Local structure effects on heat transfer in very low tube-to-particle

diameter ratio fixed beds of spheres

Anthony G. Dixon'"

1Worcester Polytechnic Institute, Department of Chemical Engineering, 100 Institute

Road, Worcester, Massachusetts 01609, USA.

* Corresponding author: agdixon@wpi.edu



99.8 mm column, 31.1 mm polystyrene spheres
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50.8 mm column, 28.2 mm polystyrene spheres
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36.70

7 8
7.6
-76.2
28.6

95 0

25.30
36.40
33.20
37.40
33.40
95 45

25.60
36.60
34.90
37.70
36.40
95 45

25.70

37.90

36.10

38.00

36.60
95 0

25.60

31.80

37.00

37.00

36.10
95 0

25.70
31.80

11.

6

-25.4

42.
36.
40.
37.
38.

42

42

42.
43.
29.
38.
32.

41.
44,

40
90
70
30
80

.40
39.
32.
39.
31.

30
20
70
30

.30
39.
31.
39.
31.

70
70
40
10

00
00
50
90
40

30
20

14.

2

-15.9

52.
.40
32.
41.
32.

41

52.
52.
36.
43.
37.

52.
51.
35.
.50
36.

44

52.
37.
51.
43.
47.

51.
36.

60

80
00
60

60
10
90
40
40

40
60
70

70

00
70
60
30
10

30
50

17.
.35

71.
.30
60.
37.
60.

44

71

71

71.
63.
36.
42.
37.

70.
65.

20

8

40

00
70
70

.60
46.
39.
44 .
43.

50
50
10
70

.50
47.
39.
43.
42.

10
70
10
80

00
80
50
70
80

10
40

101.20
50.40
54.30
60.40
53.10

101.40
57.40
76.30
54.90
80.10

101.40
55.40
71.20
54.30
79.30

101.30
69.00
68.10
75.80
70.60

101.20
66.60

23.2
228.6

101.40
76.70
80.60
71.80
92.50

101.40
73.10
68.70
67.10
84.90

101.40
72.40
68.20
64.70
84.00

101.40
81.40
65.00
60.80
82.20

101.40
80.30

381.

101.

101.

101.

101.

101.

0

10

20

20

20

20



-1.00 36.60 29.10 51.80 35.80 64.20 63.40

-1.00 36.60 37.50 42.20 40.30 71.40 55.80

-1.00 35.60 31.60 45.00 37.00 68.10 80.80

530 107.95 45

22.80

23.90 25.70 41.80 51.60 70.80 101.50 101.40 101.10
36.20 38.50 44.70 52.30 56.40 51.00 80.40

-1.00 32.60 36.20 30.50 49.60 52.80 78.60

-1.00 36.10 38.20 39.40 51.90 49.10 84.00

-1.00 34.50 34.00 31.20 50.20 63.20 86.90

575 107.95 45

23.00

23.00 23.40 37.50 48.00 67.60 100.00 100.00 99.90
34.30 36.40 41.20 45.40 59.90 46.90 82.90

-1.00 31.80 34.20 29.50 25.60 57.90 75.90

-1.00 35.10 36.00 39.30 48.20 49.10 82.80

-1.00 33.50 32.10 30.00 47.40 60.20 84.90

575 107.95 0

23.40

23.40 24.10 38.10 48.40 68.10 99.90 99.90 99.90
35.80 38.00 29.90 48.50 39.70 62.80 77.30

-1.00 32.90 38.90 36.70 56.60 68.30 77.60

-1.00 34.00 33.10 38.30 31.90 58.00 57.70

-1.00 32.10 38.60 35.20 54.60 66.40 85.50

617 107.95 0

23.50

23.50 24.10 38.70 48.90 68.10 99.90 99.90 99.90
34.30 34.80 35.00 38.40 38.60 46.90 70.70

-1.00 31.00 37.30 31.80 57.20 44.60 72.50

-1.00 32.90 34.10 35.50 33.50 55.40 65.00

-1.00 31.80 37.80 31.60 54.30 47.20 88.00

617 107.95 45

23.50

23.80 24.70 39.20 49.50 68.40 100.00 100.00 100.00
35.20 35.60 38.10 45.30 44.70 48.80 67.80

-1.00 36.20 29.70 35.60 36.70 64.60 62.60

-1.00 35.60 35.50 46.40 38.00 49.20 59.00

-1.00 33.90 30.20 34.70 40.20 70.50 81.70

660 107.95 45

23.70

23.90 24.80 39.70 49.60 68.40 100.00 100.00 100.00
35.40 36.60 38.30 44.50 44.70 48.40 67.20

-1.00 36.10 29.70 35.50 36.70 62.80 62.10

-1.00 35.30 35.30 47.20 37.70 48.70 55.90

-1.00 33.90 30.20 34.70 39.90 69.20 80.90

660 107.95 0

23.70

23.90 24.80 39.80 49.60 68.40 99.90 99.80 99.70
34.20 34.80 35.20 38.00 38.10 46.40 70.70

-1.00 31.00 36.80 31.90 56.60 42.90 71.30

-1.00 32.70 34.00 34.90 33.70 54.40 64.20

-1.00 31.50 39.10 31.80 54.80 45.90 86.70

705 107.95 0

23.70

23.90 25.00 39.80 49.60 68.10 99.70 99.80 99.70

21



34.00
-1.00
-1.00
-1.00

705 107.

23.70
24.00
35.30
-1.00
-1.00
-1.00

750 107.

23.80
24.80
35.90
-1.00
-1.00
-1.00

750 107.

24.20
24.80
36.00
-1.00
-1.00
-1.00

795 107.

24.30
24.80
35.80
-1.00
-1.00
-1.00

795 107.

24.00
24.50
35.40
-1.00
-1.00
-1.00

841 107.

24.30
24.80
35.60
-1.00
-1.00
-1.00

841 107.

24.30
24.80
35.40
-1.00
-1.00
-1.00

420 1el.

24.00

34.90
31.00
32.60
31.50
95 45

25.40
36.30
36.20
35.20
33.80
95 45

26.20

36.90

36.30

35.40

34.20
95 0

26.20

33.20

36.60

35.50

34.10
95 0

26.20
33.40
36.60
35.70
34.30
95 45

25.90
38.80
32.40
34.80
33.70
95 45

26.10

39.30

32.60

34.60

33.70
95 0

26.20

31.50

36.00

35.10

34.00
92 0

35.
36.
34.
39.

39.
38.
29.
35.
30.

40.
39.
29.
35.
30.

40.
42.
29.
36.
31.

40.
42.
29.
36.
31.

39.
40.
35.
35.
32.

40.
40.
35.
35.
32.

39.
43.
31.
37.
32.

20
80
00
40

90
70
60
10
20

60
00
50
10
40

40
30
50
40
00

40
80
60
20
00

90
40
30
50
70

20
50
50
50
90

90
60
90
30
40

38.
31.
34.
31.

49.
42.
37.
46.
35.

49,
.60
37.
47.
35.

42

50.
36.
47 .
41.
40.

49.
36.
47.
.60
40.

41

49.
48.
30.
40.
30.

49.
48.
30.
40.
30.

49.
33.
.60
37.
41.

44

20
70
60
90

60
40
70
10
70

90

80
70
70

00
10
70
50
70

80
10
50

50

40
70
10
20
80

60
70
10
50
80

30

80

10
60

38.
56.
33.
54.

68.
45.
35.
36.
38.

68.
45,
35.
37.
38.

68.
54.
34.
39.
36.

68.
55.
34.
39.
35.

67.
52.
45.
.10
43.

47

67.
52.
45.
46.
43.

67.
61.
34.
46.
34.

22

10
70
50
00

20
60
60
80
50

60
90
90
00
30

30
90
60
30
40

10
10
20
00
80

60
30
60

80

80
30
50
80
90

60
60
50
40
50

45.
.10
53.
45.

42

99.
48.
62.
49.
65.

90

80
80

90
80
00
20
20

100.00

48.
61.
49.
65.

00
00
60
10

100.10

65.
61.
63.
63.

80
60
00
40

100.10

65.
59.
61.
61.

10
80
50
50

100.00

42.
50.
48.
60.

99.
42.
51.
48.
60.

99.
51.
56.
60.
56.

90
80
30
90

90
80
10
30
50

90
60
80
20
10

69.
70.
62.
85.

99.
67.
60.
51.
79.

40
20
70
50

90
80
50
40
60

100.00

67.
59.
50.
79.

00
90
60
00

100.10

75.
58.
50.
.60

77

30
70
80

100.10

76.
57.
50.
76.

10
40
20
70

100.10

63.
68.
78.
80.

70
10
70
90

100.00

64.
67.
76.
80.

99.
81.
57.
62.
74.

20
60
90
90

90
80
30
20
40

99.70

99.90

100.10

100.10

99.80

99.90

99.90



24.90
53.70
-1.00
-1.00
-1.00

420 1el.

24.00
24.90
53.80
-1.00
-1.00
-1.00

485 1e61l.

24.00
24.80
53.40
-1.00
-1.00
-1.00

485 1e6l.

24.00
24.60
53.00
-1.00
-1.00
-1.00

530 161.

24.10
24.90
53.20
-1.00
-1.00
-1.00

530 1e61l.

24.10
25.10
52.60
-1.00
-1.00
-1.00

575 161.

24.10
24.90
51.90
-1.00
-1.00
-1.00

575 1e61l.

24.10
24.90
52.50
-1.00
-1.00
-1.00

617 161.

26.50
52.00
52.50
46.90
56.00
92 45

26.40
56.00
51.30
52.30
52.90
92 45

26.40

56.60

50.80

51.60

52.80
92 0

26.40

49.70

51.60

45.80

54.90
92 0

26.50
50.20
51.60
45.90
54.60
92 45

26.50
56.40
50.20
51.30
52.00
92 45

26.50

56.10

49.80

50.80

51.90
92 0

26.50

50.10

51.20

46.00

53.90
92 0

44,
63.
52.
51.
57.

44 .
54.
48.
60.
53.

44

44 .
62.
52.
50.
55.

44,
62.
52.
51.
55.

44,
53.
46.
57.
52.

43.
53.
46.
56.
52.

43.
62.
51.
51.
55.

70
20
20
70
80

70
60
50
40
10

.70
54.
47.
58.
52.

00
70
90
20

20
30
50
50
40

20
30
60
10
70

20
90
90
90
00

60
40
70
90
00

60
30
70
60
60

53.
52.
55.
55.
64.

53.
66.
54.
55.
61.

53.
65.
52.
56.
61.

52.
52.
53.
55.
63.

52.
52.
53.
54.
63.

52.
64.
51.
55.
61.

51.
63.
50.
55.
61.

51.
51.
53.
53.
61.

40
80
70
80
90

80
10
10
40
50

10
20
80
30
80

40
80
70
50
30

30
90
80
30
20

40
40
60
30
30

40
70
80
40
10

60
20
80
40
90

70.
67.
58.
59.
70.

71.
59.
66.
2.
60.

70.
58.
63.
70.
57.

69.
69.
54.
62.
64.

69.
69.
55.
63.
64.

69.
58.
61.
70.
55.

68.
58.
59.
68.
55.

69.
67.
54.
60.
66.

23

90
10
10
90
50

40
10
20
60
00

50
70
60
20
70

60
60
70
60
70

50
50
10
30
90

60
70
10
40
40

80
20
90
80
00

00
10
30
90
30

101.40
61.70
74.70
80.10
66.40

101.20
63.80
78.10
78.20
68.90

101.10
61.60
75.80
76.70
67.90

100.00
58.20
72.00
71.10
63.20

100.60
58.40
71.60
71.80
63.40

100.60
61.80
70.60
76.30
66.20

100.60
61.20
69.50
75.10
65.50

100.60
59.00
69.10
73.90
61.40

101.40
84.60
75.80
75.80
93.20

101.40
77.20
84.20
86.90
90.60

101.10
76.20
81.40
86.50
87.40

100.00
83.70
69.80
80.80
89.50

100.60
84.40
69.80
80.90
90.30

100.60
74.40
78.80
87.90
84.70

100.60
73.40
77.00
86.10
83.10

100.60
84.00
69.70
75.40
90.00

101.

101.

101.

10

10

10

99.80

100.

100.

100.

100.

60

60

60

60



22.90
22.90
50.40
-1.00
-1.00
-1.00

617 161.

22.90
22.90
50.00
-1.00
-1.00
-1.00

660 161.

23.00
22.90
50.00
-1.00
-1.00
-1.00

660 161.

23.50
23.70
50.50
-1.00
-1.00
-1.00

705 1el.

23.70
23.90
49.80
-1.00
-1.00
-1.00

705 1el.

23.70
23.90
50.10
-1.00
-1.00
-1.00

750 1lel.

23.70
23.90
49.80
-1.00
-1.00
-1.00

750 1el.

23.70
23.90
49.60
-1.00
-1.00
-1.00

22.90
48.60
48.90
44.50
51.90
92 45

23.20
55.10
48.40
48.50
50.40
92 45

23.40

55.40

48.50

48.50

50.40
92 0

24.40

49.20

49.70

45.00

52.30
92 0

24.70
51.70
46.10
50.10
49.00
92 45

24.80
50.60
48.30
45.80
51.30
92 45

24.80

50.80

48.70

46.10

51.00
92 0

24.80
53.10
46.60
49.60
49.50

36.
60.
49.
50.
53.

37.
50.
45.
55.
50.

38.
50.
.20
54.
49.

45

40.
60.
50.
50.
53.

40.
51.
45.
52.
57.

40.
58.
47.
50.
53.

40.
57.
47.
50.
52.

40.
51.
45.
53.
55.

20
70
40
30
80

70
80
20
00
10

10
80

70
80

20
40
10
40
40

20
50
80
40
90

20
20
20
80
70

20
80
10
90
90

20
60
50
30
20

45.
49.
51.
50.
59.

47.
61.
50.
54.
56.

47 .
61.
50.
55.
56.

48.
51.
52.
50.
59.

48.
55.
48.
52.
54.

48.
51.
52.
49,
55.

48.
51.
53.
48.
54.

48.
58.
48.
51.
55.

70
70
60
10
70

00
60
50
40
50

40
60
50
00
00

70
50
00
80
30

70
90
30
40
40

70
50
60
00
40

70
50
00
70
50

70
50
00
90
70

66.
65.
52.
59.
63.

66.
54.
58.
64.
54.

66.
54.
.80
63.
54.

57

67.
68.
51.
59.
61.

67.
59.
53.
53.
63.

67.
62.
52.
56.
62.

67.
61.
52.
55.
61.

67.
60.
54.
55.
57.

24

00
80
10
20
80

40
10
50
60
70

70
10

70
50

20
10
60
00
00

00
40
90
00
40

00
40
30
10
30

00
30
00
50
80

00
70
10
40
60

102.00
57.90
65.70
72.20
59.00

101.70
56.30
72.20
70.80
67.90

101.80
56.10
71.10
70.20
66.50

101.10
57.20
65.70
68.40
59.30

101.10
61.90
57.80
66.30
58.80

101.40
63.40
63.10
71.60
60.40

101.10
62.20
61.70
71.00
60.60

101.40
59.50
58.70
68.10
59.90

102.00
84.60
67.90
73.20
89.70

101.70
69.30
76.10
73.80
82.20

101.80
68.40
75.40
72.30
81.10

101.10
86.40
65.50
73.70
87.70

101.10
79.20
69.60
73.50
88.10

101.40
74.80
68.50
65.90
87.50

101.10
73.40
67.70
65.20
86.70

101.40
76.00
70.20
76.40
81.90

102.

101.

101.

101.

101.

101.

101.

101.

00

70

70

00

10

40

10

10



795 1e6l.

23.80
23.90
49.30
-1.00
-1.00
-1.00

795 1e6l.

23.70
23.90
49.50
-1.00
-1.00
-1.00

841 1el.

23.90
24.10
49.30
-1.00
-1.00
-1.00

841 1el.

23.90
24.40
49.30
-1.00
-1.00
-1.00

420 196.

24.00
25.00
56.40
-1.00
-1.00
-1.00

420 196.

24.00
25.00
57.20
-1.00
-1.00
-1.00

485 196.

24.00
24.80
57.00
-1.00
-1.00
-1.00

485 196.

23.90
24.80
57.30
-1.00
-1.00

92 0

24.80
52.50
46.30
49.10
49.10
92 45

24.80
50.50
48.00
45.70
51.00
92 45

25.00

50.50

48.00

45.70

50.40
92 0

25.30

52.30

46.20

49.00

49.00
85 0

26.20
57.30
54.50
56.70
55.60
85 45

26.20
57.80
56.40
53.40
57.40
85 45

26.20

58.00

56.20

52.80

58.30
85 0

26.20
58.10
55.10
57.80

40.
50.
45.
52.
54.

40.
56.
46.
50.
52.

40.
56.
46.
50.
51.

40.
50.
45.
52.
54.

43.
57.
52.
59.
58.

43.
60.
54.
58.
62.

43.
60.
55.
58.
62.

43.
58.
52.
60.

20
90
50
30
50

20
90
90
20
30

20
40
60
00
90

20
70
50
20
80

00
70
20
00
20

50
50
90
30
20

50
50
20
10
00

50
30
90
60

48.
57.
.20
51.
54.

47

48.
50.
52.
48.
54.

48.
.00
51.
48.
54.

51

48.
56.
47.
51.
54.

51.
58.
63.
57.
61.

52.
58.
62.
54.
63.

52.
59.
61.
55.
62.

52.
59.
62.
58.

40
50

50
70

40
80
20
70
80

40

70
70
00

70
90
20
30
40

90
20
60
70
10

30
30
90
80
40

00
20
70
10
20

30
40
30
30

66.
59.
53.
54.
57.

66.
60.
51.
54.
60.

66.
60.
51.
54.
60.

66.
59.
53.
54.
58.

70.
69.
61.
65.
69.

70.
66.
70.
59.
66.

70.
66.
68.
60.
66.

70.
68.
61.
67.

25

80
70
80
40
40

70
40
60
70
70

70
40
40
10
30

70
10
10
00
00

20
30
20
40
40

20
50
30
20
90

20
00
50
10
70

20
10
20
00

101.40
58.50
58.10
66.70
58.90

101.20
61.30
60.80
70.20
59.60

101.20
61.40
60.70
69.50
59.20

101.50
58.20
57.80
66.90
58.70

102.20
75.60
63.70
75.70
63.50

102.10
83.20
68.60
82.10
71.70

101.90
81.30
65.50
81.10
69.40

102.20
75.60
65.10
75.10

101.40
74.70
68.60
75.60
81.30

101.40
71.60
66.90
65.20
86.40

101.40
70.70
66.00
64.00
85.50

101.70
74.70
66.70
74.00
82.60

102.20
89.40
80.40
86.80
95.00

102.10
87.00
86.20
70.50
91.90

101.90
84.40
84.40
69.40
91.20

102.20
87.80
79.00
88.20

101.

101.

101.

101.

102.

101.

101.

102.

40

10

20

40

20

90

90

10



-1.00

530 196.

24.00
24.90
56.70
-1.00
-1.00
-1.00

530 196.

24.00
24.90
57.20
-1.00
-1.00
-1.00

575 196.

24.00
24.90
56.90
-1.00
-1.00
-1.00

575 196.

24.00
24.90
56.30
-1.00
-1.00
-1.00

617 196.

24.00
24.90
55.80
-1.00
-1.00
-1.00

617 196.

24.00
24.90
56.10
-1.00
-1.00
-1.00

660 196.

24.00
24.90
55.70
-1.00
-1.00
-1.00

660 196.

24.10
24.80
55.30
-1.00

56.40
85 0

26.40
56.90
54.10
57.10
55.20
85 45

26.40
57.60
55.70
52.80
57.80
85 45

26.40

57.10

55.20

52.20

57.70
85 0

26.40

56.40

53.70

57.40

54.80
85 0

26.40
55.80
53.20
56.90
54.20
85 45

26.40
56.60
54.40
53.40
56.10
85 45

26.40

56.10

53.80

52.90

55.80
85 0

26.50
55.40
52.60

58.

43.
56.
52.
59.
58.

43.
60.
54.
58.
60.

43.
59.
54.
57.
59.

43.
56.
52.
58.
57.

43.
55.
52.
57.
57.

43.
56.
53.
59.
56.

42.
55.
53.
58.
56.

42 .
55.
52.

90

60
80
70
40
00

80
20
60
30
00

60
70
10
60
30

30
00
80
30
90

30
50
60
70
50

30
70
70
10
90

70
90
10
40
10

80
10
10

62.

52.
58.
61.
57.
60.

52.
60.
59.
55.
59.

52.
60.
59.
55.
58.

51.
57.
60.
58.
59.

51.
56.
59.
58.
58.

51.
64.
57.
60.
56.

50.
64.
56.
59.
55.

50.
56.
56.

00

00
00
00
80
80

20
00
90
00
60

00
00
10
30
30

20
40
50
00
40

60
80
00
00
50

50
50
20
70
30

80
30
60
70
70

90
20
90

65.

69.
65.
61.
64.
65.

70.
66.
67.
60.
65.

69.
65.
66.
60.
63.

69.
61.
62.
61.
66.

69.
60.
62.
60.
66.

69.
60.
63.
61.
60.

68.
59.
62.
61.
59.

68.
61.
59.

26

70

80
70
30
90
00

00
10
60
60
00

70
20
30
40
80

60
70
40
60
70

60
40
30
20
30

10
20
00
80
30

80
20
30
20
80

70
90
80

63.50

102.00
74.40
64.50
72.80
62.20

102.00
77.00
65.70
78.20
71.00

102.00
74.80
65.00
76.40
69.80

102.00
73.00
64.50
70.50
61.30

102.00
71.20
63.80
69.70
60.50

101.60
64.40
75.60
71.20
76.70

101.60
63.90
74.90
70.80
76.20

101.70
69.30
62.20

89.90

102.00
85.90
77.20
87.00
88.10

102.00
81.10
83.50
68.90
91.10

102.00
79.30
81.80
68.30
89.70

102.00
82.30
77.90
85.10
87.80

102.00
80.60
76.40
76.80
86.40

101.60
72.20
77.50
68.70
85.70

101.60
71.70
76.60
68.50
85.40

101.90
82.30
70.30

102.

102.

102.

102.

101.

101.

101.

101.

00

00

00

00

90

50

60

70



-1.00
-1.00

705 196.

24.30
25.10
53.90
-1.00
-1.00
-1.00

705 196.

24.30
25.10
54.80
-1.00
-1.00
-1.00

750 196.

24.30
24.80
54.60
-1.00
-1.00
-1.00

750 196.

24.40
25.10
54.40
-1.00
-1.00
-1.00

795 196.

24.10
24.60
53.10
-1.00
-1.00
-1.00

795 196.

24.10
24.60
53.20
-1.00
-1.00
-1.00

841 196.

24.00
24.50
52.90
-1.00
-1.00
-1.00

841 196.

24.20
24.70
52.80

56.60
54.10
85 0

26.30
53.60
51.10
54.80
52.60
85 45

26.50
55.00
52.70
52.70
54.80
85 45

26.40

54.50

52.50

52.80

54.40
85 0

26.50

52.20

52.90

49.70

55.70
85 0

25.80
52.40
50.10
54.50
51.90
85 45

26.00
53.50
51.40
51.20
54.10
85 45

25.90

53.10

51.40

51.00

53.70
85 0

25.90
52.20

57.
57.

42

42

42.
53.
51.
57.
53.

41.
57.
53.
55.
54.

41.
52.
51.
55.
55.

41.
54.
50.
54.
54.

40.
54.
50.
54.
53.

41

00
20

.00
53.
51.
55.
56.

40
70
70
10

.30
54.
52.
58.
54.

10
20
20
50

00
60
60
90
90

80
40
10
20
80

00
80
40
00
40

00
50
50
80
40

90
20
20
40
40

.00
52.

40

57.
57.

50.
54.
55.
56.
56.

50.
65.
54.
61.
56.

50.
65.
54.
60.
55.

50.
54.
53.
54.
62.

49.
53.
54.
55.
54.

49,
59.
57.
53.
55.

48.
58.
57.
53.
55.

49.
53.

30
90

00
50
30
40
10

20
80
80
00
10

20
80
50
40
90

00
30
70
20
50

00
30
30
90
40

00
10
30
30
00

80
80
30
30
00

00
10

59.
64.

67.
59.
58.
58.
64.

68.
56.
59.
62.
57.

68.
56.
58.
62.
57.

67.
73.
54.
64.
60.

67.
57.
57.
57.
63.

67.
60.
59.
57.
58.

66.
59.
58.
57.
58.

66.
57.

27

50
80

80
40
50
50
00

10
40
60
30
60

00
00
80
50
00

80
40
70
80
70

00
90
40
20
60

00
00
40
70
90

90
80
50
20
60

90
50

70.90
61.30

101.70
66.70
61.00
67.60
59.30

101.70
60.50
76.30
70.90
77.20

101.70
59.80
75.30
70.40
76.60

102.00
57.80
60.20
69.00
59.90

101.10
65.70
60.00
66.30
57.80

101.10
66.90
60.50
69.90
66.80

101.00
66.10
59.80
69.10
66.50

101.20
64.30

83.10
89.80

101.70
79.10
68.20
81.30
88.50

101.90
67.80
71.40
69.70
82.90

101.70
66.90
70.60
69.20
82.20

102.00
87.80
69.90
79.40
87.70

101.10
77.60
67.00
78.80
87.80

101.30
73.20
74.30
63.90
84.40

101.00
72.80
73.00
63.40
83.60

101.20
76.70

101.

101.

101.

102.

100.

101.

101.

101.

70

70

70

00

80

10

00

10



-1.00 49.90 51.40 53.70 57.20 59.80 66.20
-1.00 53.80 54.50 55.80 56.80 65.50 77.90
-1.00 51.60 55.40 53.90 63.20 57.60 87.30

28



26.2 mm column, 19.05 mm polystyrene spheres
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2839 158.75 90

25.60

26.10 26.50 34.30 44.10 57.00 102.60 102.60 102.60
70.80 76.40 70.50 76.10 72.80 77.20 73.10 76.70
72.60

-1.00 71.40 76.90 70.50 76.70 72.20 71.30 73.50
76.70
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70.40 75.20 71.60 77.00 71.50 77.50 70.80 81.70
71.60
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