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APPENDIX C

SUMMARY OF RUNS WITH NON-WAX
LIQUID MEDIUMS
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Date: Q01-07-87
Column 1D: 5.1 cm
Cristributor: 1.85 mm

(Gas Velocity {cm/s}
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Table C.1. Summary of Bun W-1

e nIee Rt LB S F e S

Liquid: Dhstilled water
Temperature: 24°C
Gas: Nitrogen

1 2 3 4 5 7 9 12

Static Height (cm)}

207.0 204.5 203.2 201.3 200.7 197.5 1868 196.2

Gas hoid-up (%)

468 7.2 9.0% 11.37 13.26 14.84 17.5% 21.17

Foam {(cm)

Siug Frequency (1,5}

0e 14 Q7 112 13 113 190 1.13-

Height slugs observed (cm)

210.0 120.0 120.0 120.0 120.0 120.0 120.0 30.0

Amplitude of Oscillation {em) 0.6 0% 13 22 2B 35 444 5B7

Table C.2. Summary of Run W-2

Date: 01-08-87
Column 1T 5.1 em
Distributor: 1.85% mm

Liquid: Dhstiiled water
Temperature: 24°C
Gas: Nitrogen

Gas Velocity (em/s)

" Static Height {cm)

2 & 7 5 4 3 2 1

217.2 2164 215.9 208.3 208.3 207.6 206.7 205.1

(as hold-up (%)

21.14 17.29 1466 12.76 10.87 886 7.0 .4.?2

Foam (em)

Slug Frequency [1/s)

11 14 "r3 13 128 13 108 07

Height slugs observed (cm}

30.0 120.0 120.0 120.0 120.0 120.0 210.0 210.0

Amplitude of Qscillation {[em) 54 44 35 25 22 17 09 0.5
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Table C.3. Summary of Run W-3
E)alte: 01-09-87 S Liguid: [;istilled water :
Column tD: §.1 em Temperature; 24°C
Distributor: SMP Gas: Nitrogen
Gas Velocity {em/'s) 1 2 3 - 4 5 7 9 12_ ;
: — 1
Static H-eight (em) 219.7 219.0 218.4 217.9 217.5 214.0 213.4 208.3
Gas hold-up (%) 416 713 8.99 10.65 12.63 15.75 17.85 219
Foam (em) o - - - - - - - -
Slug Frequancy fl,-“s]“m_"_ - 11 wi.? 1.5 1,4h 1.5 1.16 1.0
H_r:;g.;-i-'.l-t_s-lll.lé;-.::hserued cm) - 21.[':![:.1 120.0 12[}.1]‘ 120.0 120.0 120.0 3G.0

Amphtude of Oscillation {em} 0.5 08 11 19 32 43 57 64

Tabie C.4. Summary of Rﬁn W4

Date: 02-19-87 Liquid: Distilled water

Column ID: 22.9 cm Temperature: 24°C )
Distributor: 19x1.85 mm Gas: Mitrogen E
Gas. Velocity (cm /s) T 2 3 4 5 7 9 12
Static Height {cm) © 187.9 187.6 1875 187.0 186.7 185.7 1854 -
Gas hold-up (%) 33 b3 72 85 47 114 1248 -
Foam {cm) e
Slug Frequency {1;;} C- . - - - - - - {

Amphtude of Oscillation {em) 06 06 168 16 3.8 51 5.1
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Tabie C.5. Surmmary of Rur W-5
Date: (12-20-87 .hLiquid: Distilled water
Column (D: 22.9 em Temperature: 24°C
Distributor: 5x1.0 mm Gas: Nitrogen
Gas Vr:!u_lc.it;.r. tcm_f's] 1 B 3 4 .5 7 9 12.
Statre Height [cm} lﬂ_i.ﬁl l:c'!ﬂ.‘:?ﬂ - 13;}.:34 17871 - -
Gas koid-up {%] - .“2:.,05 609 - 84 wy - -
;:o:n.'r{l:m] - - - - - - -
Slug Frequency {"cm} - - - - - - -
Height slugs obsarved (cm) - - - - - - -
Ampl'rtude'-;::-rf Oscillation {cm)} 0.3 6E - 1.6 20 - -
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Table C.6. Summary of Run B-1

Date: u4-1£;-q3.? - Li;quid: n-butanol
Column tD: 5.1 em Ternperature: 24°C
Chistributor: 1.5 mm Gas: Nitrogen
Gas Uelaclty{cms} 1 2 3 4 5 7 9 1
;;E:Heig.h.t [cm] “ 201.9 2018 201.8 201.0 204.0 198.8 194.6 193.7
Gas hold-up (%} - 3U5 599 843 1059 12.74 1471 187 2285
o (o T T
Slug Frequenc;_[nl_;s] R - - 1.5*1_..1.5 1.72 1.7 .1.115 1.4
Height slugs observed {cm) L. 2100 120.0 120.0 1200 1200 300

Amplitude of Oscillation (em) 0.3 06 08 11 17 22 25 32

Table C.7. Summary of Run B-2

Date; 04-10-87 . Liquid: n-butanol

Column 1D: 5.1 ¢m Ternperaturs: 24°C -

Distributor: SMP Gas: Nitrogen

Ea_s Velocity {em/s) 1 2 3 4 M;.’: 7 4 12
é;atic Height {em) 208.3 2ﬂé~.3 207.6 207.6 2‘[}7.[! 206.7 205.7 203.8
Gas holl.i—up {%) 3.24 HS.EB 8.91 lﬂﬁﬁ 12.83 1578 19.1 2357
Foam (cm) - - - i} - - - - .
Slug Fraquency (1/s) L 14 16 18 153 15 16
Height slugs GbSE_I".;'E.t.:I [cm]- o - 2100 120.0 120.0 120.0 120.0 120.0

Amplitude of Oscillation fem) 03 06 08 10 16 22 35 44

B N e e P
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Tablc C.8. Summary of Run B-3
Date: 081587 " Liouid: 1.0% wt, butend
Column ID: 5.1 em Temperatare: 24°C
Distributor; 1.85 mm Gas: Nitrogen
Gas Velacity [crnf_s} 1 2 3 - 4 g 7 g 12
Static Height (cm) 18000 1797 1797 179.4 179.1 1765 176.2 175.9
Gas hold-up (%) ”.“3.2#1‘t 721 4987 128_ 15.57 20.8 33.29 41.8-
;m'{c&:}"—- 0.3 U.E. h.l.D i3 254 wl‘:.il 40.6 86.4
Slug Frequency (1/s) o - 1.3 148 1_5 1.6 17 142 1.24
Height slugs observed [cm} - 2100 1200 -]...2{].1] 120.0 120.0 12[]'?0 30.0
Arr:plri;.l:l;e-;{"_(]scillatiun {em) 03 E]l; 09 13 19 ” 29 51 83 N
Tahle C.%. Surmmmary of Run B-4

bate: 04-15-87 ) .“' Liquid“: 1.0% wt. butano
Column tD: 5.1 em Temperature: 24°C
Distnbuter: 1.85 mm {as: Nitrogen
é;s Velocity {cm s} 12 g 7 5 __4 3 2 1
Static Height {em) ‘.154 1721 170.8 1?{;.2 169.9 169.5 169.2 168.9
Gas hold-up (%) o 42.2 37.27 22[:3 17.41 13.58 lﬂ:?ﬂ 746 3.6
Foar (cm) 813 635 152 29 19 13 06 -
s"iug Frequency {1/s) 13 15 16 13 15 14 132 -
;“f:i.ght slugs chserved (cm) 30.0 120.0 120.0 120.0 120.0 120.0 210.0 -
Amplitude of Oscillation (m) 76 51 38 22 10 08 06 03
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Table C.10, Summary of Run B-5
Date: 04-16-87 L'rquis:!.: 1.U%_wt. h"l:l-ta.r-l-;tm. o
Column I1D: 5.1 em : . Temperature: 24°C
Distributor: SMP Gas: Nitrogen
Gas Velocity (em/s} 1 2 3 4 5 1 9 12
Static Height {em) 149.9 1499 I].l.lg.':'!‘ 1499 149.2 148.9 143.6 148.0
Gas hold-up {%)} 522 11.61 189 26.7 35.1]8 30.83 371 46.0
Fﬂﬂ;?;;;“*““-* - ﬂ.g_ 1.0 38 51 89 152 305 610
Siug Frequency[lfsh:lmm_m - - - - .6 1.]:““;:-[;8 1.0
Height slugs observed (em) - - ------- - - 210.0 120.0 120.0 120.0

Amplitude of Oscillation {em) 063 03 03 03 06 13 25 51

Table C.11. Summary of Run B-6

Date: 04-20-87 Ligquid: 1.0% wt. butanal

Column ID: 5.1 em " Temperature: 24°¢
Distributor: 1.00 mm Gas: Nitrogen

Gas Velocity {em/'s) 1 2 3 &4 5 71 § 1
Static Height {cm) 1953 194.9 194.9 104.8 194.8 194.6 172.4 137.8
Gas hold-up {%) 3.30 6.97 10.23 13.83 17.10 226 38.57 52.83
Foam {cm) 0.3 06 10 13 19 10.2 45.7 1143
Slug Frequency (1/s) .10 15 125 12 137 116 14
Height slugs observed {cm) - 210.0 120.0 120.0 120.0 120.0 120.0 120.0

Amplitude of Oscillstion {em) 03 06 13 1.7 19 32 64 114

e el

T T



185

Tabte C.12. Summary of Bun B-T

Date: 04-22-87 Liquid: 9.5% wt. butanol

atmle i a

Column 1D: 5.1 cm Temperature: 24°(C

Distributor: 1.85 mm Gas: Nitrogen

GasVelocity ems) 1 2 3 4 5 7 9 12
Static Height (cm) - 1765 1764 1759 175.6 1753 1746 174.3 1737
E;s hold-up (%) 314 548 918 11.9;1~”.2‘I.I:1.t]2 16.67 21.1 27.41
Foam {cm) | 1.0 1.3 _.;1.3 13 16 16 25 64
Slug Frequency (1/s) - 12 12 15 15 13 13 1.43
Height slugs observed {cm) - 216.0 210.0 120.0 1200 iEﬂ'D 120.0 30.0

Amplitude of Oscillation {cm) 0.3 10 13 17 19 25 38 45

Table C.13. Summary of Run B-8

Date: 04-22-87 Liquid: 0.5% wt. butanc}

Column I1D: 5.1 ¢m Temperature: 249C

Distributor: SMP Gas: Nitrogen | :
Gas Velocity {cm/s) 1 2 3 & 5 7 9 12 |
Statre Height {em) 1927 192.4 192.1 192_:'-1- 191.3 1.91,14 190.5 195(.2

Gas hoid-up (%) 365 79 11.81 13.98 lnﬁ.ﬂg 18.65 23.86 28.35

Foarn {cm) 063 13 16 16 18 22 38 64

Slug Frequency (1:5) - - - 15 13 126 12 13

Height slugs observed (cm) .. 2100 1200 1200 1200 30.0 %

Ampiitude of Oscillation {erm) 0.3 03 03 06 17 38 38 57
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Table C.14. Summary of Run B-9
Date: 04-24-87 Liguid: 1.0% wt. butanol and
0.1% wt. CMC

Column 0 5.1 cm Temperature: 24%C
Distributor: SMP Gas: Nitrogen
Gas Velocity. (cm's) 1 2 3 4 5 7 9 12
Static Height {cm) 189.0 189.0 188.5 188.8 1891 1638 1478 1467
Gas hold-up (%) 403 674 10.87 23.38 31.06 43.8 49.83 51.75
Foam (cm) 66 06 13 356 660 99.0 1220 137.0
Slug #requency (1/s) - 1.2 11 1.3 132 138 1.3% i4
Heigﬁ slugs observed {cm) - 210.0 120.0 120.0 120.0 120.0 120.0 120.0

Amplitude of Osciliation {em} 0.3 06 13 19 15 25 5.1 6.4

Table C.15. Summary of Hun B-10

Date: 04-25-87 Liguid: 1.0% wt. butanc!and
0.1% wt. CMC

Column 1D: 5.1 cm Temperature: 24°C

Distributor: 1.85 mm orifice Gas: Mitrogen

Gas Velocity (cm/'s) 1 2z 3 4 5 7 9 12

Static Height {cm) ' 1769 1756 1¥5.3 174.4 1735 1726 171.7 170.8

Gas hold-up (%) 348 5463 B.91 1254 1568 2052 26.92 33.41

Foam {ci) - - 0e 06 13 25 445 B8le

Slug Frequency (1;s} 06 10 11 12 09 13 1.2 14

Height stugs observed {cm) 216.0 120.0 120.0 120.0 120.0 120.0 128.0 3U..U

Amplitude of Oscillation {em) 03 06 20 22 25 38 5.1 7.5

i
!
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Table C.16. Summary of Run B-11

Date: 04.27-87 Ligind: 1.0% wt. butano! and

0.1% wt. CMC
Column ID: 5.1 ¢m Temperature: 24°C
Distributor: 1.85 mm orifice Gas: Nitrogen
Gas Velocity {em;s) 12 9 7 5 4 3. 2 1 i
Static Height {cm) 222.6 220.3 219.1 218.8 217.8 216.9 216.5 2162
Gas hoid-up (%} 25.4 211 175 143 1205 962 657 397
Foam {cm) 51 44 38 25 22 13 0% -
Siug Frequency (1/s) 12 11 13 11 08 10 09 o

Height slugs observed (cm)}  30.0. 120.0 120.0 120.0 120.0 120.0 120.0 210.0

Amplitude of Oscillation (em) 7.6 7.0 44 38 25 20 13 0.5

Table C.17. Summary of Run B-12

Date: 04-28-87 Liguid: 1.0% wt. butanol and

4
_ 0.1% wt. CMC ;
Column ID: 5.1 ¢m Temperature: 240C
Distributor: 1.00 mm Gas: Nitrogen
Ges Velocity (cm;'s) 1 2 3 4 5 7 9 12
Static Height (cm) 1186.4 185.9 1857 185.3 184.9 1845 1842 1837
Gas hold-up (%) 3.14 7.04 11.63 1589 D0.87 27.8¢ 35.84 4167
Foam (cm) - L0 19 25 32 157 9254 315 ]
_ . . j
Slug Frequency (1:5) 0.54 09 10 12 10 1.2 1.0 1.2 !

Height slugs observed {ecm) 210.0 210.0 120.0 120.0 120.0 120.¢ 12060 300

Armplitude of Osciflation (em) 03 06 13 18 32 a4 5.1 8.9
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Table C.18. Summary of Run B-13 |
Date: 05-5-87 Liquid: 1.0% wt. butanol and '
0.5% wt. CMC
Celumn [D: 51 em Temperature: 249C
Chstributor: 1.85 mm Gas: Nitrogen
{zas Velocity {c_m,fs] 1 2 3 4 5 7 Q 12
Stat_ir_‘. Height {(em) 194.6 194.3 1941 193.9 193.7 1935 1933 1930

Gas hold-up (%}

27 555 B.48 1088 126 17.2 197 2313

Foam {em} ' - - - - - - - -

Stug Frequency (1/s) 0.7 0.8 09 093 094 084 083 004

Height slugs observed (em]  210.0 120.0 120.0 120.0 120.0 120.0 120.0 30.0

Amplitude of Oscillation {em} 10 05 20 25 51 7.0 7.6 8.9

Table C.1%. Summary of Run B-14

Date: §5-5-87 _ Liquid: 1.0% wt. butancland
. 0.5% wt. CMC :

Column iD: 51 em : Temperature; 24°C

Distributor: SMP Gas: MNitrogen

Gas Velocity (cm/s) 1 2 3 4 57 g 12
Static Height (cm) 198.6 198.6 198.1 198.1 197.7 197.2 196.7 196.2
Gas hold-up (%) 2.87 6.64 10.08 13.33 15.64 18.72 22.36 0278
2] Foamn (cm} - - - - - - - - . i
"'"1 - . :
E Slug Frequency {1/s) 0.53 0.84 087 0.54 098 094 091 0.832 i

Height slugs cbserved {cm} 210.0 120.0 120.0 120.0 120.0 120.0 120.0 30.0

Amplitude of Oscillation (em} 06 10 13 25 3§ 64 89 114




Date: 05-7-87

Column iD: 5.1 em
Distributer: 1.08 mm

N TE . Ik TR LT S A i g L T e
Ao St e

18¢ ;
Table C.20. Surumary of Run B-15

e e — . e ]

Liquid: 1.0% wt. butanol and

(.5% wt. CMC
Ternperature: 24°C
Gas: Nitrogen
1 2 3 i 5 7 G 12

Gas Velocity (cmis)

Static Height {¢m)

195.6 195.6 195.6 195.6 195.4 195.3 1951 194.9

Gas hald-up (%)

284 581 $£83 10.98 1355 18.00 2525 31.63

Foam {cm]

Slug Frequency {1/s}

0.6 07 0.87 10 09 10 11 1.08

. Height slugs obsarved (cm)

210.0 120.0 120.0 120.0 120.0 120.0 1200 30.0

Amplitude of Oscillation (cm)

0.3 10 17 22 32 44 Bl 64

Table C.21. Summary of Run B-16

Date: (5-27-87
Column ID: 22.9 cm

Distributer: 19x1.85 mm

Liquid: 1.8% wt. butanoi _ .
Temperaturs: 24°C 1
Gas: Nitrogen

Gas Velocity {em s}

1 2 .3 4 5 7T g 19

Static Height (¢m)

194.3 194.3 1940 193.8 193.7 193.4 193.0 175.9

Gas hold-up (%)

467 073 1346 17.05 218 292 3304 423

Foam (cm}

03 13 31 38 50 2001 276 351

Slug Frequency {1/s)

. bt

Height slugs observed (cm) - - - - - - - -

Amplitude of Oscillation (cm} 03 06 13 13 13 25 38 50




Table C.22. Summary of Run B-17

Date: 06-1-87 Liquid: 1.0% wt. butanol

Column ID; 22.9 cm Ternperature: 24°C

Distributer: 19x1.0 mm Gas: Nitrogen

Gas Velocity (cmjs) 1 2 3 4 § T 9 1
Static HEigi-'I;‘[E_I?:). - 190.5 190.3 190.2 1*898 ldﬂ-vg? 189.5 176.5 156.5
Gas ha_ld;p "[%} 415 917 13.94 19.20 23.6 .-31.22 34.12 432
Foam {cm) 03 20 38 64 83 152 230 280

Slug Frequency (1/s} - - - . - - - .

Amplituda of Oscillation (em} 016 03 06 1.3 13 25 38 51

Table C.23. Summeary of BEun B-18

Date: 06-03-87 : Liguid: 1.0% wt. butancl and
0.1% wt. CMC

Column [D: 22.9 ¢m Temperature: 249C

Cistributor: 19x1.00 mm Gas: Mitrogen

Gas Veloaty (cm/s) 1 2 3 4 5 7 9 12

Static Height {em) 187.9 187.9 187.5 1879 187.9 187% 187.9 1715

Gas hold-up (%) 358 864 16.85 23.9 292 318 341 433

Foam {cm) 66 22 44 76 85 - - -

Slug Frequency (15} - - - - - . - , ;

Height siugs observed (cm) - - - - - - - -

Amplitude of Oscillation (em) 8.3 06 06 13 25 51 5.7 8.9

|
1
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Teble C.24. Summary of Run B-19

Date: 06-4-37

Column 1D: 22.9 cm
Chistributor; 19%1.85 mm

Liguid: 1.0% wt. butanol and

0.1% wt. CMC
Temperature: 249C
Gas: Nitrogen

4 b ¥ g 12

(as Veiocity {cm;'s:}. 1 _. 2 3

Static Height (cm) 183.8 183.8 182.9 182.4 1818 181.3 1809 180.3
Gas hold-up (*ﬁa_} | 35 953 19.55 250 206 32.60 34.31 4132
F_a;.m{cm} " 03 18 51 756 8o - - -

Slug Frequency (1/s) - - .

Height slugs observed {cm) - - -

Amplitude of Oscillation (em) 06 1.3 1.3

1.7 32 51 7.0 &9

Yable C.25. Summary of Run B-20

Date: D6-5-87

Column 1D: 22.9 em
Distributer; 19x1.85 mm

Liguid: 1.0% wt. butancl and

0.5% wt. CMC
Temperature: 24°(

Gas: Nitrogen

Gas Velocity (cm/s) 1 2 3

4 5 7 9 12
Static Height {cm) 188.9 188.9 188.5 187.9 187.9 187.6 187.3 .
Gas hold-up (%} | - 1.81 -3.?2 548 Y21 864 1045 1246 -
;ua;l_[r.m:] - - - - - - - - -

Slug Frequency (1) - - -

Height slugs observed (em) - " -

Amplitude of Oscillation {em) 06 25 5.1

76 89 95 10.2 -

.
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Table C.26. Summary of Run B-21

Date: 06-7-87 Liquid: 1.0% wt. butanol and

: 0.5% wt. CMC
Column 1D: 22.9 cm Temperature: 249
Distributor: 19x1.00 mm Gas: Nitrogen

Gas Vetocity {em/s} 1 2 3 4 5 7 9 12

Static Height {(em) 187,96 187.96 187.96 187.96 187.96 187.96 187.96

Gas hold-up (%) 263 436 692 892 1190 1638 18.9

Foam (em) - - - - . - - -

Slug Frequency {1/s) - - - - - - - -

Height slugs observed (em) - - - - - - - -

Amplitude of Oscillation {em) 13 25 32 38 51 64 78 -
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APPENDIX D
SUMMARY OF DGD RESULTS FOR, RUNS WITH
NON-WAX LIQUID MEDIUMS
{
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APPENDIX E

PROCEDURES FOR MEASURING PHYSICAL PROPERTIES
OF NON-WAX LIQUID MEDIUMS

A Surface Tenzion Mensurements

1. Apparatus

Surface tension of aqueons mixtires were measured using Fisher surface

tensiometer model 20. The tensiometer employs the ring method. A platinum-

iridium ring of precisely known dimensions is suspended from a horizontal lever

arm clamped on a torsion wire. Increasing the torsion in the wire raises the arm
and the ring, The surface tension is measured as the force necessary to pull the

test ricg free from the surface film.

2, Calibration

The tensiometer was calibrated by placing known weights on the ring, {more
descripiion is found in the users manual). The surface tension, S, was calculated

as:

§ = =5 (E.1)

where: m is the mass (g), g is the acceleration due to gravity (cm/s?), I is the
ring circumference = 6.0000 cm, and S is the calculated apparent surface tension
(dynes/cm).

| I the value of § does not match the observed surface tension (P) on the
dial, then some adjustments of the weights ;:rn the lever arm was done. This

procedure was repeated until the valculated value matched the dial value, then

-7
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different weights were placad to check the accuracy of

values.
1)

3. Measurements

Apparent surface tension, ' was measured for different min
udy. In order to obtain the true surface sension the apparent valu.

actor as supplied by the manufacturer

this si
{for more detain.

multiplied by a correction {

refer to the users manttal }.

Results of suriace tension measurements are shown in Tables 7-8.

B. Viscosity Measurements

1. Introducticn

Fluids which exhibit a linear relationship between shear siress and shear rate

The ratio of shear stress to shear rate is constant

are described as Newtonian fluids.

for Newtonian fluids and is defined as:

po= (E.2)

N

where: g is the viscosity, 7 is the shear stress, and 4 is the shear rafe.

Aqueons solutions of CMC are non-Newtonian rixiures, they are considered

heir relationship between shear siress and shear rale is

to be psendoplastic. T
¢ Waele model, This model is defined as:

characterized by a power law, Ostwald-d

(E.3)

.
M ot Ealatam

e e
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%
For non-Newtonian fuids the apparent fluid viscosity is defined as: ]
i
T - an—q _ i
pe = = = K4 (E.4}
i v
_‘-:I.i;';. where! p, is the apparent viscosity, K is the fluid consistency index, i.e. 1s the
".-:3:".»_ measure of fluid ‘thickness’ and n is the flow behavior index, i.e. is the measure of :
& degree of non-Newtonian behavior of the fluid when n = 1 the fluid 15 Newtonian :
x in nalure,
2. Apparatus
*‘!_r.g:: Viscosities of agueous solutions were measured using a Fann model 500
viscometer. Thig is a concentric c}’ii-nder rotating viscometer, A force is imparted
‘a on the fluid by the rotation of the outer cylinder while the inner cylinder is held
f% stationary. The fluid can be visualized as infinitely thin cylinders shpping past
;% each oiher {Couetie fow).
i Schematic diagram ol the viscometer is shown in Figure E.l. The outer
R & g
i cylinder is filled with 30 ml of sample to be measured. The fotaiion of the outer
uag cylinder (cup) results in the formation of shear stress within the fluid. This shear )
«c:} stress is then transmitied to the inner cylinder (bob) in the form of torsional force.
_ 3'1 The lorce causes the bob to rotate and the degree of rotation is measured by the
f _transducer which converis the deflection into a voltage signal. The voltage signal
1<§ is fed into the microromputer via & digital analog ronverter. The output voltage
“j is considered to be linearly related to the shear stress.
4
4 i
i3
;i
.
i
::"I'.'L:":EE:I




Tarszian
Spring

Transducer.

|- f
Quter _ Innar
Cylindear | | ——j|—— Cy!linder
TCugl (Bzhl
!
|
Figure E.1. Schematic diagram of Fann model 50C viscomeier.
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g
;g 3. Calibration of the Viscometer "}
,' Calibration of viscometer requires a Newionlan fluid of known viscosity at a

. ,; given temperature. During these measurements standard silicone oils of 5.1 <P and

: \\3 8.9 cP at 25 °C were used for calibratinns. Distilled water was used to check the ;
§ accuracy of the calibration. Shear stress {voltage signals) were measured at ten
w different shear rates, 42.6, 83.2, 127.7, 17!].'3, 340.7, 311.0, 681.3, 766.5, 851.6, and ;

1001.5 s7!. These shear rates cover the range of shear rates which were observed
in the bubble column i.e.. Nishikaws ef . {1977} estimatced that shear rates in

bubble column are given by:

v = 5000 u, (£.5)

where v, is ihe superfidal gas velocity i the column, (m/s). Du_ﬁ_ug this study
u, was vagried from 0.01 /s to ﬂ.lZImfs which corresponds to shear raies of 30 to
600 s™F. The same definition of shear rate has been used by Nakanoh and Yoshida
{1980), Schumpe and Deckwer e al. {1982), Godbole et al. (1984), and by Haque
et el (1986).

The following linear equation between voltage, V {mv) and shear stress was

obtained fromn calibration Iiquids.

L4 = 24704.312 V — 2.1994 (E.6)

This eguation wae used to convert voliage signals into shear stress for all

measurements in this study. Results of viscometer calibration using standard

liquids are shown in Figure E.2, The accuracy of calibration egquakion was re-

checked alter every 10 measurements to see if there was any offset.
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Figure E.2.

[ |
VISCOMETER: FANN 50C
CcALIBRATION TEMPERATURE: 24 C
LEGEMD 7]
O=28.2 cP SILICONE OIL
A =51 cP SILICONE OiL - "
+ = DISTILLED WATER : -
] . |

500.0 1000.0 1600.0
SHEAR RATE {/s)

Calibration eurves for viscormeter using standard liguids.
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4. Anpealysis of non-Newtonian Mixtures

Shear rate and shear stress of aqueous solutions of CMC are characterized by:

r = K4 {E.3)

Using measured values of 7 and <, values of K and n were obtained by plosting

InT against iny, K was obtained from the intercept and n from the slope of the

_straight line fitied to experimental data points, Measured values of K and n for

different mixtutes used in this study are reported in Tables § and 9.

L. VLR
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APPENDIX F

DYNAMIC GAS DISENGAGEMENT TECHNIQUE

A. Theory and Procedure

Syiram and Mann (1977) developed the dynamic gas disengagement (DGD)
technique for obiaimng the swarm bubble rise velocity and the bubble size distri-
bution iz bubble columns. This technique requires the knowledge of the change in
liquid level as & function of time, once the gas flow to the bubble mlumn.is shut

off.

Sriram and Mann showed that the gas hold-up, g{t}, after a time, L, is given

by
o) = o | [fid0) (1 i) Jatds) (F1)

- where {1 — tu(dg)/H(t)) is the fraction of the volume fraction of the volume
of bubbles in the dispersion after an elapsed time, 4, €go is the average gas hold-up
at timne zero, f(dp)d(p) is the volume fraction of the bubbles having size between
dp and dg + d(de}, and u{dg) is the rise velocity associated with a bubble of size
dy. Theoretically, equation (F.1) assumes that bubble size distribution is initially

axially homogeneous and that no :nleractions between bubbles occurs during the

disengagement process.

1. Classification for N classes of Bubbles

A theory for obtaining the bubble size distribution from DGD can be found

elsewhere {Bukur et al. 1987), only the final equations ere given hers. Equation

L
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(F.1} is valid for a continunous bubble size distribution, and its discretized version

for N classes of bubbles is given by:

u(dz;)
,egg‘; [ - té{t ] (F.2)

where 1 represents the individual bubble classes, f; is the volume fraciion of
bubbles in class i, and up; is the rise velocity associated with this class of bubbles.
It is assumed that ciass N comprises of the largest bubbles and class 1 contains
the smzllest bubbles. After a time, t7, all of the bubbles in class N will kave
disengaged along with some bubbles in the other N 1 classes. Similarly, after &
time 42 (ta* > t17) all of the bubhles in class N-1 will have disenganged, and so
on until all bibbles have disengaged (see Figure F.1). By tlus assutaption, the term

(1 - tugn/B) becomes zero at iime t*; and the term (1 - %ug_.x;_ﬂ at (%3 = %1}

" becomes zero at time t*; leading to the following general equation for the dynamic

hold-up, €[t}

: tu{dg; .
) = o [T 2 2] g 20> Ena ()

i=1

Dquation (F.3) can be rearranged so as Lo refate the normalized liquid level

(H/H.) to time elapsed {t] to obiain the following equation:

k
E- __HJ/E g El - t > v Fd
He_ l:q o r E K-k+1 = t > ty—x { :]
1- 32, €gai He |.1 -3 Eg,ﬂ]
ji=1 - =1

é-l--'-l-u---'-.--a.d.ob.'.’_}l
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where €g0i = €g0fis and H, is the static height. A plot of normalized ignid

level {H/H,) versus time elapsed (i) wonld result in a series of straight lines as

shown in Figure F.2.

9. Procedure for Obiaining €goi, ugi, and i

Estimates of e, and up; are obtained from the experimental plot of normal-
ized liquid level versus time. Assuming t~* is the time when all bubble have
disenganged from the liquid. The line beyond this time represents the static liguid
height and has a zero slope, s, and the intercept is H,/H..

The first step is io obtain the slopes and the intercepts of the N straight line
segments {see Figure F.2). Let s to sy represent the slopes of these lines, and
let by to by represent the intercepts of these lines. Equation F.4 can be used to
obtain the expressions for the slope and intercept of the straight lines.

For the kt* straight line the following expressions represent the slope and the

intercepl:

k-
:Z EzoillBi
slope : 5 = =1 - - (F.5)
HE [1 - E fgui}
i=1

H,/H.
k
1— Z €zoi

i=1

(F6)

intercept : b =

These equations can be manipulated to obtain the following expressions for

Choi and ug;

| i |

fgoli —

i 17 . N
:—1—"]::} i =1 N {F.T]
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He [bisi-1 — bi—lsil o X e
upy = b — bio1 b= - (F.8]

Equations F.7 and F.8 are used to estimate g4 and up; for the N classes of bubble

sizes. The fraction of bubbles of class i, is given by:

[ =32 i=1-=N (F.9)
€en

The number of bubbles, n;, of size dpg; were calculated as follows:
3Eg::-i dEEHE

Egui"‘TT
- _— = ———— .].u
; v, 5a (F.10}

where Vo is the total volutne of dispersion and V; is the volume due to bubbles of
size dm;.
Literature correlations were nsed to obtain bubble sizes hased on the bubble rise

velocity. With the knowledge of bubble size and fraction of bubbles the Sauter

mean bubble diameter and specific gas-liquid inierfacial area can be calculated as

follows:

Sauter Mean Dhameter

Sauter mean diameter, d,, is given by:

Ot 1%, Tl

<

LA

i N X

! > nidps

: & = 2o (F.11)
' Y ndp;’

. i=1

!

1. which after substitution of equation F.10 gives:

e = TR AP
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M : :
_'2:‘_, Eeol ;i
dE = —N'-]:L-—-'_ (_F1-12}
E Cgoi .-"rdBi
i=1

Specific gas-liquid interfacial ares is given by:

Bego

ds

&E_—'

(F.13)

ror .

B. Sample Calculation for DGD Analysis (Run B-20, u,=0.0% m,/s}

The following sample calculation illusteates how the DGD (Dynaimic Gas Disen-
gagemnent) method was used to obtain results for bubble dynamics {bubble size
distribution and Sauter bubble diameter) and specific gas-liquid interfacial area.
The data selected were from a run with non-Newionian mixture. Simnilar proce-
dure was used for waxes and for Newtonian mixtures applying the appropriaie
eruations.

The mixture used for Run B-20 in the 0.229 tn ID column comtained 1.0 wt %

Lutanol with 0.5 wt % CMC. The mixture had the following physical properties

[T

p==997.0 kg/10®
o=0.0489 N/m
K=0.773 Pa.s®

n=0.575
Using the correlation by Nishikawa, the viscosity of the mixture is calculated as:
o = K(5000 ug)®~? = 0.0576 Pa-s

At 0.00 m/s the expanded height (H.) was 214.0 cm and ihe static height (H.)

was 187.3 em giving the average Zas hold-up of 12.46 7.
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D
Replaying the video tape 1o obtain liquid height at different time intervals
after the gas flow rate was cut off. The following values were obtained:
ts)  Hlem)
0.0 214.0 1.0
02 2120 0991
0.5 209.0 0.877
.7 206.0 0.963
1.2 202.5 0.946
1.4 2003 0.836
1.6 198.0 0.925
1.9 156.0 0.816
2.5 193.6 0.505
50 . 1924 . 0.883
10.0 192.0 4.897
20.0 190.6 0.891
0.0 190.0 0.887 |
1000 1893  0.885 k
Plot normalized heighi, H/H,., versus time, t, as illustrated in Figure F.a.
Approgimate the curve by straight lines nd estimate slopes (s;} and the ;
in£er_cepts {b;). For ’.c.h_i.s set of data the curve Was approximated by three |
sireight lines representing a trimodal bubble size distribution: small, medium,
and large bubble sizes. The following velues of slopes and intercepts were
obiained: g
oy = - 0000125  sp = - 0000544 & = - 0.049 ' 3

by = 0.8973 b, = 0.8017 by = 1.0031

o et A L
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1.00 . 1 O I T 1 1 . I T " O = T I T b o T T T |
RUN B-20 ]
COLUMMN 1D: D223 m
Ug=D.DE mis .
-1
53 = "'0.[]49 B J
--"b3 = 10061
0.95 _
1] i
g
e -1 i
LT S, = -0.000844 3 . .
I::2 = 0.8017 8= -0.000126 s
/ b, = 08973
0.90 / - B
. .
0'55...-| l g P R S T , |
0.0 1G0.0 20.0 300 40.0 H0.0 60.0 70.6
Time {s) '
Figure F.3. Plat of normalized height versus time for dynamic gas disengage-

ment analysis (Run B-20, u, = 0.09 m/s).
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Estimation of bubble swarm velocities (uy;) and fractions of gas hold-up for

each bubble group {€goi)-

1-H, '
Eg,.-,:j_ = e = {].ﬂ24ﬁ
I+4e
H..1 1-
= u:-—E:———' == . '[‘]4
Cqol H:LE]]_ bg‘l 0.0048
g, 1

Egad = E[E - 1i = {].Ggﬁﬂ

H,
Upy = —--—5;{ - = 106 em/'s
bs — i
H,[bysg — bysa;
oy = e 106 ems
By — by
H. sy — bps -
Uz = A . 2731~ 93.32 em /s
I—- b

. Fstimation of volume fraclions for each bubble group: small, medium, and

large bubbles;

fo=22

Egg
where: €go=12.46 %
00246
= _—_— =01

f = 31346 0.187
0.0048

fa= 513z ~ OO
0.0952

fa = g3518 0.764

Estimation of bubble sizes,

By T R T IREENTH T
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FEstimation of bubble rise velocity (1hine ) from the swarm velocity, {for
small and medium bubble sizes) using the correlation by Marrucei {1965),

BEquation {5.1)

1- EZ’;f-
Whina = ﬂbi{l—_-m
ihus
1.06(1 — 0.0246)%/°
o = = 1.11 cm/

e (1— 0.0246 e/
18.26(1 — 0.0048)°/

Hbzeo {1 - 0.0048)? 343 om/e

Estimation of small bubble size using Stokes law, Fguation (3.8)

[0.011 x 18 x 0.0576

diy = 4! = (.001038
% =\ 581 x (997 - 1.82) o
where: 1.82 kg/m? is the density of mitrogen.
Checking if Npe < 2
Ng, = 997 x 0.011 = 0.00108 - 0.2

.0576

which is within the range. If Np. was to be greater than 2.0, then the
correlation by CLft et al, .1978 would have been used to estimate the
bubble size.

Estimation of medium bubble size using the correlation by Clift et ¢l To
obtain the bubble size, initial r:—mge-of. H has to be assumed in order to
start caleulations. The calculated bubble size is then subatituted back to
check if all conditions are satisfied. If not, ancther range is iried.

Assuming: 2 < H > 59.2 Equation (5.7}

Uhioe = —w MUY (] — 0.857)
prd :

Solving this equation numerically, gives dpz=0.00633 m

e — — e

skl L
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a8t e~ o)

= {.00091
e .00
which ig less than 0.001.
s s
Np, = Tbi Bhico Pi = 920.2
By
which is greater than 0.1
P — g2
B, =90 —pa)du g4

F

which is less than 40.0

Cheking if the assumed range of I is valid

4

H=3

B, Moaee (B0 e
o

Therefore the assumed range of H is valid, Thus the value of J is

J =094 F*™ = 777 (2 < H > 53.3)

Fre
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r o i
With all conditions for M, Ko, Ng., and H satisfied, then the calculated !
bubble size represents the bubble size for the medium group. ' i
d. Estimation of large bubble size.
Applying the correlation by Mendelson (1967), the large bubble sive is
given by: ' __
’i-l-!:..'i.-:a-c:.3 - V“Eﬂaﬂ4 - QTH
dyz =
_ g
4 = 0.95327 4 4/0,05327 - AxEAH0.040
e 9.81
= (.185 m
8. FEstimation of number of bubbles, N;.
Total volume of dispersien is given by:
de? H,
Vp =it = 0.0881 m®
and
e = Vi _ 3Ny’
T Vr o aHd
arT
N_i _ ngﬂid,fﬂ',
2dp;”

.Using the above equation the calculated values are:
Ny =3.28 x 10°
Ny = 3.18 x 107

N, =25

|
]
i
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Fstimation of Sauter mean bubble diameter, d,.

Sauter mean bubble diameter is given by:

£
d, = hi

3 e

. -'ﬂﬂ_ H

24
substituting the hold-up values and the bubble size values one obtains,

0.1246

dy = Q.35 | gp0es 90053
D.00108 - D.0UGAE | 0185

= [.0051 m

Estimation of specific gas-liquid interfacial area, a.

@, is given by:

6 x0.1246
ay; = bego . B X2 1466 m? fm®

d, ~ 0.0051

226
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