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Abstract

The laminar natural convection in air-filled rectangular cavities with and without a
partition on the wall was experimentally investigated. Temperﬁure measurements
and flow visualizations were performed for cases with heated }and cooled vertical
walls (corresponding to global Grashof numbers Gry of approﬁmately 1.4 x 102 to
1.8 x 10®) and non-dimensional top wall temperatures 67 of 0.52 (insulated) to 2.3.
In the rectangular cavities without the partition and with aspect ratios of 0.5, 1.0
and 2.0, the heated top wall caused the natural convection boundary layer flow to
separate from either the top wall (for the cases with 6r < 1.2) or the heated vertical
wall (for the cases with 67 2 1.2) due to the negative buoyancy force. For the

cases with 8 2 1.2, there is an anti-clockwise recirculating flow in the upper left

corner region. The extent of the recirculating flow decreased with an increase of the
aspect ratio. The temperature gradient in the core region, df/d(y/H), increased
with an increase of 7. For a given aspect ratio, df/d(y/H) changed more rapidly
with the change in 67 for the cases with 6r < 1.2 compared to the cases with 67 2>
1.2. The increase in df./d(y/H) was more significant for the smaller aspect ratio
cavity. The temperature profiles predicted from the similarity solutions proposed by
Kulkarni et al. (1] and from the non-similarity model developed by Chen and Eichhorn

[2] for natural convection on an isothermal vertical wall in a stratified environment

were compared to the measurements in the current cases. These models were not
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able to accurately describe the characteristics of the natural convection flow in the
rectangular cavities. s

An aluminium partition with non-dimensional heights Hp/H of 0.0625 and
0.125 was attached either to the heated vertical wall or top wall at y/H = 0.65,
0.95 and z/H = 0.1, 0.2, 0.4 and 0.6 to study the effect of the partition on the
laminar natural convection flow in a square cavity. The blockage and thermal effects
of the partition resulted in changes in the temperature and flow fields, but were
mainly limited in the vicinity of the partition. The effect of the partition changed
with the height and location of the partition. When the partition was attached to the
heated top wall, a recirculating flow was formed between the partition and the heated
vertical wall. For a given partition height, the structure of this recirculating flow was
dependent on the partition location and fr. A thermal boundary layer developed
along the rear surface of the partition due to the thermal effect of the partition. The
ambient temperature outside the boundary layer and Nu near the corner region were
affected by the partition height due to the changes in the recirculating flow and the

rear surface of the partition.
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Chapter 1

Introduction

The importance of natural convection in cavities can be found in many engineering
applications, such as heating and ventilating of living space, cooling in nuclear re-
actors and electronic packaging, as well as energy transfer in solar collectors. For
example, natural convection has been extensively used to transfer residual heat from
the fins attached to electronic parts to the walls of enclosed electronics cabinets due
to the low cost as well as high durability and reliability of this technique. Therefore,
natural convection in cavities has been extensively investigated over the past several
decades. Most of these studies have been mainly focused on the natural convection
in two generic configurations: (1) rectangular cavities with smooth walls [3][4][5][6],
and (2) rectangular cavities with partitions attached to walls to simulate engineering
applications [7][8](9][10].

There have been numerous experimental [11]{5][6] and numerical [12][13] in-
vestigations of the natural convection in rectangular cavities driven by a temperature
difference across the vertical walls. The natural convection, however, is extremely
sensitive to changes in thermal boundary conditions and the cavity geometry [14].

For example, Ostrach and Raghavan [15] and Shiralkar and Tien [16] observed that
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the temperature of the top and bottom walls had a significant effect on the stratifi-
cation inside the cavity that, in turn, affected the flow pattern and the heat transfer
characteristics. Ravi et al. [17] and Wu et al. [18] found that an increase in the top
wall temperature resulted in a significant change in the flow pattern in the cavity.
When the temperature of the top wall was close to or larger than that of the heated
vertical wall, the flow separated from the top wall near the upper corner between the
heated vertical wall and the top wall due to the formation of a negatively buoyant
plume. Emery and Chu [19] and MacGregor and Emery [20] showed that the aspect
ratio of a rectangular cavity had a significant effect on the natural convection heat
transfer. As the aspect ratio was increased or decreased, secondary flow cells formed
in the core region with an increase in the Rayleigh number [21]]22][23][13]. Cormack
et al. [4] observed that the natural convection flow in the cavity was reduced as the
aspect ratio of the cavity decreased and the viscous force on the top and bottom walls
became more prevalent.

Compared to the extensive investigations of the natural convection in cav-
ities with smooth walls, studies on the natural convection in cavities with parti-
tions on the walls are limited. The characteristics of the natural convection flow
significantly changed when partitions were added to the walls of rectangular cavi-
ties [24][25](26][27]. For example, Shi and Khodadadi [28] indicated that a partition
attached to the heated vertical wall of a square cavity degraded the heat transfer ca-
pacity on the wall since the presence of the partition modified the boundary layer flow
along the walls of the cavity. Bilgen [29] observed that the natural convection flow
circulation was blocked by partitions which were attached to the adiabatic horizontal
walls of a rectangular cavity.

Heretofore, most previous studies of the natural convection in rectangular

cavities have mainly focused on cavities with differentially heated vertical walls and
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either insulated or adiabatic horizontal walls and aspect ratios either very much less
or larger than unity. There have been fewer investigations on the laminar natural
convection in rectangular cavities with different horizontal wall temperatures, par-
ticularly for the case where the top wall temperature is significantly larger than the
heated vertical wall. There are no studies on the effect of the top wall temperature
on the characteristics of laminar natural convection in rectangular cavities with rel-
atively modest aspect ratios. Similarly, most previous investigations of the natural
convection in partitioned rectangular cavities have focused on the cases with either
adiabatic or insulated horizontal walls. Under these thermal boundary conditions, the
partition directly suppressed the motion of the boundary layer flow along the walls or
had an extra heating effect, resulting in changes in natural convection flow compared
to that in cavities without partitions. There have been no studies on partitioned
cavities with temperature differences in both the horizontal and vertical directions,
although results from cavities with smooth walls suggest that the temperature differ-
ence across the horizontal walls of a partitioned cavity would result in changes in the
characteristics of natural convection in the cavity.

Thus, the overall objective of this investigation is to characterize the laminar
natural convection air flow in rectangular cavities with and without a partition on the
wall. This study is important to further develop theoretical and numerical models of
laminar natural convection in rectangular cavities with different thermal boundary
conditions and geometries. Experiments were performed for a fixed non-dimensional
temperature difference across the vertical walls for different vertical temperature dif-
ferences between the top and bottom walls for cavities with aspect ratios of 0.5, 1.0

and 2.0. The specific objectives of the current investigation are:

1. To experimentally characterize the effect of the top wall temperature on the
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laminar natural convection in rectangular cavities with aspect ratios of 0.5, 1.0

and 2.0.

2. To investigate the mechanisms of the laminar natural convection flow separation
on the vertical wall of a square cavity with a heated top wall, in particular for

the cases with very large top wall temperatures.

3. To compare the predictions from previous theoretical models to the results
from the experiments to examine if these models can accurately predict the

development of the natural convection flow in rectangular cavities.

4. To experimentally investigate the effect of a partition, including its position and
height, on the laminar natural convection flow in a square cavity with large top

wall temperatures.

The study would yield a more fundamental understanding of the mechanisms of
the laminar natural convection in rectangular cavities with different thermal boundary
conditions and geometries, especially that of a large temperature difference between
the top and bottom walls. The effect of partitions on the natural convection in an
air-filled square cavity would be useful for designing engineering applications such as
optimizing the energy transfer in enclosed electronics cabinets, rooms and buildings.
It is also expected that the experimental data from this investigation could be used
to benchmark numerical simulations.

This thesis contains six chapters. The previous investigations on natural con-
vection in cavities are reviewed and summarized in Chapter 2. The experimental
facility and techniques, as well as data analysis method are then described in Chap-
ter 3. The results for the laminar natural convection in rectangular smooth wall

cavities with different top wall temperatures and relatively modest aspect ratios are
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discussed in Chapter 4, while the effects of a partition and its parameters on the
laminar natural convection in a square cavity with large top wall temperatures are
presented in Chapter 5. Finally, the conclusions of the current study are summarized

in Chapter 6, and the recommendations are given in Chapter 7.
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Chapter 2

Literature Review

The natural convection in cavities has been extensively investigated over the past
several decades. It has been shown that the natural convection is extremely sensitive
to changes in the thermal boundary condition [15][16][17] and the cavity configura-
tion [19][30][13]. Most previous investigations have mainly focused on the natural
convection in two generic configurations: rectangular cavities with smooth walls and
rectangular cavities with partitions attached to the walls. The literature pertaining
to these two configurations are discussed in details in the sections one and two, re-
spectively. Existing theoretical models used to predict the natural convection flow

are finally reviewed in the third section.

2.1 Natural convection in rectangular cavities with
smooth walls

A number of investigations have been numerically and experimentally performed to
study the natural convection flow in cavities with smooth walls. These studies can be

broadly divided into two categories: (1) cavities heated from the side and (2) cavities
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heated from below. In the first type, the natural convection flow is formed due to
the temperature difference across the two vertical walls of the cavity [20][12]{17][6].
In the second type, the natural convection flow (the Benard flow) is generated as the
temperature of fluid in the lower layer increases above the higher layer [31][32][33][34].

While several investigations have focused on the natural convection in cavities
where the bottom wall temperatures were higher than the top wall, most investiga-
tions have mainly focused on the natural convection flow driven by a temperature
difference between the two vertical walls, as summarized by Hoogendoorn [35], Os-
trach [36][14] and Hyun [37]. The current investigation only focuses on the natural
convection formed by a temperature difference across the cavity, therefore previous
investigations with this type of thermal boundary condition are discussed here. Pre-
vious investigations have shown that the aspect ratio [3][21][4], thermal boundary
condition [15][16]{17] and the inclination [38}[39][40] affect the natural convection in

rectangular cavities with smooth walls.

2.1.1 Effect of the aspect ratio

Heretofore, most investigations of natural convection in rectangular cavities with
smooth walls have focused on the case where the two vertical walls are at different
temperatures, with the horizontal walls either insulated or adiabatic. For example,
Emery and Chu [19] theoretically and experimentally showed that the ratio of the
height to the width of the rectangular cavity had a significant effect on the natural
convection heat transfer in the cavity. MacGregor and Emery [20] later showed that
the difference in aspect ratio of the enclosure had a significant effect on the temper-
ature fields and streamlines inside the cavity. Ostrach [14] summarized the previous

studies and indicated that the natural convection is very sensitive to the change in the
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configuration of the cavity. The studies where the aspect ratio of the cavity was ap-
proximately unity are discussed first, followed by the investigations where the height

was significantly larger or less than the width.

2.1.1.1 Natural convection in square cavities

Previous investigations in square cavities with smooth walls are summarized in Table
2.1. The flow patterns and temperature distributions with heated and cooled vertical
walls have been characterized for a range of Grashof numbers. MacGregor and Emery
[20] numerically and experimentally examined the effect of the temperature difference
between the two vertical walls of a square cavity for Grashof numbers, Grg, in the
range 10% to 105. The temperature and flow fields changed significantly with an
increase of Gry. For Gry = 10%, the isotherms were approximately evenly spaced
vertical lines indicating the heat was transferred primarily by conduction. There was
a circulatory motion but the streamlines were evenly spaced showing there was not a
particularly strong natural convection flow near the wall. When G, was increased to
10°, the isotherms and the streamlines distorted, indicating the heat was tra.néferred
by convection. Later, Cormack et al. [4] and Ravi et al. [17] investigated the natural
convection for a similar order of Grashof number and found similar streamlines and
isotherms in the cavity.

Tian and Karayiannis [6] recently measured the temperature and velocity dis-
tributions near the walls of an air-filled square cavity with isothermal heated and
cooled vertical walls and highly conducting horizontal walls for Gry, of 2.22 x 10°. A
boundary layer developed along the vertical walls. In the core region, the flow was
stably stratified, with the flow primarily in boundary layers along the walls driven
by the buoyancy force. The temperature profiles had an undershoot near the edge of

the boundary layer, where the local temperature fell below the local temperature in



Table 2.1: Summary of investigations of natural convection in square cavities with smooth walls.

Investigators] Approach Study Area Major Findings
acGregor Numerical and [ Natural convection in rectangular cavities with isothermal and 1). The effects of the Prandtl number, Grashof number and
and Emery | experimental constant-heat-flux vertical walls, as well as insulated horizontal | aspect ratio were described.
(1969) (20] approaches walls. The aspect ratios are from 1 to 40; the Grashof numbers | (2). Some heat transfer correlations were presented.
are in the range of 102 — 10% and Prandtl numbers are from 1
to 20,000.
Newell and | Numerical Two-dimensional laminar natural convection in an air-filled | (1). Heat transfer correlations were given.
Schmidt technique rectangular cavity with isothermal vertical walls and insulated
(1970) [12] horizontal walls. The aspect ratios are ranging from 1 to 20,
and Grashof numbers are in the range of 4 x 103 to 1.4 x 105.
Ostrach ™ and | Experiment us- | Laminar natural convection in silicone oil-filled rectangular { (1).The vertical temperature difterence slowed down the fiow.
Raghavan ing thermocou- | cavities with aspect ratios of 1 and 3, Grashof numbers up | (2). The reduction in flow velocities depends on the aspect
(1979) [15] ples and parti- | to 20. Temperature differences were imposed in vertical and | ratio and the Grashof number.

cles

horizontal directions.

Sernas  and

Experiment us-

Natural convection heat transfer and flow patterns in air-filled

(1).The heat transfer characteristics and flow patterns were

Lee  (1981) | ing an interfer- | rectangular cavities with two types of horizontal walls. The } changed significantly with the changes in the thermal bound-
[41] ometer aspect ratios are from 0.1 to 1.0, Grashof numbers are in the | ary conditions on the horizontal walls.
range of 2.64 x 106 — 5.45 x 106.

Shiralkar and | Numerical Laminar natural convection flow and heat transfer in an air- | (1). A stabilizing vertical temperature difference can decrease
Tien (1982) | technique with | filled square cavity with Rayleigh number up to 10%. A stabi- | the vertical velocities along the heated vertical wall, while
[16] exponential lizing and variable vertical temperature difference was imposed | increase the horizontal heat transfer.

difference to the cavity.

scheme
Briggs  and | Experiment Two-dimensional periodic natural convection in an air-filled | (1). The existence of periodic laminar natural convection
Jones (1985) | using a | square cavity with conducting horizontal walls. Rayleigh num- | flow was detected at Rayleigh numbers above 0.3 x 107.
[42] laser-doppler bers are from 0.1 x 107 to 1.2 x 107. (2). The effect of Rayleigh number on frequency of flow was

velocimeter reported.
Viskanta et | Numerical and | 3-D laminar natural convection in a square cavity with insu- 1). For low-Prandtl-number fluids, three-dimensional effects
al. (1986) | experimental lated horizontal walls, Rayleigh number is 10%, and Prandtl | develop not only near the walls but also in the center of the
[43] approaches number is 0.02. cavity.

(2). Three-dimensional effects on the convective heat transfer
throughout the cavity.
Bohn and [ Experiment us- | Three-dimensional natural convection flow in a water-lled cu- 1). A three-dimensional cavity exhibits core stratification,
Anderson ing thermocou- | bical cavity with adiabatic horizontal walls. The Rayleigh num- | and the temperature in the core varies only in the vertical
_(1986) [44] ples ber is of the order of 101°. direction.

Ravi et al. | Numerical Laminar natural convection flow in a square cavity with vari- | (1). At high Rayleigh number, a recirculating pocket appears
(1994) [17] technique able horizontal wall temperatures. Prandtl numbers are from | near the corners downstream of the vertical walls, and the

0.71 to 70, and Rayleigh numbers are in the range of 104 — 108,

flow separates and reattaches at the horizontal walls.
(2). The corner structure is caused by thermal effects.
(3). The horizontal wall temperatures affect the corner flow.
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Table 2.1: Summary of investigations of natural convection in square cavities with smooth walls (con’d).

Investigators] Approach Study Area Major Findings
Tian and | Experiment us- | Low level turbulence natural convection in an air-filled square | (I). The temperature and velocity distributions were mea-
Karayiannis ing thermocou- | cavity with highly conducting horizontal walls. Rayleigh num- | sured at different locations in the cavity.
(2000) [6][45] | ple and LDA | ber is 1.58 x 10°. (2). A contour plot of the thermal field and a vector plot of
probes the air flow in the cavity were reported.
(3). The temperature and velocity fluctuations were limited
in the boundary layers along the walls and were not in Gaus-
sian distribution.
(4). The temperature and the velocity components fluctuate
separately.
Ramesh and | Experimental Laminar natural convection heat transfer in an air-filled square | (1). A correlation for average convective Nusselt number was
Venkateshan study using | cavity with adiabatic horizontal walls. Grashof numbers are in | given.
(2001) [46] a differential | the range of 5 x 104 — 2 x 108. (2). The contribution of surface radiative heat transfer to the
interferometer total heat transfer from the heated vertical wall was negligi-
bly small.
(3). Even for a perfectly adiabatic case, the horizontal walls
varied linearly over a significant part excepting near the two
corners.
Ampofo and | Experimental Low-level turbulence natural convection in an air-filled square | (1). Experimental benchmark data Tor turbulent natural con-
Karayiannis study using | cavity with highly conducting horizontal walls. The isothermal | vection in an air filled square cavity were presented, which
(2003) [47) thermocouple heated and cooled vertical walls gave a Rayleigh number of | will be useful for validation of computational fluid dynamics
and LDA | 1.58 x 109, codes.
probes
Salat et al. | Experimental Turbulent natural convection flow develops in an air-filled | (1I). 2-D numerical simulation is not the critical ingredient
(2004) {48 and numerical { square cavity with adiabatic horizontal walls. Rayleigh number | for explaining the discrepancy observed between numerical
studies is equal to 1.5 x 102, simulations and experiments for the thermal stratification.
(2). Introducing experimental temperature measurements in
numerical simulations is not the definitive answer to the dis-
crepancy observed on the thermal stratification in the cavity
core.
Wu et al. | Experiment Laminar natural convection in an air-filled square cavity with | (1). Increasing the top wall temperature resulted in a sep-
(2006) (18] using a thermo- | a Grashof number of 1.9 x 10%. The non-dimensional top wall | arated flow region on the top wall causing a secondary flow
couple probe | temperature was changed from 0.54(insulated) to 1.4. that had a significant effect on the heat transfer.
and incense (2). A natural convective heat transfer correlation was pre-
smoke sented.
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the core region of the cavity. Cheesewright [49] noted that this occurred in natural
convection boundary layers in non-isothermal surroundings because the heat flux to
the fluid in the outer region of the boundary layer was not sufﬁgient to change its
temperature as quickly as the temperature outside the boundary layer.

Newell and Schmidt [12] performed a numerical simulation of the two-dimen-
sional laminar natural convection in an air-filled square cavity with isothermal vertical
walls and insulated horizontal walls and developed a correlation for the average Nus-
selt number along the heated vertical wall based on the width of the cavity, given
by

Nuy, = 0.145(Grf,)%". (2.1)

Here the Grashof number was based on the width of the cavity L and was defined as

_ (Ty+T
Gr’ngﬂ[TH I(juzé )]L?" (22)

2.1.1.2 Natural convection in rectangular cavities

There have been a number of investigations of the effect of the cavity aspect ratio
on the natural convection in rectangular cavities as summarized in Table 2.2. In
this study, the aspect ratio is defined as the ratio of height to width of the cavity
(AR = H/L). For aspect ratios much larger or less than unity, the flow pattern in
the cavity becomes significantly different from that in a square cavity as the Rayleigh
number is increased. For example, Elder [21] studied the natural convection flows
in a rectangular cavity with aspect ratios of 1 to 60 using paraffin and silicone oil
with Prandtl numbers approximately equal to 1000. The flows were visualized using

aluminum powder suspended in the working fluid. A transition of the flow in the

11
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core region of the cavity was observed for Rayleigh number Ra; above 3 x 10°. In
particular, for a Rayleigh number Ra; of 3.6 x 105, a second cell of circular flow
appeared in the core region, and the number of flow cells changed with an increase
of the Rayleigh number. Later, Seki et al. [11] observed the same phenomenon in a
cavity with aspect ratio of 15. Similar results were reported by Ostrach et al. [30]
and Drummond and Korpela [13] in rectangular cavities with aspect ratios much less
than the unity.

The characteristics of the secondary flow cells have been further investigated in
[22][23][54]. Wakitani [22] numerically investigated the flow patterns and noted that
for the onset of secondary flow cells, the critical value of the aspect ratio was 11.5
and the Rayleigh number Ra; was 8.5 x 103. With an increase of the aspect ratio,
the critical value of the Rayleigh number decreased and reached an approximately
constant value. For a given aspect ratio, with an increase of the Rayleigh number, the
number of the secondary cells first increased and then decreased. Lartigue et al. [23]
and Zhu and Yang [54] corroborated these results in air-filled rectangular cavities with
aspect ratios of 40 and 16, respectively. Lartigue et al. [23] confirmed the presence of
secondary flow cells, and the number of secondary flow cells decreased as the Rayleigh
number Ra; increased from 6800 to 17750. Zhu and Yang [54] indicated that the
number of secondary flow cells was mainly determined by the Rayleigh number.

Cormack et al. [55] theoretically analyzed the natural convection flow in a
rectangular cavity with aspect ratio AR < 1 and found that the flow consisted of
a parallel flow in the core region and a second non-parallel flow near the vertical
walls. This was corroborated by Cormack et al. [4] and Imberger [56] through simu-
lations and experiments, respectively. The simulations of Cormack et al. [4] showed
streamlines and isotherms for cavities with a Rayleigh number Rag of 1.4 x 10° and

aspect ratios ranging from 0.05 to 0.2 became more parallel to the horizontal walls

12
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Table 2.2: Summary of investigations of natural convection in rectangular cavities with smooth walls.

Investigators] Approach Study Area Major Findings

Bckert™ an Experiment us- | Natural convection in air-filled rectangular cavities with aspect | (1). Grashof number and aspect ratio determined the natural

Carlson ing a Zehnder- | ratios of 10, 20 and 46.7. The horizontal walls of cavities were | convection characteristics in the cavity.

(1961) (3] Mach interfer- | adiabatic and Grashof numbers are in the range of 10% ~ 103. | (2). Relations for local and average heat transfer were pre-
ometer sented.

Emery and | Theoretical Natural convection heat transfer in rectangular cavities with 1). The heat transfer was a function of temperature differ-

Chu (1965) | analysis and | aspect ratios of 10 and 20. The horizontal walls were Micarta. | ence in the horizontal direction, the aspect ratio of cavity and

[19] experiments The Prandtl numbers of working fluids are from 3 to 30,000. | Prandtl number of working fluid.

Rayleigh numbers are up to 107.

(2). Nusselt number correlations were presented.

Elder (1965)
21]

Experiment us-
ing thermocou-
ples and alu-
minium powder

Laminar natural convection in rectangular cavities with aspect
ratios of 1 to 60, Rayleigh numbers less than 108 . Prandtl
numbers of working fluids were around 1000. The horizontal
walls of cavities were insulated.

(1). The Rayleigh number has a significant effect on the
temperature field and flow pattern of the natural convection
flows in cavities.

Gill—(1966)
[50]

Theoretical
analysis

Two-dimensional convective motion in rectangular cavities
with aspect ratios of 2.5 to 18.8. The horizontal walls of cavities
were adiabatic and Rayleigh number is of the order of 108,

(1). An approximate solution was obtained for the case of
large values of the Prandtl number, and that was in agree-
ment with experimental results reported by Elder (1965) [21].

Davis (1968)
(51]

Numerical ap-
proach

Steady laminar natural convection in rectangular cavities with
aspect ratios of 1 — 5. The thermal boundary conditions on the
horizontal walls were adiabatic and linear. Rayleigh numbers
were up to 2 x 10%, and Prandtl numbers were in the range
101 to 103,

(1). Some details of the flow at high Rayleigh numbers were
revealed.

(2). It was observed that high Prandtl numbers exert a sta-
bilizing influence on the numerical solution, while they have
only a small effect on the final results.

Seki et al. | Experimental | Natural convection flow in narrow vertical rectangular cavities 1). The flow patterns were changed by the Rayleigh num-
(1978) [11] visualization with insulated horizontal walls. Aspect ratios were from 6 to | bers.
30, Prandt] number were in the range 4 — 12500, and Rayleigh | (2). The flow pattern was easily shifted from laminar flow to
numbers were up to 10°. transition flow with decreasing Prandtl number and increas-
ing cavity width.
(3). Experimental measurements of the net heat transfer
were given.
Yin et al. | Experiment us- | Natural convection in air-filled rectangular cavities with aspect | (1). Two Nusselt-Grashof correlations were presented.
(1978)[5] ing thermocou- | ratios ranging from 4.9 to 78.7 and Grashof numbers ranging
ple probes from 1.5 x 10® to 7.0 x 105, The horizontal walls of cavities
were insulated.
Schinkel et al. | Numerical Natural convection in vertical air-filled rectangular cavities | (1). Lhe effect of stratification on the natural convection flow
(1980) [52] technique with aspect ratios from 1 — 18 and Rayleigh numbers varied | and heat transfer was discussed.
with a finite | from 10% — 10%. The horizontal walls of cavities were both
difference perfectly conducting and adiabatic.
method
Farhangnia Numerical sim- | Two-dimensional turbulent natural convection in an air-filled | (1). Both mean and fluctuating quantities provided good
et al. (1996) | ulation rectangular cavity with aspect ratio of 4 and Rayleigh number | agreement with experimental results.
[53] of 10°.The horizontal walls of the cavity were insulated.
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Table 2.2: Summary of investigations of natural convection in rectangular cavities with smooth walls (con’d).

Investigators] Approach Study Area ajor Findings
Wakitani Numerical sim- | Flow patterns of two-dimensional natural convection In verti- | (1). The critical value of aspect ratio is 11.5 for the onset of
(1998) (22] ulations based | cal air-filled rectangular cavities with aspect ratios of 10 to 24 | secondary cells and the Rayleigh number is 8.5 x 103.

on a finite dif-
ference method

and Rayleigh numbers up to 106. The horizontal walls were
insulated.

(2). With the increase of the aspect ratio, the critical
Rayleigh number trends to decrease and becomes almost con-
stant.

(3). The reverse transition from multicellular to unicellular
can be explained from the predictions of stability analysis.

Lartigue et | Experimental Laminar natural convection in an air-filled rectangular cavity [ (1). The numerical and experimental results showed the pres-
al. (2000) | and numerical | with aspect ratio of 40 and Rayleigh numbers ranging from 3550 | ence of secondary cells.
[23] studies to 17750. The horizontal walls of the cavity were adiabatic. (2). The number of cells decreases as the Rayleigh number
increases.
Zhu and | Numerical Transient laminar natural convection in an air-filled rectangular 1). The number of cells was found to be dominated by
study cavity with adiabatic horizontal walls. The aspect ratio is 16, | Rayleigh number.

Yang (2003)
[54]

and Rayleigh numbers are ranging from 103 to 6 x 105,

Cormack et

Theoretical

Natural convection in a shallow cavity with differentially heated

(1). The flow consisted of two regimes: a parallel flow in the

al. (1974) | analysis vertical walls and insulated horizontal walls. core region and a non-parallel flow near the ends of cavity.
_59]

Cormack et | Numerical Natural convection in rectangular cavities with aspect ratios | (I). The natural convection flow was reduced as the aspect
al. (1974) [4] | study from 0.05 to 1, and Rayleigh numbers ranging from 70 to 1.4 X | ratio decreased and the viscous force on the horizontal walls
10%. The horizontal walls of cavities were insulated. became more prevalent.

(2). The heat was transferred mainly by conduction at the
lowest Rayleigh number.
Imberger Experimental The steady motion of water in an enclosed rectangular cavity | (1). Lhe results of streamlines were in qualitative agreement
(1974) [56] study with differentially heated vertical walls and insulated horizontal | with the results presented by Cormack et al. (1974) [4].
walls. The aspect ratios of the cavity were 1072 and 1.9% 1072, | (2). The correlation of heat transfer from the heated vertical
and the Rayleigh numbers were from 1.31 x 10° to 1.11 x 10%. | wall to the opposite cooled vertical wall was given.
Cormack et | Theoretical Natural convection in Newtonian fluid-filled shallow cavities | (1). Changes in boundary conditions on top wall have an
al. (1975) | analysis with differentially heated vertical walls and an insulated bot- | important influence in the temperature and flow structure
[57] tom wall. Different boundary conditions were imposed on top | within the cavity.
walls of cavities.
Ostrach et al. | Experiment by | Natural convection in rectangular cavities with differentially 1). Specially detailed information on the flow patterns was
(1980) {30 visualizing flow | heated vertical walls and highly conducting horizontal walls. | presented.
patterns Aspect ratios of cavities ranged from 0.05 to 0.5, Grashof | (2). The effect of aspect ratio on the flow patterns and veloc-
numbers from 27.7 to 10° and Prandt! numbers from 0.72 to | ity distributions in the cavities was observed for a wide range
1.38 x 103, of Grashof numbers.
Bejan et al. | Experiment to | High-Rayleigh-number convection in a water-filled rectangular | (1). Contrary to lower Rayleigh number flows, the core flow
(1981) [58] study the tem- | cavity with differentially heated vertical walls and adiabatic | structure was not parallel to the horizontal walls.

perature  and
flow pattern

horizontal walls. The aspect ratio was 0.0625, and Rayleigh
numbers were from 2 x 108 to 2 x 10°.

(2). There were horizontal wall jet flows along the horizontal
walls, there were two secondary flows outside of these wall
jets. )

(3). A heat transfer correlation between the two vertical walls
was presented.
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Table 2.2: Summary of investigations of natural convection in rectangular cavities with smooth walls (con’d).

ples and veloc-
ity probes

were differentially heated and horizontal walls were adiabatic.
Rayleigh numbers were 1.28 x 10° and 1.49 x 10°.

Investigators| Approach Study Area Major Findings
Yewell et al. | Experiment us- | Iransient natural convection in water-filled rectangular cavi- | (1). Lhin intrusion layers along the horizontal walls were
(1982) [59] ing thermocou- } ties with aspect ratios of 0.0625 and 0.112. The vertical walls | observed.

(2). The core was thermally stratified.
(3). The equation for the time to reach the steady state was
given.

Hart (1983)
60

Theoretical
analysis

Two-dimensional convection in a shallow rectangular cavity
with differentially heated vertical walls.

(1). Conditions for which a parallel core How will exist at low
Prandtl number working fluids were found.

Ozoe et al.
(1983) [61]

Experiment
using a LDA,
phenolph-
thalein and a
thermocouple

Natural convection in a water-filled rectangular cavity with as-
pect ratio of 0.54, Rayleigh number of 1.52 x 10® and Prandtl
number of 9.08. The two vertical walls were kept at different
temperatures and the horizontal walls were insulated.

(1). The horizontal and vertical velocity profiles near the
heated vertical wall were measured.
(2). The horizontal temperature profiles were measured.

Kamotani et
al. (1983)
(62]

Experiment
using a thermo-
couple probe
and dye

Laminar natural convection heat transfer in water and silicone
oils-filled rectangular cavities with insulated horizontal walls.
The aspect ratios were from 0.043 to 1.0, Prandtl numbers
betweq,n 5.5 and 19280, and Rayleigh numbers from 10 to
4 x10°.

(1). In square cavity, the Nusselt number was nearly inde-
pendent of Prandtl number.

(2)- In the cavity with aspect ratio of 0.2, the heat transfer
rate depended strongly on Prandtl number due to the effect
of Prandtl number on secondary cells.

(3). The relation between Nusselt number and Rayleigb num-
ber in cavities with different aspect ratios were presented.

Drummond
and Korpela
(1987) [13]

Numerical
study

Laminar natural convection flow in rectangular cavities with
aspect ratios of 0.05 to 0.125, Prandt! numbers less than 2
and Grashof numbers less than 30000. The horizontal walls of
cavities were both conducting and insulated.

(7). For fluids of small Prandtl number the differences in the
flow patterns in these two cases are slight, the strength of
the circulation in the cells being somewhat weaker when the
horizontal walls were insulated.

(2). For a given Prandtl number, more secondary cells formed
in the core region with the increase of the Grashof number.
(3). For a given Grashof number, more secondary cells ap-
peared in the core region with the decrease of the Prandtl
number.
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and parallel to the vertical walls, respectively, with a decrease of the aspect ratio of
the cavity. Thus, the natural convection flow in the cavity was reduced as the aspect
ratio of the cavity decreased and the the viscous forces on the top and bottom walls
became more prevalent. Imberger [56] measured the steady motion of water in a shal-
low rectangular cavity with differentially heated vertical walls for Rayleigh numbers
Ray ranging from 1.31 x 10° to 1.11 x 10® and aspect ratios of 102 to 1.9 x 1072
The results were in qualitative agreement with the results obtained by Cormack et
al. [4]. However, with an increase of the Rayleigh number, the characteristics of the
core flow changed. Bejan et al. [58] measured the natural convection in rectangular
cavities with AR = 0.0625 and Rayleigh numbers, Ray, of 2 x 108 to 2 x 10°. The
flow patterns indicate that, contrary to lower Rayleigh number flows [55][4][56], the
core flow structure was not parallel to the horizontal walls. There were horizontal
wall jet flows along the two insulated horizontal walls, but similar to larger aspect
ratio cavities there were two secondary flows outside of these wall jets. Yewell et al.
[59] later observed similar horizontal velocity profiles in experiments in water-filled
rectangular cavities with aspect ratios of 0.0625 and 0.112 at Rayleigh numbers Rag
of 1.28 x 10° and 1.49 x 10°.

The correlations for the convective heat transfer are different from that in
a square cavity when the aspect ratio was larger or less than the unity, and are

summarized in Table 2.3.

2.1.2 Effect of the temperature difference between the top

and bottom walls

Compared with studies of the natural convection in rectangular cavities with adia-

batic or insulated horizontal walls, there are only limited investigations with differen-
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Table 2.3: Summary of correlations for the natural convective heat transfer in rectangular cavities with the aspect ratio

much larger or less than unity.

Investigators] Approach Thermal Bound- | Working Aspect Grashof or | Correlations
ary Conditions | Fluid Ratio Rayleigh
of the Top and (AR) Number
Bottom Walls
Eckert and | Experimental Adiabatic Air 10, 20 and | Gry : (1). for the conduction regime: Nur, = 1, for Gry, ~ 103;
Carlson measurements 46.7 108 — 105
(1961) (3] (2). for the boundary layer regime:
Nug =0.119 - (Grp )2 - (£)°1, for Gry ~ 105,
Emery and | Theoretical Adiabatic Pr = 3 - | 10 and 20 Rap: (1). Nup =1, for Ray, < 10%;
Chu  (1965) | analysis and 30,000 up to 107 ,
(19] experiments (2). Nuy =0.280- (£)% - Ra¥, for 103 < Ray, < 107.
Yin et al. | Experimental Insulated Air 4.9 - 78.7 Grr: (1). Nup = 0.091- Gr;°%", neglected the effect of the
(1978) [5] measurements 1.5 x 103 — | aspect ratio;
7.0 x 108
(2). Nup = 0.210 - Gr326% . (£)%131, considered
the effect of the aspect ratio.
Bejan et al. [ Experimental Adiabatic Water 0.0625 Ray: Nup = 0.014 - Ra§;°8.
(1981) [58] measurements 2 x 108 — 2 x
10
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tial heated vertical walls and a vertical temperature difference between the top and
bottom walls. The temperature of the top and bottom walls of a rectangular cavity
has a significant effect on the stratification inside the cavity that in turn affects the
flow and heat transfer characteristics. Ostrach and Raghavan [15] visualized the flow
patterns in square and rectangular cavities containing silicone oil with a heated top
wall and cooled bottom wall as well as a temperature difference across the vertical
walls. The flow patterns became more asymmetric as the temperature difference be-
tween the horizontal walls increased to approximately 2 times of that between the
vertical walls. Eventually, a secondary recirculating flow region developed near the
top of the vertical wall when the vertical temperature difference was approximate
6 times that of the horizontal temperature difference. Shiralkar and Tien [16] per-
formed a similar numerical investigation of the heat transfer in an air-filled square
cavity for cases where the top and bottom walls were heated or cooled, respectively.
In this case, the temperature difference in the vertical direction was 2 to 5 times that
in the horizontal direction. There was again a significant secondary flow near the top
corner of the heated vertical wall. Somewhat surprisingly, the heat transfer from the
heated vertical wall increased when the top wall was heated and the bottom wall was
cooled even though the vertical velocity of the boundary layer flow along the vertical
walls decreased. Experimental results reported by Sernas and Lee [41] also showed
that characteristics of the natural convection in air-filled rectangular cavities with
aspect ratios of 0.1 to 1.0 were dependent on the thermal boundary conditions of the
horizontal walls.

Ravi et al. [17] and Wu et al. [18] numerically and experimentally investigated
how the change in the temperatures of the top and bottom walls affected the laminar
natural convection flow in an air-filled square cavity with a moderate temperature

difference in the vertical direction (§r — g < 1.4). They found that an increase in
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the temperature of the top wall resulted in a significant change in the flow pattern in
the cavity. This was true particularly near the upper corner between the heated walls
when the temperature of the top wall was close to or larger than that of the heated
vertical wall. In this case, the flow separated from the top wall near the corner due to
the formation of a negatively buoyant plume, resulting in an undulating flow near the
corner region. Baines [63] observed a very similar phenomenon for a two-dimensional
plume adjacent to a vertical wall in a density-stratified environment due to the effect
of the buoyancy force. The flow passed through several stages, from an inertial jet to
a buoyant plume, to a neutrally buoyant jet and then a negatively buoyant plume.
Finally, the negative buoyancy force caused the flow to turn over. The development of
the natural convection boundary layer flow for higher top wall temperatures has not
been investigated experimentally for air flows, though the results from the numerical
study by Shiralkar and Tien [16] suggested the upward boundary layer flow may
separate from the heated vertical wall below the corner when the temperature of the
top wall was much larger than the vertical wall. In particular, the flow formed a
recirculating region near the corner when the temperature difference in the vertical
direction was five times that in the horizontal direction. There was no evidence of
significant undulation in the flow after the upward boundary layer flow separated
from the heated vertical wall and turned over, similar to the observations by Ravi et
al. [17] and Wu et al. [18] for the cases with more moderate top wall temperatures.
Wu et al. [18] presented a correlation for the local heat transfer along most
of the heated vertical wall (0.1 < y/H < 0.7) of the air-filled square cavity with a

moderate temperature difference in the vertical direction (07 — 85 < 1.4) by

Nu = CRa*%, (2.3)
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Here, the value of the constant C increased as the temperature of the top wall on the
cavity was increased, and decreased when the temperature of the bottom wall was

decreased.

2.1.3 Effect of the inclination

Natural convection flow is a buoyancy-driven flow due to the presence of gravitational
acceleration and density variations from one fluid layer to another. Therefore, the
inclination of a cavity can significantly affect the natural convection in the cavity.
The flow along the wall is driven by the component of the buoyant force which is
directly related to the inclination angle.

Ozoe et al. [38], Arnold et al. [39], Meyer et al. [64], Elsherbiny et al. [40]
and Hamady et al. [65] studied the effect of inclination on the heat transfer and flow
pattern of two-dimensional laminar natural convection in inclined side-heated rectan-
gular cavities with adiabatic or conducting top and bottom walls. They all indicated
that the characteristics of the natural convection were affected by the angle of incli-
nation of cavities. For example, Hamady et al. [65] experimentally and numerically
studied the effect of inclination on the steady natural convection local heat transfer
characteristics. Their investigation was carried out in an air-filled square cavity with
differentially heated vertical walls and insulated top and bottom walls. Measurements
were performed at various inclination angles, ranging between 0° (heated from above)
and 180° (heated from below), for Rayleigh numbers Ray between 10* and 10°%. The
heat flux at the heated and cooled vertical walls were strongly dependent on the angle
of inclination due to the change in the flow pattern. Sharif and co-workers [66][67]
numerically studied the natural convection in side-heated square cavities with adia-

batic top and bottom walls at various angles of inclination up to 90°. The angle of
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inclination changed both laminar and turbulent natural convection flow patterns that
caused significant changes in heat transfer characteristics. It was noted that the heat
transfer characteristics became significantly different for inclinations greater than 45°
due to the change in the flow field.

Several heat transfer correlations have been developed by researchers based on

results of their investigations and these are summarized in Table 2.4.

2.1.4 Summary and limitations

The natural convection in rectangular cavities has been extensively investigated both
numerically and experimentally. However, most of these studies have mainly focused
on characterizing the natural convection air flow in rectangular cavities with differen-
tially heated vertical walls with either adiabatic, insulated or conducting horizontal
walls. There are only few investigations of the laminar natural convection in rectan-
gular cavities with different top and bottom wall temperatures, particularly for the
case where the top wall temperature is significantly larger than the heated vertical
wall. There does not appear to have been any experimental investigations to clar-
ify the natural convection flow in a cavity driven by a temperature difference in the
vertical walls where the temperature of the top wall of the cavity was changed, in
particular for top wall temperatures greater than the heated vertical wall.

The effect of aspect ratio on the natural convection in rectangular cavities has
been studied mainly for the cases where the aspect ratio is much less or larger than
unity. In such cases, the change in the aspect ratio caused significant changes in nat-
ural convection due to changes in flow patterns, in particular in the core region of the
cavities. There are very few investigations on the effect of the top wall temperature,

especially a larger top wall temperature (67 2 1.2), on the characteristics of laminar
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Table 2.4: Summary of heat transfer correlations for the natural convection flow in tilted rectangular cavities.

npp Suetfuspy - s1ey T, qUd

Investigators| Approach Thermal Bound- | Working Inclination Aspect Grashof or | Correlations

ary Conditions | Fluid Ratio Rayleigh

of the Top and (AR) Number

Bottom Walls
Dropkin and | Experimental Insulated Pr: 0° < p<90° | 4.41-16.56 | Ray : Nup=C- (RaL)% . pr0-074,
Somerscales measurements 0.02 - 5 x 10* — | with C = 0.069, for ¢ = 0°
(1965) [68] 11,560 7.17 x 108 and C = 0.049 for ¢ = 90°.
Randall et al. | Experimental Insulated Air 45° € ¢ < | 9-36 Gry, : Nug = 0.118:[Grp, - Pr-cos®(¢—45)]02.
(1979) (69] measurements 90° 4 X 103 -3.1x

10

Elsherbiny Experimental Conducting Air 0° € ¢ <1720 Ray, : (1). for ¢ = 180°:
(1996) [70] measurements 180° 10% — 2 x 108

Nup =[1+ (0.212- Ra%las)u]ﬁ;
(2). for ¢ = 120°:

Nuyg = [1 + (0.0566 - Ra%332)4,76]T}?_6;
(3). for 120° < ¢ < 180°:

Nur(¢) = Nup(180°) + (15=2) .
[Nug(120°) — Nug (180°))].
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natural convection flow in rectangular cavities with relatively modest aspect ratios.

2.2 Natural convection in rectangular cavities with
partitions attached to walls

Investigations that have focused on the natural convection in enclosures with parti-
tions attached to the walls are limited [7][8][9][10]. In recent years, there is increasing
attention on enclosures with partitions on walls, largely due to the needs of engi-
neering applications. It is evident that industrial applications, such as heating and
ventilating of living spaces, solar thermal collector systems and electronic cooling
devices, do not conform to an enclosure with smooth walls. Several investigations
[24](25](26](27] have indicated that the characteristics of the natural convection flow
were significantly changed due to the partitions on the walls. Most investigations

have focused on partitions attached to vertical walls and horizontal walls.

2.2.1 Partitions attached to the vertical walls of rectangular
cavities

The main investigations of natural convection in rectangular cavities with partitions
attached to the vertical walls are summarized in Table 2.5. Scozia and Frederick [9]
numerically studied the laminar natural convection flow, with Rayleigh numbers Ra;,
ranging from 103 to 105, in an air-filled slender rectangular cavity with aspect ratios
> 20, with angles of inclination of 45° and 90°. The vertical walls of the cavity were
isothermal but with different temperatures, while the horizontal walls were insulated.
Conducting partitions were attached to the cooled vertical wall of the cavity. It was

found that the natural convection flow was blocked by the partitions, resulting in
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changes in the temperature field. The characteristics of the natural convection flow
were dependent on the Rayleigh number, height and number of the partitions, as
well as the aspect ratio and angle of inclination of the cavity. Ampofo [27] experi-
mentally studied the natural convection of air in a square cavity with five partitions
on the heated vertical wall, with differentially heated vertical walls and conducting
horizontal walls. Velocity profiles and temperature distributions showed the natural
convection flow in the partitioned cavity differed significantly from the corresponding
results in the non-partitioned cavity under the same experimental conditions due to
the blockage effect of the partitions. As a result, the heat transfer rate along the
heated vertical wall was decreased. Shi and Khodadadi [28] corroborated that a par-
tition attached to the heated vertical wall of a square cavity can decrease the heat
transfer on the wall. They numerically investigated the laminar natural convection
heat transfer within a differentially heated air-filled partitioned square cavity with
adiabatic horizontal walls. In this case, the Rayleigh numbers Ra; were in the range
of 10* to 107. A single highly conductive thin partition with variable height was placed
at 7 different locations of the heated vertical wall. It was found that the presence of
the partition modified the clockwise rotating boundary layer flow along the walls of
the cavity. However, heat transfer on the cooled vertical wall without the partition
can be promoted for high Rayleigh numbers and with the partition placed close to
the insulated top and bottom walls. It was noted that significant energy was routed
through the partition as the partition was placed on the lower half of the heated ver-
tical wall. The authors indicated that two competing mechanisms were responsible
for the flow and thermal modifications. One is the hydrodynamic blockage due to
the partition that directly depends on the height of the partition, while the other is
the extra heating effect by the partition which is promoted as the Rayleigh number

increases. The extra heating effect offsets the hydrodynamic blockage effect and can
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contribute to the strengthening of the flow field as the Rayleigh number increases.
Bilgen [10] performed numerical simulations for Rayleigh number Ra; up to 10°.
When the height and conductivity of the partition were increased, with the partition
at or near the center of the cavity, the conduction through the cavity was enhanced
while the suppression of the natural convection flow was intensified. The Nusselt
number increased with an increase of the Rayleigh number Ray, while it decreased

with an increase of the height and conductivity of the partition.

2.2.2 Partitions attached to the horizontal walls of rectangu-

lar cavities

When partitions are placed on the adiabatic or insulated horizontal walls of a rect-
angular cavity, the natural convection flow and heat transfer changed due to the
suppression of the boundary layer flow along the wall. A summary of investigations
for this geometry is provided in Table 2.6. Bilgen [29] numerically studied the lami-
nar and turbulent natural convection in air-filled rectangular cavities with partitions
attached to adiabatic horizontal walls. The aspect ratios of the cavities were 0.3 and
0.4, and the Rayleigh numbers Ra; were in the range of 104 to 10'. It was observed
that the flow circulation was blocked by the partitions, resulting in a reduction of the
heat transfer.

Nansteel and Greif [7] experimentally investigated the natural convection in
a water-filled rectangular cavity with aspect ratio of 0.5 and Rayleigh numbers Ray,
in the range of 2.3 x 10 to 1.1 x 10!!. A partition attached to the top wall of the
cavity significantly decreased the overall heat transfer, especially when the partition
was non-conducting. Three relatively distinct regions, i.e. an inactive core region, a

region of very weak recirculation and a peripheral boundary layer flow, were observed
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Table 2.5: Summary of investigations of natural convection in rectangular cavities with partitions attached to the

vertical walls.

Investigators| Approach Study Area Major Findings
Bilgen (2005) | Numerical Natural convection heat transfer in an air-filled diflerentially | (1). Nusselt number 1s an increasing function of Rayleigh
[10] approach with | heated square cavity with a horizontal thin fin attached to the | number, and a decreasing function of partition height and
SIMPLER heated vertical wall. The horizontal walls were adiabatic. The | relative conductivity ratio.
algorithm dimensionless height, position and the relative conductivity ra- | (2). The heat transfer may be suppressed up to 38% by
tio of9 the fin were variable. Rayleigh numbers were from 10% | choosing appropriate thermal and geometrical parameters.
to 10”.
Ampoto Experiment Natural convection of air in a non-partitioned or partitioned | (I). Partitions tend to reduce the heat transfer rates along
(2005 and | using a thermo- | square cavity with differentially heated vertical and conducting | the heated vertical wall compared with similar cavities with
2004) [26][27] | couple probe | horizontal walls under the Rayleigh number with 1.58 x 10°. | smooth walls.
and a 2-D LDA | Five partitions were installed on the heated vertical wall. (2). The velocity and temperature fields results obtained
in the partitioned cavity differ substantially from the corre-
sponding results in the non-partitioned cavity with the same
dimensions and under the same experimental conditions.
Shi and Kho- | A finite- | Steady laminar natural convection heat transter in an air-filled | (I). Two competing mechanisms, i.e. the hydrodynamic
dadadi (2003) | volume-based differentially heated square cavity with insulated top and bot- | blockage effect and the extra heating effect offered by the
{28] computation tom walls. A single highly conductive thin fin with variable | fin, are responsible for flow and thermal modifications.
study height was attached to the heated vertical wall of the cavity at | (2). The fin on the heated vertical wall modified the clock-

7 different locations. The Rayleigh number is in the range of
10* - 107.

wise rotating boundary layer flow.
(3). A correlation among the mean Nu, Ra, height and posi-
tion of the fin was proposed.

Yucel and

Control volume

Laminar natural convection in air-filled vertical slender cavi-

(1). The fin height and the number of fins are important

Turkoglu approach ties (aspect ratio = 10) with conducting fins attached to the | parameters for optimization of the heat transfer rate.
(1998) [71] and SIMPLE | cold vertical wall. The horizontal walls were insulated. The | (2). At low Rayleigh numbers, the mean Nu increases with
algorithm Rayleigh numbers are in the range of 10% to 10%. increasing number of fins and the fin heights; while at high
Rayleigh numbers, the heat transfer rate can be decreased or
increased based on the number of fins and the fin heights.
Frederick Numerical Laminar natural convection of air in the central microcavities of | (I). The flow pattern is significantly different as the fins are
and Valencia | technique with | vertical enclosures with equally spaced baffles attached either | attached to both vertical walls, rather than to only one of
(1995) (72} a spacewise | to one of the vertical walls or both vertical walls. The Rayleigh | vertical walls that resulted in a different heat transfer char-
periodical numbers are in the range of 10¢ to 105. acteristic.
approach
Nag et al. [ Numerical The effect of a partial horizontal partition, attached to the | (1). Lhe eflects of the thickness and conductivity of the par-
(1994) [73] technique heated vertical wall of an air-filled square cavity with adiabatic | tition on the laminar natural convection heat transfer were
with the | horizontal walls. The Rayleigh numbers are in the range of 10° | presented.
finite element | to 106.
method
Scozia and | Numerical Laminar natural convection in air-filled, inclined, slender cav- | (I). The flow and heat transfer mechanisms and their depen-
Frederick technique ities (aspect ratio > 20) with insulated top and bottom walls. | dence on Rayleigh number, microcavity aspect ratio, overall
(1991) [9] Partitions were attached to the cold vertical wall. Rayleigh | aspect ratio, and angle of inclination were discussed.

numbers are in the range of 10% to 10°.
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Table 2.5: Summary of

vertical walls (con’d).

investigations of natural convection in rectangular cavities with partitions attached to the

Investigators] Approach Study Area Major Findings
Frederick Numerical Natural convection in an air-filled, differentially heated, in- | (1). The partition causes convection suppression and heatl
(1989) [74] technique clined square cavity, with a diathermal partition on its cold | transfer reduction.
wall, at Rayleigh numbers of 108 — 105. The horizontal walls | (2). Heat transfer reduction depends on Rayleigh number,
of the cavity were insulated. partition height and inclination of the cavity.
Frederick Numerical Natural convection in an air-filled square cavity with a conduct- | (I). The effects of the height and conductivity of the partition
and Valencia | technique ing partition on its heated vertical wall. The horizontal walls | on the laminar natural convection were reported.
(1989) [75] of the cavity were perfectly conducting. Rayleigh numbers are
in the range of 103 to 10°.
Shakerin et | Experimental Laminar natural convection flow in an enclosure with single and | (1). The steady natural convection boundary layers tend to
al. (1988) | approach with | repeated, two-dimensional, rectangular roughness elements on | follow the wall contour very closely.

76]

the dye visual-
ization and a
Mach-Zehnder
interferometer

the heated vertical wall.
1 < aspect ratio < 3; 10° < Ray, < 108, and Pr = 0.7 and 7.0.

(2). With conducting, closely spaced, multiple roughness el-
ements, the total heat transfer is not significantly different
from that for a smooth surface.
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Table 2.6:

Summary of investigations of natural convection in rectangular cavities with partitions on the horizontal

walls.
Investigators]| Approach Study Area Major Findings
Ambarita et | Numerical Laminar natural convection heat transfer in an air-filled parti- | (1). Lhe Nusselt number is a function of Rayleigh number,
al. (2006) | technique tioned square cavity. Two insulated partitions were attached | partitions height and position.
[77] with the finite | to the adiabatic horizontal walls of the cavity. The Rayleigh | (2). The two partitions trap some fluid in the cavity and

volume method | numbers are from 104 to 108. affect the flow fields.

Yucel and | Numerical Laminar natural convection fluid flow and heat transfer in air- | (1). The heat transfer rate depends on the partition height,
Ozdem technique with | filled partially divided square cavities, of which the horizontal | the number of in-line partitions and the Rayleigh number.
(2003) [78] control volume | walls are adiabatic or perfectly conducting. The partitions were

approach attached to the bottom and top walls of the cavities in-line.
and SIMPLE | Rayleigh numbers are in the range of 103 to 5 x 105,
algorithm
Bilgen (2002) | Numerical Laminar and turbulent natural convection in air-filled cavities | (1). The flow regime was laminar for Ra up to 10% thereafter
[29] technique with | with partial partitions on the adiabatic horizontal walls. The | turbulent.
SIMPLER aspect ratios of the cavities were from 0.3 to 0.4, and Rayleigh | (2). The flow circulation is choked by the partitions.
method numbers are from 10% to 10!, (3). The heat transfer was affected by the partition number
and location, as well as the aspect ratio of the cavity.
Turkoglu and | Numerical Laminar natural convection heat transfer in air-filled rectangu- | (1). The mean Nusselt number was affected by the partition
Yucel (1996) | technique with | lar cavities (aspect ratios of 0.5 — 1.5) with insulated horizon- | number and Rayleigh number.
[79] SIMPLER tal walls. Conducting multiple complete partitions were glaced (2). The cavity aspect ratio does not affect the heat transfer
algorithm vertically. Rayleigh numbers are from 5 x 105 to 5 x 10°. to a considerable extent for considered aspect ratios in the
study.
Nowak and | Numerical Laminar natural convection heat transfer in air-filled slender | (1). The flow pattern was changed by the height of the par-
Novak (1994) | technique rectangular cavities with two partial partitions located in the | titions.
[80] with the | adiabatic horizontal walls. The aspect ratio of cavities was up | (2). The two partitions can appreciably reduce the heat
finite-difference | to 45, and Grashof number was up to 5 x 108, transfer rate.
approach
Ciofalo and | Numerical Laminar natural convection heat transfer in air-filled partially [ (1). The partitions can reduce heat transfer rates in cavities
Karayiannis technique with | or completely partitioned rectangular cavities with aspect ra- | due to two different basic mechanisms for different aspect
(1991) [81) the computer | tios of 0.5 to 10. The horizontal walls of cavities were adiabatic | ratios.
code Harwell- | or LTP. The Rayleigh number is varied from 10 to 107.
FLOW3D
Acharya and | Numerical Laminar natural convection in an air-filled square cavity with | (1). The influences of partition position and height have been

Jetli ~ (1990)
(82]

technique with
control volume

perfectly conducting horizontal walls. A partial poorly con-
ducting partition was attached to the bottom wall. Rayleigh

studied.
(2). The existence of three distinctly different flow regimes

approach numbers are from 104 to 3.55 x 10°. at different Rayleigh number ranges was confirmed.
Olson et al. | Experimental Steady state natural convection in an air-filled rectangular | (I). The partition caused a modest decrease of heat trans-
(1990) [83] approach with | room with insulated horizontal walls. The aspect ratio of the | fer rate, while substantial changes in fiow patterns and core
thermocou- cavity was 0.32. A vertical partition extended from the bottom | temperature field.
ples and the | wall to midheight. Rayleigh number is of the order of 101°. (2). Under the same conditions, the results from water and
smoke flow air are significantly different.

visualization
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Table 2.6: Summary of investigations of natural convection in rectangular cavities with partitions on the horizontal
walls (con’d).

Investigators] Approach Study Area Major Findings
Chen et al. | Experimental Natural convection in a water-filled, partially divided rectan- | (1). The opening in the partition plate has the effect of in-
(1990) [84] approach with | gular cavity with aspect ratio of 0.5. An adiabatic partition | creasing heat transfer by allowing the flow of the entrapped
a thermocouple | plate with/without an opening was attached to the insulated | hot fluid through the opening.
probe, a | top wall of the cavity. Rayleigh numbers are ranging from 10%
laser-Doppler to 108,
velocimeter
and the
dye flow
visualization
Kelkar  and | Numerical Laminar natural convection flows in air-filled square cavities | (I). When a single partition is placed at the center, the
Patankar technique with vertical partitions. The horizontal walls are adiabatic, | boundary layers on the horizontal walls remain relatively un-
(1990) [8] with the | and the Rayleigh numbers are ranging from 0 to 10°. affected; while partitions located at the top and bottom walls
finite-difference make the flow negotiate around them, resulting in the hot and
method and cold streams in direct contact.
SIMPLER
algorithm
Nishimura et | Experimental Laminar natural convection in water-fitled rectangular cavities | (I). A heat transfer correlation was presented.
al. (1988) | and numerical | divided by complete multiple vertical partitions. The cavities | (2). A useful number of partitions is 2 — 5, which can reduce
[85] approaches with aspect ratios of 10 and 4 have the adiabatic horizontal | the heat transfer rate by 70 — 90%.
walls. Rayleigh numbers are ranging from 10° to 108,
Jethi and | Numerical Laminar natural convection in air-filled square cavities with | (1). The effect of horizontal wall conditions on the natural
Acharya technique adiabatic or perfectly conducting horizontal walls. Two off- | convection in the cavities was studied.
(1988) [86] with the | set partitions were attached to the horizontal walls. Rayleigh | (2). Correlations for Nusselt number have been presented.
control volume | numbers are 10%, 105 and 3.55 x 10°.
approach
Zimmerman Numerical Laminar natural convection in an square cavity with perfectly | (1). Lhe eflects of the thickness and conductivity of the par-
and Acharya | technique with | conducting horizontal walls. Partial partitions were mounted in | titions on the natural convection flow and heat transfer have
(1987) (87 the SIMPLER | the center of the cavity on the top and bottom walls. Rayleigh | been investigated.

algorithm numbers are in the range of 10* — 3.55 x 105,
Nishimura et | Experiment Natural convection heat transfer in water-filled rectangular cav- | (1). When the partition deviates from the center of the cav-
al. (1987) | with a ther- | ities with adiabatic horizontal walls and a complete vertical | ities, the heat transfer rate is identical with that for the par-
[88] mocouple partition. Aspect ratios are 4 and 10. Rayleigh numbers are | tition in the central position.

probe from 108 to 108,
Shaw et al. | Numerical Laminar natural convection in a partially divided square cavity | (1). An increase in the height of the partition decreased the
(1987) [89] technique with | with adiabatic horizontal walls. Rayleigh numbers are in the | heat transfer efficiently, while the effect of location of the

cubic spline | range of 10% — 10% and Pr = 1. partition on the mean Nusselt number is small.

collection

method
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Table 2.6: Summary of investigations of natural convection in rectangular cavities with partitions on the horizontal
walls (con’d).

Investigators] Approach Study Area Major Findings
Jetli et al. | Numerical Laminar natural convection in a partially divided square cavity | (1). The position and conductivity of the partitions have
(1986) [90] technique with perfectly conducting horizontal walls. Two offset parti- | significant effects on the natural convection in the cavity.
with the | tions were attached to horizontal walls. Rayleigh numbers are
finite-difference | 104, 105 and 3.55 x 10°.
method
SIMPLER
Tong and | Numerical Laminar natural convection in air-filled partitioned rectangular | (I). The partition can reduce heat transfer rate, and the
Gerner technique cavities with insulated horizontal walls. A thin vertical parti- | maximum reduction occurred when the partition was placed
(1986) [91] with the | tion separates the cavity into two regions. Aspect ratios of the | midway between the vertical walls of cavities.
finite-difference | cavities are from 5 to 15, and Rayleigh numbers are 10* and
method 105,

Nansteel and
Greif (1984)
192]

Expermment us-
ing thermocou-
ples and dye in-
jection

Natural convection flow and heat transfer in a water-filled rect-
angular cavity with insulated horizontal walls. A vertical par-
tition was oriented parallel to the vertical walls. Aspect ratio
is 0.5, and Rayleigh numbers are from 1010 to 10!1.

(1). The dependence of the natural convection flow and heat
transfer on the Rayleigh number and the size of the opening
in the partition was studied.

Lin and
Bejan (1983)
(25]

Experimental
and numerical
study

Natural convection heat transfer in rectangular cavities with a
partial vertical partition. The horizontal walls were adiabatic,
and aspect ratios are 0.305 and 0.5. The working fluids include
water and air. Rayleigh numbers are in the range of 102 — 1010,

(T1). The partial partition reduces significantly the net heat
transfer between the vertical walls of the cavity.

Bajorek and
Lloyd (1982)
(24]

Experimental
study using a
Mach-Zehnder

Laminar natural convection in a partitioned square cavity with
insulated horizontal walls. Insulated partitions were placed
both on the floor and ceiling of the cavity. Air and carbon diox-

1). The partitions affected significantly the convective heat
transfer, and the effect is dependent on the Grashof number.
(2). The partitions appeared to have an unsettling effect on

interferometer ide were gvorking fluids. Grashof numbers are from 1.7 x 105 | the flow field.
to 3 x 10°.
Nansteel and | Experiment Natural convection in a water-filled rectangular cavity with in- | (1). Three distinct regions were observed in the cavity.
Greif (1981) | using dye | sulated horizontal walls. Aspect ratio of the cavity is 0.5. A | (2). The partition decreased significantly the overall heat
[7] injection and | partial vertical partition was placed on the top wall. Rayleigh | transfer, especially when the partition was non-conducting.
thermocouple numbers are in the range of 2.3 x 1010 — 1.1 x 1011,
probes

np Suetlusp - stsoyL, qUd

Sutzeautdus] [eOTURYISIA - I9ISBIADIN



PhD Thesis - Wenjiang Wu McMaster - Mechanical Engineering

due to the presence of the partition. The boundary layer flow along the heated
vertical wall did not extend over the entire surface since most of the flow separated
from the heated vertical wall at approximately mid-height of the wall, and then
moved across the cavity horizontally until reaching the lower edge of the partition.
This flow pattern differed substantially from that reported by Duxbury [93] in an air-
filled partially divided enclosure with Rayleigh number approaching 10°. There was
no distinct recirculating region and also little or no flow separation from the heated
vertical wall. This discrepancy is likely due to the different working fluids. Olson
et al. [83] experimentally studied the natural convection in an air-filled partitioned
rectangular cavity with aspect ratio of 0.32 and Rayleigh number Rag of 10'°. The
results of their study were different to previous investigations using water as the
working fluid, both in temperature profiles and flow patterns. The authors indicated
that water experiments at the same geometry and Rayleigh number tend to have
higher thermal stratification and reduced flow recirculation.

Ciofalo and Karayiannis [81] numerically investigated the laminar natural con-
vection heat transfer in air-filled rectangular cavities with aspect ratios of 0.5 to 10
and Rayleigh numbers Ra; of 10* to 107. The vertical walls of the cavities were
isothermal with different temperatures, and the horizontal walls were adiabatic or
with a linear temperature profile. Two symmetric partial partitions protruded cen-
trally from the horizontal walls. The investigation showed that two basic mechanisms
are responsible for the heat transfer reduction in cavities. At low aspect ratios, par-
titions do not alter the unicellular flow pattern. The effect of the partitions on the
fluid flow rate along the walls was limited resulting in moderately reducing the local
Nusselt number. However, at high aspect ratios, the presence of partitions caused
the break down of the unicell, and resulted in the formation of secondary cells that

were particularly intense near the bottom of the heated vertical wall and the top of
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the cold vertical wall that resulted in a strong local reduction of Nusselt number.

2.2.3 Effect of partition parameters on the natural convec-

tion flow

The effect of partition parameters on natural convection characteristics have been
studied, mainly focusing on the effect of the height, position and number of parti-
tions. Frederick and Valencia [75] numerically studied the laminar natural convection
heat transfer in an air-filled square cavity with conducting horizontal walls and a
conducting partition on the heated vertical wall. With an increase of the partition
height, the reduction of the heat transfer rate became more significant due to the in-
creased blockage effect of the partition on the flow. A similar result was reported by
Nowak and Novak [80] from numerical simulations of the laminar natural convection
in air-filled slender rectangular cavities with two partial vertical partitions located in
the middle of adiabatic horizontal walls. With an increase of the partition height,
the flow pattern changed from multicellular to the unicellular transition regime. Lin
and Bejan [25] experimentally investigated the natural convection heat transfer in
a water-filled partitioned rectangular cavity with adiabatic horizontal walls with a
vertical non-conducting partition at the center of the bottom wall. A heat transfer

correlation was developed that took into account the partition height

Ra}lq/4

: 2.4
(1—He)-3/4 4+ 05 24)

Ambarita et al. [77] numerically studied the effect of offset partitions on the lam-
inar natural convection in an air-filled square cavity. In their study, two insulated

offset partitions with non-dimensional partition heights Hp/H of 0.6, 0.7 and 0.8
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were respectively attached to the adiabatic top and bottom walls of the cavity at
variable positions. For the global Rayleigh number Ray < 10%, there was a single
cell occupying the square cavity. While, for Rag > 10°, the two partitions resulted
in two separated and distinct flow regions with no interaction between the two flow
zones. The phenomenon was not present in similar investigations in which the non-
dimensional height of partitions was less than 0.5 [24][90][29].

Jetli et al. [90] numerically investigated the effect of two offset partitions on
the laminar natural convection in a partially divided square cavity with conducting
horizontal walls, and reported that the position of the partitions had a significant
effect on the heat transfer and flow characteristics of the cavity. Shaw et al. [89] and
Acharya and Jetli [82] numerically compared the effects of the partition height and
position. Shaw et al. [89] investigated the laminar natural convection in a square
cavity with a movable partial vertical adiabatic partition placed on the adiabatic
bottom wall of the cavity. An increase in the height of the partition decreased the
heat transfer, while the effect of the location of the partition on the mean Nusselt
number was small. Acharya and Jetli [82] corroborated the conclusions of Shaw et al.
[89]. They indicated that the partition height had a much stronger effect on the cavity
heat transfer than the partition position based on their investigation of the laminar
natural convection heat transfer in an air-filled square cavity with a single partial
partition on the conducting bottom wall of the cavity. Recently, Shi and Khodadadi
[28] developed correlations to describe the effects of the partition height and location
on the natural convection heat transfer in an air-filled square cavity with a partition
attached to the heated vertical wall

for Ra; = 10* ~ 10°

Nuc = (0.1213S] — 0.1202Sp + 0.1807) - Ra}®™ . (%’3)0-0656, (2.5)
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for Ra; = 10% ~ 107
- H
Nuc = (0.016352 — 0.0129Sp + 0.1598) - Ra2*™ . (?15)0-0656. (2.6)

Here Nuc is the mean Nusselt number on the cooled vertical wall and Sp represents
the dimensionless position of the partition.

Yucel and Turkoglu [71] and Yucel and Ozdem (78] indicated that the number
of partitions is an important parameter for optimization of the natural convection
heat transfer rate. Yucel and Ozdem [78] found that when the number of partitions
was increased, the partitions partially blocked the motion of the fluid flow resulting
in the mean Nusselt number to be decreased.

Effects of the thickness and conductivity of partitions as well as the aspect ratio
and the inclination of partitioned cavities on the natural convection have been studied.
For example, Nag et al. [73] indicated that the thickness of a partition substantially
affected the laminar natural convection heat transfer in an air-filled square cavity with
a partition on the heated vertical wall. Zimmerman and Acharya [87] indicated that
with an increase of the conductivity of partitions, the natural convection flow strength
and the average Nusselt number were decreased. Bilgen [29] studied the effect of the
aspect ratio on the natural convection heat transfer in partitioned rectangular cavities
and concluded that with a decrease of the aspect ratio, the heat transfer was reduced
since the cavity became more elongated. Frederick [74] performed an investigation
on natural convection in an air-filled inclined square cavity with a partial partition
on cold wall, and indicated that the heat transfer reduction depends on the angle of

the inclination.
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2.2.4 Summary and Limitations

Most previous experimental and numerical investigations on the natural convection
in partitioned rectangular cavities have focused on cavities with adiabatic, insulated
or conducting horizontal walls. Under these thermal boundary conditions, the par-
tition directly suppressed the motion of the boundary layer flow along the walls or
had an extra heating effect, resulting in significant changes in natural convection flow
compared to that in cavities without partitions. There are no investigations on parti-
tioned cavities with temperature differences in both horizontal and vertical directions
simultaneously, in particular with larger top wall temperatures. Wu et al. [18] and
Ravi et al. [17] reported that the temperature difference between the horizontal top
and bottom walls significantly changed the flow pattern in a cavity with smooth walls
due to the change in the stratification rate in the core region of the cavity. It is par-
ticular true for cases with larger top wall temperatures. These results suggest that
characteristics of the natural convection flow in partitioned cavities are likely to be

changed with an increase of the top wall temperature.

2.3 Theoretical Models

Only a few theoretical models have been developed compared with the numerous
experimental and numerical investigations of natural convection in cavities. The
existing theoretical models have mainly focused on the natural convection flow along
a single vertical wall rather than in cavities.

A number of models have been developed for the natural convection flows
on isolated isothermal vertical walls in stratified environments. Early studies were
mainly focused on seeking similarity solutions. Cheesewright [49] developed similarity

solutions for the flow along an isothermal plate in non-isothermal ambient air. This
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included solutions for a range of ambient temperature distributions, but not a linear
stable ambient temperature distribution like those observed for the natural convection
flows in cavities driven by a temperature difference between the vertical walls [18](6].
Chen and Eichhorn [2], later, concluded that a similarity solution to the problem
of an isothermal heated vertical wall in a linearly stratified stable medium was not
possible, and used a local non-similarity approach to solve the problem. The local
non-similarity method that included a second term to account for the changes in
the streamwise direction was proposed by Sparrow and coworkers [94][95][96]. Chen
and Eichhorn [2| compared the solutions from this non-similarity approach to the
experimental measurements of natural convection from a cylinder in a stratified fluid
with a Prandtl number of 6.0 and found good agreement between the experiment
and the solution. They examined the flow with a Prandtl number of 0.7 but did not
compare the results with experiments. Kulkarni et al. [1] later suggested that there
were similarity solutions for the natural convection flow along a vertical wall in a
stratified environment with a linear temperature distribution, but did not compare
their results with experiments, instead comparing with other similarity and non-
similarity solutions. Heretofore, there does not appear to have been any attempts to
compare these solutions to experimental results for natural convection of air flows in

cavities.
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Chapter 3

Experimental Methodology

The experiments were performed in an air-filled rectangular cavity with differentially
heated vertical walls and an adjustable aspect ratio. The experimental facilities are
described first. The experimental techniques used to measure the temperature distri-
butions and visualize the flow in the cavity are then discussed in detail. Finally, the

data analysis procedures are presented.

3.1 Experimental Facility

The laminar natural convection air flow in rectangular cavities with and without
a partition on the wall were experimentally investigated in an air-filled rectangular
cavity shown schematically in Figure 3.1. The cavity had a height of 305mm (12”)
and a width that could be adjusted from 100 to 610mm (3.9” to 24”) by moving
one vertical wall. Experiments were performed with the width of the cavity set to
152.5, 305 and 610mm (6”, 12” and 24”), corresponding to aspect ratios AR of 2, 1
and 0.5. The depth of the cavity was 914mm (36”), which was 3 times the height,

so that the flow should be approximately two-dimensional as suggested in a number
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of previous studies [6][15]. The walls of the cavity were designed so that one of the
vertical walls and the top wall could be heated independently; while the other vertical
wall, which was the movable wall, and the bottom wall could be cooled. The ends of
the cavity were sealed using walls with large glass windows so the flow in the cavity
could be visualized. The cavity was insulated using OFI-48 insulation with a thermal
conductivity of 0.035W/m -° C to reduce heat transfer to the ambient. The cavity
was supported on a 1.5m(5’) high frame constructed from rectangular tubing. A two-
dimensional traversing system was mounted on this frame, which was used to move
a thermocouple probe unit in both horizontal and vertical directions to measure the
temperature distributions in the cavity.

The walls of the cavity were constructed from a series of sections and instru-
mented using thermocouples that were used to monitor the surface temperature. The
top wall and the heated vertical wall were constructed using 12.7mm (0.5”) thick
aluminium plates. The heated vertical wall had three silicone rubber heaters, with
a maximum capacity of 180W, while the top wall had four heaters which were at-
tached on the outside surface of these plates. To minimize heat losses from the heated
walls to the ambient, the walls were insulated using aluminium guard heater walls
constructed similar to the heated walls following a number of previous studies [3][11].
The walls were separated by a 25mm thick layer of OFI-48 insulation. The heat
transfer between the heated vertical wall and its guard wall was less than 3W, corre-
sponding to approximately 15% of the heat transfer into the cavity from the heated
vertical wall. This heat loss was estimated from the temperature difference between
the heated vertical wall and its guard wall, and knowing the thermal conductivity
of the insulation. The surface radiation effects from the cavity walls were estimated
using an emissivity of 0.04 for the aluminium plates and were found to be negligible

compared to the natural convection heat transfer along the heated vertical wall.
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Figure 3.1: Schematic of the rectangular cavity from (a) the side view and (b) the
top view.
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Schematics of the top wall and the heated vertical wall are shown in Figures
3.2 and 3.3. The walls were divided into sections by milling 6mm grooves on the
outside surface of these plates. The top wall was divided into four equal size sections,
while the vertical wall was divided into three sections that were 89mm, 102mm, and
114mm high, respectively, with the smallest section at the bottom of the wall where
the heat flux into the cavity was the largest. Silicone rubber heaters were embedded
into 25mm wide grooves machined in the center of each section and powered using
a multi-channel variable duty controller that could vary the duty cycle for each of
the heaters independently, so the heated walls could be maintained at a uniform
temperature.

The temperature distributions on the top wall and the heated vertical wall
were measured using T-type thermocouples embedded in these plates at the locations
shown in Figures 3.2 and 3.3. Each section of the wall contained 12 thermocouples.
Six thermocouples embedded in holes with a depth of 3.2mm (0.125”) from the rear
surface were used to measure the outside temperature of the plate, while the other
six embedded in holes with a depth of 11.1mm (0.4375”) were used to measure the
temperature of the inner surface of the wall. The detailed schematic showing how
the thermocouples were embedded in the surface is shown in Figure 3.4. The thermo-
couples were bare wire thermocouples with a diameter of 0.254dmm (0.010”). They
were insulated using ceramic tubing and Teflon tubing as shown in Figure 3.4. The
thermocouple was held in place using thermally conductive epoxy adhesive that was
used to fill the hole. The thermocouple leads were connected to 24 AWG T-type
thermocouple wire at a phenolic terminal block that can withstand temperatures up
to 150°C. The six thermocouples located on the outer surface in each section were
connected together to determine the average outside temperature of the wall, which

was used to estimate the heat transfer from the top wall and the heated vertical wall
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to their respective guard walls. The thermocouples mounted on the inside of the wall
were connected individually to the thermocouple meter. There were, respectively, 6
and 8 thermocouples embedded along the centerlines of the heated vertical wall and
the top wall to continuously monitor the changes in the temperatures so that the
average wall temperatures reported here can be calculated.

The structure of the guard walls for the top wall and the heated vertical wall
are similar to that of the heated walls. The four heaters on the top guard wall were
connected in parallel and powered using a variable transformer with maximum current
of 10 amps. The output voltage of the transformer was adjusted so that the average
temperature on the inner surface of the guard wall can be approximately equal to
that on the outside of the top wall. Similarly, three heaters on the heated vertical
guard wall were connected in parallel to a transformer with maximum current of 7.5
amps. The guard walls included 6 T-type thermocouples embedded in each of the
sections at the same locations as the thermocouples on the outside of the heated walls.
The six thermocouples in each of the sections were connected together so the average
temperature of each section in the guard walls could be determined.

The bottom wall and the cooled vertical wall were also constructed from
12.7mm (0.5”) thick aluminium plates that contained serpentine cooling channels
as shown in Figures 3.5 and 3.6. The cooling channels were grooves with a width of
25.4mm (17) and depth of 6.4mm (0.25”) machined into the rear surface of the plates.
The channels were closed using 6.4mm (0.25”) thick outer aluminium plates that were
insulated from the outside using a 25mm (1”) thick layer of insulation. Two slots
with width of 14mm (0.55”) were machined into the bottom wall so the frame for the
movable thermocouple probe could pass through the wall. The temperature of the
bottom wall was measured using 16 T-type thermocouples located as shown in Figure

3.5. These thermocouples were embedded using the same approach as in the heated

43



PhD Thesis - Wenjiang Wu McMaster - Mechanical Engineering

24 AWG T-type (a)

thermocouple wire

Termminal block

T-type thermocouple bare
wires with diameter of
0.254 mm (0.010")

Teflon tubing

Ceramic tubing

Thermally conductive

epoxy adhesive Aluminium plate

T-type thermocouple bare
wires with diameter of
0.254 mm (0.010") (b)

Ceramic tubing

Thermally conductive
epoxy adhesive

L1 mm (0.4375")
12.7 mm (0.5")

T-type thermocouple bead

Aluminium plate f 3.2mm (0.125")

Figure 3.4: Detailed structure of the thermocouple embedded in the wall from (a)
the top view and (b) the side view.
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walls. Four of these thermocouples were located in the centerline of the bottom wall
to calculate the average wall temperature and the others were distributed through-
out the remaining area. The temperature on the cooled vertical wall was monitored
using 11 T-type thermocouples as shown in Figure 3.6, three of which were on the
centerline. Municipal water was circulated through the channels to remove the heat
from these two plates following Randall et al. [69] and Tian and Karayiannis [6].
The cold water was first passed through a bank of four flow meters with accuracy of
+1.69 x 107*L/s. The water temperature at the inlet and outlet of the channels was
measured using eight T-type thermocouples mounted at the beginning and the end

of the flow loops. The energy removed from the cavity was estimated as

Q = mcp(Tw,o - Tw,i), (31)

where 7 is the mass rate of the water and ¢, is the specific heat of the water, while
Twe and T, ; are the outlet and inlet temperatures of the water, respectively. The
temperature of these two walls in the current investigation was kept approximately
uniform by maintaining the cooling water flow rate relatively high at approximately
0.9L/min. This was facilitated by the fact that the heat flux through the walls was
relatively low, approximately less than 480W/m? in the current study.

The temperature difference between the walls will result in a singularity in
temperature at the junctions, which has been studied by Nansteel et al. [97]. In
order to minimize the heat transfer between the heated vertical wall and the top
wall, the junction between the walls was insulated using a thin layer of mineral fi-
bre paper. The maximum temperature difference across the mineral fibre paper,
in the current investigation, was approximately 48°C. The maximum temperature

gradients in the vicinity of the junction on the heated vertical wall and the top
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wall, estimated from the temperature measurements, were approximately 0.26°C/cm
and 0.31°C/cm respectively. The heated vertical wall was isolated from the bot-
tom wall by supporting its guard wall on four small Delrin blocks, which were
19.1mm(0.75”) x 10.2mm(0.4”) x 6.86mm(0.27”), so that an air gap of approximately
1mm high was present as shown in Figure 3.7. Since the cross sectional area of these
blocks was small and the conductivity of them was low, the corner was approximately
insulated.

An aluminium partition 914mm (36”) long and 6.35mm (0.25”) thick was
attached at different locations to the heated vertical wall or the top wall of the cavity
using a high thermal conductivity paste as shown in Figure 3.1(a) for the studies
in the cavity with a partition. Two partitions of height, Hp, 19.05mm (0.75”) and
38.1mm (1.5”), corresponding to non-dimensional heights, Hp/H, of 0.0625 and 0.125
were used in this study. On the heated vertical wall, the partition was placed at y/H
of 0.65 and 0.95 respectively; while on the top wall the partition was located at z/H
of 0.1, 0.2, 0.4 and 0.6 respectively.

3.2 Experimental Techniques

The temperature distribution of the air in the cavity was measured using an in-house
temperature measurement system including a T-type thermocouple probe unit, a two-
dimensional traverse and a data acquisition facility. The thermocouple probe unit was
mounted on a frame which passed through the slots on the bottom wall of the cavity
and then was fixed on the two-dimensional traverse so that the thermocouple probe
could be moved horizontally and vertically within the cavity. The two-dimensional
traverse with a minimum step size of 0.0254mm was driven by two VEXTA step

motors that was controlled using LabView.
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The construction and dimensions of the thermocouple probe unit are shown in
Figures 3.8 and 3.9. A T-type thermocouple with diameter of 0.051mm (0.002”) was
used in the probe. The bare wires of the thermocouple were passed through a ther-
mocouple support that was constructed from two stainless steel tubes with diameters
of 1.6mm (0.0625”). A 26 AWG Teflon tubing was inserted between the bare wire
and the inner surface of the stainless steel tubes. The length of the stainless steel
tubes was 57.2mm (2.25”) to keep the frame out of the thermal boundary layer. The
distance between the two stainless steel tubes was 28.6mm (1.125”) so they would
not block the flow near the measurement point. The support was mounted into a
Teflon block which was mounted on the frame using a pair of steel pins. The leads
from the bare thermocouple wire were connected to a 24 AWG T-type thermocouple
wire inside the Teflon block. The entire junction was surrounded and anchored to the
Teflon block using an electrically conductive epoxy. The 24 AWG T-type thermocou-
ple wires were then connected to the data acquisition facility controlled by LabView
through a noise rejecting, shielded 1/O connector block. The data acquisition board
was a 16-channel National Instruments data acquisition board with 16-bit resolution.
The position of the thermocouple relative to the walls in the cavities was determined
using two positioning rods installed in the probe holder, that closed an electrical cir-
cuit when they touched the wall. The distance between the thermocouple bead and
the tip of the horizontal positioning rod was 0.7mm measured using a microscope
combined to a vernier scale device with an accuracy of 0.02mm.

To ensure accuracy of the temperature measurement system, the thermocou-
ple probe (diameter of 0.051mm or 0.002”) and a typical thermocouple of the type
embedded in the walls (diameter of 0.254mm or 0.010”) were calibrated before the
experiments by placing them in a container filled with heated water along with a

platinum RTD with a reported accuracy of £0.01°C. The temperature of the water
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was decreased gradually by adding ice into the container, until the temperature was
close to 0°C. A comparison of temperature determined from the 0.002” thermocou-
ple and the 0.010” thermocouple to the reading from the platinum RTD is shown in
Figure 3.10. The results were curve fit to determine the calibration for the 0.002”
thermocouple and 0.010” thermocouple as shown in Figure 3.10. These calibration
equations were then used in the data analysis for all experiments.

Due to the relatively large change in temperature of the air near the heated
vertical wall of the cavity, the temperature measurements were made at 0.254mm
intervals for the first 3.81mm from the wall. The distance between consecutive mea-
surement locations was subsequently increased from 0.508mm to 10.16mm as the
distance from the wall was increased. The same method was also used in measuring
temperature profiles along the rear surface of the partition which was attached on the
top wall of the cavity.

In each experiment, the desired wall temperatures of the cavity were reached
by adjusting the power to the heaters and the cooling water flow rates. Typical tem-
perature distributions along the centreline of the heated vertical wall of the cavity
for different aspect ratios are shown in Figure 3.11. In all cases, the maximum dis-
crepancy, which occurred near the corner regions, between the local temperature and
the average wall temperature was less than +4%. When the heaters on the top wall
and its guard wall were turned off, only the two layers of insulation reduce the heat
transfer from the top wall to the ambient. This thermal boundary condition is de-
fined as “insulated” here. The typical top wall temperature distributions under this
thermal boundary condition are shown in Figure 3.12, and the mean temperature of
the top wall is used in the analysis for this case. Measurements were started after the
wall temperatures fluctuated less than 40.5°C for over 1 hour following Chinnakotla

et al. [98]. The temperature distributions near the heated vertical wall of the cavity
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were measured at 11 heights that were 25mm (1”) to 4.57mm (0.18”) apart. The in-
stantaneous temperature measurements from the thermocouple probe were averaged
for approximately 20 seconds at each measurement location.

The flow in the cavity was visualized using incense smoke, similar to Sernas
and Lee [41] and Tian and Karayiannis [6]. The incense smoke was illuminated by
a laser light sheet that was projected into the cavity through one of the two slots
machined in the bottom wall of the cavity for the thermocouple probe frame. The
smoke was generated by slowly moving air over burning incense. The smoke was
cooled to approximately room temperature before it was injected into the cavity
through the other slot in the bottom wall for the thermocouple probe frame. Care
was taken to ensure the injection of the smoke was slow enough with an average
velocity less than 15¢m/s, which was estimated from the cross sectional area of the
outlet of the injection pipe and the flow rate of the smoke, to allow it to follow the
flow streamlines in the cavity. The flow images were recorded using a digital camera
positioned outside the window of the sidewall of the cavity. The resolution of these
pictures is 2592 x 1944 pixels that covered an area of 595cm?2, with an exposure time

of 1 second.

3.3 Data Reduction and Uncertainty Analysis

The local heat flux from the heated vertical wall into the cavity was estimated from
the slope of the temperature profile in the near-wall region of the boundary layer,
where conduction is the dominant mode of heat transfer so the slope is approximately
constant. The conduction layer is typically about one third of the thickness of the
natural convection thermal boundary layer (Holman [99]). A best linear fit of the

data over approximately the first third of the boundary layer thickness was then used
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to determine the slope of the temperature profile as shown in Figure 3.13. In all cases,
at least seven measurement points existed in the near-wall region of the boundary
layer. The local heat flux was estimated as

¢ = k5, (3.2)

where k is determined by the average air temperature in the conduction layer. The
local heat flux was then used to determined the local heat transfer coefficient given
by

1

_ q
h= g (3.3)

The T, is measured by the thermocouple probe, and the local temperature of the
heated vertical wall Ty was determined by projecting the temperature profiles to
the wall. It was found that there was a consistent discrepancy between the wall
temperature determined from the temperature profile and that measured from the
thermocouple embedded in the heated vertical wall. This is likely due to the small
change in the position of the thermocouple probe frame in the x-direction when
the horizontal positioning rod touched the heated vertical wall. The difference was
typically less than 6% of the temperature difference across the thermal boundary
layer, but in some cases was as large as 11%.

The local Nusselt number and Rayleigh number along the heated vertical wall
were obtained by

Nu=—=, (3.4)

Ra=(=)-g-(Tu — T) - ¥ (3.5)
(TH+Too)
TatTeo)

Here 3, a and v are the properties of the air at the temperature of
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The accuracy of the local heat flux computed from the temperature profiles
were checked by applying an energy balance for the heated vertical wall following the
procedure presented in [100]. This was done only in the central area of the heated
vertical wall as shown in Figure 3.14 since it was difficult to estimate the heat losses
at the edges of the wall. The equations to express the total energy into and leaving

the area are given, respectively, by

Qina) = Qu + Qr, (3.6)

and

Qout(a) = Qc + Qe +@p + Qr+ QL. (3.7)

The subscripts represent the different sources of energy into or leaving the area. For
example, @y is the energy input by the heater, which was estimated from the heater
input parameters. ()¢ is the energy into the thermal boundary layer along the heated
vertical wall, that was calculated by integrating the heat convected to the boundary
layer over the central area. The conduction heat transfer from the adjacent areas
including the guard wall was considered in the energy balance as well. In this central
area, the discrepancy in the energy balance was within 15% to 25% for all cases.

An energy balance was also performed for the entire system. A control volume
was chosen as shown in Figure 3.15 to estimate the energy balance for the entire
system. The control volume included the heated vertical wall, the cooled vertical
wall, the top wall and the bottom wall. The total energy into and leaving the control

volume are given, respectively, by

Qincv) = @Qny + Qnr + Q-1 + Qc—B, (3.8)
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and

Qouticv) = Qvoc + Qrog + Qro1 + Quec + Qc—o0 + Q-+ Q-0 + Qu,B. (3.9)

Here, the subscripts V, C, T and B respectively represent the heated vertical wall,
the cooled vertical wall, the top wall and the bottom wall of the cavity. G indi-
cates the guard walls of the heated vertical wall and the top wall. The subscript w
means the cooling water, and O represents the ambient of the system. In the current
investigation, the discrepancy in the energy balance was found to be within 5% —17%.

The uncertainties in the measurements reported here were evaluated using the

approach outlined by Coleman and Steele [101]. The uncertainty of the local heat

" AT + AT?
. ‘J“ e AR .10)

q” B (TH + Tedge) %)

Here, the uncertainties of temperature at the edge of the conduction layer, AT, 4.,

flux is given by

and the projected heated vertical wall temperature, ATy, were +1°C. The variation
of the slope of the temperature profile (%) is less than 5%.

The uncertainty of the local heat transfer coefficient is given by

5 \/{Aq"}z e ALY (3.11)

h q” (Ty -

where AT, is the uncertainty of the ambient temperature outside of the thermal
boundary layer T, determined by the thermocouple probe and was +1°C.

The uncertainty of the local Nusselt number is given by

u AT? + AT? edge
on J{-—}u{ p 4 (Y e (3.12)

Nu (TH + Tedge)
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and the uncertainty of the local Rayleigh number is given by

A JATZ ¥ AT? ATZ 1 ATZ
Ra \/3{ Bt Dlooyy (VO °°}2+9{§Ay—y}2. (3.13)

Ra (Th + Tw) (Th — Tw)

Here, the uncertainty of the position of the measurement point in the y-direction,
Ay, was £0.025mm.

In the current investigation, variations of the non-dimensional ambient tem-
perature outside of the thermal boundary layer with height for the different top wall
temperatures were studied. The uncertainty in the temperature gradient ‘—i‘%";’f; is given

by

Alg 7] (Ab% 2+ A0%1) | (AYd+ Ayd)
0, = (O —01)? + (s — 1) (3.14)
d(y/H) 00,2 00,1 Y2—"0n

Here the non-dimensional ambient temperature outside of the thermal boundary layer
was defined as 0 = (T — T¢)/(Ty — T¢)- In all measured heights, the variation of

O is less than 3%, except for the region with the undulating flow.
The uncertainties in the local heat flux %‘,1:—', local heat transfer coefficient %,

ANy
Nu

, local Rayleigh number AR’Z“ and the temperature gradient

local Nusselt number

Aldfoo /d(y/H)]

B dly/H) 2T€ summarized in Table 3.1.
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Table 3.1: Summary of the uncertainties in the local heat flux, local heat transfer
coefficient, local Nusselt number, local Rayleigh number and temperature gradient.

Uncertainties of the

Range of uncertainties

local heat flux, %‘,’7”-

local heat transfer coeflicient, %

ANu
? Nu

ARa
Ra

A[dboo/d(y/H

local Nusselt number

local Rayleigh number,

ient. Aldfo/d(y/H)|
temperature gradient, =z~ Y

+4% — +5%
+6% — £10%
+6% — +£10%
+4% — +£9%
+3% — +8%
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Chapter 4

The effect of the top wall
temperature on the laminar
natural convection in rectangular

cavities with smooth walls

The laminar natural convection in air-filled rectangular cavities with smooth walls
was examined for different top wall temperatures. The average non-dimensional top
wall temperature, 0r = (Tr — T¢)/(Ty — Tc), was in the range of approximately
0.52 to 2.3. In the current investigation, this temperature range can be divided into
two regions: 67 < 1.2 defined as a modest top wall temperature here and 7 2> 1.2
defined as a large top wall temperature here. The average temperatures of the vertical
walls on the two sides of the cavities were maintained at approximately uniform but
different temperatures. The global Grashof number based on the height of the cavity,

Gry, given by
908(Ty — Tc)H?
2

GTH =

63




PhD Thesis - Wenjiang Wu McMaster - Mechanical Engineering

was maintained approximately the same for all the different cases. Here Ty and T
are the average temperatures of the vertical walls in the cavity, and 8 and v are the
volume expansion coefficient and thermal diffusivity of the air at (Ty + T¢)/2. The
results for the modest top wall temperature are presented first, followed by those for
a large top wall temperature. Finally, the effect of a large top wall temperature on
the natural convection in rectangular cavities with aspect ratios of 0.5, 1.0 and 2.0

are presented and discussed.

4.1 The effect of a modest top wall temperature

The laminar natural convection in rectangular cavities with aspect ratios of 0.5, 1.0
and 2.0 was initially investigated by maintaining the vertical walls at approximately
82°C and 15°C, respectively, so the global Grashof number based on the height of the
cavities, Gry, was approximately 1.8 x 10%. The bottom wall temperature for all three
cavities was maintained at approximately 15°C' and the top wall was insulated with
an average temperature of approximately 52°C, corresponding to a non-dimensional
top wall temperature of approximately 0.52. The non-dimensional temperature pro-
files at different heights along the heated vertical wall of the three cavities and the
flow patterns in the upper left corner for the cavities are shown in Figure 4.1. There
is a thin thermal boundary layer along the heated vertical wall that grows in thick-
ness as the flow travels up the wall, as expected. The temperature profiles outside
of the boundary layer region were approximately uniform indicating there was not
a significant natural convection flow outside of this thermal boundary layer. The
temperature in the region away from the heated vertical wall increases with height.
Thus, most of the air in the cavity was stably stratified, reducing the local buoyancy

force acting on the flow in the boundary layer as it travels up the heated vertical wall.
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The temperature profiles between y/H = 0.5 and y/H = 0.8 had an undershoot in
the region near the edge of the boundary layer, where the local temperature fell below
the local ambient temperature in the region away from the heated vertical wall. A
similar undershoot was observed by Tian and Karayiannis [6] in their temperature
profiles measured for the natural convection air flow in a square cavity with a global
Grashof number of 2.22 x 10°. Cheesewright [49] indicated that this occurred in nat-
ural convection boundary layers in non-isothermal surroundings since the heat flux
to the fluid in the outer region of the boundary layer was not sufficient to change its
temperature as quickly as the temperature outside the boundary layer.

For the three cavities with the insulated top wall, at a given height, the non-
dimensional temperature distributions in the region away from the heated vertical
wall generally increased with an increase in the aspect ratio, particularly in the region
y/H > 0.5. Since the top wall of the cavities was insulated, the temperature of the
convection flow moving along the top wall was larger than the top wall temperature,
resulting in an energy transfer into the horizontal walls and the cooled vertical wall
from the air flow. With an increase of the aspect ratio, the total area of these walls
becomes smaller so less heat was transferred into the walls.

There is some evidence of secondary flow outside the boundary layers along the
heated vertical wall and the top wall in the flow visualizations in the upper left corner
of the three cavities (Figure 4.1). This was also reported by Tian and Karayiannis
[6]. In this case, this evidence is not very apparent due to the inability of the laser
sheet to properly illuminate this region but was visible to the naked eye. A schematic
of the flow pattern of the secondary flow in the corner region of the square cavity is
shown in Figure 4.2. The mixing caused by this secondary flow would likely be the
cause for the temperature distributions just outside the boundary layer at y/H = 0.8

and 0.9 to be approximately constant. For the most part, however, the flow in the
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Figure 4.1: Non-dimensional temperature profiles in cavities (Left) and flow patterns
in the upper left corner region (Right) for cases with aspect ratios of (a) 0.5, (b)
1.0 and (c) 2.0 for non-dimensional top wall temperatures of approximately 0.52
(insulated). Here, open and filled symbols were used to distinguish the temperature
distributions at the different heights.
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three cavities moves along the wall, and seems to travel around the corner without
any evidence of separation. Ravi et al. [17] also noted that the air bounded by
the boundary layer flow was stratified in a square cavity with an insulated top wall.
However, they observed there was a thickening of the boundary layer on the top wall
after the flow traveled around the corner, and this difference may be due to differences
in the temperature of the ‘insulated’ top wall.

The effect that the top wall temperature had on the laminar natural convection
flow in these cavities was investigated further by performing measurements for three
additional cases with non-dimensional top wall temperatures of approximately 0.83,
1 and 1.14. The non-dimensional temperatures of the vertical walls and the bottom
wall were maintained as for the previous case so that the global Grashof numbers
Gry in these cases were approximately the same. Thus, the thermal boundary con-
ditions of the vertical walls in the different cases were approximately the same. The
experimental conditions are summarized in Table 4.1, and the temperature profiles
along the heated vertical walls with the corresponding flow images in the top corners
are presented in Figures 4.3, 4.4 and 4.5. A typical schematic of the flow pattern
in the upper left corner region of the rectangular cavity with the aspect ratio of 0.5
and non-dimensional top wall temperature of approximately 1 is shown in Figure 4.6.
In all cases, there is a thin thermal boundary layer along the heated vertical wall,
but the temperature profiles near the top of the cavities and the natural convection
flow patterns along the top wall changed as the temperature of the top wall was
increased. When the top wall of the cavities were heated, the temperature of the
air in the region far from the heated vertical wall near the top wall was not uniform
and increased significantly. In these cases, the flow separated from the top wall near
the corner due to the formation of a negatively buoyant plume as indicated by Ravi

et al. [17]. This causes a secondary flow in the region between the separated flow
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Figure 4.2: A schematic of the flow pattern in the upper left corner region of the
square cavity with the non-dimensional top wall temperature of approximately 0.54

(insulated).
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on the top wall and the boundary layer on the heated vertical wall, which is shown
schematically in Figure 4.6. The secondary flow results in the temperature distribu-
tions in this region (0.07 < z/H < 0.12) to be relatively uniform, in particular for the
case with a higher top wall temperature as shown in Figure 4.5. There was a good
correspondence between the variation of the temperature profiles and the flow visu-
alization near the top of the cavity. Thus, it suggests that the non-uniformity in the
temperature profiles is a direct result of the flow field. When the non-dimensional top
wall temperature was approximately 0.83, the temperature profiles at y/H = 0.8 and
0.9 became non-uniform beyond z/L = 0.15. This corresponded to the separated flow
region observed near the top wall in this case. For a given cavity, the non-uniformity
in the temperature profiles near the top of the cavity and the separated flow region
on the top wall moved toward the heated vertical wall as the non-dimensional top
wall temperature was increased from approximately 0.83 to 1.14. The secondary flow
formed between the separated flow on the top wall and the boundary layer on the
heated vertical wall was reduced in width as the temperature of the top wall increased.
This change affected the temperature distributions in the secondary flow just outside
of the boundary layer at y/H = 0.8 and 0.9. In particular, the temperature in this
region increased slightly with height for the smaller top wall temperature, but was
approximately constant for the larger temperature, most likely because the secondary
flow is stronger when the separated flow is closer to the heated vertical wall. The
location of the separated flow region changed with the top wall temperature, but was
nearly independent of the aspect ratio of the cavities.

Variation of the non-dimensional local ambient temperature outside the bound-
ary layer with height for the different top wall temperatures are shown in Figure 4.7.
The temperature in the region far from the heated vertical wall, i.e. z/H 2 0.1, was

used as the local ambient temperature outside the boundary layer. In all three cav-
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Table 4.1: Summary of the wall temperatures, global Grashof numbers, and param-
eters in the correlation Nu = C - Ra™ for cases with modest top wall temperatures.

AR Case Ty (°C) Tc (°C) Tr(°C) T (°C) 6y 6c 6r 6p Grgxiw0® n C
1 81 14 49 14 1 0 0.52 0 1.86 0.36 0.071
(insulated)
2 81 16 70 16 1 0 083 0 1.78 0.36 0.08
0.5
3 81 16 81 16 1 0 1 0 1.78 0.36 0.082
4 84 20 93 20 1 0 1.14 0 1.67 0.36 0.085
1 83 16 52 16 1 0.54 0 1.81 0.32 0.15
(insulated)
2 83 13 71 12 1 0 0.83 0 1.93 0.32 0.16
1.0
3 80 13 79 13 1 0 099 0 1.88 0.32 0.165
4 80 13 89 13 1 1.13 1.88 0.32 0.185
1 90 21 57 21 1 0.52 1.71 0.37 0.072
(insulated)
2 87 19 75 19 1 0 0.82 0 1.75 0.37 0.074
2.0
3 83 17 83 17 1 0 1 0 1.77 0.37 0.076
4 84 16 94 16 1 0 1.15 0 1.82 0.37 0.074
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Figure 4.3: Non-dimensional temperature profiles in cavities (Left) and flow patterns
in the upper left corner region (Right) for cases with aspect ratios of (a) 0.5, (b) 1.0
and (c) 2.0 for non-dimensional top wall temperatures of approximately 0.83. Here,
open and filled symbols were used to distinguish the temperature distributions at the
different heights.
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Figure 4.4: Non-dimensional temperature profiles in cavities (Left) and flow patterns
in the upper left corner region (Right) for cases with aspect ratios of (a) 0.5, (b) 1.0
and (c) 2.0 for non-dimensional top wall temperatures of approximately 1. Here,
open and filled symbols were used to distinguish the temperature distributions at the

different heights.
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Figure 4.5: Non-dimensional temperature profiles in cavities (Left) and flow patterns
in the upper left corner region (Right) for cases with aspect ratios of (a) 0.5, (b) 1.0
and (c) 2.0 for non-dimensional top wall temperatures of approximately 1.14. Here,
open and filled symbols were used to distinguish the temperature distributions at the
different heights.
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Figure 4.6: A typical schematic of the flow pattern in the upper left corner region
of the rectangular cavity with the aspect ratio of 0.5 and non-dimensional top wall
temperature of approximately 1.

74



PhD Thesis - Wenjiang Wu McMaster - Mechanical Engineering

ities, the ambient temperature outside the boundary layer increased approximately
linearly with the height over most of the cavity. The exception was near the top wall
(y/H > 0.8) when it was heated. Under these thermal boundary conditions, the sep-
arated flow near the top wall affected the temperature field in the region y/H > 0.8
as shown in the flow visualizations and temperature profiles. With an increase of
the top wall temperature, the local ambient temperature outside the boundary layer
increased as expected. For the cases with the heated top wall, the sensitivity of the
local ambient temperature to the top wall temperature decreased with an increase of
the aspect ratio. The local ambient temperature was determined by the temperature
of the edge of the natural convection flow along the top and bottom walls. In the cases
with the heated top wall, the energy was transferred from the top wall into the flow.
The surface of the top wall, along which the natural convection flow moved, and the
top wall temperature are two main parameters that affect the temperature of the edge
of the natural convection flow along the top wall. For the cavity with aspect ratio of
2.0, the flow separation on the top wall resulted in the contact area between the top
wall and the flow along the wall to be small, so less energy was transferred into the
flow. As a result, the local ambient temperature was insensitive to the change in the
top wall temperature. For the 1.0 aspect ratio cavity with non-dimensional top wall
temperatures of 0.83 and 1, the temperature difference between the top wall and the
edge of the natural convection flow along the wall was not significant, resulting in less
heat transfer into the air flow. Thus, the difference of the local ambient temperatures
under these two top wall temperatures was generally less than 3%.

The change in the temperature gradient df/d(y/H), from a linear fit to the
data between y/H = 0.1 and 0.7, with the change in the top wall temperature is
shown in Figure 4.8. For all three cavities, the temperature gradient increased with

an increase of the top wall temperature. The increase in the temperature gradient
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Figure 4.7: Comparison of the non-dimensional local ambient temperature outside
the boundary layer for cases with aspect ratios of (a) 0.5, (b) 1.0 and (c) 2.0. Here
the non-dimensional top wall temperatures were A:0.52 (insulated), (:0.83, ¢:1 and
(:1.14.
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df/d(y/H) was more significant for the smaller aspect ratio. This difference may
be due to the change in the ratio of the size of the separated flow region to the
cavity width for the different aspect ratios. For the 0.5 aspect ratio cavity, this ratio
is approximately 0.1, so the local ambient temperature outside the boundary layer
is significantly affected by the convection flow moving along the top wall, which is
sensitive to the change in the top wall temperature. However, for the higher aspect
ratio cavity, the ratio of the size of the separated flow region to the cavity width
increased to around 0.4. In this case, the local ambient temperature outside the
boundary layer is to a large extent determined by the temperature of the separated
flow, which is more sensitive to the heated vertical wall temperature than the top
wall temperature.

The local heat flux from the heated vertical wall, ¢” (determined from the
temperature gradient at the wall) for the three cavities under the different top wall
temperatures is shown in Figure 4.9. As expected, the local heat flux into the cavity
from the heated vertical wall decreased as the flow developed along the wall. The
change in the top wall temperature had a greater effect on the local heat transfer near
the top of the heated vertical wall, which was more significant for the cavity with the
aspect ratio of 0.5. For example, when the non-dimensional top wall temperature
was increased from approximately 0.52 to 1.14, the local heat flux near the top of the
heated vertical wall decreased by approximately 43% in the 0.5 aspect ratio cavity,
while it decreased by approximately 26% in the 2.0 aspect ratio cavity. As the top
wall was heated, the local heat flux near the top of the heated vertical wall decreased
due to the change in the flow pattern in this region. The change in the local heat flux
with the temperature of the heated top wall was dependent on the aspect ratio. This
can be attributed to the sensitivity of the local ambient temperatures to the top wall

temperature, which decreased with an increase of the aspect ratio.
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Figure 4.8: Change in the vertical gradient of the temperature outside the boundary
layer on the heated vertical wall with the change in the top wall temperature for cases
with aspect ratios of A:0.5, (0:1.0 and [J:2.0.
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Figure 4.9: Comparison of the local heat flux along the heated vertical wall of
cavities with aspect ratios of (a)0.5, (b) 1.0 and (c) 2.0. Here the non-dimensional
top wall temperatures were A: 0.52 (insulated), O: 0.83, ¢: 1 and O: 1.14.
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The change in the local Nusselt number with the local Rayleigh number for the
three cavities is shown in Figure 4.10. The local Rayleigh numbers along the heated
vertical wall of the cavities for non-dimensional heights from y/H = 0.1 to 0.9 varied
from 8.6 x 10* to 3.8 x 107. These are well below the critical value for transition from
laminar to turbulent flow, suggesting the fiow is laminar. This was supported by the
flow visualizations which clearly showed a laminar boundary layer along the heated
vertical wall. It was found that the data over most of the heated vertical wall could
be correlated by Nu = C - Ra", except for y/H > 0.8 and y/H < 0.1. In the region
y/H = 0.2 to 0.7, the curve fit is well within the experimental uncertainty. Typical
results with error bars for the case with a non-dimensional top wall temperature
of approximately 1 are shown in Figure 4.11. When the top wall temperature was
increased, there is a significant increase in the Nusselt number at y/H = 0.8. This
is likely due to the secondary flow between the separated flow on the top wall and
the boundary layer on the heated vertical wall. The values of the constant C' and
the index n were different for the different aspect ratios and are given in Table 4.1.
For the cavities with aspect ratios of 0.5 and 1.0, the value of C increased with an
increase of the top wall temperature, while there was no significant change in C with
the top wall temperature for the 2.0 aspect ratio cavity. The values of the index n
in the correlations for the three rectangular cavities are significantly different from
that in the case with an isothermal vertical wall in either isothermal or non-isothermal
surroundings. For example, Incropera and Dewitt {102] studied the natural convection
from an isothermal vertical wall immersed in an isothermal quiescent medium and

expressed the local Nusselt number of the air flow as

Nu = 0.386 - Ras. (4.2)
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Cheesewright [49] and Chen and Eichhorn [2] investigated the steady natural con-
vection from an isothermal vertical surface to a thermally stratified fluid and found
that

Nu ~ Rai - Proi, (4.3)

This discrepancy is due to the top and bottom walls of the cavity. The presence
of these walls resulted in a change in the stratification rate of the fluid outside the
boundary layer, that, in turn, caused the local buoyancy force and then the vertical
momentum of the upward boundary layer flow along the heated vertical wall to be

changed.

4.2 The effect of a large top wall temperature

Heretofore, the natural convection flow in rectangular cavities under large top wall
temperatures has not been investigated experimentally. In this section, the results for
a large top wall temperature are presented and discussed for the square cavity. The
numerical study by Shiralkar and Tien [16] suggested that the vertical boundary layer
flow along the heated vertical wall of a square cavity separated near the upper left
corner before reaching the top wall when the temperature of the top wall was much
larger than the heated vertical wall. In particular, the flow formed a recirculating
region near the corner when the temperature difference in the vertical direction was
five times that in the horizontal direction. These results were significantly different
from those obtained in rectangular cavities with modest top wall temperatures. For
this study, in order to obtain a larger non-dimensional top wall temperature, the aver-
age temperatures of the vertical walls on the two sides of the cavity were adjusted to

approximately 46°C and 9°C, respectively, corresponding to a global Grashof number
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Figure 4.10: Change in the local Nusselt number with the local Rayleigh number
for cases with aspect ratios of (a)0.5, (b) 1.0 and (c) 2.0. Here the non-dimensional
top wall temperatures were A: 0.52 (insulated), (: 0.83, ¢: 1 and O: 1.14.
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Figure 4.11: Change in the local Nusselt number with the local Rayleigh number
for the case with a non-dimensional top wall temperature of approximately 1. Here
the error bars for local Nusselt numbers and local Rayleigh numbers are, respectively,
set to (a) £6 — 9% and +4 — 8% for aspect ratio of 0.5, (b) 6 — 9% and +4 — 6%
for aspect ratio of 1.0 and (c) £6 — 10% and +4 — 9% for aspect ratio of 2.0.
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Gry of approximately 1.4 x 108, The bottom wall temperature was maintained at
approximately 9°C while the average top wall temperature was varied from 63°C' to
102°C, corresponding to non-dimensional top wall temperatures of 1.4 to 2.3. The
detailed experimental conditions are given in Table 4.2.

The flow patterns and the temperature contours in the upper left quarter of
the square cavity for non-dimensional top wall temperatures of approximately 1.4,
1.9 and 2.3 are shown in Figure 4.12. A typical schematic of the flow pattern is
shown in Figure 4.13. The temperature contours were generated from the measured
temperature profiles using a commercial software package. The results show that
the natural convection boundary layer flow travelling along the heated vertical wall
separates from the wall before reaching the top wall. It is difficult to accurately
determine the separation point without quantitative velocity measurements in the
near-wall region. However, for this study, it was estimated from the flow visualizations
as the point where the upward flow first leaves the vertical wall. The temperature
contours provide similar flow field information as the flow visualization, since once the
flow separates the convective effects will dominate the diffusive effects. As a result of
the flow separation, there is a recirculating flow region between the separated flow and
the heated vertical wall, similar to the numerical results of Shiralkar and Tien [16].
Here, the flow attaches to the top wall at approximately /H = 0.3 for all the three
cases. In Shiralkar and Tien [16], they did not report the location where the natural
convection flow reattached to the wall. Two images for the non-dimensional top wall
temperature of 2.3 taken approximately 4 hours apart are shown in Figure 4.14. This
figure shows that the flow is steady and there is no significant temporal variability
in the flow. The temperature contours show that the core region of the cavity is
moderately stratified. There is, however, a highly stratified region above the natural

convection boundary layer flow after it separates from the vertical wall. In this highly
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Table 4.2: Summary of the wall temperatures, global Grashof numbers, and param-
eters in the correlation Nu = C' - Ra™ for cases with large top wall temperatures.

AR Case Ty (°C) Tc (°C) Tr (°C) Ts (°C) 6y 6c 6r 0 Grgxio® n C

1 43 9 57 9 1 0 141 0 1.29 0.37 0.088
0.5 2 4 10 75 10 1 0 191 0 1.27 0.38 0.085
3 52 12 103 12 1 0 228 0 1.39 0.40 0.067
1 48 10 63 10 1 0 1.39 0 1.38 0.36 0.1
1.0 2 42 9 72 9 1 0 191 O 1.26 0.40 0.058
3 49 8 102 8 1 0 229 0 1.50 0.40 0.061
1 41 8 54 8 1 ] 1.39 0 1.28 0.36 0.099
20 2 38 8 65 8 1 0 1.90 0 1.20 0.37 0.087
3 47 9 97 9 1 0 232 0 1.40 0.39 0.068
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stratified region, there is a downward flow moving along the heated vertical wall due
to the recirculating flow in this region. With an increase of the top wall temperature,
the region above the natural convection boundary layer after it separates from the
vertical wall becomes more stratified, likely resulting in the reduction of the strength
of the recirculating flow in this region. The vertical size of the highly stratified region
increased with an increase of the top wall temperature. These results are significantly
different from those in the cavity with modest top wall temperatures where there was
evidence of a natural convection flow separating from the top wall but not a highly
stratified region. The results show that the flow undulates in the vertical direction
after turning in the horizontal direction, similar to the results in rectangular cavities
with the modest top wall temperatures. For the larger top wall temperature examined
here, the boundary layer flow passes through its neutral buoyancy point and separates
from the vertical wall before reaching the top wall so the undulations occur lower in the
cavity. The magnitude of the undulations in the flow after the flow separation becomes
smaller when the top wall temperature increases, indicating the flow becomes more
stable with an increase of the top wall temperature. This differed from the numerical
results of Shiralkar and Tien [16], where there was no evidence of undulations in
the flow. In that case, the non-dimensional top wall temperature was three times
larger than studied here, likely resulting in a larger stratification above the separated
boundary layer flow which suppressed the undulations.

The characteristics of the boundary layer flow along the heated vertical wall
of the square cavity are mainly determined by the buoyancy force and the initial
vertical momentum in the flow, as well as the shear stress on the vertical wall. The
local buoyancy force in the flow can be estimated by analyzing the temperature dis-

tributions in the square cavity. The change of the local buoyancy force in the flow
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()

Figure 4.12: Flow patterns (Left) and temperature contours (Right) in the upper
left region of the square cavity with non-dimensional top wall temperatures of (a) 1.4,
(b) 1.9 and (c) 2.3.
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Figure 4.13: A typical schematic of the flow pattern in the upper left corner region
of the square cavity with the non-dimensional top wall temperature of 2.3.

(a) (b)

Figure 4.14: Typical flow patterns in the upper left region of the square cavity with
non-dimensional top wall temperature of 2.3. The images (a) and (b) were taken
approximately 4 hours apart.
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along the heated vertical wall given by

F(y) = pw(y) - 9 BY) - [T(x,y) — T (y)] (4.4)

for the different cases are shown in Figure 4.15. For clarity, an enlarged view in the
region y/H > 0.6 is shown on the right in this figure. Here, poo(y) and T (y) are
the density and temperature of air in the cavity far from the heated vertical wall,
and ((y) is determined from T (y). The results show that the local buoyancy force
decreases with height due to the increase of T, as expected. There are negative
local buoyancy forces above y/H =~ 0.5 due to the undershoots in the temperature
profiles. The negative buoyancy force became larger near the upper corner suggesting
that the boundary layer flow along the vertical wall had passed its neutral buoyancy
point. The region of negative buoyancy becomes larger near the top wall, where the
upward natural convection boundary layer flow separates from the heated vertical
wall, indicating the negative buoyancy force does play a significant role in affecting
the upward motion of the boundary layer flow. For the three cases, at y/H > 0.95,
the negative buoyancy force dominated the region. When the non-dimensional top
wall temperatures were 1.9 and 2.3, the local buoyancy profiles in this region changed
significantly compared to the case with the non-dimensional top wall temperature of
1.4, since the recirculating flow region became larger with the increase of the top wall
temperature.

Heretofore, a number of theoretical models have been developed for the natural
convection flows on isothermal vertical walls in stratified environments. However,
there does not appear to have been any attempts to compare these solutions to
experimental results for natural convection of air flows in cavities where there is a

stratified core region. In order to examine if these models can accurately predict
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Figure 4.15: Changes in the local buoyancy force distributions along the heated ver-
tical wall (Left) with an enlarged view in the corner region (Right) for non-dimensional
top wall temperatures of (a) 1.4, (b) 1.9 and (c) 2.3.
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Figure 4.16: Comparison of the non-dimensional temperature distributions at
x/H = 0.25 for the square cavity with non-dimensional top wall temperatures of
A: 14,0 1.9 and O: 2.3.
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the characteristics of the natural convection air flow in a square cavity, the current
measurements along the heated vertical wall were compared to the similarity solution
proposed by Kulkarni et al.[1] and the non-similarity solution proposed by Chen and
Eichhorn [2]. One limitation of these models is that the stratification of the ambient
air (in the core region here) must be known a priori to solve the partial differential
equations. In the case of the cavity flow examined here, the stratification rate was
determined from the experimental data. The change in temperature at z/H = 0.25
with height is shown in Figure 4.16. The temperature gradient in the moderately
stratified core region is largely unaffected by the change in the temperature of the
top wall. However, the distance from the top wall to the location where the natural
convection boundary layer flow separates from the heated vertical wall increases with
the top wall temperature, thereby increasing the size of the highly stratified region
near the top of the cavity as noted above.

The non-dimensional temperature profiles in the square cavity determined
using the similarity solution of Kulkarni et al. [1] for the three different top wall
temperatures are shown in Figure 4.17 with the corresponding experimental pro-
files. Here, §; = (T — Tw)/(Ty — Tw) is the non-dimensional temperature, and
m = (gB/4v*)Y4a'/*z is the non-dimensional distance from the heated vertical wall,
where a is the stratification rate of the ambient temperature. The results show that
the similarity solution presented by Kulkarni et al. [1] does not describe the current
investigated cases. For the three cases, at y/H = 0.1 to 0.8, the experimental tem-
perature distributions approached the profile predicted by the similarity solution [1]
but did not reach this profile. At y/H > 0.95, the experimental temperature pro-
files were significantly different from that predicted by the similarity solution, since
the similarity solution can not predict the temperature field in the highly stratified

region above the natural convection boundary layer flow after it separates from the
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vertical wall. For the cases with the non-dimensional top wall temperatures of 1.9
and 2.3, the temperature profiles at y/H = 0.9 significantly overshot the similarity
profile since it is not valid in the separated natural convection flow. The integral of
the buoyancy force for the thermal boundary layer determined from the similarity
solution was negative for air flow. Thus, the similarity solution can at most describe
a decelerating boundary layer flow after it has passed through the neutral buoyancy
point. However, in the current three cases, the local integral of the buoyancy for the
thermal boundary layer was positive along the most part of the heated vertical wall.
It should be noted this is different from the results for higher Prandtl number fluids
where the integral of the buoyancy for the boundary layer flow determined from the
similarity solution [1] is positive. The similarity solution may better describe the
flows in those cases.

The non-similarity model profiles outlined in Chen and Eichhorn [2] are com-
pared to the experimental temperature profiles along the heated vertical wall for the
three different top wall temperatures in Figure 4.18. Here, 03 = (T —T)/(Ta —Teo0)
is a non-dimensional temperature where T is the temperature of the ambient air
at the height of 0 extrapolated from the measured temperature gradient dT,/dy, and
n2 = (98/4v*)Y4(a/€)Y/*z is a non-dimensional distance from the heated vertical wall.
This model includes a parameter ¢ given by § = ay/(Ty — T o) that accounts for
changes in the streamwise direction. The temperature profiles from the non-similarity
model [2] in the region y/H < 0.5 are in good agreement with the measurements.
However, in the upper part of the heated vertical wall, there are some discrepancies
between the experimental data and the profiles from the model. At y/H = 0.8 and
0.9, the non-uniformity in the experimental temperature profiles due in part to the
undulation in the flow after it separates from the heated vertical wall was not consid-

ered in the model. For the cases with the non-dimensional top wall temperatures of
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Figure 4.17: Comparison of the non-dimensional temperature distributions, 6,
predicted by the similarity model [1] with the measurements in the square cavity for
non-dimensional top wall temperatures of (a) 1.4, (b) 1.9, and (c) 2.3 at the different
heights.
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1.9 and 2.3, at y/H > 0.95, the experimental results are significantly different from
the predictions of the model [2]. This would be expected since this region is highly
stratified, where the air temperature far from the heated vertical wall is larger than
the heated vertical wall temperature and there is a recirculating flow near the corner
region.

One question of interest is whether the temperature profiles for the non-
similarity model [2] can predict the heat transfer from the heated vertical wall. This
was examined by comparing the non-dimensional temperature gradient on the surface

of the wall from the non-similarity solution given by

, s Ta—T
~83lm=o = Nu(y) - Gr(y)™/* - (T:—_ﬁ)w“ V2, (4.5)

where Nu(y) is the local Nusselt number and Gr(y) is the local Grashof number. The
results in Figure 4.19 show that the predictions from the non-similarity solution in
the region y/H < 0.8 were slightly larger than the measurements. For y/H 2 0.8,
this discrepancy increased significantly, again likely due to the undulation in the
boundary layer flow after it separates from the vertical wall that is not considered
in the model. For the cases with the non-dimensional top wall temperatures of 1.9
and 2.3, at y/H = 0.95, the non-dimensional temperature gradient, obtained from
the measurements, —0,(0, y/H), is negative, indicating the heat was transferred from
the flow to the heated vertical wall.

The change in the non-dimensional integral of the buoyancy force along the
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Figure 4.18: Comparison of the non-dimensional temperature profiles — — —: pre-
dicted by the non-similarity solution [2] and : from the measurements in the
square cavity for non-dimensional top wall temperatures of (a) 1.4, (b) 1.9, and (c)
2.3.
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heated vertical wall given by

Of‘S Poo(¥)9B8Y) - [T(z,y) — T (y)] - dz 5

gﬁ(y)a 1/4
(Th — Too0)Po(y)B(y)g 41/25 0/ T - dnz
(4.6)

B(y) =

for the model [2] and measurements are shown in Figure 4.20. The non-dimensional
integral of the buoyancy force, B(y), decreased along the heated vertical wall due to
the increase in T, with height. At y/H < 0.8, the model predictions and measure-
ments were in reasonable agreement and the model seemed to capture some trends
in the data. In particular, the model seemed to reasonably predict the change in
buoyancy when the temperature of the top wall increased. The buoyancy for the
non-similarity model decreased more rapidly with height than the experimental data,
suggesting the model does not capture all of the features from the measurements.
It is not clear if this was from differences in the initial thermal boundary layer. At
y/H 2 0.8, as expected, there were significant discrepancies between the experimental
data and the model predictions due to the flow separation in this region.

The change in the non-dimensional momentum flux of the boundary layer flow

along the heated vertical wall from the non-similarity model [2] given by

5
M(y) = Poo(y) - 2572 - 12 - [gB(YP/A - (T — Too )P4 - 4o/2

(4.7)

for the three different cases is shown in Figure 4.21. Here, the momentum flux
can be expressed in terms of a dimensionless stream function that can be solved to
estimate the momentum flux without the velocity distributions [2]. The momentum
flux decreased with the height, approaching zero at a location near the top wall. This

occurred more rapidly with the larger top wall temperature as expected. The model
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Figure 4.19: Comparison of the non-dimensional temperature gradient at the surface
of the heated vertical wall, —65(0,y/H), from the non-similarity model [2] (open) and
the experimental data (solid) with the non-dimensional top wall temperatures of A:
1.4, 0: 1.9, and O: 2.3.
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Figure 4.20: Comparison of the non-dimensional integral of the buoyancy force
across the boundary layer flow along the heated vertical wall, B(y), from the
non-similarity model [2] (open) and the experimental data (solid) with the non-
dimensional top wall temperatures of A: 1.4, [0: 1.9, and (: 2.3.
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can not predict the location where the flow separates from the vertical wall but it can
be inferred from the location where the momentum approached zero. This location
is similar to that observed in the measurements, at least for the largest top wall
temperature. For the lower top wall temperatures, the pressure gradient induced by

the recirculating flow in the corner region should be affecting the flow in the corner.

4.3 The effect of the large top wall temperature on
the natural convection in rectangular cavities
with different aspect ratios

The investigation of the effect of the large top wall temperature on the laminar natu-
ral convection was extended to the rectangular cavities with aspect ratios of 0.5 and
2.0. The experiments were performed with non-dimensional top wall temperatures of
approximately 1.4, 1.9 and 2.3. The temperatures of the walls in the rectangular cav-
ities were maintained to approximately the same as in the square cavity so the global
Grashof numbers Gry were approximately the same. The experimental conditions
are summarized in Table 4.2.

The temperature profiles along the heated vertical walls of the rectangular
cavities with aspect ratios of 0.5 and 2.0 for a non-dimensional top wall temperature
of approximately 2.3, as well as the corresponding flow images in the upper left
corner regions are compared to those in the square cavity in Figure 4.22. Similar to
the results in the square cavity, the upward boundary layer flow along the heated
vertical wall of the rectangular cavities separated from the wall before reaching the
top wall, resulting in a recirculating flow region between the separated flow and the

heated vertical wall. The location of the flow re-attachment to the top wall after
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Figure 4.21: Comparison of the non-dimensional momentum flux of the boundary
layer flow along the heated vertical wall, M(y), predicted from the non-similarity
model [2] for non-dimensional top wall temperatures of A: 1.4, (I: 1.9, and (: 2.3.
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turning over changed from approximately z/H = 0.4 to 0.2 when the aspect ratio
increased from 0.5 to 2.0, indicating the region of the recirculating flow increased in
the horizontal direction with a decrease of the aspect ratio. The distance from the
top wall to the location where the upward natural convection flow along the heated
vertical wall turned over decreased from y/H = 0.13 to y/H =~ 0.06 as the aspect
ratio was increased from 0.5 to 2.0, since the increased contact area between the top
and bottom walls and the natural convection flow along the walls resulted in more
momentum of the natural convection flow to be consumed by shear stress. Thus, the
recirculating flow region decreased in the vertical direction with an increase of the
aspect ratio. The x-location of the trough of the undulating flow was approximately
the same for the three cavities.

The non-dimensional temperature profiles along the heated vertical walls show
that there is a thin thermal boundary layer along the heated vertical wall. The
ambient temperature in the region far from the heated vertical wall increases with
height for all the three cavities, so most of the air in the cavity was stably stratified.
The undulating flow caused the temperature of the air in the undulation region at
z/H =~ 0.12 to be non-uniform. The vertical location where the non-uniformity in
the temperature profiles occurred changed with the aspect ratio, since the distance
from the top wall to the location where the upward flow along the heated vertical wall
turned over decreased with an increase of the aspect ratio. For example, the non-
uniformity in the temperature profiles occurred at y/H = 0.8 for the aspect ratio of
0.5, while it appeared at y/H = 0.9 for the aspect ratio of 2.0. The mixing caused by
the secondary flow between the undulating flow and the boundary layer on the heated
vertical wall resulted in the temperature of the air to be approximately constant in
the region 0.06 < z/H < 0.08. With an increase of the aspect ratio, the y-location of

the mixing region increased due to the increase in the y-location where the upward
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Figure 4.22: Non-dimensional temperature profiles in cavities (Left) and flow pat-
terns in the upper left corner region (Right) for cases with aspect ratios of (a) 0.5,
(b) 1.0 and (c) 2.0 for non-dimensional top wall temperature of approximately 2.3.
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flow separated from the heated vertical wall. For example, in the cavity with the
aspect ratio of 0.5, the mixing occurred at heights of y/H = 0.7 and 0.8 resulting in
the air temperatures just outside of the boundary layer at these heights to be similar.
This region moved to y/H = 0.8 and 0.9 for the cavity with aspect ratio of 2.0.

The recirculating flow region between the separated flow and the heated ver-
tical wall caused the temperature profiles in this region to be significantly different
from those in the region below the separated flow. The temperature profiles in this
region indicate a boundary layer flow moving downward along the heated vertical
wall, suggesting the recirculating flow between the separated flow and the heated
vertical wall was anti-clockwise, similar to the numerical result of Shiralkar and Tien
[16]. With an increase of the aspect ratio, the anti-clockwise recirculating flow region
decreased as shown in the flow visualizations. This is reflected in the cavity with the
aspect ratio of 2.0, where the downward boundary layer along the heated vertical wall
was observed only at y/H 2 0.95.

The temperature profiles along the heated vertical walls and the flow visualiza-
tions in the upper left corner regions in the three cavities for the non-dimensional top
wall temperatures of approximately 1.9 and 1.4 are shown in Figures 4.23 and 4.24.
For a given aspect ratio, as expected, a decrease of the non-dimensional top wall tem-
perature results in the distance from the top wall to the location where the upward
flow turned over to decrease. Consequently, the recirculating flow region between
the separated flow and the heated vertical wall becomes smaller. It was shown that
for the square cavity (Figure 4.12) the highly stratified region above the separated
boundary layer flow became more stable with an increase of the top wall temperature.
Thus, with a decrease of the top wall temperature the magnitude of the undulation
in the flow became larger, resulting in a wider region where the temperature profiles

are non-uniform. For example, when the non-dimensional top wall temperature of
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the cavity with aspect ratio of 0.5 decreased to 1.4, the temperature non-uniformity
occurred at heights y/H = 0.7 to 0.9, compared to at y/H = 0.8 for the case with
the non-dimensional top wall temperature of 2.3.

The x-location of the trough of the undulating flow is nearly insensitive to
the change in the top wall temperature and the aspect ratio of the cavities. This is
different from the cases with non-dimensional top wall temperatures of 0.83 to 1.14.
This discrepancy is likely due to the presence of the recirculating flow region between
the separated flow and the heated vertical wall in the cases with the large top wall
temperatures. Hence, the top wall does not directly block the upward boundary layer
flow along the heated vertical wall and forces it to separate from the wall in the cases
with large top wall temperatures.

The change in the non-dimensional ambient temperature outside the bound-
ary layer with height in the three cavities is shown in Figures 4.25. Similar to that
with the modest top wall temperatures, the ambient temperature outside the bound-
ary layer increased approximately linearly with the height over most of the cavity.
With an increase of the top wall temperature, the local ambient temperature outside
the boundary layer was affected down to y/H = 0.1. At modest top wall temper-
atures, the ambient temperature outside the boundary layer near the bottom wall
was essentially independent of the top wall temperature as shown in Figure 4.7. The
change in the ambient temperature outside the boundary layer was more sensitive to
the change in the top wall temperature with a decrease of the aspect ratio. This is
because the contact area between the top wall and the natural convection flow along
the top wall was increased with a decrease of the aspect ratio. For the 0.5 aspect ratio
cavity, the ratio of the size of the recirculating flow region in the upper left corner to
the cavity width is approximately 0.2, so the convection flow moves along approxi-

mately 80% of the width of the top wall corresponding to a non-dimensional contact
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Figure 4.23: Non-dimensional temperature profiles in cavities (Left) and flow pat-
terns in the upper left corner region (Right) for cases with aspect ratios of (a) 0.5,
(b) 1.0 and (c) 2.0 for non-dimensional top wall temperature of approximately 1.9.
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Figure 4.24: Non-dimensional temperature profiles in cavities (Left) and flow pat-
terns in the upper left corner region (Right) for cases with aspect ratios of (a) 0.5,
(b) 1.0 and (c) 2.0 for non-dimensional top wall temperature of approximately 1.4.
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length of z/H ~ 1.6. For the 2.0 aspect ratio cavity, however, the ratio of the size
of the recirculating flow region to the cavity width is around 0.4. Hence, the contact
area between the top wall and the convection flow only occupied approximately 60%
of the width of the top wall, corresponding to a non-dimensional contact length of
z/H = 0.3 in this case. Therefore, more energy could be transferred into the natural
convection flow along the top wall in the cavity with the aspect ratio of 0.5 compared
to that in the cavity with the aspect ratio of 2.0. As a result, the change in the tem-
perature gradient df.,/d(y/H) with the change in the top wall temperature, shown
in Figure 4.26, was relatively more significant for the smaller aspect ratio. Here, the
temperature gradient df, /d(y/H) was obtained from a linear fit to the data between
y/H = 0.1 and 0.7. For all three cavities, in general, the temperature gradient in-
creased linearly with an increase of the top wall temperature. The rate of increase
in the temperature gradient became smaller when the aspect ratio was changed from
0.5 to 2.0. This is due to the change in the contact area between the top wall and the
natural convection flow along the wall. This area decreased with an increase of the
aspect ratio, resulting in less energy transfer from the top wall into the cavity. For
a given aspect ratio, dfy/d(y/H) changes more rapidly with the change in the top
wall temperature at modest top wall temperatures (shown in Figure 4.8) compared
to the case with larger top wall temperatures. This is due to the presence of the
recirculating flow in the upper left corner region of the cavity with large top wall
temperatures, which reduced the energy transfer from the top wall into the cavity.
The change in the local Nusselt number along the heated vertical wall with
the change in the top wall temperature for the three cavities under the larger top
wall temperatures is shown in Figure 4.27. As expected, the local Nusselt number
increased along the heated vertical wall. At y/H > 0.7, the Nusselt number increased

significantly due to the effect of the secondary flow between the undulating flow
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Figure 4.25: Comparison of the non-dimensional local ambient temperature outside
of the boundary layer for cases with aspect ratios of (a) 0.5, (b) 1.0 and (c) 2.0. Here
the non-dimensional top wall temperatures were A: 1.4, {I: 1.9 and (O: 2.3.
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Figure 4.26: Change in the vertical gradient of the temperature outside the bound-
ary layer on the heated vertical wall with the change in the top wall temperature for

cases with aspect ratios of A: 0.5, (O: 1.0 and O: 2.0.
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and the boundary layer flow on the heated vertical wall. The increased top wall
temperature increased the local ambient temperature outside of the boundary layer,
resulting in the vertical momentum of the upward boundary layer flow along the
heated vertical wall and the temperature gradient at the surface of the wall to be
decreased which are corroborated by Figures 4.21 and 4.19 respectively. At y/H <
0.6, there is no significant change in the Nusselt number with an increase of the top
wall temperature indicating the changes in the vertical momentum of the upward
boundary layer flow and the temperature gradient at the heated vertical wall surface
are similar. However, at y/H > 0.7, the local Nusselt number increased significantly
with an increase of the top wall temperature, suggesting that the change in the top
wall temperature has a larger effect on the vertical momentum of the boundary layer
flow along the heated vertical wall than that on the temperature gradient at the
surface of the heated vertical wall in this region. The increased top wall temperature
will likely cause a reduction in the velocity of the recirculating flow downward along
the heated vertical wall, as indicated by Shiralkar and Tien [16]. This would affect
the vertical momentum of the upward boundary layer flow along the heated vertical
wall. At y/H > 0.7, the increase of the local Nusselt number with the increase of the
top wall temperature became larger with the decrease of the aspect ratio, since the
region affected by the recirculating flow became larger with a decreased of the aspect
ratio as shown in the flow visualizations (Figures 4.22 to 4.24).

The change in the local Nusselt number with the local Rayleigh number for
the three cavities with larger top wall temperatures is shown in Figure 4.28. The data
over most of the heated vertical wall could be correlated by Nu = C - Ra™, except
for y/H > 0.7 due to the presence of the secondary flow. The form of the correlation
here is the same as that obtained with the modest top wall temperatures. However,

in the current cases, the value of the index n in a given cavity changed with the top
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Figure 4.27: Comparison of the local Nusselt number along the heated vertical wall
for cases with aspect ratios of (a) 0.5, (b) 1.0 and (c) 2.0. Here the non-dimensional
top wall temperatures were A: 1.4, [0: 1.9 and (O: 2.3.
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wall temperature as shown in Table 4.2.
The local Nusselt numbers are plotted against the local Rayleigh numbers
along the heated vertical wall from y/H = 0.2 to 0.7 for all the present cases in

Figure 4.29. The data were correlated by
Nu = 0.1031 - Ra%3534 (4.8)

with a coeflicient of determination of 0.86 for local Rayleigh number in the range
4 x 10% to 2 x 10”. The change in the average Nusselt number for the heated vertical
walls Nug with the vertical Rayleigh numbers Ray is shown in Figure 4.30. The

average Nusselt number is given by

>

H

N’LLH = T, (49)

where h is the average heat transfer coefficient for the heated vertical wall. The
vertical Rayleigh number, based on the temperature difference between the top and

bottom walls, is defined as

_ 98(Tr — Ts)H?
av )

Ray (4.10)

The average Nusselt number increases with the vertical Rayleigh number, as found

by Shiralkar and Tien [16], and can be correlated by

Nug = 1.0113 - Ray®?" (4.11)

with a coefficient of determination of 0.52 for global Grashof number Gry in the

range 1.2 x 108 to 1.9 x 10® and Ray in the range 8 x 107 to 1.7 x 108 for the cases
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Figure 4.28: Change in the local Nusselt number with the local Rayleigh number
for cases with aspect ratios of (a) 0.5, (b) 1.0 and (c) 2.0. Here the non-dimensional
top wall temperatures were A: 1.4, [0: 1.9 and (: 2.3.
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examined here. There are currently, to the author’s best knowledge, no correlations
in the literature for the average Nusselt number for the heated vertical wall and the

vertical Rayleigh number for rectangular cavities with aspect ratios of 0.5 to 2.0.
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Figure 4.29: Change in the local Nusselt number with the local Rayleigh number
along the heated vertical wall from y/H = 0.2 to 0.7 for cases with aspect ratios of
0.5 (small size symbols), 1.0 (mid size symbols) and 2.0 (large size symbols) under
the non-dimensional top wall temperatures of +: 0.52 (insulated), x: 0.83, ¢: 1, %:
1.14, A: 1.4, 0: 1.9 and O: 2.3.
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Figure 4.30: Change in the average Nusselt number for the heated vertical wall
with the vertical Rayleigh number for cases with aspect ratios of A: 0.5, (O: 1.0 and
1 2.0.
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Chapter 5

Effect of a partition on the laminar
natural convection in a square
cavity with different top wall

temperatures

The effect of a partition on the laminar natural convection air flow in a square cavity
was investigated by mai<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>