclosure periodic laminar flow regimes
doppler of aspect ratio one. The two vertical detectable at Ra>03x107 .The effect
velocimeter walls at different temperatures; the two
horizontal walls with temperatures of R;:: frequency of flows was
varying linearly between the two reported.
vertical walls.
Bohn and Experimental Temperature and heat flux distribution | A three-dimensional enclosure
Anderson in a three-dimensional natural exhibited core stratification. The
(1986) convection enclosure flow. temperature in the core varied only in
the vertical direction.
Viskanta etal. | Numerical Three-dimensional nataral convection | For the low-Prandtl-number fluids,
(1986) algorithm and heat transfer of a liquid metal in a three-dimensional effects on the
experiment rectangular cavity with differential side | convective heat transfer throughout
heating. the cavity.
Tian and Experimental Natural convection in an air-filled The temperature and velocity
Karayiannis square cavity with the temperature distribution was measured at different
(2000) differential between the two vertical locations inside the cavity. A contour

walls.

plot of the thermal field and a wector
plot of the air flow in the cavity were

reported.

Table 2.1 Summary of investigations of natural convection in rectangular enclosure with
the height approximately equal to the width.
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Investigators Approach Study Area Findings

Eckert and Experiment The temperature field in an air- Local heat transfer coefficients

Carlson using an filled enclosure with two different | were derived.

(1961) interferometer | temperature vertical walls. The range of Grashof numbers
and the value of aspect ratio
determined the natural convection
characters inside the cavity.

Emery and Theoretical The heat transfer across a vertical | The heat transfer was a function

Chu (1965) analysis and layer by natural convection. of temperature differential in the
experiment horizontal direction, and the
aspect ratio. Heat transfer
coefficients were reported.

Elder (1965) | Experimental | Laminar natural convectionin a With the different range of the
rectangular cavity with different Rayleigh numbers, the
temperatures on the two vertical temperature field and the flow
walls. Aspect ratio=1-60; Prandtl pattern were different.
number = 1000; and Ra <10®.

Gill (1966) Theoretical Two-Dimensional convective An approximate solution was

analysis motion in a rectangular cavity with | obtained for the case of large
two vertical walls at different values of the Prandtl number, and
temperatures. found to be in agreement with
experimental data.

Seki et al. Experimental | Natural convective flow in a The effects of Prandtl number, the

(1978) visualization narrow rectangular cavity with two | working fluid and the aspect ratios
vertical walls at different on the flow patterns were
temperature and horizontal walls discussed qualitatively.
insulated.

Yin et al. Experimental | Natural convection in an air-filled | Two Nusselt-Grashof correlations

(1978) rectangular cavity with were presented for the measured
temperature differential between heat-transfer data.
ge t“zogvtert}]csa; walls. Aspectratio | ny, =0.0916r,% ;

om 2210 B Nuy =0.210Gr, "% (H/L} .

Ostrach and Experimental | The effect of stabilizing thermal It was found that the flow

Raghavan gradients on natural convection in | generated by a horizontal gradient

(1979) silicone oils in rectangular cavity | was retarded by a stabilizing

with different aspect ratio.
Pr~10°%, Grup to 20, and aspect
ratio were 1 and 3.

thermal gradient. The reduction
was shown as a function of the
relevant parameters.

Table 2.2 Summary of investigations of natural convection in rectangular enclosure with
the height much greater than the width.

14
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Figure 2.6 Velocity profiles from Elder (1965) for a cavity with L=4.08 cm, H=75.7 cm,
and Ra=4.0x10° at various distances from the bottom wall.
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Figure 2.8 Streamline patterns from Ostrach and Raghavan (1979) for an aspect ratio
(%)=3, and (a) Gr,, = 0.246,Gr, =0; (b)Gr, =0.253, Gr, =21.049; (c)Gry =0.143,

Gr, =28.49.
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Investigators Approach Study Area Findings
Cormack et Theoretical Natural convection in a shallow The flow consisted of two
al. (1974 a, b) | analysis and cavity with differentially heated regimes: a parallel flow in the
simulation end walls. core region and a second, non-
parallel flow near the ends of the
cavity.
Imberger Experimental | The steady motion of water in an The experimental results were
(1974) enclosed rectangular cavity with compared with the findings
differentially heated vertical walls | obtained from the theoretical
with aspect ratio=102 &1.9x10% | analysis and numerical
computations.
Bejan et al. Experimental | High-Rayleigh-number convection | The core flow structure was non-
(1981) in a horizontal rectangular cavity parallel and was dominated by
with the two vertical walls at horizontal intrusions flowing
different temperatures and the along the horizontal walls. The
horizontal walls adiabatic. Aspect | fluid between the two horizontal
ratio = 0.0625. jets was stagnant and stratified.
Sernas and Experiment Heat transfer rates inside The heat transfer characteristics
Lee (1981) using an rectangular air enclosures of aspect | and flow patterns within the two
interferometer | ratios between 0.1 and 1. types of enclosures were found to
2.64x10% <Gr <5.45x10° . be significantly different.
Yewell etal. | Experimental | Transient natural convection in The thin intrusion layers along the
(1982) enclosures at high Rayleigh horizontal adiabatic surfaces were
number (1.28x10°,149x10°) and | observed. The core was thermally
low aspect ratios (0.0625, 0.112). stratified. The equation for the
time to reach the steady state was
given.
Hart (1983) Theoretical Two-dimensional convectionina | Found the conditions for which a
analysis horizontal cavity with two vertical | parallel core flow will exist at low
walls at different temperatures. Pr.
Ozoe et al. Experimental | Natural convection inside a The horizontal and vertical
(1983) rectangular enclosure with the velocity profiles near a heated
temperature differential at the vertical wall were measured. The
vertical walls. horizontal temperature profiles
were measured.
Drummond Numerical Natural convection in a shallow For fluids of small Prandtl
and Korpela technique enclosure heated from a side. number, the differences in the
(1987) flow patterns in the two cases
with different thermal boundary
conditions on the top and bottom
walls were slight.
Khalifa Review paper | Natural convective heat transfer Comparison between the
(2001) coefficients on surfaces in two- correlations for the heat transfer

and three-dimensional enclosures.

coefficients showed that large
discrepancies could occur. The
discrepancies were found to be up
to a factor of 5 for vertical walls.

Table 2.3 Summary of investigations of natural convection in rectangular enclosure with
the height much less than the width.

21
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Figure 2.11

Ra =8.04x10%, and (c) Ra=1.11x10%.
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Investigators

Approach

Study Area

Findings

Dropkin and
Somerscales (1965)

Experimental

Convective heat transfer in liquids confined by
two parallel plates and inclined at various angles.

5x10* <Ra <7.17x10%, 0.02<Pr<I1 1,560

The heat transfer coefTicients at the different
angles can be determined from the relationship

Nu= C(Ra)}; (Pr)®7¢

Ozoc et al. (1974)

Finite-difference
methods and
experiment

Two-dimensional natural circulation in an inclined
cavity beated on one side and cooled on the
opposing side.

The mode of circulation changed with the angle
of inclination and aspect ratio.

Amold et al. (1976)

Experimental

The effect of angle of inclination on beat transfer
across a rectangular cavity, 10° <Ra <10°;
aspect ratio=1,3,6 and 12.

Comparison was made with previous theoretical
analysis; a scaling law was derived that was
valid for tilt angles varying from 0° o 90°.

Chu et al. (1976)

Numerical

The effect of heater size, location, aspect ratio,

The computed flow patterns were found to be in
with experimental results.

and boundary conditions on the 2-D L
natural convection in rectangular cavity.

&

Flack ct al. (1979)

Experiment using an
interferometer

The beat transfer rates of a laminar convection air
flow in 2-D triangular enclosure.

2.9x10% <Gr<9.0x10% .

Results approximately agreed with rectangular
enclosure results.

Meyer ct al. (1979)

Experiment using an
interferometer

Local and average beat transfer coeflicients for
natural convection between two paralie]l walls

separated by slas. Raupto 7x10°.

The effects of Rayleigh number, tilt and slat
angles, as well as aspect ratio on Nusselt number
were determined.

Randall et al. (1979)

Experiment using an

Thc natunl convecuve beat transfer ina
with various tilt angles.

P
inter

Correlations were developed for local and
average Nusselt number. The tilt angle
infl d the average beat transfer. Based on

1x10%, aspect ratio b 9
;:l;;’<0r<3 X t beat transfer mechanisms, a method for
3 characterizing the flow regimes was proposed.
Flack (1980) Experimental The natural ive heat fer in tri L The geometry was able to represent the
air-filled enclosures heated or cooled from below conventional attic space of a bouse during winter
wall. and conditions.
Turner and Experiment using an | The beat transfer rates of laminar convective air Correlations were obtained
Flack (1980) interferometer flow in rectangular cavity with one isotbermal hot | Measuring data indicated the dependence of beat
vertical wall, a concentrated cooling strip on the fer rates on the g iC parameters.
pposing wall
Anderson and Bejan | Theoretical analysis The beat transfer across a single or double The relationship between overall beat transfer
(1981) and experiment partition that divided a fluid-filled rectangular and the degree of the thermal stratification on
cavity into two differentially-heated chambers. both sides of the partitions was determined. The
net beat transfer « (144},
Bajorek and Experiment usingan | Natural convection heat transfer inside 8 2-D, The partitions significantly influenced the
Lloyd (1982) interferometer partitioned rectangular enclosure of aspectratio 1. | convective heat transfer. The unsteady core
¢ region affected the flow along the vertical
1.7x10° <Gr<3.0x10° . e o,
Elsberbiny et al. Experimental The natural convection beat transfer across Correlation equations were obtained that allowed
(1982) vertical and inclined air layers. Aspect ratio the heat transfer across the inclined cavity to be
between § and 110, 10° < Ra <2x107. calculated.
Lin and Experimental Natura! convective heat transfer in a rectangular The heat transfer rate and flow patiern were
Bejan (1983) enclosure with internal partition. influenced by the aperture ratio.
Poulikakos and Experimental Steady natural convective heat transfer ina Aspect ratio played a minor role in the Nu And
Bejan (1983) triangular space (attic-shaped). l0‘<Ra<lO’ Nu depended on the Ra .
Filis and Experimental Natura! convection in a panalielepipedal e | The velocity field in the cavity consisted of four
Poulikakos (1986) driven by a singie wall with a cold and a hot cells. Non-tmiform wall temperature affected the
region. 10'° < Ra<5x10". beat and flow characteristics.
Hamady and Experiment and The effect of inclination on the natural convection | The heat flux in the bot and cold boundaries
Lloyd (1989) simulation beat transfer in an air-filled enclosure. depended on the angle of inclination and the
10* <Ra<10°. Rayleigh number,
Elsherbiny (1996) Experimental Natural convection beat transfer in an inclined air- | Some correlations expressing the effect of tilt
filled rectangular enclosure. 102 < Ra <2x10° . ':ﬂcin::lhe average Nusselt number were
o
Aydin et al. (1999) Numerical analysis Natural convection of air in a 2-D enclosure The effect of Ra on heat transfer was significant
beated from one side and cooled from the when the aspect ratio more thanl; and the
ceiling. 10° S Ra S107 . The aspoct ratios ranged | influcnce of aspect ratio was strong when it less
from 0.25 to 4.0. than 1 and Ra was high
Leong etal. (1999) | Experimental Natura! convection Nussel ber for a cubical, The Nusselt number results were obtained.
The results were intended to provide data for a

air-filled cavity. One pair of opposing walls were
kept a1 different temperatures ( 7, and T, ) and
the rermaining walls had a linear variation from
T, ©7.

benchmark problem in CFD.

Table 2.4 Summary of investigations of natural convection in enclosures with tilt angle,
particular thermal boundary conditions, or other configurations.
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could be represented by
Nuy =0.118[Gr, Preos?(6-45)f"”, 2.14)

for the parameter range investigated in their experiment.

Elsherbiny (1996) investigated the natural convection heat transfer in a similar
inclined rectangular enclosure with an aspect ratio of 20 and Rayleigh number of 107 to

2x10°. They reported the correlation given by

Nu, = [1+(0.212RaL°"")"}y”, for 6=180" , (2.15)

Nu, = [x+ (0.0566Ra, > ™ }y“"‘, for §=120", (2.16)

and

180-6

- [Nu, (120") - Nu, (180%)], for 120" <6 <180°. (2.17)

Nu, ()= Nu,(180") +

Brooks and Ostrach (1970) also investigated the natural convection inside a
horizontal cylinder with varying heating angleg as shown in Figure 2.21. They found
that for small heating angles ¢, the core region consisted of two small, slowly moving

cells similar to the case where the cylinder was heated and cooled on the horizontal
points. For large heating angles, the motion consisted of one cell located to the cold side
of the cylinder. The core region was thermally stratified in these cases, but the

temperature gradient decreased with the increase of the heating angle.
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Lin and Bejan (1983) examined the natural convective heat transfer in rectangular
cavities fitted with an incomplete internal partition with Rayleigh number ranging from
10° to 10" and aperture ratios varying from 0 to 1. They found that the aperture ratio
(aperture height / enclosure height) had a strong effect on both the heat transfer rate and
the flow pattern. Flack et al. (1979) examined the laminar natural convection flows in
two-dimensional triangular enclosures consisting of a heated wall, a cooled wall and an
adiabatic bottom with Grashof number varying from 2.9x10° to 9.0x10° and aspect
ratios (enclosure height/base width) ranging from 0.29 to 0.87. They found that the angle
between the hot and cold walls had almost no effect on the local Nusselt numbers, and
the overall Nusselt numbers were in approximate agreement with the data obtained from

a rectangular enclosure.

37
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Figure 3.7 Detailed structure of thermocouple embedded in the wall.
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the frame was 635 mm (25”). The frame was mounted on a traversing stage as shown in
Figure 3.21 using an aluminum block with the outside dimensions of 38.1 mm (1.5”) x
19.1 mm (0.75”) x 15.7 mm (0.62”). This traversing stage could move the thermocouple
probe through 190 mm in the horizontal direction and 310 mm in the vertical direction by
turning the handles shown in Figure 3.21. The base of the traversing stage was mounted
on the parallel steel rods that were set on a movable hollow tubing as shown in Figure
3.22. This base could be moved so the thermocouple probe can, in principle, reach any
position on the central plane of the cavity. The thermocouple probe moved 1mm for each
full turn on the traverse and the minimum graduation in the measurement of the position
was 0.0lmm. In the experiments, the minimum step size of the thermocouple probe was

0.25mm and the accuracy of the location of the probe was found to be approximately

0.02 mm to 0.03 mm.

3.2 Experimental procedure
A typical thermocouple of the type embedded in the walls (diameter of 0.254mm

or 0.010”) and the movable thermocouple probe (diameter of 0.051 mm or0.002") were

calibrated before the experiments by placing them in a container filled with heated water

along with an alcohol thermometer with accuracy +1°C . The temperature of the water

was decreased gradually by adding ice into the container, until the temperature was close
to 0°C. A comparison of temperature determined from the 0.010" thermocouple and

0.002" thermocouple to the reading from the alcohol thermometer is shown in Figure
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Figure 3.23 Change in the temperature measured with the o 0.010” thermocouple and the
® 0.002” thermocouple with temperature measured by an alcohol thermometer.
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Figure 3.25 Best linear fit used to determine the slope of the temperature profile at the
mid-height of the cavity in the first case where the top and bottom walls were insulated,

the temperatures of the vertical walls were kept at 82°C and 14°C, respectively.
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included in the Appendix.

The accuracy of the local heat flux ¢~ computed from the temperature profiles
were checked by applying an energy balance for the hot vertical wall. This was done only
in the central area of the hot vertical wall as shown in Figure 3.27 because it was difficult
to estimate the heat transfer on the edges of the wall. The equations to express the total
energy into and leaving the control volume are given, respectively, by

Oina) =Cn +Or» (3.11) .

and
Qout(a) =0 +0:+0p + Or +0,. (3.12)
The subscripts represent the different sources of energy into or leaving the area. For

example, O, is the energy input by the heater and Q. is the energy into the thermal

boundary layer along the hot vertical wall. The discrepancy in the energy balance was

14% to 25% and the detailed results are given in the Appendix.

The energy balance for the whole system was also calculated. A control volume
was chosen as shown in Figure 3.28 to estimate the energy balance for the whole system.
The control volume included the hot vertical wall, the movable vertical wall, partial top
wall, and partial bottom wall. The total energy into and leaving the control volume are
given, respectively, by

Ounicry = O + Onr + Qr + Q63> (3.13)
and

OQouicr) =6 +Cr6+COrr + Qi +Ouio+ Q55 + 00 +CQus- (3.149)
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Figure 3.27 Schematic of the area of the hot vertical wall used to estimate energy
balance.
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Figure 3.28 Schematic of the control volume used to estimate energy balance for the
whole system.
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The discrepancy in the energy balance in five cases was 5% to 12%; and in the other two
cases the discrepancy was 14% and 22%, respectively. The specific results for all the

cases are shown in the Appendix.
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Chapter4 Results

4.1 Natural convection in a square enclosure with adiabatic top and

bottom walls

The natural convection in the square enclosure shown in Figure 4.1 was examined

first for the case where the top and bottom walls were adiabatic. The temperatures of the
vertical walls were maintained at 82°C and 14°C, and the average temperatures of the

insulated top and bottom walls were 51°C and 31°C, respectively. The temperature of
the top and bottom insulated walls decreased approximately linearly from the side close

to the hot vertical wall to the side close to the cold vertical wall. The variation in the

temperature on the top wall was about 5°C and on the bottom wall was about 3°C. The

horizontal Grashof number Gr,, given by
Gr, =[-£- (r, -1.) 4.1
Ty = 2 E\ly —Lc )b, 4.1
was 1.9x10°® and the Rayleigh number based on the width of the cavity given by

Ra =(£)g(r,, -T2, 4.2)

av
was 1.3x10°. Here §, v and a are the volume expansion coefficient, kinematic

viscosity and thermal diffusivity of the air at (T, + T, )/2. The vertical Grashof number

75



MASTER THESIS — WENJIANG WU MCMASTER ~ MECHANICAL ENGINEERING

y
T
I;‘op
H T, T.
T'Bollom
L

Figure 4.1 Schematic of the square cavity.
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Figure 4.2 Temperature profiles with top and bottom walls insulated, and the vertical
walls at 82°C and 14°C.
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Figure 4.7 Comparison of the local heat flux along the hot vertical wall g". ® measured
here with top and bottom walls insulated, and o reported by Tian and Karayiannis (2000).
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Figure 4.8 Comparison of (a) the temperature difference along the hot vertical wall
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Figure 4.21 Comparison of the temperature difference along the hot vertical wall T,, — T,
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Figure 4.23 Comparisons of (a) Nusselt number for the hot vertical wall Nu, and (b)
Rayleigh number along the hot vertical wall Ra where the top wall was A

52°C (insulated), A 71°'C, © 79°C, 0 89°C, and #109°C.
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Figure 4.24 Comparison of the change in the local Nusselt number with Rayleigh number
where the top wall was A---- 52° C (insulated), A--- 71'C, o— 79°C, a-—- 89°C,

and ®----- 109°C.
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Figure 4.25 Temperature profiles for the cases where the thermal boundary condition of
the bottom wall was changed from being insulated to cooled.
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Figure 4.26 Comparison of the non-dimensionalized ambient temperature near the hot
vertical wall (T, -7, )/(T,, —-T,) where the top and bottom walls were ® 51°C and
31°C (both insulated), A 52°C (insulated) and 16’ C, m80 Cand 32°C (insulated), ©

79°Cand 13°C.
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Figure 4.27 Comparison of the local heat flux along the hot vertical wall g where the top
and bottom walls were ® 51°C and 31°C (both insulated), A 52°C (insulated) and 16 C,
m 80°Cand 32°C (insulated), ¢ 79°Cand 13°C.
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Figure 4.28 Comparison of the temperature difference along the hot vertical wall T, — T,
where the top and bottom walls were @ 51°C and 31°C (both insulated), A
52°C (insulated) and 16 C, m 80°C and 32°C (insulated), ¢ 79 Cand 13°C.
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Figure 4.29 Comparison of the heat transfer coefficient for the hot vertical wall 4 where

the top and bottom walls were @ 51°C and 31°C (both insulated), A 52°C (insulated)
and 16°C, m 80" C and 32°C (insulated), 0 79°Cand 13°C.
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Figure 4.30 Comparisons of (a) the Nusselt number for the hot vertical wall, and (b) the
Rayleigh number along the hot vertical wall determined when the top and bottom walls

were ® 51°C and 31°C (both insulated), A 52°C (insulated) and 16 C, m 80 Cand
32°C (insulated), & 79°Cand 13°C.
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Figure 4.31 Comparison of the change in the local Nusselt number with Rayleigh number
vw./here the top and bottom walls were @ --—- 51°C and 31°C (both insulated), A----52°C
(insulated) and 16°C, m---80"Cand 32°C (insulated), — 79 Cand 13°C.
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Temperatures of the | Temperatures of the Values of the Values of
top wall ("C), Tp,,, |bottom wall ("C), Ty |  exponent n the constant C
Insulated (51) Insulated (31) 0.32 0.162
Insulated (52) 16 0.32 0.150
80 Insulated (32) 0.32 0.186
79 13 0.31 0.185

Table 4.4 Values of the exponent n and constantC for the form of the Nusselt Rayleigh
number correlation Nu = C - Ra"in the cases when the thermal boundary condition of the

bottom wall was changed from being insulated to cooled.
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Figure 4.32 Change in the constant C for the correlation Nu =C-Ra®" with the
stratification rate S in the core region of the cavity.
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Figure 4.35 Change in the constant C for the correlation Nu =C-Ra®*"* with the non-
dimensionalized temperature difference between the top and bottom walls S, and non-

dimensionalized mean temperature in the vertical direction Ty.
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Figure 4.36 Change in the stratification rate S with the non-dimensionalized temperature
difference between the top and bottom walls S, .
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Figure 4.37 Change in the average Nusselt number for the hot vertical wall Nuy with the
vertical Grashof number Gr, .

of the cavity, and k is the thermal conductivity of the air based on the temperature
(T” +(T"’F * Lot )/ % The average Nusselt number increases with the vertical
Grashof number, as proposed by Shiralkar and Tien (1982). The correlation between

Nuy and Gr, is given by
Nuy =3.58-Gr,*'*. (4.11)
This, to the author’s best knowledge, is the first description of the functional relation

between the average Nusselt number for the hot vertical wall Nuy and the vertical

Grashof number Gr, .
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the aspect ratio of the cavity on the natural convection should also be investigated. It

should be noted that all of these studies could be performed in the current test facility.
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% of the height of the hot vertical wall
10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% Average

3.32%(4.59%(2.43%| 4.83%

>

q_ 3.32%(7.24%(6.18%]5.23%(5.08% | 6.12%

7.85%(6.93%(9.63%|8.81% | 7.24%

q9
Ak 14.20%(7.78%|6.97%6.39% | 6.60%
h

4.37%(7.85% | 7.05%| 6.47%|6.67%|7.91%[6.99% (9.68% | 8.86% | 7.32%

=

Nu
Table A.12 Values of the normalized uncertainties of local heat flux ¢, local heat

transfer coefficient 4, and local Nusselt number Nu for the case where top and bottom
walls were at 109°C and 14’ C, respectively.

% of the height of the hot vertical wall
10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% |Average

q' 7.83%|4.57%4.41%(10.07%| 5.87% | 7.20% | 1.58% | 2.41%| 1.84% | 5.09%

>

q
Ah 18.36%(5.53%|5.58% [10.75%) 7.24% | 8.74% | 6.10% | 7.86% | 8.72% | 7.65%
h

ANu  |8.43%|5.64% |5.67%[10.80%|7.31% | 8.80% | 6.18% | 7.92% |8.77%| 7.72%

Nu
Table A.13 Values of the normalized uncertainties of local heat flux g°, local heat

transfer coefficient A, and local Nusselt number Nu for the case where top and bottom
walls were at 80 C and insulated, respectively.

% of the height of the hot vertical wall
10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% |Average|

4.33%(2.94% | 4.04%

A;q. 2.78%|3.15%|7.67%(3.79% | 6.24% | 3.37% | 2.09%
q9
Ah 13.67%(4.07%|8.17%|4.87%|7.09% | 5.04% | 4.76% | 6.43% | 5.73% | 5.54%
h
4.86% |6.50%|5.81%| 5.64%

ANu  (3.84%|4.21%{8.23%|4.97%|7.16%| 5.14%
Nu

Table A.14 Values of the normalized uncertainties of local heat flux ¢, local heat
transfer coefficient 4, and local Nusselt number Nu for the case where top and bottom

walls were insulated and at 16° C, respectively.
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Cases

Discrepancy in the energy balance in the
central area of the hot vertical wall

(an(a) - Qoul(a) )/ Qin(a)

top and bottom walls were insulated

14%

top and bottom walls were kept at
71'Cand 12°C, respectively

23%

top and bottom walls were kept at
79°Cand 13" C, respectively

25%

top and bottom walls were kept at
89°Cand 13" C, respectively

17%

top and bottom walls were kept at
109°Cand 14" C, respectively

20%

top and bottom walls were kept at 80" C
and insulated, respectively

20%

top and bottom walls were insulated and
kept at 16°C, respectively

23%

Table A.15 Results of the discrepancy in the energy balance in the centre area of the hot

vertical wall in the seven cases.

Cases

Discrepancy in the energy balance for
the whole system

(QIn(CV) - Qoul(CV) )/ QIn(CV)

top and bottom walls were insulated

8%

top and bottom walls were kept at
71'Cand 12" C, respectively

9%

top and bottom walls were kept at
79°Cand 13°C, respectively

5%

top and bottom walls were kept at
89°Cand 13°C, respectively

10%

top and bottom walls were kept at
109°C and 14" C, respectively

14%

top and bottom walls were kept at 80°C
and insulated, respectively

22%

top and bottom walls were insulated and
kept at 16" C, respectively

12%

Table A.16 Results of the discrepancy in the energy balance for the whole system in the

seven cases.
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