





































































































































































































































































































































































































































































































































































































Appendix VIII-6 (cont'd)

Pe Pey X RK t C Sh Shy

1000 250 0 0 . 0005 .078 57.5 62.5
.001 .105 37.5 k1.9
.002 145 26. 30.4
.003 .178 22.5 27.4
.005 .228 19.41 25.1
.007 .280 18.68 26.0
.010 -~ .360 18. 44 28.8
012 419 18.32 31.5
.015 .500 16.41 32.8
L0175 " .55k 12.62 28.2
.020 .590 9.00 21..9
..025 6U46 6.21 17.6
.030 .699 5.68 18.9
.035 <730 5.29 19.6
.00 767 h,.3h 18.6
.0Olks <ToL 3.60 17.5

8000 1000 1 0 0 .036  1h6.53 152.5
.00125 .119  50.92 57.8
.0025 .185 49,37 60.6
.00375 .263 49.1.7 66.8
.005 .370 36.16 50.75
L0075 .398 15.70 25.1
.010 L5k 14,99 27.5
L0125 Rielel 11.11 22.2
.0150 .538 10.55 22.8
0175 .572 8.76 20.5
. 020 603 8.27 20.8
.025 657 6 .80k 19.8
.030 .T02 5.7h 19.3
.035 .Th0 4,01 18.9
.0ko 173 L, ol 18.7

178.



Appendix VIII-6 (cont'd)

Sh

RK t c Shy
Newman 0 .00 .109 28.69 32.19
Equation .002 146 22.31 26.13
.003 Q77 18.39 22.33
.005 .20k 13.94 17.98
.007 262 11.49 15.57
.010 .309 9.28 13.43
.015 .370 7.2% 11.4k
.020 L19 5.98 10.29
.025 460 5.14 9.52
.030 RItel L.51 8.95
.035 .528 4.03 8.55
.00 .557 3.64 8.22
Kronig and Brink 0.0 .001 161 53.30 63.49
Equation .002 225 35.49 Ls.80
.003 272 27.25 37.41
.005 .3L0o 19.61 29.72
.007 .393 15.86 26.13
.010 456 12.64 23.2h
.015 .539 9.60 21.17
.020 .603 7.76 19.57
.025 656 6.48 18.86
.030 .701 5.51 18.46
.035 .ThO b.75 18.22
.0LO 73 L.11 18.09

179.



Appendix VIII-T7

Effect of Viscosity Ratic on Circulation Time T for

Hadsmard Streamlines &i .
]

It was shown in Equation IIIA—-l'{, that the dimensionless

circulation time, T = 8 (1L + X) g (%) according to Kronig and
Pe

Brink (58):
where q (g) = 3.26 for§= 0.1 at Peclet Number = 1000.
The Kronig and Brink ‘co-ordinate é)’/z 0.1 is equivalent to the

streanline §//i =- .00
1+X

at @

il

90%, this streamline cuts the radius

at R = 0.16 and 0.985

Viscosity Ratio = __/_/_}_ Multiples of » Circulation Time
Ao Hadamard Velocity (dimensionless)

0 1 L0261

1.5 0175

L L0065

8 . 0033

2 1 .0783

1.5 .0525

I 0195

8 .0099
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Appendix VIII-8
Physical Mass Transfer into Drops with Hamielec Velocity

Profiles at Viscosity Ratios of O and 2 at Reynold Number = 60

- Pe X RK t =~ C ~ Sh Shy
1000 o - 0.0 0 .036 146.53 152.5
: . 0005 .078 . 59.53 6h4.5

.001 L1056 42.10 7.2

.002 149 34.20 Lo.2

.003 187 32.57 4o.2

.005 262 31.99 43.5

.007 L3456 31.63 48.5

.010 116 19.02 32.6

L0125 .500 11.50 ° 23.0

.0150 543 10.24 2.4

1000 2 0.0 0 .0356 1456.53 152.5
L0005 .078 58.80 63.8

.001 .106 Lo. 64 45.5

.002 .19 31.59 37.2

.003 .187: 29.11 35.9

.005 257 27.56 37.1

007 .327 27.02 L0.6

.010 L1423 22.56 39.1

L0125 490 16.47 32.3

L0150 .538 13.33 28.8



Appendix VIII-9

Variations of Sherwood Number with Peclet Number for Mass

Trensfer with Simultaneous Chemical Reaction

Pe Pey RK t C Shy

0 0 10.0 .00 .036  1L6.53 152.03
.00125  .117 31.90 36.13
.0025 161 21.4h 25.5h
. 0050 .220 14.80 18.96 .
L0075 262 12.01 16.28
.0100 .297 10.39 1h.78
.015 .350 8.56 13.17
<020 .391 7.52 12.34
.025 Lok 6.84 11.88
.030 RICH] 6.37 11.61
.035 HTh 6.02 11.46
.0ho Loy 5.75 11.37

Loo 100 10.0 0 .036  1h6.53 152.03
.00125  .117 32.13 36.37
.0025 .159 21..89 26.0h
.005 .218 15.76 20.17
.0075 .263 13.5k4 18.36
.01 .301 12.47 17.84
.01.25 .336 11.91 17.92
.0150 .369 11.59 18.36
L0175 401 11,41 19.05
.020 1433 11.29 19.91
.025 el 11.10 21.96
.030 .552 10.57 23.57
.035 <599 9.51 23.7h
.040 .636 8.33 22.85
0438 .656 7.59 22.07

182.
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Appendix VIII-9 (cont'd)

RK t C Sh Shy
Danckwerts’ 10.0 .001 .108 28.7h 32.253
Modification of .002 .16 22.45 26.27
the Newmsn Equaticn .003 NG 18.62 22.58
.005 .221 1k4.35 18.42
.007 257 12.03 16.19
.010 .299 10.01 14.23

.015 <353 8.18 12.64
020 .394 7.14 11.79
.025 428 6.h7 11.37
.030 .b55 5.99 11.00

.035 478 5.64 10.81
.04o .48 5.37 10.70
Danckwerts’ 10.0 .001 .160 53.51 63.70
Modification of .002 224 35.94 46,30
the Kronig and Brink .003 . 269 27.91 38.18
Equation " .005 .335 20.55 30.90
007 .385 17.02 27.66
.010 L3 14.05 25.23
.015 .516 11.37 23.47
.020 <570 9.82 22.84
.025 612 8.80 22.70
.030 6L 8.06 22.81
.035 67k 7.51 23.0k
.0L0 697 7.07 23.33



Appendix VIII-9 (cont'd)

Pe Peg X RK t [of Sh Shy
2000 500 0 10.0 0 .036  1kh6.53 152.03
00185 U116 37.29 h2.19
00250  .16L 31.08 3716
L0050 . .255 29.91 40.15
.0075 <354 29.15 5,35
0L 430 19.25 33.79
L0125 L2 12.95 2L.52
.0150 .503 12.03 2h.21
L0175 .533 11..90 25.50
.020 +508 11.10 25.32
.025 .60 9.4 23.80
.030 .639 8.90 2Lh.67
.035 666 8.16 2h. L7
Nollte) .690 779 25.12
.0438 .TO4 7. 44 25,15
4000 1000 0 150 .00 .036 146,53 152.03
.00125  .119 51.17 58.05
.0025 .18L4 Lo.6h 60.81
.0050 324 37.02 54,77
.0075 .387 17.69 28.87
.010 439 17.0k 30.35
L0125 478 13.57 26.02
.0150 .513 13.08 26.86
L0175 542 11.5 25.24
.020 .568 11:165 25.80
.025 .610 9.98 25.59
.030 Nanh 9.16 25.76
- .035 672 8.57 26.11
.0h0 .695 8.10 26.54

18,
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Appendix VIII-10
Variations of Sherwood Number with Peclet Number for Mass

Transfer with Simultaneous Chemical Reaction.

Pe Peg X RK B .C Sh Shy
0 0 10,000 200 0 . .03 146.53 152.5
' .001.25 .110 38.33 43.1.
.0025 .140 30.82 35.9
.00375 - .158 28.46 33.9
.005 <170 27.39 33.0
.0075 .183 26.51 32.4
.010 " .190 26.20 32.L4
.0125 2193 26.07 32.4
.0150 .195 26.00 32.4
L0175 .196 25.98 32.4
.0200 - .197 25.97 32.4
.0250 <197 25.95 38.4
L0265 197 25.96 32.40
320 80 0 200 0 .036  1k46.53 152.5
.00125 © .109  38.L6 43.2
.0025 .140 31.05 36.1
.00375 157 28.77 34.2
.005 169 27.78 33.5
L0075 .183 27.02 33.1
.010 .190 26.78 33.1
L0125 .193 26.69 33.1
.0150 .196 26.66 33.3
L0175 .197 26.65 33.3
.0200 .198 26.64 33.3
.0250 .198 26.64 33.3
.0300 .199 26.64 33.3
.0350 .199 25.64 33.3
.0400 .199 26.64 33.3
0425 .199 26.64 33.3
1000 250 0 -« 200 0 .035  146.53 152.0
‘ .0005 076 60.37 65.5
.001 «10 L3.1h 48.0
.002 .129 3447 39.6
.003 <148 32.08 37.7
.005 A72 30.82 37.2
.007 .188 30.59 37.7
.01 . 203 30.54 38.3
015 21k 30.41 28.7



Appendix VIII-10 (cont'd)

Pe Peg 3 RK % c Sh Shg
1000 375 0 200 0 .036  146.53 152.0
.0005 076 61.03 66.0
(1.5 x Hadaward Velocity) .001 .10 L4 Lo Lok
.002 - .130 36.61 2.1
.003 .150 34.84 Ly.0
.005 <178 34.19 41.6
.007 .199 34.13 42,6
S +219 33.93 L3,k
.015 .229 32.83 Lo.s
1000 1000 0° 200 0 .036 146.53 152.0
.0005 076 68.08 73.8
(4 x Hadamard Velocity) .001 .100 57.04 63.5
.002 .138 54,54 63.3
.003 AT7h 54,45 66.0
.00k .205 5l 1% 68.0
© +005 227 49,14 63.5
.007 2Lk Lho.67 56.5
5] .256 Lho.4h 57.0
.015 . 264 41.98 57.0
Danckwerts’ 200 .001 .098 38.75 L2.93
Modification of .002 129 30.84 35.39
the Newman BEquation: .003 kb7 28.00 32.85
(43 terms in the .005 .169 25.85 31.12
series solution) .007 <181 25.09 30.63
' .009 .187 2. 76 30.47
.010 .190 24,67 30. 44
Danckwerts’ 200 .001 .098 37.95 L2.06
Modification of .002 .129 30.06 34.50
the Kronig and .003 .148 27.22 31.93
Brink Eguation .005 ©.169 25.07 30.18
.007 .181 24 .31 29.68
4 , .010 .190 23.89 29.48
; 015 .195 23.70 29.hL
.020 197 23.656 29.45
.025 .197 23.65 29.45
.00 197 23.65 29.46
.035 197 23.65 29.46
.0ho .197 23.65 29.46

186.



IX Appendices for Experimental Section IV for

Studies of Physical Mass Transfer into Drops
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Appendix IX-1 Measurement of Terminal Velocity of Dispersed Phase

The terminal velocity of falling drops was measured photo-
graphically by an open flash techniqgue, using a Strobotac. The Strobotac
is a strobelight with a variable flash rate, normally used to measure
rotational speeds. The accuracy is + 1%.

The apparatus is shown schematically in Figure IX-1l. The
Strobotac was placed to the rear and above the nozzle. The camera.was
focused in front of the apparotus and the shutters were held open. The
drops were photographed with the room lights off and with the Strobotac
providing the only source of light.

Hence, a picture showing a series of images of a single drop
falling in front of the camera was made. An example is shown iﬁ Migure
IX-2. Knowing the flash rate and the magnification factor, the drop
velocity was found by measvring the distances between the images of

the drop.



Fipure IX-1 @ Apparatus for Taking Strovoscopic Photographs

of Falling Drops

Strobelight

Falling Drop Q

Camers

o
)
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Appendix IX-2

Determination of Acetaldehyde by Titration Method

Tomoda's method (95 )was used to delermine the acetaldehyde
control. The compound was allowed to go through a series of reaction,
as represented by the following equation:-

CH3CHO + NaHSO3-~w-CH3CH~QH % NQHSO
SO3Na

(V8]
Y

Na2803 + COp + HoO + CH3CHO
Finally, the sodium sulfite formed, was titrated with iodine solution

and the equivalent amount of acetaldehyde was then estimated.

IX Procedure

1) Place the sample in a 250-ml Erlenmeyer flask, containing cold
water and 5 mls of 2% sodium bisulfite solution.

2) Let stand for ten minutes.

3) Titrate with .02N iodine solution.

4) After the blue end point is reached, add an e%cess of sodium

bicarbonate, and continue titration to second end point.

IX Calculation

OSE N EEE SV SR,

A

% Acetaldchyde by wit

o= Iodine titre x 22.0 x 100.0
1000 x Sample Volume



Appendix IX-3 Calibration Curves for Refractometer

Calibration curves were made for Bausch and Lomb Dipping
Refractometer, using Prism A. An initial curve was made for refractive
index versus weight percent concentration of solute in aqueous solutions.
‘Saturation concentratipn of the solute was found by first measuring the
refractive index of the saturated solution. .Then the solution was
diluted until the refractive index fell within the indices for known
solution. Finaglly,the calibration curve was extrapolated to the saturatiop
concentration.

The calibration curves were plotted in Figure iX—3 as percent
by weight concentration versus scale reading on the Refractometer.

Charts are available to convert these readings to refractive indices

if desired,.
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Figure IX-3 : Calibration Curves for Bausch and

Refractometer with Prism A

Ethyl Acetate in Water
at 20 C.

7.92 %

Butyl Lactate
at 20 C.

Secale Reading

“,«,z/ | . ]
3

n

25.

\J

D

Paraldehyde in Water
4 D ~ -~ o
at 20 C. b¢ = 13.0 %

5

i [0 .
ycelonexanol in Water
at 30 C.




Physical Properties of Systems Studied for Mass Transfer

Continuous - initial Saturation Conc.
System . > A Drop Solute Conc. 7~ Tenp. Solute in Water
(Saturated with Water) gr/ce. poise % by Vt. gm/ce.  deg,C. % by Wt.
Ethyl Acetate 0.9070 0.0053" 0.0 0.9982 20 : 7.92
: ‘ 1.6 0.9990
3.7 0.9988
5.4 0.9968
Butyl Lactate 0.9926 0.0483 0.0 ©.9982 20 5.35
' 1.7 1.0014
4.2 1.0021
Paraldehyde , 0.9960 0.1425 0.0 0.9982 20 13.0
' 2.85 1.0096
5.75 1.0126
9.4 1.01k49
Cyclohexanol 0.9510 0.128 0.0 0.9957 - 30 3.59
0.9 0.9998
1.78 0.9997
2.65 0.9995

*H6T



Appendix IX-5 Physical Mass Transfer Data

Systen Initial Drop D'rop Time-Sec. Exit Efficiencies for Drop Rad-cm.

C
Drop Et. Avg. +t 5:(:7:) Cone. Regressed Date Avg., +t -8{%)
Conc. cm. T % by Wt. En Ey om0
% by Wt. !
Ethyl 0 94.631 9.50 0.026 5.95 6.20 0.757 0.701 0.134% 0.0009
Acetate 5.90 6.00
-H,0 5.0 5.85
6.20 6.20
75.582  7.61 0.025 6.10 5.90 0.768 0.71h
* 5.90 5.80
5.00 6.00
6.00 €.00
53.143 5.35 0.01L 5.0 5.60 0.674  0.599
5.60 5.60 .
5.60 5.55
5.50 5.55
30.457 3.09 0.016 3.60 3.70 0.495  0.379
3.60 3.80
3.80 3.70
2.90 3.70
7.231  .0.78 0.036 2.15 2.05 0.263 0.09%4%
2.30 2.20
2.20 2.10
2.05 2.15
0.0 0.0 0.0 . 0.187 0.0
1.6 gk,631 9.57 0.028 5.20 6.20 0.724%  0.668 0.135 0.0011
i 6.20 6.20 '

*G6T



Appendix IX-5 (cont'd) Physical Mass Transfer Data

System Initial Drop Drop Time-Sec. Exit Efficiencies for Drop Rad-cm.
. e . = : . ol
Drop Ht Avg. +t OSS() Conc, Regressed Data Avg. +t 05° (x)
Cone. cm. : % by Wt. Ep EyM :

% by Wt.

-

Ethyl 1.6 5 .582 7.61 0.018 5.90 5.90 0.686 0.622

Acetate 5.90 5.90
-HA0

L . 53.143 5.37 0.021 5.30 5.40 0.578 0.Lo2
5.40 5.40

N 30.457 3.04  0.013 L.00 4,20 0.421  0.303
4,20 L.35
L.10 k.10
4.35 L4.35

7.231, 0.73 0.C15 3.10 3.00 0.231 0.074
3.15 3.15

0.0 0.0 0.0 0.169 0.0
3.7 oL.631 9.50 0.022 6 6.20 0.588 0.498 . 0.13 0.0012

6.10 6.25

75.582 7.53 0.021 - 5.90 6.00 0.546  0.4h7
6.00 6.05

53.143 5.28 0.023 5.45 5,60 0.k28 0.30L
5.50 5.60

30.457 3.10 0.014 L.8o k.95 0.297 0.1hk
.85 L4.95
5.05 5,05

*96T



Appendix IX-5 (cont'd)

Drop
Ht.

cm.

344

' Physical Mass Transfer Data

Drop Time-Sec,

Bxit
Cone.
0 by Wt.

Efficiencies for Drop Rad-cm
b ~liile

Regressed Data Avg. +tOSS{E)
En By -

System Initial
Drop.
Conc.
% by Wt
EthylL 3.7
Acetate
-HA0
e
5,34

Cyclohexanol 0.0
—HZO

0.0

gk,631

75.582

FE e
5 ON
AU G|

O O
N ON

\J3.
[SAN N O™

A2 AN

Wi\

NN

el

o O

.20
.25
.CO
.QO

.80
.80
W45
.35

.95

.G0
.08

.70
.60
.70

VAN OVON

ARV} U1 \A
P N

0 10

i

0.199 0.024

0.179 0.0 .
0.50%  0.338 0.13% 0.0011

0.328 0.310
0.239 0.218
0.1k8 0.125

0.056  0.030

0.027 0.0
0.552 0.415 0.156 0.0020
0.488  0.331.

L6t



Appendix IX-5

(conttd)

Physical Mass

Transfer Data

Systen Initial  Drop Drop Time-SZec. Exit Efficiencies for Drop Rad-cm.
rTODp Ht. Avg- +t_ 5(x) Conc. Regresced Data Avg, +t S(x)
Conc. om. - 05 % oy Wt. Em Ey - .05
% by V]t.
Cyvclohexanol 0.0 53.143 19.41  0.184 1.55 1.50 0.412  0.233
~Hy0 1.53 1.5
) 1.60 1.65
) 30.457 10.75 0.100 1.25 1.30 0.33¢ 0.133
1.20 1.20
t 1.30 1.38
7.231 2.34  0.013 .95 0.90 0.258 0.032
0.75 0.80
0.90 0.90
0.0 0.0 0.0 0.23 0.
0.9 94.631 33.66  ©.122 2.38 2.35 0.531 0.375 0.153 0.0016
2.30 2.23 '
2.35 2.35
2.35 2.30
75.532 27.28 0.081 2.16 2.16 o.47h  0.299
2.14 2.20
2.08 2.03.
53.143 20.24  0.111 1.93 1.97 0.407 o0.211
2.05 2.15
2.10 2.05
30.457 11.36 0.056 1.72 1.78 0.350 0.121
1.95 1.90 : :
1.95 1.93

061



Appendix IX-5 (cont'd)  Physical Mass Transfer Data

nitial Drop Drop Time-Sec Exit Efficienci

System I Je B es for Drop Rad-cm.
Drop Ht. Avg. itO;(X) Conc. Regressed Data Avg. =+t S(x)
Conc. em . % oy Wt. BEp  Ey 05
4 oy Wt _
Cvelohexanol 0.9 7.231 2,38 0.018 1.52 1.52 0.271L 0.029
~H,0 1.58 1.55
1.65 1.63
0.0 0.0 0.0 0.249 0.0
1.73  9k.631 33.73 0.042 2.75 2.75 0.531  0.h410 0.158 .001l7
. 2.75 2.70
75.582 26.58 0.085 2.70 2.70 0.486 0.353
2.65 2,65
53.143 18.88 0.040 2.50 2.50 0.420  0.269
2.50 2.55
30.457 10.59 0.057 2.5 2.ho 0.338 0.167
2.50 2.L5
7.231 2.34 0.019 2.20 2,20 0.239  0.043
2.20 2.23
0.0 c.0 0.0 0.206. 0.0
2.67 9k.631 33.60 0.076 3.18 3.18 0.531L 0.439 0.156  .0009
3.23 3.23
75.5862 26.69 0.048 3.10 3.15 0.486 0.351
: 3.13 3.13
53.143 18.93 0.041 3.05 3.05 0.420  0.247
: 3.05 3.10

66T



Appendix IX-5 (cont'd) Physical Mass Transfer Data

System Initial Drop Drop Time-Sec. Exit Efficiencies for Drop Rad- cm.
Drop Ht. Avg.  +t OSS (x) Conc. Regressed Data Avg. +% 058 (x)
Cone. cm. % oy Wt. En o :

4 by Wt.

Cyclohexanol 2.67 30.457 = 10.82 0.053 3.00 3.00 0.338 0.141
-H0 3.00 3.00
7.231 2.37 0.020 © 2.95 2.90 0.239 0.34
2.90 2.90
. 0.0 0.0 0.0 0.206 0.0
Paraldehyde 0.0 oL.631 2kh.22 0.536 8.45 8.35 0.6L4  0.508 0.300 0.0059
-H,.0 8.35 8.30
c
75582 19.51 0.282 7.95 7.95 0.601 0.4hg-
7.80 7.70
53.143 14,89 0.138 6.90 6.90 0.541  0.366
7.10 7.05

30.457 9.L5 0.159

O\
o\
OO
o

T2 2.42 0.058 h.25 4,25 0.328 0.07L
‘ 4L.20 4,30
0.0 0.0 0.0 0.276 0.0
2.85 9kL.63L 22.61 0.187 9.30 9.30 0.632 ©.507 0.265 0.0077
9.25 9.25
75 .580 18.56 0.113 9.05 9.00 0.603 0.49
8.90 3.85

*00¢



Appendix TX-5 (cont'd) Physical Mass Transfer Data

System . Initial  Drop Drop Time-Zec. Exit Efficiencies for Drop Rad-. cm.

Drop Ht., g, +t 05‘3(32) Cone. Regressed Data Avg, - +t058(35)
Conec. cm. ‘ % by Wt. B Ty e
% oy Wt.
Paraldehyde 2.85 53.1543 13.95  0.150 8.30 8.30 0.539 0.382
~H,0 8.30 8.35
30.457 8.61 0.105 7.30 7.35 0.440  0.250
7.25  7.45
t 7.231 2.27 0.074 6.05 6.05 0.303 0.067
5.75 5.80
: 0.0 0.0 0.0 ) 0.253 0.0
5.75 oL.631 22.18 0.320 10.05 10.05 0.60L  0.507 0.243  0.0080
10.20 10.15
75.582 17.80 0.115 9.70 9.70 0.541  0.459
9.80 9.65 '
53.143 13.2h  0.138 9,15 9.15 0.481 0.3%2
9.15 9.25
30.457 7.08  0.052 8.70 8.75 0.397. 0.250
8.60 8.60 :
7.231 2.05 0.059 7.50 17.55 0.246  0.067
7.45  7.60
0.0 -0.0 0.0 0.17@ 0.0
9.4 o4.631  21.0% 0.192 10.95 10.90  0.452  0.365 0.230  0.0055

11.00 11.15

*T0S



Appendix IX-5 (cont'd)

Physical Mass

Transfer Data

Drop Time-Sec.

Systen Initial Drop . Exit Efficiencies for  Drop Rad- onm.
Drop Ht. * Avg.  +tasS(x) Cone. Regressed Data Avg. +t,S(%)
Conc. e, 05° % by Wt. Ep By 05
% oy Wt.
Paraldehyde 9.4 75.582 17.12 0.238 10.85 10.80 0.388 0.292
-H0 10.70 10.75
53.143 12.70  ©0.415 10.65 10.65 0.313 0.205
10.65 10.55
> 30.457 7.10 0.120 10.25 10.25 0.238 0.118
10.25 10.20
7.231 1.79 0.059 9.95 9.95 0.160 0.028
.90 10.00
0.0 0.0 0.0C 0.13%5 0.0
Butyl 0.0 90.0 7h.bl 0,610 4.60 L.60 0.85 0.8319 0.234  0.0047
Lactate L,60 4,60 - .
70.0 61.35 0.590 b5  L.27  0.799 0.730
L.30  4.30
50.0 45.75  0.355 3.68 3.65 0.671. 0.558
3.60  3.50
30.0 27.18 0.269 2.73 2.76 0.513 0.345
2.60 2.50
7.0 5.88 0.08  1.80 1.85 0.316 0.08L
1.60  1.65
0.0 0.0 C.0 0.256 0.0 ,
1.7 90.0 83.55 0.384 hhs Lo  0.73 0.684 0.208 .0025
L.Ls  L.50

N



Appendix IX-5 (cont'd)

Physical Mass Transfer

Systenm Initial Drop Drop Time-Sec Exit Efficiencies for Drop Rad-cm.
Drop Ht. Avg. i‘t.os's(x) Cone. Regressed Data Avg. ibosx(:'("—()
Cone. cm. ! % by Wt. Em Enm :
% by Wt. }
Buty 1.9 70.0 67.25 0.325 L,10 k.15 0.6L9 0.532
Lactate 4.00 k.10
-H,0
50.0 L7.21 . 0.462 3.65 3.60 0.535 0.380 .
3.70 3.60
) 30.0 28.39 -0.062 3.10 3.15 0.421 0.228
3.25 3:30
7.0 5.84 0.055 2.75 2.60 0.290 0.053
2.8 2.85
0.0 0.0 0.0 0.250 0.0
Lo 90.0 78.60 0.555 4.85 4.85 0.556 0.456 .203 .0039
4.8 L4.80 ' :
70.0 63.13 0.995 .75 L.75  0.50% 0.392
L.75 kL.75
50.0 13.11 0.1h0o  L.65 L4.65  0.435 0.307
.75 L.75 .
30.0 25.38 0.096 4,60 4.60 0.348 0©.200
L.60 k.60
( 7.0 5.3L  0.04%9 h.bs 4.b5 0.226 0.051
' L.ohs L bs
L 0.0 0.0 0.0 0.18: 0.0

*€oe



Appendix IX-6 Correlation of Paysical Mass Transfer Data
for Percent Transferred vs Drop Ht. by MLTRG Analysis

System Drop . Correlation Standard  Degrees
Cone. , BError Freedom
% by Wt. Estimate
Bthyl 0 * y=1.479 + 0.084x - 0.405 x 10-7%3 . 0.18556 37
Acetate ,
1.6 v = 2.668 + 0.05kx - 0.189 x 10-9x3 : 0.10743 &1
H~0 ,
- 3.7 v =14.1456 + 0.009x + 0.238 x 10-3x2 - 0.164 x 10-Tx* . 0.08399 20
5.34 y = 5.409 + 0.0103x 0.08167 18
Cyclo- - 0 .y = 0.850 + 0.01205% : 0.09419 .30
hexanol ,
0.9 v = 1.571 + 0.008x 0.08041 " 30
I’Ir\o " ’
- 1.73 v = 2.152 + 0.00865x - 0.256 x 10'Lx2 0.02927 17
2.67 y = 2.392 + 0.0032kx ‘ ' 3 0.0216k 18
Paralde- 0 y = 3.591 + .0976x - .T699 x 1073%% + 0.2877 x 1079x3 0.08662 16
hyde , .
2.85 y = 5,418 + 0.072kx - 0.336 x 10~3x° 0.08878 17
HAO : -
B 5.75 v = 7.048 + 0.0729x - 0.8172 x 10~3x% + 0.14129 x 10-9x3 0.07591 16
9.4 v = 9.89 + 0.0120x 0.07761 18
Butyl 0 v = 1,363 + 0.046x - 0.1358 x lO'qu 0.09312 17
Lactate, !
1.9 'y = 2,606 + 0,0207x 0.07hh5 18
1,0 _
. b2 |y = 4.L08 + 0.0060% - 0.248 x 10742 0.02500 17

Note: MLTRG = Multiple Regressicn

*HoZ



Appendix IX-T7 Correlation of Physical Mass Transfer Data
for Percent Transferred vs Drop Time by MLIRG Analysis

System Drop . Correlation | Standard - Degrees
Cone. Error Freedom
% by Wt. Estimate
Ethyl 0 ~ 3 = 1.129 + 0.846kt - 0.00405%3 0.1866 37
Acetate ,
1.6 y = 2.67L + 0.5382t - 0.00186%3 0.10k%0 21
Ho0 ,
BT v = 4.b62 + 0.08461t + 0.02614%2 - 0.177 x 10-3t* 0.08502 20
5.3k ¥ = 5.325 + 0.149% - 0.0045t2 0.07hk 17
Cyclo- 0 y = 0.8464 + 0.0333t ’ : 0.0899 30
hexanol , _
0.9 v = 1.561 + 0.0225% 0.0769 30
.0 . .
-,‘_2\4 _ ~
1.78 v = 2.158 + 0.0242% - 0.2039 x 1073t2 0.0303 17
2.67 y = 2.894 + 0.00909% ; 0.0215 18
Paralde- 0 y = 3.66L4 + 0.247t - 0.896 x 1o‘ut3 0.0858 17
hyde , %3 _
2.85 v = 5.3890 + 0.234t - 9,121 x 1079¢ ' 0.0872 17
0
L.-.2\: B ’ )
5.75 v = 6.998 + 0.284t - 0.012¢2 + 0.25 x 10™3t3 0.0773 . 16
9.k y = 9.865 + 0.0546% ‘ 0.0685 18
Butyl 0 y = 1.523 + 0.0318% + 0.401 x 1073+ - 0.493 x 10-7th 0.0817 16
Lactate , .
1.T y = 2.61 + 0.0219% , 0.0737 18
Ho0 Lo
4.2 v = 4,415 + 0,00776t - 0.325 x 107 't 0.0307 17
Wote: MLTRG = Multiple Regression-

L 602



Appendix IX-8 95% Probability Range for Normal Distribution
+ 1.96S8k) for Pnysical Mass Transfer

System Drop Droo vg., Exit Degrees Replicate Conc.
" Conce. Ht. Cone. - Freedon Standerd 95% Probability
% by Wt, cm. % by Wt, Deviation S(x) Renge & 1.968(x)

Ethyl Acetate 0 oLk.631 6.025 7 0.151 0.287
- H0 75. 582 5.963 7 0.092 0.175
- 53.143 5.314 i i 0.088 0.167

. 30.457 3.T15 7 0.104 0.217

7231 2.163 y 0.085 0.162
To1.6 9k.631 €.20 3 0.001 0.0019
75.582 5.90 3 0.00L 0.0019

53.143 5.375 3 0.050 0.095

30.457 L, 206 i 0.135 0.257

7.231 3.10 3 0.07L 0.135

3.7 gk.631 6.138 3 0.063 0.120

75.582 5.988 3 0.063 0.120

53.143 5.538 3 0.075 0.143

30.457 L, ol2 B 0.102 0.19L

7.231 L. 52 5 0.092 0.175

5.34  9oh4.631 6.35 3 0.129 0.245

75.582 6.188 3 0.063 0.120

53.143 5.975 g 0.050 0.095

30.457 5.788 3 0.020 0.038

7:25% 5.425 3 0.065 0.1235



(cont'd)

95% Probability Range for Normal Distribution
+ 1.969(x) for Physical Mass Transfer

Drop Drop Avg,. Exit  Degrees Replicate Cone.
~Cene. Ht. Cone. Treedom  Standard Q5% Probability
% by Wt. cm. % by Wt. Deviation S(x) Range + 1.968(x)

Cyclohexanol 0 ok.631 1.99 7 0.0786 0.1k95
. 75.582 1.667 5 0.0753 0.1h430
53.143 1.547 5 0.071.2 0.1355

30.457 1.272 5 C.069L4 0.132

7.231 0.85 5 0.0753 0.143
0.9 ok,631 2.326 7 0.0475 0.0903
75.582 2,128 5 0.0621 0.118

53.143 1.042 5 0.0811 0.154

30.457 1.872 5 0.0979 0.186

7.-231 1.575 5 0.0554 0.1055

1.78 9k.631 2.738 3 0.025 0.0L475
75.582 2.675 3 0.0289 0.055

53.143 2.513 3 0.0250 0.0475

30.457 2.413 3 0.025 0.0L475

7.231 2.208 3 0.015 0.0285

2.67 9L.631 3.205 3 0.0289 0.055
75.582 2.128 3 . 0.0206 0.0391

53.143 3.063 3 0.0250 0.0475

30.457 3.00 3 0.000 0.0
7.231 2.013 3 0.025 0.0475

* .02



Appendix IX-8  (cont’d)

95% Pr bability Range for Normal Distribution
i "GS(x) for Physical Mass Transfer
System Drop Drop Avg Exit  Degrees Replicate Conc.
*Cone. Ht. Cone. Freedom  Standard 95% Probability
% by Wt  cm. % by Wt. Deviation S(x) Range * 1.968(x)
Paraldehyde 0.0 ok,631 8.363 3 0.0629 0.120
- HO . 7;.;&2 7.85 3 0.1225 0.233
53.143 5.699 3 0.1031 0.196
" 30.457 5.963 3 0.0479 0.091
7.231 h.625 3 0.0408 0.0775
2.85 9h.631 9.275 3 0.0289 0.055
75.582 8.95 3 0.0913 0.173
53.143 8.313 3 0.0250 0.0475
30.457 7.338 3 0.0354 0.162
7.231 5.913 3 0.1601 0.304
5. 75 9k.631 10.113 3 0.075 0.1425
75.582 9.7L3 3 0.0629 0.120
53,143 9.175 3 0.0500 0.095
30.L457 8.663 3 0.0750 o.1h3
7.2 7:585 3 0.06L6 0.124
9.4 9k.631 11.00 3 0.1080 0.206
75.582 10. 775 3 0.0646 0.124
53.143 10.625 3 0.0500 0.095
30.457 10.238 3 0 0250 0.0LT75
7.231 9.95 3 0.0409 0.078

*G0S



Appendix IX-8 (cont'd)

95% Probability Range for Normal Distribution
+ 1.968f) for Physical Mass Transfer
System Drop Drop Avg.Exit Degrees Replicate Conc.
*Conc. Ht. Cone- Freedom Standard 95% Probability
% by Wt.  cm. % by Wt. Deviation S(x) Range * 1.968(x)
Butyl Lactate 0 90.0 4.60 3 0.0C06 0.001k
- H0 70.0 L.28 3 0.02L5 0.0L65
50.0 3.608 3 0.0789 0.150
. 30.0 2.6438 3 0.120k 0.229
7.0 1.725 3 0.1190 0.226
L. 7 90.0 W h75 P 0.0408 0.0775
70.0 L.088 3 0.0629 0.120
50.0 3.638 3 0.0479 0.0913
30.0 3.20 3 0.0913 0.135
7.0 2.75 3 0.1181 0.224
L.2 90.0 4.838 3 0.0250 0.0475
70.0 k.75 3 0.00 0.00
50.0 L, 70 3 0.0577 0.110
30.0 L, 60 3 0.0006 0.00114
7.0 ° b, i5 3 0.0008 0.00152

602



Appendix IX-9

Analysis of Variance for Mass Transfer Data

Source Degrees Variance Cale'd Tabulated Total
Freedom 5% (x) F F.05 number
- Data
. System: Ethyl Acetate, HZO Initial 3 8.03 922.75 2. 71 108
Conc
Variables .
(1) 1Initial Drop Conc Drop Ht Y 26.3k 3,026.8 2.7
0%, 1.6%, 3.7h, 5.34%
(2) Drop Ht - cm Interaction 12 2.24 257.TL 1.87
9Lk.631, 75.582, 53.143, 30.L57,
7.231 Brror 883 0.009
System: Cyclohexanol, HpO Initial 3 11.097 3,139.81 2.72 104
Conc ‘
Variables
(1) ZInitial Drop Conc Drop Ht 4 1.440 407.50 2.48
0%, 0.9%, 1.8%, 2.65%
(2) Drop Ht - cm ’ Interaction 12 0.1777 50.28 1.88
ok.631, 75.582, 53.143, 30.457,
7.231 Error 8L 0.0035

‘012



Appendix IX-9 (coﬁt'd)

Analysis of Variance for Mass Transfer Data

Source Degrees  Variance Cale'd  Tabulated  Total
Freedom Sg(x) F 7.05 number
Data
System: Paraldehyde, HExO Initial 3 52.982 8,919.973 2.76 80
Cone
Variables .
(1) 1Initial Drop Conc Drop Ht 4 19.528  3,287.685 2.52
0%, 2.85%, 5.75%, 9.4%
(2) Drop Ht - cm Interaction 12 1.123 189.053 1.92
Gh.631, 75.582, 53.143, 30.457,
7.23L° Error 60 0.0059
System: Butyl Lactate, H,0 Initial 2 9.417 2,028.03 3.20 A0
’ Cone '
Variables
(1) Initial Drop Conc Drop dt L 5.350 1,152.07 2.57
0%, 1.T%, 4.2% .
{(2) Drop Ht - cm Interaction 8 1.092 235.11 2.1k4
20.0, 70.0, 50.0, 30.0, 7.0 Exror 45 0.0046

"



Appendix IX-10

Ey Data Calculated Relative to Ey &t 7 cm Drop Height.Drop Time t
Calculated Relative to Drop Time for 7 cm Drop Height

System Initial Relative to°) Relative System Initial Relative t0-5 Relative
Drop *~ Drop Time Byt Drop Drop Time Ey
Conc. Sec. Conc. Sec.
% by Wt. % by Wt.
" Ethyl 0.0 3.72 2.95  0.67 Cyclohexanol | 0.0 "31.88. 5.65 0.396
Acetate , 6.83 2.61  0.685 ' 2L, 36 4.93  0.309
. k.57 2.1k 0.557 H;0 17.07 .1k 0.208
H0 2.21 1.ko 0.315 8.41 2.90  0.105
0.0 0.0 0.0 0.0 0.0 0.0
1.6 8.84 2.97 0.641 0.9 31.28 5.60 0.357
6.83 2.63  0.591 ‘ 25.00 5.00 0.279
L.6L 2.15 0.L52 17.86 L.2h  0.187
2.31 1.52  0.247 £.98 3.00  0.95
0.0 0.0 0.0 0.0 0.0 0.0
3.7 8.77 2.97 0.L486 1.78 31.39 5.60 0.384
6.80 2.61  0.434 ol oL 4.93  0.324
4.55 2.14  0.287 . 16.54 L.o6 0.237
2.37 1.54  0.123 8.25 2.87 0.130
0.0 0.0 0.0 0.0 0.0 0.0
5.34 8.75 2.96  0.369 2.67 31.23 5.6 0.420
6.85 2.62 0.28% 2k, 32 4,93 0.328
4.58 2.14  0.19% 16.56 k.07 0.221
‘ 2.34 1.53 0.098 8.45 2.91 0.111
0.0 0.0 0.0 0.0 0.0 0.0

AN



Appendix IX-10 (comtd)

ZM Data Calculated Relative to EM at 7 cm Drop Hleight. Drop Time ¢
Calculated Relative to Drop Time for 7 cm Drop Height

System Initial Relative +9:2 Relative System Initial Relative -5 Relative
Drop > Drop Time Ey Drop Drop Time By
Cone. Sec. Conc. Sec.
% by Wt, % by Wt.
" Paraldehyde, 0.0 21.80 L.67 0.470 Butyl 0.0 £8.56 . 8.29 0.803
) 17.09 L1k 0.k407 Lactate, 55.47 7.45 0.706
Hx0 C12.47 3.54 0.318 39.87 6.31 0.519
N 7.03 2.65 0.191 HpO 21.30 4.61 0.287
0.0 0.0 0.0 ‘ 0.0 0.0 0.0
2.85 20.3k L.50 ©.472 1.7 67.71 8.24 0.666
16.29 .ok 0.431 61.41 7.84 0.506
11.68 .42 0.338 41.37 6.43 0.345
6.35 2.52  0.195 22.55 4.76 0.185
0.0 0.0 0.0 0.0 0.0 0.0
5.75 20.13 4,50 0.h7h bh,2 72.26 8.5 0.425
15.75 3.97 0.391 57.79 7.6 0.359
11.19 3.34  0.311 : 37.77 6.15 = 0.270
5.04 2.4 0.200 20.04 b L8 0.158
0.0 0.0 0.0 0.0 0.0 0.0
a.k 19.25 4,40  0.347
15.33 3.91  0.271
10.91 3.30 0.182
5.31 2.31  0.092
b0.0 0.0 0.0

£1e



Avpendix IX-11 Correlation o§ Regressed Paysical Transfer

Datae into the Form Iy vs 12, by MLTRG Analysis Using Relative Ey Data
System Drop . Correlation Standard  Degrees
Cone. , Error Freedom
% by Wt. Estimate
Bthyl 0 oy = - 0.0227 + 0.2628x 1 0.0505 2
Acetate
1.6 y = = 0.0277 + 0.2232x 0.0451 3
H,0
o
3.7 _ y = 0.0021 + 0.0586x° : . 0.0291 3
5.3y = - 0.210 x 1073 + 0.0422%? 0.7343x10°3 3
Cyclo- 0 Ly = - 0.876 x 1073 + 0.0125%° . 0.4717x1072 3
hexanol, > ‘ 2
0.9 y = = 0.567 x 1072 + 0.011Lx? 0.7925x10™% 3
T .
H20 _ 11 -2 by -2.3 -2
1.78 y = - 0.181% x 107% + 0.021h4x~ - .1621 x 107%x 0.6094x10 3
2.67 y = - 0.126 x 1072 + 0.0135x% : : 0.1787x1072 3
Paraldehyde, O v = 0.1325 x 107 - .0369x + .0561x2 - 0.5692 x 1072x3  0.1726x1072 3
H0 2.85 y = - 0.0215 + 0.1066x . , 0.9903x1072 3
5.75 v = 0.8397 x 1075 + 0.0545x + 0.0113x> 0.1948x1072 3
a.4 y = - 0.3945 x 10'2 + 0.01795x%2 0.6628x1072 3
Butyl 0 y = 0.0221 + 0.0119%° | 0.0313 3
Lactate, | ) 2
1.7 'y = -~ 0.4417 x 107° + 0.848 x 10™%x 0.9786x1072 3
1,0 _
2 .
b2 Ly = - 0.975 x 107% + 0.0102¢% - 0.5172 x 1073x3 . 0.4317x1072 3

Note: MLTRG = Maltiple Regression

“hic



Appendix IX-12

R Data Calculated

‘ a
System Drop
Conc.
% by Wt, 0.5 1.0 1.5 2.0 2.5 3.0 £ 0.5
Ethyl 0 12.60 12.60 12.60 12.60 12.60 12.60
Acetate, :
1.6 9.20 9.20 9.20 9.20 9.20 9.20
H,0 ) :
2 3.7 0.645 2.58 5.78  10.30 16.10 23.20 |
5.3 0.324  1.29 2.93 5.8 8.10 11.60
1 o 3 4 5 6 02
Cyclohexanol, O 0.154  0.615 1.39 2.47 -3.85 5.55
H,0 0.9 0.12k "0.493 1.11  1.98  3.09  L.hk
1.78 0.365 1.11 1.82 2.21 2.16 1.69
2.67 0.180 0.72 1.62 2.88 .50 6.45
1 2 3 L 5 6 1042
Paraldehyde, O 3.10 ~ 13.00 19.50 17.30  8.75 | b.15
Hy0 2.85 8.10 8.10 8.10 8.10 8.10 8.10
| 5.75 3.56 5.95 8.95 | 12.60 16.80 21.h0
. 9.k 0.690  2.76  6.20 12.40 17.30 2L4.80
1 P 3 i 6 8 4045
Butyl 0 0.314 1.250 2.820 5.02 11.30 20.20
Lactate, ' ‘
1.7 0.125 0.504% 1.1h0 2.01 L.sh 8.10
H,0 :
2 h,2 0.149 0.525 0.930 1.35 1.85 1.71



Appendix IX-13 Correlation of Physical Mass Transfer Data
into the form 1n (1 - Et) vs Time by MLTRG Analysis

System Drop Correlation Standard Degrees

Conc. : Error Freedom

% by Wt. Estimate

Ethyl O . y=-0.2025 - 0.1156t - 0.01539t° + 0.156 x 10~3t% 0.07016 36
Acetate, ' k4

1.6 y = - 0.1933 - 0.09075t - 0.008718t2 + 0.673 x 1074t 0.03099 20
Hs0 ' ‘

3.7 - y = - 0.1416 - 0.08031t - 0.0L21 22

5.3k y = - 0.005673 - 0.05179% 0.0417h 18
Cyclo- 0 y = = 0.2470 - 0.01589t : . : 0.04398 30
hexanol,

0.9 y = = 0.2662 - 0.0140k4t - 0.047LE 30
HoO :

1.78 y = = 0.2452 - 0.0155% ' 0.02988 18

2.67 y = - 0.2813 - 0.0138t - 0.976 x 107 Tgh 0.04569 17
Paraldehyde, O y = - 0.3173 - 0.03159t + 0.136 x 10-6th 0.01605 17
HL0 2.85 y = = 0.2721 - 0.03707t + 0.4029 x 10-651 0.01604 17

5.75 y = - 0.235 - 0.0311Tt . 0.02391 - 18

9.L y = = 0.1216 - 0.0303 0.0303 18
Butyl 0 y = - 0.384k - 0.408 x 1073t2 + 0.213 x 10" Tek 0.03365 17
Lactate, - .

1.7 y = - 0.3207 - 0.00439t - 0.1037 x 10-3t% 0.0L413 17
H.O0 : '
2

Lh,2 y = = 0.2293 - 0.00754t 0.0505 17

‘9T



Appendix IX-1h

sec.

sec.

K, x 107" Caleulated from In (1 - Bp) = -3kt
=
System Drop
Conc-
% by Wi 0 2 -l é 8 9
Ethyl -0 51.6 T76.8 88.8 173.8 19.8 27.h4
Acetate, ' :
1.6 40o.9 55.6 64.5 61.9 L41.6 23.3
H,0 A
2 3.7 364 36.L 36.h 36.h 364 36.h
5.3 23.1 23,1 23.1 - 23.1 23.1 23.1
0 5 10 20 30 35
Cyclohexanol, O 8.26 8.26 8.26 8.26 8.25 8.2
H0 0.9 7.16 7.16 7.6 T7.16 7.16 7.16
1.78 8.16 8.16 8.16 8.16 8.16 8.16
2.67 7.17  7.17 7.38  8.78 12.50 15.85
0 5 10 15 20 25
Paraldehyde, O 31.60 31.52 31.05 29.77 27.24 23.09
H0 | 2;85 32.80 32.60 32.60 32.30 31.60 31.k40
5.75 25.30 25.30 25.30 25.30 25.30 25.30
9.k 17.75 A7.75 Y7.75 17.75 X7.75 17.75
0 5 10 20 Lo 60
Butyl 0 0 3.17 6.29 12.20 21.30 23.80
Lactate, ! . :
1.7 3.04 3.75 L.48 5,91 8.76 11.65
H20
2 5.10 5.10 5.10° 5.10 5.10 5.10

217.



Appendix IX-15

for Transfer into Water Drops from Water~Saturated Continuous Phase

Physical Mass Twansfer Study Data by Hamielee (93)

System Temp, Drop Drep Saturaticn ET Ey Relative Drop Relative
deg. €. Re.No. Diam Conc. Ey Time Drop Time
cm. % by V. Sec. Sec.
Ethyl Acetate, 25.0  L470.0 .258 8.73 0.0 0
' 0.2908 0.298 0.5
Hp0 0.448 0.LkL9 0.151 1.4 0.8
0.594% 0.595 0.297 2.2 1.6
T 0.685 0.686 0.388 3.3 2.7
Cyclohexanol, 25.0 2.3 .282 4,15 0.245 0
0.395 0.20 5.2
0 0.505 * 0.34 0.1k 16.0 10.8
0.561 0.hk2 0.22 22.0 16.8
25.0 6.4 43k L.15 0.20 0
0.295 0.119 3.0
0.403 ©0.254 0.135 13.5 10.5
0.493 0.366 0.247 29.0 26.0

*gle



X Appendices for Experimental Section IV for Studies of

Mass Transfer with Simultaneous Chemical Reaction in Drops



Appendix X-1

Physical Properties of Systems Studied for Mass Transfer with Chemical Reaction’_

Continuous Continuous FPhase Initial Dispersed Phase Avg Drop: Terminal
Systenm . NaCH =4 Velocity
(Sat'd with Water) Nermality roise cm/sec.
(£ 1%)
Butyl Lactate C.506 .9150 2.50
- 1.545 1.98
Ethyl Acetate 0.506 .0150 + 9.54
h 0.9¢8 .0129 .128 +.002 2.77
1.975 .0150 .12k +.002 13.90
K = 91.8 ce/mol sec for reaction rate constant for Ethyl Acetate - NaCH



Appendix X-2

Mass Transfer with Simultaneous Chemical Reaction Data

System Initial Drop’ Drop Time-Sec. Mass Tiansferred Drop Rad-.cm.
NaCH Ht Avg. 6 o s(x) . 207% mol/ce Avg. +t o s(x)
Drop cm. =05 =05
Conc. .
Normality
Ethyl 0.506 90.0 10.84  0.036 6.45 6.62 0.13%  0.0020
Acetate, ' 6.73 6.88
NaCH, .
H,0 . 70.0 8.33 0.0Lkh 5.98 . 5.98
' 6.18 6.23
50.0 5.99  0.05k4 5.28 5.22
5.49 5.47
30.0 3.57 0.02: L.08 L.ho
4,38 4.60
7.00 0.81 0.013 2.49 2.38
2.93 2.67
0.998 90.0 10.00  0.035 5.72 5.53 0.128 0.0016
5.73 5.90
70.0 7.97 0.033 L .84 .71
b L7 L.90
50.0 5.61 0.0hk2 3.70 3.90
4.o1 .15
30.0 3.25  0.029 2.73 3.06
. 3.02 3.20
7.0 0.83 0.021 1.79 1.95
1.72 1.90 N
1.51 -



- Appendix X-2

Mass Transfer with Simultaneous Chemical Reaction Data

System Initial  Drop Drop Time-Sec. Mass Transferred Drop Rad- cm.
NeCH Et O Avg.  +t455(x) X 107" mol/ce Avg.  +t555(X)
Drop- cm. Acid Complete
Conc. Quench Reaction
Normality ' Acid Quench
Butyl 0.5 80.0 42.60 333 5.88 5.75 6.97 T7.08 0.142 0.0039
Lactate, 6.18 T7.53 6.63 6.62
NalH, ' Comnplete Reaction
HoO 70.0 35.38 0.239 5.35 5.64 T7.06 6.57 0.161 0.0046
5.87 5.51 6.06 6.20
~ 50.0 25.39 0.353 5.88 5.78 6.32 6.31
5.53 5.39 6.16 6.39
30.0 15.27 0.162 5.77 6.30 5.856 6.18
5.57 5.87 6.12 6.13
7.0 2.84 0.064 5.54 5.88 5.88 5.52
5.6 5.66 5.77 6.23
1.5 90.0 48.83 0.976 i5.72 16.49 164.88 17.17
16.60 16.67 15.75 16.61
Acid Quench
0.109  0.003h4
70.0 36.60 1.025 16.25 16.93 16.94 16.87
‘ 15.31 16.60 16.58 16.46
Complete Reaction
0.113 0.0051
50.0 28.81 0.362 16.65 16.31 16.29 15.76
16.43 16.55 15.79 15.71
30.0 16.56 0.35% 16.22 15.47 15.51 15.53
16.22 16.08 15.42 15.47
7.0 3.07. ©.053 15.59 15.96 14%.60 14.88
15.56 15.76 14.42 1L.75
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Appendix X-2

Mass Transfer with Simultaneous Chemical Reaction Datsa

System Initial Drop Drop Time-Sec. Mass Transferred Drop Rad-cm._
NaOH H: Avg. +t055(x) X 10~% mol/cc Avg. I5g58(x)
Drop cm. o ’
Conc., =
Normality '
Fthyl 1.975 90.0 7.18 0.045 5.41 4,83 0.12Lh  0.0019
Acetate, 4,10 3.98
NaOH gV 4.85
Hx0 ) | b.61
. 70.0 5.58  0.043 L.oh 3.5
3.91 3.94
50.0 3.97 0.0L45 2.73 2.4
2.76 2.35
30.0 2.34  0.029 2.31 1.68
2.22 1.67
7.0 0.65 0.011 0.30 0.0
0.33 0.0
Sodium oN 50.0 3793 0.022 0.75 0.74 . 0.123 0.0027
Acetate, ' 0.77 0.83 . .
+
H0 30.0 2.34  0.048 0.66 0.58
0.65 0.75
7.0 0.61 0.039 0.31 0.34
0.37 0.43

no
n
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Appenéix X-3

Multiple Regression Analysis for Correlation of Mass Transfer

With Reaction Data for mol/cc x 10

Transferred vs Drop Height-cn

Systenm Drop Correlation Standard  Degrees
Conec. Error Freedom
. . Estimate
x 107% x 1079
NeCH Soln  0.5N NaOH v = 5.657 + 0.8759 x 10-Ox* 0.42152 18
in {Acig) .
Sutyl 0.5N WaOH y = 5.739 + 0.011kx 0.25197 18
Lactate (Alkali) )
1.5K KaOd y = 15.548 + 0.0187x - 0.132L x 10~ Tx 0.29643 17
{Acia)
1.5N NaCH y = 14.394% + 0.035Lkx -~ 0.1415 x 10-Tsc 0.33425 17
(Alxali) :
NaCH Soln  0.5N NaOH y = 2.0Th + 0.0853x - 0.385 x 10~3x2 0.1835 17
in (Alkali)
thyl 1IN N=2OH y = 1.512 + 0.0469x 0.18057 19
Acetate (Acid)
2N NaOH y = 0.040 + 0.0532x 0.h72h 22
(Acig)
Na Acetate oN y = 0.2556 + C.015kx ~ 0.2016 x 107%x3 0.05520 9
Soln NaAc
Ethyl
Acetate
Note

1) Term Alkali refers to system where addition NaOH soln added to effluent.
2) Term Acld refers to system where effluent quencned in acid sclution.
3) ¥y x lO”h to obtain mol/cc uransfe*led.

‘had



Multiple Regression Analysis for Correlation of Mass Transfef

ith Reaction Data for mol/cc x 10-% Trensferred vs Drop Time-sec

System Drop Correlation Standard

Degrees
Conc. Error Freesdom
- . Estimate
x 1075 x 10-%
NaOH 0.5N NeOH v = 2.093 + 0.7093% - 0.0267x2 0.18325 17
' Seln in (Alxeli) ' ‘
Bthyl
Acetate 1N NaOH y = 1.512 + 0.4187x 0.19295 19
(Acia) :
2N NaOH y = .0135 + 0.6773x 0.486Y4 22
(Acid)

N.B. Terms Acid and Alkali - to indicate method of analysis.

N
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Appendix X-5

95% Probability Range for Normal Distribution
for Mass Transfer with Reaction

{+ 1. 9ss(x)?

System Initial Drop  Avg Exit Degrees  Replicate Standard  Conc-95%
 NaOH Ht Conc Ester reedon  Deviations S(x) Probability
Drop Conec, cm. x 10=% mol/cc x 107% mol/cc Range, {+1. Q6S(x)
Normality (Acid) (Alkali) (Acid)  (Alkali) % 1077 mol/cc
- (Acxd) (Alkals)
Butyl Lactate, 0.5 90.0 6.335 6.825 3 0.817 0.236 1.55 0.4k
70.0  5.593 6.473 3 0.220 0. bl 0.118  0.845
NaOH, 50.0 5.645 6,295 3 0.226 0.099 0.429  0.188
30.0 5.878 6xﬁ3 3 0.308 0.1h2 0.585 0.270
H,0 R 7.0 5.68 5.60 3 0.143 0.293 0.272 . 0.556
1.5 90.0 16.37 16.605 3 0.437 0.608 0.830 1.155
70.0 16.523 16.713 3 0.31k 0.230 0.596 0.438
50.0 16.Lk3s 15.888 3 0.149 0.269 0.283 0.512
30.0 15.998 15.433 3 0.357 0.049 0.6783  0.0931
7.0 15.718 14.663 3 0.181 0.199 0.344  0.378
Sodium Acetate, oN 50.0 0.773 3 0.1382 0.2620
30.0 0.66 3 0.0698 0.1325
H50 7.0 0.363 3 0.0512 0.097h4

N.B. Terms Acid and Alkali - to indicate method of analysis.
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Appendix X-5 (Cont'd)

95% Probability Range for Normal Distribution {i.1.96s(x§
for Mass Transfer with Reaction

System Initial Drop Avg Exit Degrees Replicate Standard Ccnc-95%
' NaOH Ht Conc Ester Freedom Deviahions B8(x) Probability
Drop Conc. cm. x lO‘:L mol/cc ‘x 10-4 mol/cc Range, (+1.968(x)
Wormality x 10=% mol/cc
BEthyl Acetate, 0.5 90.0 6.67 3 0.043 0.081
- {Alkali) 70.0 6.093 3 0.093 0.177
NaoOH, ) 50.0 5.365 3 0.102 0.194
30.0 L, 365 3 0.123 0.23k
K 0 N 7.0 2.618 3 0.165 0.313
1.0 90.0 5.72 3 0.150 0.285
(Acid) 70.0 k. 705 3 0.190 0.361
50.0 3.940 3 0.190 0.361
30.0 3,003 3 0.201 0.382
7.0 1.774 L 0.17k 0.330
2.0 90.0 L.603 6 0.526 1.000
(Acid) 70.0 L.o8 3 0.602 1.145
50.0 2.57 3 0.206 0.392
30.0 1.97 3 0.345 0.655
7.0 0.158 3 0.185 0.351

N.B. Terms Acid and Alkali - to indicate method of analysis.
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Appendix X-6 Analysis of Variance for Mass Transfer with Reaction Data

System: Butyl Lactate, NaOH, Ho0 82 (x) Tabulateq  Total
Source Degrees Variange Cale'd Fo.05 Number
Freedom x 10~ F Data

Variables- - Conc 3 665.06 5,882.52 2.76 80
(1) Drop Ht. - cm. :

90, 70, 50, 30, 7 Drop Ht L 2.70 23.87 2.52
(2) Initial Drop Conc. Interaction 12 0.53 4. 64 1.92

0.5N 0.5N 1.5N 1.5N

(Acid) (Alkali) (Acid) (Alkeli) Error 60 0.113
Variables Analysis 1 - 2.278 18.186  L.1i7 40
(1) Drop Ht.- cm.

90, 70, 50, 30, 7 Drop Ht L 0.750 5.987 2.69
(2) Analysis Method for Initial Conc Interaction L 0.185 1.h77  2.69

0.5N 0.5N

(Acia) {Alkali) Error 30 0.125
Variables Analysis 1 1.224 ‘12.134 h.17 4o
(1) Drop Ht.- cm.

20, 70, 50, 30, 7 Drop Ht L 2.730 27,067 2.69
(2) Analysis Method for Initial Conc. Interaction 4 0.609 6.038 2.69

1.5 1.5N

(Acid) (Alkali) Error 30 0.101

N.B. Terms Acid and Alkali - to indicate method of analysis.

o
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Appendix X-6 (Cont'd)

Analysis of Variance for Mass Transfer with Reaction Data

System: Butyl Lactate, NaOH, Hp0 52 (x) Tabulated  Total
Source Degrees Variange Cale'd Fo.05 Number
- Freedom x 10- F : Data
Varisbles Conc 1 1,080.09  7,963.7 37 Lo
(1) Drop Ht.- cm. -
90, 70, 50, 30, 7 Drop H% 4 0.hu6 .3.280 2.69
(2) Initial NaOH Drop Conc.- Acid Method Interaction h 0.410 3.026 2.69
0.5§ 1.5 :
Error .30 0.1356
Variables Cone 1 915.02 10,112.L43 4,17 4o
(1) brop Ht.- cm. :
90, 70, 50, 30, 7 Drop Ht 4 2.87 31,772 2.69
. (2) Initial NaOH drop Conc. - Alkali Interaction L 0.54 5.994  2.69
0.5N 1.5N Method ,
Error 30 0.09

N.B. Terms Acid and Alkali -~ to indicete method of analysis.

N
o
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Appendix X-6 (Cont'ad)

Analysis of Variance for Mass Transfer with Reaction Data

System: Ethyl Acetate, NaOH, HEO _ Sz(x) Tabulated Total
' Source Degrees Variange Cale'd FO.OB Number
- Freedom x 107 F R Data
Variables Cone 2 k. 297 k9. 707 3.18 65
(1) Drop Ht - cm. '
90, 70, 50, 30, 7 Drop Ht I 26.535 307.62 2.56
(2) Initial NaOH Drop Conc. ' Interaction 8 2.067 23.913 2.13
0.5N 1N oN
(Alxali) (Acid) (Acid) Error . 50 0.0865
Definitions
Alkali

Excess NaOH added to sample

Ester transfer found by back-titration
Acid

Sample added to acid soln

Ester transfer found by back-titration
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Appendix X-9
Mass Transfer of Ethyl Acetate with Simultaneous Chemical
Reaction into Aqueous Sodium Hydroxide Drops Predictedmby Various

Models Modified by Danckwerts' Method.

L

Initial Mass Transferred - mols/cc x 10~
NaOH Drop Drop
Concentration Height  Newman Kronig and Handlos and
Normality cm. Equation  Brink Equation  Baron Equation
2.0 90 0.7 1.3 7.3
- 70 0.6 1.1 6.3
50 0.4 0.9 5.3
30 0.3 0.6 h.h
T 0.1 0.2 3.1
0 0.01 0.01 0.01
1.0 90 2.6 3.9 11.0
: 70 2.3 3.5 10.0
- 50 2.1 3.1 9.0
30 1.9 2.7 7.8
7 1.6 1.9 6.1
0] 1.5 1.5 1.5
0.5 90 3.5 4.8 11.2
70 3.1 L.k 10.5
50 2.8 Lo 9.8
30 2.5 3.5 8.9
7 2.1 2.6 7.5
0 2.0 2.0 2.0



232.

Appendix X-8
Computer Program to Study the Variations of Diffusion Coefficients

with 'Time During Mass Transfer with Chemical Reaction into Drops.

X-8-A Introduction

In the Experimental Section IV, existing models were found
unable to accurately predict the mass transferred into drops, When-
the transfer process was accompanied by simultaneous chemicdl recactions,
This was due to interfacial turbulence which enhanced the transfer rate.
Since the interfacial turbulence varied in intensity with time
and system, the resultant effective diffusion coefficients could not
be measured directly. Instead, the changes in the diffusion coefficients

vere studied with & mass transfer model, using a computer.

X-8-B Theory

The ethyl acetate-sodiwm hydroxide-water system was chosen for
the study. Since the drops of aqueous sodium hydroxide were found to be
stagnant, the model described mass transfer with simultaneous chemical
reaction into stagnant drops. The diffusion coefficient was varied in
magnitude until the predicted mass transferred equaled the experimental

N 4
amount, over a short period of time. This was continued until the

variations of the diffusion coefficients over the entire drop time was

found,
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This study was based on the following aséumptions:—
1) Spherical drop.
25 Resistance to mass transfer was confined inside the drop.
3) All physical properties except the diffusion coefficient, were
constant.

L) The concentration profile showed axial and polar symmetry.

X-8-C Model for Mass Transfer with First-Order Reaction

lass transfer with simultaneous first-order reaction into stagnant
drops is described by:-

/ 4 r
8¢’ = 1 3 o rfoc (- RK.C (x-1)
at r2 al" aI'

where the effective diffusivity De, is defined as:-

De = Dp, (1 + B) (x-2)
The coefficient B is used to vary the value of the molecular
diffusion coefficient Dy

Equation X-1 is made dimensionless as shown:-

5 .
2C = 2°C + 29C - RK.C (x-3)
o7 aRe R oR .
where R = r = dimensionless radius (X-3a) ‘
a
c = .gi = dfmens}onless concentration (x-3b)
Cé
RK = RK’a® = dimensionless reaction constant (X-3¢)
De
T = Dyt = dimensionless time
"g?

vith boundary and initial conditions



R =1 cC=1 T 20 ' (x-k)
0<£Rr<1 C =0 T =0 (X-5)

The dimensionless mass transfer coefficients or Sherwood Numbers

are calculated from the concentration gradient at the surface as shown:-

Sh = 2Ie =-2§_9_) | (X-6)
De o’ ra

The dimensionless mass transferred M is

M o= A Sh/dT . (x-7)
_ 2 720, ‘
vhere M = _ﬂ: . : _ ' (x-8)
C¢a3
and A = dimensionless surface area of the drop.

The experimental Sherwood Number ShE is calculated from:-~

Sh, = 22 = 2a° 4C' (x-8)

D, 3cgpp A

’ . N .
where dC 1s the slope of the curve relating mass transferred per unit
dt

drop volume, against drop time.
The accuracy of the calculated Sherwood Numbers are exsmined by
comparison with experimentel Sherwood Numbers. The calculated Sherwocd

Numbers were multiplied by D, so that both numbers are based on the

e

Dy,

molecular difftsion coefficient as shown:-

Shp = Sh De (x-9)
Dy, '

2

L.



X-8-C-1 Method of Solution

Equation X-2 is solved by an explicit finite difference method

as shown:-

couc (I, 2) = coNc (I+1, 1){9_@ + AT} +
N R= RAR
cone (I, 1) {1 -2MT - RK.D T} +
ARZ
conc (1-1, 1) {AT - AT (x-10)
AR RAR

where CONC (I,l) is the conceﬂtration at point I, along a radius at
time (T) and CONC (I,2) is the concentration at time (T +AT).

The concentration gradients required to calculate the Sherwood
Numbers are found by differentiating the Lagrange interpolution of the

concentrations near the surface, as shown in Appendixz VIII-1.

X-8-D Model for Mass Transfer with Second-Order Reaction

Experimental resulis have suggested that reaction during mass
transfer of ethyl acetate into 2N and 1N sodium hydroxide may be
represented by first-order reaction expressions. However, the reaction

between 0.5N sodium hydroxide and ethyl acetate was of second order.

’

The dimensionless equation describing mass transfer with simul-
A

taneous second-order reaction into stagnant drops is:-

DA = 2%n v 2 9% - RKCuCh

oT D RA R R

OC - %y + 2 OCB - ERKACpC (x-11)
o o B o1 & Z= - M BYAB -
oT O R" R OR



where RK, = RK a2cB¢ (X-11a)
DLA

Rp = RK a“Cpy | , (X-11b)
DLB

DL and DLB are diffusion coefficients for Cp and Cp,

respectively and

CA¢ = 1initial concentration of reactant A
CB¢ = saturation concentration Qf B
The initial and boundary conditions are
R = 1 Gy = 1 20 (x-12)
0 <LrK1 Cg =0 7 =0 (%x-13)
Cp =1

These equations are solved by a method similar to that used for
solving mass transfer with first-order reaction in the previous

Section X-8-C.
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X-8-E Program Listing

This program studies the variations in effective diffusivity
with time during mass transfer of ethyl acetate into agueous sodium
hydroxidé drops with simultaneous first order reaction.

The input detz are defined below, in the order of their
appearance: -

JCONT This is a switch to determine the initial concentration profile
in the drop.
If JCONT = 1, the initial drop concentration profile is
calculated from estimated end effect.
Ir Jcont % 1, the initiel drop concentration profile is read in
from a set of binary input data cards.
These data cards are punched out at the termination of the

orogram, so0 that calculating may be continued lsater.
P o > & Y

NPRINT = number of printouts

NINT = number of iterations before printout of results

RRINC = ©radial incremrents

B = Tfactor to increase value of diffusion coefficient

DELB = incremental change in B '

Al, A2, A3 = coefficients from correlations for experimental mass

k: ’
transfer data with time

DITIME = incremental chznge in dimensionless time
CNACH = initial concentration of sodium hydroxide in the dispersed

phase, mols/ce

RAD = drop radius, cm

237.



CSAT = solublility of ethyl acetate in water, adjusted for salt
effects, mols/cc

DENS. = initial density of the dispersed phase

DIFF = molecular diffusion coefficient, cmg/sec

REAC = second order reaction rate constant, cc/mol sec

WMOL = mol cot, gm/gm mol

CHECK = +tolerance on calculated mass transfer with respect to

experimental data, mols/cc

The listing is as shcwn in the following pages.
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X-8-G Nomenclature

a = drop radius, cm
B = coefficient used in calculating Dg
Cp, CB = concentrations of A and B respectively, mols/cc

Caos CBO = initial concentrations of A and B respectively, mols/cc

cl = concentration, mols/cc
C4 = equilibrium concentration, ﬁols/cc
c = dimensionless concentration
= ¢l
(73
D¢ = effective diffusion coefficient, cm2/sec
Dy, = molecular diffusion coefficient, cme/sec
DLA’ DLB = molecular diffusion coefficient for A and B respectively,
cm?/sec : .
Kj, = mass transfer coefficient, cm/sec
M = mass transferred, mols
M = M
6253
= dimensionless mass transférred
RK = reaction rate constant, éc/molvsec
RKg = RK a°Cp,
T Dry
= dimensionless rate constant for A
RKg = RX aQCAO
g |
= dimensionless rate constant for B
r = radial distance, cm
R =

r
a



Sh

Shp

dimensionless radial distance

2aK7,
De

Sherwood. Number

2akKi,
Dy,

experimental Sherwood Number
time, sec

Det

Ta?

dimensionless time

2L6,



Appendix X-9
Predicted Variations of Effective Diffusivity with Time for
Mass Transfer of Ethyl Acetate with Simultaneous Reaction into Aqueous

Sodium Hydroxide Drops.

Sherwood Nurber

NaOH Drop Effective ‘ : Based on

Concentration Time Diffusivity Effective Molecular

Wormality sec. . cm“/sec x 1072  Diffusivity Diffusivity

2.0 0.0 1.0 150. 3 150.3
0.6 3.8 35.9 136.5
1.2 9.0 17.9 160.0
1.8 141 11.8 166.0
2.4 19.0 8.9 169.0
3.0 oh,2 7.1 172.5
3.6 29.1 5.9 172.5
4.5 37.0 L, 7 174.5
5.1 ho.9 b, 176.5
6.0 51.3 3.4 177.0
7.2 65.5 2.7 178.¢C
8.1 4.9 2.3 175.0
9.0 90.7 2.0 178.5
1.0 0.0 1.0 150.3 150.3
0.4 0.9 65.9 57.4
0.8 1.5 39.1 58.6
1.2 2.3 26.5 61.5
1.6 3.2 20.3 6k.9
2.l 4.9 14,1 69.0
3.2 6.2 11.2 69.4
4.0 7.7 9.3 71.8
5.2 9.6 7.6 73. 1
6.0 10.5 6.9 72.2
7.2 11.5 6.1 70.5
. 8.k 13.8 5.4 7.0 —

9.2 13.8 5.2 7L.5

-~
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Appendix X-9 (cont'd)

. Sherwood Number
NaOoH Drop Effective Based on

Concentration  Time Diffusivity Effective Molecular
Normality sec, cmg/sec x 10-2 Diffusivity Diffusivity
0.5 0.0 1.0 150.3 150.3
0.4 1.5 48.8 70.6
0.8 3.1 2k.o h b
1.2 5.1 159 79.0
1.6 7.4 11.3 83.0
2.4 10.9 7.3 79.0
3.2 14,3 5.3 750
4.0 17.h ) 70.0
5.2 21.2 2.9 61.0
6.0 24,3 2.k 575
7.8 26.2 1.8 48.2
8.4 26.2 1.5 38.2
9.2 26.2 1.3 33.3



Appendix X-10
Variations of Experimental Sherwood Number with Time for
Mass Transfer of Ethyl Acetate with Simultaneous Chemical Reaction

into Aqueous Sodium Hydroxide Drops.

Na.OH " Drop

Concentration Time Sherwood
Normality sec, Number
2.0 o 181.0
1.0 s 73.3
0.5 0. 10%.0
0.5 100.5
1.0 96.5
2.0 88.6
4.0 73.0
6.0 57.1
8.0 k1.5
10.0 25.7
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