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Mixed Convective Vortex Flow Characteristics in a Round Jet of Air
Impinging onto a Heated Horizontal Disk Confined in a Vertical

Cylindrical Chamber with a Large Jet-disk Separation Distance

Student: Kuei-Ming Chen Advisor: Prof. Tsing-Fa Lin
Institute of Mechanical Engineering

National Chiao Tung University

ABSTRACT

An experiment combining- flow. visualization' and temperature measurement is
carried out in the present study to ‘imvestigate-how the jet-disk separation distance H
affects the steady and time-dependent vortex flow resulting from a round air jet
impinging onto a heated horizontal circular disk confined in a vertical cylindrical
chamber when H is large. The study is motivated by the fact that at the large H the
interactions between the inertia and buoyancy driven vortex rolls are relatively strong.
Particular attention is paid to examining the effects of H on the onsets and
characteristics of steady and time-dependent inertia and buoyancy driven vortex flows.
Besides, the onsets of the inertia and buoyancy driven vortex flow instabilities
affected by H will be inspected. In the present experiment three jet-disk separation
distances are considered with H = 40.0, 50.0, and 60.0 mm for a fixed injection pipe
diameter with D; = 10.0 mm. The jet flow rate is varied from 0 to 12.0 slpm (standard

liter per minute) for the jet Reynolds number Re; ranging from 0 to 1,623. The
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temperature difference between the disk and the air injected into the chamber is varied
from 0 to 25.0°C for the Rayleigh number Ra ranging from 0 to 507,348.

The results from the flow visualization and the measured temperature data
clearly show the significant effects of the jet-disk separation distance on the critical
Re; for the onset of the primary, secondary and tertiary inertia-driven rolls, and the
buoyancy-driven roll. The primary inertia-driven roll disappears only at a very low
Re;j and at a very high buoyancy-to-inertia ratio for HD; =6. Besides, the secondary
inertia-driven roll does not appear at larger jet-disk separation distance for HD; =5 &
6.

Moreover, we identify four different types of vortex flow instabilities
(inertia-driven, mutual roll-pushing, type-1 buoyancy-driven, and type-2
buoyancy-driven) when HD; is varied from 1°to 6. It is noted that the type-2
buoyancy-driven vortex flow instability only occurs at very low Re; with a large
jet-disk separation distance for-HDj:=4 to-6.-Furthermore, the mutual roll-pushing
unstable vortex flow almost occupies the flow regime map for HD;=4 and the region
dominated by the nonperiodic inertia-driven unstable vortex flow becomes larger in
the flow regime map as HD; is raised from 4 to 6. Furthermore, the region of the
stable vortex flow in the flow regime map becomes smaller at increasing HD;.

Finally, empirical correlations are proposed for the critical conditions for the
onsets of the inertia and buoyancy driven vortex rolls and for the onsets of various

vortex flow instabilities.

il



TABLE OF CONTENTS

ABSTRACT

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

NOMENCLATURE

CHAPTER1 INTRODUCTION
1.1 Motivation
1.2 Literature Review

1.3 Objective and Scope of Present Study

CHAPTER 2 EXPERIMENTAIZAPPARATUS AND
PROCEDURES
2.1 Experimental Apparatus

2.2 Experimental Procedures

CHAPTER 3 DIMENSIONLESS GROUPS AND
UNCERTAINTY ANALYSIS
3.1 Dimensionless Groups

3.2 Uncertainty Analysis

il

Vi

XV

S NP

11

16

16
16



CHAPTER 4

CHAPTER 5
REFERECES

RESULTS AND DISCUSSION

4.1 Typical Vortex Flow Patterns

4.2 Effects of HD; on Onsets of Inertia and Buoyancy
Driven Vortex Rolls

4.3 Effects of HD; on Steady Vortex Flow Characteristics

4.4 Effects of HD; on Vortex Flow Instabilities

4.5 Effects of HD; on Time-Dependent Vortex Flow
Characteristics

CONCLUDING REMARKS

v

20
21
23

28
30
38

161
164



LIST OF TABLES

Table 3.1 Summary of uncertainty analysis. 19
Table 4.1 Critical condition for appearance of the inertia-driven vortex flow
(AT=07C). 41

Table 4.2 Critical condition for the onset of the Buoyancy-driven vortex roll for

various H. 42
Table 4.3 Critical condition for appearance of the primary inertia-driven vortex
roll at H = 60.0 mm. 43

Table 4.4 Critical condition for the onset of the inertia-driven time-dependent

vortex flow for various H. 44

Table 4.5 Critical condition for the onset of the mutual roll-pushing vortex flow

instability for various H. 45
Table 4.6 Critical condition for the onset of nonperiodic type-2 buoyancy-driven

time-dependent vortex flow: 46




Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.1
2.1
2.2

23
4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

LIST OF FIGURES

Flow regimes associated with a circular jet impinging onto a flat plate. ----------- 7

Schematic diagram of the experimental apparatus. - 13
The heater consists of three parts: resistance heating element, holder and

insulator. ---- —— 14

The locations of the detection points on the upper copper plate. 15

Steady vortex flow pattern in the chamber with H = 40.0 mm for Re; =
541 (Qj=4.0 slpm) and Ra=0 (AT=07C) : (a) side view flow photo
taken at the vertical plane 6 = 0° & 6 = 180° and (b) the corresponding

schematically sketched cross vortex flow. 47

Vortex flow pattern in the chamber with side view flow photo taken at
the wvertical plane 6 = 0° & 06 = 180° and the corresponding
schematically sketched cross vortex flow for Re; = 947 (Q; = 7.0 slpm)
and Ra=0 (AT=07C) : (a) H=30.0 mm (b) H=50.0 mm. 48
Steady vortex flow pattern in the chamber with H = 40.0 mm for Re; =
406 (Q; = 3.0 slpm) and’Ra = 30,065 (AT = 5C) for (a) side view flow
photo taken at the wertical’ plane 8 =-0° & 6 = 180° and (b) the

corresponding schematically sketched cross vortex flow. 49

Steady side view flow photos‘taken at the cross plane 6 =0 & 180 at
Q;= 3.0 slpm (Rej= 406) and AT=5"C. for (a) H=20.0 mm and (b) H =

40.0 mm. - 50
Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at Ra=0 (AT=0C) for H = 40.0 mm. 51
Steady side view flow photos taken at the cross plane 6 =0° & 180° for
various HDj at AT=0"C (Ra=0) and Q;=2.0 slpm(Rej=270). - 52
Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at Ra=0 (AT=07C) for H = 50.0 mm. 53
Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at Ra=0 (AT=07C) for H = 60.0 mm. 54
Side view flow photos taken at the cross plane for various HD; and Re;
with the disk unheated (AT=07C). 55

Side view flow photos taken the cross plane 6 =0° & 180° for various jet
Reynolds numbers at Ra=0 (AT=0°C) for (a) H=40.0 mm and (b) H =

50.0 mm. ---- 56
Side view flow photos taken at the cross plane & =0° & 180° for various
HD; and Rej at AT=5C. ---- 57

Side view flow photos taken at the cross plane 6=0° & 180° for

vi



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

424

4.25

4.26

4.27

4.28

4.29

4.30

Re=1,623 (Q;=12.0 slpm) with various Ra at H=30.0 mm.

Side view flow photos taken at the cross plane 6 =0° & 180° for various

--58

59

HD; and Re; at AT=5C. ——-

Unsteady side view flow photos taken at the cross plane for various jet

Reynolds numbers at Ra=202,939 (AT=10C) for H = 60.0 mm. -------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at Ra=0 (AT=07C) for H = 40.0 mm.

Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at Ra=0 (AT=07C) for (a) H = 50.0 mm and (b) H

= 00.0 MM, ===
Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at AT=10"C for (a) H = 40.0 mm, (b) H = 50.0
mm, and (¢) H = 60.0 mm.

62

63

Steady side view flow photos taken at the cross plane 6 =0° & 180° for

various HDj at AT=0"C (Ra=0) and Q=1.0 slpm(Rej=135).
Steady side view flow photos taken at the cross plane 6 =0° & 180° for

various HDj at AT=0C (Ra=0),and Q;=2.0 slpm(Rej=270).
Steady side view flow photos taken at the cross plane 6 =0° & 180° for
various HD; at AT=0:C (Ra=0):and Q;= 3.0slpm(Re;=406).

Steady side view flow photos taken at the cross plane 6 =0° & 180° for

64

-- 65

-- 66

various HDj at AT=0"C (Ra=0)-and-Q;= 4.0slpm(Re;=541)..
Steady side view flow photos taken at'the cross plane 6 =0° & 180° for
various HDj at AT=5C and Q;=1!0 slpm(Re=135).

67

68

Steady side view flow photos taken at the cross plane 6 =0° & 180° for

various HDj at AT=5C and Q;=2.0 slpm(Rej=270)..
Steady side view flow photos taken at the cross plane 6 =0° & 180° for
various HDj at AT=5"C and Q;=3.0 slpm(Re;=406)..

69

70

Steady side view flow photos taken at the cross plane 6 =0° & 180° for

71

various HDj at AT=10C and Q=1.0slpm(Re;j=135).
Steady side view flow photos taken at the cross plane @ =0° & 180° for
various HDj at AT=10C and Q;=2.0 slpm (Re;=270).--

72

Steady side view flow photos taken at the cross plane € =0° & 180° for

73

various HDj at AT=15C and Q=1.0slpm(Re;j=135).
Steady side view flow photos taken at the cross plane € =0° & 180° for
various HDj at AT=20°C and Q=1.0slpm(Re;j=135).

74

Steady side view flow photos taken at the cross plane @ =0° & 180° for

75

various HDj at AT=25"C and Q=1.0slpm(Re;j=135).
Radial variation in non-dimensional steady air temperature with Re; =135
(Q;=1.0 slpm) and AT=5.0"C at Z = 0.5 on the vertical plane 6 =0" for

vii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.31

4.32

4.33

4.34

4.35

4.36

4.37

4.38

4.39

4.40

4.41

4.42

4.43

4.44

4.45

4.46

HD;=4,5,and6.-

Steady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=30,065 (AT=5"C) for H = 40.0 mm.
Steady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=60,130 (AT=10"C) for H = 40.0

mm.

Steady side view flow photos taken at the cross plane @ =0° & 180° for
various jet Reynolds numbers at Ra=90,195 (AT=15C) for H = 40.0

mm.

Steady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=120,260 (AT=207C) for H = 40.0

mm.

Steady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=58,721 (AT=5C) for H= 50.0 mm.
Steady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=117,442 (AT=10C) for H = 50.0

mm.

Steady side view flow photos taken.at the cross plane 6 =0° & 180° for
various jet Reynolds numbers at Ra=101,470 (AT=5C) for H = 60.0

mm.

Steady side view flow photositakenrat the.cross plane 6 =0° & 180° for
various temperature difference at Re=135 (Q;=1.0slpm) and H = 40.0

mm.

Steady side view flow photos taken at the cross plane 6 =0° & 180° for
various temperature difference at Rej=135 (Q;=1.0slpm) and H = 50.0

mm.

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=0 (AT=0°C ) and H = 20.0 mm.

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=7,520 (AT=10"C) and H = 20.0 mm. ---------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=0 (AT=0°C ) and H = 30.0 mm.
Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at Ra=0 (AT=0°C ) and H = 40.0 mm.

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=0 (AT=0°C ) and H = 50.0 mm.
Side view flow photos taken at the cross plane 6 =0° & 180° for various
jet Reynolds numbers at Ra=0 (AT=0°C) fo H = 60.0 mm.

Unsteady side view flow photos taken at the cross plane € =0° & 180° for

viii

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.47

4.48

4.49

4.50

4.51

4.52

4.53

4.54

4.55

4.56

4.57

4.58

various jet Reynolds numbers at Ra=60,160 (AT=10"C) for H = 40.0

mm.

Unsteady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=90,195 (AT=15C) for H = 40.0

mm.

Unsteady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=120,260 (AT=207C) for H = 40.0

mm.

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=117,442 (AT=107C) for H = 50.0 mm.---------------
Unsteady side view flow photos taken at the cross plane € =0° & 180°

for various jet Reynolds numbers at Ra=176,162 (AT=15C) for H =

50.0 mm. -

Unsteady side view flow photos taken at the cross plane € =0° & 180° for
various jet Reynolds numbers at Ra=234,883 (AT=207C) for H = 50.0

mm.

Unsteady side view flow photesitaken at the cross plane 6 =0° & 180°
for various jet Reynolds numbers.at Ra=293,604 (AT=25C) for H =
50.0 mm. -

Unsteady side view flow photos taken at the cross plane 6 =0° & 180°
for various jet Reynolds numbersmat Ra=202,939 (AT=10C) fo H =
60.0 mm. -

Unsteady side view flow photos taken at the cross plane 6 =0° & 180°
for various jet Reynolds numbers at Ra=304,409 (AT=15C) fo H =
60.0 mm. -

Unsteady side view flow photos taken at the cross plane € =0° & 180°
for various jet Reynolds numbers at Ra=405,878 (AT=20C) fo H =
60.0 mm. -

Unsteady side view flow photos taken at the cross plane 6 =0° & 180°
for various jet Reynolds numbers at Ra=507,348 (AT=25C) fo H =
60.0 mm. -

Time-periodic vortex flow for H=20.0 mm and Ra =0 (AT=0C) at
Re=839 (Q=6.2slpm) illustrated by side view flow photos taken at the
cross plane 6 =0° & 180° at selected time instants in a typical periodic

cycle (t, = 1.45 sec). -—-- —

Time-periodic vortex flow for H = 20.0 mm and Ra = 18,790 (AT=25C)
at Re=1,028 (Q;=7.6slpm) illustrated by side view flow photos taken at
the cross plane 6=0° & 180° at selected time instants in a typical

periodic cycle (t, = 1.58 sec).

X

92

93

94

95

96

97

98

99

100

101

102

103

104



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.59

4.60

4.61

4.62

4.63

4.64

4.65

4.66

4.67

4.68

4.69

4.70

4.71

4.72

4.73

4.74

4.75

Time-periodic vortex flow for H=40.0 mm and Ra =0 (AT=0C) at
Re=676 (Q=5.0slpm) illustrated by side view flow photos taken at the
cross plane 6 =0° & 180° at selected time instants in a typical periodic

cycle (t, = 4.3 sec). -—-- -—--
Nonperiodic vortex flow for H = 40.0 mm and Ra = 60,130 (AT=107C) at
Re=1,352 (Q;=10.0slpm) illustrated by side view flow photos taken at
the cross plane 6 =0° & 180° at selected time instants.

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=30,065 (AT=5C) and H = 40.0 mm. ---------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=60,130 (AT=10"C) and H = 40.0 mm. -------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=90,195 (AT=15"C) and H = 40.0 mm. -------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=120,320 (AT=20°C ) and H = 40.0 mm. ------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=150,325 (AT=25°C) and H = 40.0 mm. ------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

temperature difference at Re;=270 (Q;=2.0slpm) and H = 40.0 mm. -------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

temperature difference at Re;i=406.(Q;=3.0slpm) and H = 40.0 mm. -------------

Side view flow photos taken at the cross:plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=58,721 (AT=5C) for H = 50.0 mm. ---------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=117,442 (AT=10°C) for H = 50.0 mm.-------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=176,162 (AT=15°C) for H = 50.0 mm.-------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

temperature difference at Re;=270 (Q;=2.0slpm) and H = 50.0 mm. -------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=101,470 (AT=5C) fo H= 60.0 mm. ---------------
Time-periodic vortex flow illustrated by side view flow photos taken at the

cross plane 6 =0° & 180° at selected time instants for H =40 mm and Ra

=90,195 (AT=15"C) at Rej=676 (Q;=5.0 slpm) with t, = 1.82 sec.---------------

Time-periodic vortex flow for H=20.0 mm and Ra=11,270 (AT =15.0
C) at Re=135 (Q=1.0 slpm) illustrated by side view flow photos taken
at the vertical plane 6=0° & 180° at selected time instants.

Nonperiodic vortex flow for H = 40.0 mm and Ra = 90,195 (AT=15C)
at Re=41 (Q=0.3 slpm) illustrated by side view flow photos taken at

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.76

4.77

4.78

4.79

4.80

4.81

4.82

4.83

4.84

4.85

4.86

4.87

4.88

4.89

4.90

491

the cross plane 6 =0° & 180° at selected time instants.

Nonperiodic vortex flow for H = 40.0 mm and Ra = 90,195 (AT=15C)
at Rej=27 (Q=0.2 slpm) illustrated by side view flow photos taken at

the cross plane 6 =0° & 180° at selected time instants.
Nonperiodic vortex flow for H=40.0 mm and Ra = 120,260 (AT=207C)
at Re=41 (Q=0.3 slpm) illustrated by side view flow photos taken at

the cross plane 6 =0° & 180° at selected time instants.
Nonperiodic vortex flow for H = 50.0 mm and Ra =58,721 (AT=5C) at

Re=54 (Q=0.4 slpm) illustrated by side view flow photos taken at the
cross plane @ =0° & 180° at selected time instants.

Nonperiodic vortex flow for H = 50.0 mm and Ra =58,721 (AT=5C) at

Re=68 (Q;=0.5 slpm) illustrated by side view flow photos taken at the
cross plane @ =0° & 180° at selected time instants.

Nonperiodic vortex flow for H = 50.0 mm and Ra =117,442 (AT=107C)
at Rej=68 (Q=0.5 slpm) illustrated by side view flow photos taken at

the cross plane 6 =0° & 180° at selected time instants.
Nonperiodic vortex flow forsHi = 60.0 mm and Ra =202,939 (AT=107C)
at Re=68 (Q;=0.5 slpm) illustrated by side view flow photos taken at

the cross plane 6 =0° & 180°at:sclected time instants.

Side view flow photas taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=305065(AT=5C) for H=40.0 mm. --------------

Side view flow photos taken the cross plane 6 =0° & 180° for various jet

Reynolds numbers at Ra=60,130 (AT=10C) for H = 40.0 mm.

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=90,195 (AT=157C) for H=40.0 mm. -------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=120,260 (AT=20°C) fo H = 40.0 mm.-------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=58,721 (AT=5C) for H=50.0 mm. --------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=117,442 (AT=10°C) for H = 50.0 mm.------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=176,162 (AT=15°C) for H = 50.0 mm.------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=234,883 (AT=20°C) for H = 50.0 mm.------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various

jet Reynolds numbers at Ra=293,604 (AT=25°C) for H = 50.0 mm.------------

Side view flow photos taken at the cross plane 6 =0° & 180° for various
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jet Reynolds numbers at Ra=101,470 (AT=57C) for H= 60.0 mm. ---------------- 137

4.92 Side view flow photos taken at the cross plane @ =0° & 180° for various

jet Reynolds numbers at Ra=202,939 (AT=10°C) for H = 60.0 mm.--------------- 138
4.93 Side view flow photos taken at the cross plane @ =0° & 180° for various

jet Reynolds numbers at Ra=304,409 (AT=15°C) for H = 60.0 mm.--------------- 139
4.94 Side view flow photos taken at the cross plane @ =0° & 180° for various

jet Reynolds numbers at Ra=405,878 (AT=20°C) for H = 60.0 mm.--------------- 140
4.95 Side view flow photos taken at the cross plane @ =0° & 180° for various

jet Reynolds numbers at Ra=507,348 (AT=25°C) for H = 60.0 mm.--------------- 141
4.96 Flow regime map delineating the temporal state of the vortex flow for H

=40.0 mm. 142
4.97 Flow regime map delineating the temporal state of the vortex flow for H

=50.0 mm. 143
4.98 Flow regime map delineating the temporal state of the vortex flow for H

= 60.0 mm. 144
4.99 Flow regime map delineating the temporal state of the vortex flow for H

=10.0 mm. 145
4.100 Flow regime map delingating the tempotal state of the vortex flow for H

=20.0 mm. 146
4.101 Flow regime map delineating the temporal:state of the vortex flow for H

=30.0 mm. 147

4.102 Time-periodic vortex flow for H = 30.0:mm and Ra = 38,051 (AT=15"C)

at Re;=676 (Q;=5.0 slpm) illustrated by side view flow photos taken at
the cross plane 6=0° & 180° at selected time instants in a typical

periodic cycle (t, = 1.43 sec). 148
4.103 Time-periodic vortex flow for H=40.0 mm and Ra = 90,195 (AT=15"C)

at Rej=676 (Q;=5.0 slpm) illustrated by side view flow photos taken at
the cross plane 6=0° & 180° at selected time instants in a typical

periodic cycle (t, = 1.82 sec). 149
4.104 Time-periodic vortex flow for H = 50.0 mm and Ra = 176,162 (AT=15
C) at Rej=676 (Q=5.0 slpm) illustrated by side view flow photos taken

at the cross plane @ =0° & 180° at selected time instants in a typical

periodic cycle (t, = 2.17 sec). 150
4.105 Nonperiodic vortex flow for H= 60.0 mm and Ra = 304,409 (AT=15"C)

at Rej=676 (Q;=5.0 slpm) illustrated by side view flow photos taken at
the cross plane 6=0° & 180° at selected time instants in a typical

periodic cycle. 151

4.106 The time records of non-dimensional air temperature for
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Ra=90,195( AT =15.0"C) and Rej=676 (Q;=5.0 slpm) with H=40.0 mm
measured at selected locations on the vertical plane 6 =0° at Z = 0.67
for R =1/R. = (a) 0.17, (b) 0.45, (c) 0.62, (d)0.76, and (e) 0.96 (t,=1.82

152

sec). -—-- -—--
.4.107The time records of non-dimensional air temperature and the
corresponding power spectrum densities for Ra=90,195 (AT =15.0C)
and Re=676 (Q;=5.0 slpm) with H=40.0 mm measured at selected
locations on the vertical plane 0 =0° at Z=0.67 fo R =1/R; = (a)0.45,
(b)0.62, (¢)0.76,and (d)0.96 (t,=1.82 sec).
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.4.108 The time records of non-dimensional air temperature and the
corresponding power spectrum densities for AT =15.0°C and Rei=676
(Qj=5.0 slpm) with measured at selected locations on the vertical plane
0=0° atZ=0.67 and R =1/R. = 0.62 for various HD; = (a)4, (b)5, and
(c)6. -—-- -—--
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.4.109The time records of non-dimensional air temperature for
Ra=176.162( AT =15.0"C) and Rej=1,488 (Q=11.0 slpm) with H=50.0
mm measured at selected _locations on the vertical plane 6 =0° atZ =
0.67 for R =1/R. = (a):0.34, (b),0.62, and (c) 0.96.

.4.110 The time records of mon-dimensional.air temperature for AT =15.0C
and Re=1,488 (Q;=11.0 slpm) with measured at selected locations on
the vertical plane 0 =0° [atZ=0%67 and R = 1/R. = 0.62 for HD; = (a)4,
(b)5, and (¢)6.
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. 4.111 The time records of non-dimensional air temperature for AT =20.0C
and Ra=234,883 at H = 50.0 mm with measured at selected locations on
the vertical plane 6=0° at Z = 0.67 and R = /R, =0.89 for Re; = (a)
1,190, (b) 1,352, (c) 1,488, and (d) 1,623. -

157

. 4.112 The time records of non-dimensional air temperature for Ra=176,162
(AT =15.0"C) and Rej=47 (Qj=0.3 slpm) with H=50.0 mm measured at
selected locations on the vertical plane 6 =0°at Z = 0.33 for various R
=1/R.=(a) 0.07, (b) 0. 17, (c) 0.48, and (d) 0.79.
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.4.113 The time records of non-dimensional air temperature for AT =15.0C
and Re=47(Q;=0.3 slpm) with measured at selected locations on the
vertical plane 0=0° at Z =0.33 and R = 1/R. = 0.17 for HD; = (a)4,
(b)5, and (¢)6.
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. 4.114 The time records of non-dimensional air temperature for AT =20.0C

and Ra=234,883 at H = 50.0 mm with measured at selected locations on
the vertical plane 0 =0° at Z =0.33 and R = /R, = 0.17 for Re; = (a)

135, (b) 108, (c) 68, and (d) 27.
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NONMENCLATURE

D; Diameter of jet at the injection pipe exit (mm)
Dy, Diameter of disk (mm)
Gr Grashof number, gBATH’ / v’
g Gravitational acceleration (m/s)
H Jet-to-disk separation distance (mm)
HD; Ratio of the jet-disk separation distance to the jet diameter, H/ D;
Q; Jet flow rate (Standard Liter per Minute, slpm)
r.o,z Dimensional coordinates in cylindrical coordinate system
R,0,Z Dimensionless coordinates r/R,,8/360°,z/H
Ra Rayleigh number, gBATH’ / av
R, Radius of cylindrical chamber (mm)
Re; Jet Reynolds number, VJD ; / v
Rey, Local Reynolds number of the flow in the wall-jet region, UH /v
Reye Local Reynolds number "of the flow in the wall-jet region at disk

edge, U, H/v

Ry Radius of disk (mm)
T. Ambient Temperature (C)
T Temperature of the heated disk (‘C)
T; Temperature of jet at the injection pipe exit (‘C)
t Time (sec)
u Average radial velocity of the flow in the wall-jet region,
Q;/(2zrH)

o

we Average radial velocity of the flow in the wall-jet region at disk
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Vi
Greek symbols

o

B

AT

edge, Qj /27R,H)

Average velocity of the air jet at the injection pipe exit (m/s)

Thermal diffusivity (m%/s)

Thermal expansion coefficient (1/K)

Temperature difference between the heated disk and the air injected
into the chamber (C)

Kinematic viscosity (m?/s)

Non-dimensional temperature, (T - T, )/ (Tf - Tj)

Density (kg/m’)

Dynamic viscosity (kg/ms)

Thermal conductivity (W/m'C)
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