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Abstract

The influence of the fundamental parameters of non-ideal phase flow and the extraction
parameters on the number of equilibrium stages - Np, theoretical stages - Ny, as well as the
number of stages (Np - Np), the existence of which is a consequence of the backflow in
extractors, was investigated. The calculated number of stages (Np - Ny) served as a measure
of the influence of the denoted parameters on the extraction efficiency.

The results of the investigation indicate that the number of stages (Np - Ny) considerably
increased with increasing backmixing coefficients and that the dependence was linear. It was
established that the increase of the ratio of the flowrate of the heavy and light phase and the
decrease of the equilibrium distribution coefficient, as well as the increase of the total
separation factor, led to an exponential increase of the number of stages in the extractor,
which consequently caused a decrease in the extraction efficiency.
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1. Introduction

The influence of non-ideal phase flow in counter-current operations has
been insufficiently studied despite its exceptional significance. Namely, in
most extractors, when describing counter-current phase flow, the existence of
axial mixing, which causes a decrease in the mass transfer in the equipment,
must be taken into account, i.e. the decrease in extraction efficiency [1-3]. A
modest contribution to this problem is presented in some papers of the author
of this publication [4-6].

Keeping in mind that the equipment efficiency decreases during non-ideal
phase flow, especially in the case of counter-current extraction equipment, the
influence of the fundamental parameters of non-ideal phase flow and the
extraction parameters for the case of a linear equilibrium distribution was
systematically investigated in this paper.

Analytical expressions were used in the paper to calculate the number of
equilibrium stages - Np,, and theoretical stages - Ny, for the case when the
extraction factor F # 1, for which F = L/(mG) where L and G are the flowrates
of the heavy and light phase, respectively, and m is the solute distribution
coefficient [7].

The calculated number of stages (N - Np) was used to analyse the
influence of the denoted parameters on the extraction efficiency.

2. Theoretical consideration

Starting from the stepwise backmixing model, in which the basic
parameters of the non-ideality of the phase flows are expressed by the
backmixing coefficient f in phase L and s in phase G, A. Tolic and V. Rod [8,9]
developed a new model to calculate counter-current extractors. On the basis of
this model it follows that phase flow non-ideality is defined by the difference
in the number of equilibrium stages - N, defined by A. Tolic and T. Miyauchi
[10], and the number of theoretical stages - N1. The analytical expressions for
the calculation of the number of stages ND and NT for the case of a linear
equilibrium dependence, and F # 1, are given in Table 1. The case for F =1,
for which other analytical expressions are also required, was not included in
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the analysis, as the selected values of the extraction factor did not include this
value.

Table 1. Analytical expressions for the calculation of the number of stages
Np and Ny for the case of a linear equilibrium distribution and F #1

In -y, 1nF+s+Ff_ -y,
N = -y, -F N = I+s+Ff F(l-wy, - F)
T InF b lrlF+s+Ff

1+s+Ff

The total degree of extraction, i.e. the total degree of separation - Yy is
defined as Yy = (Xi - Xou)/(Xin - Xin™ ), Where x;, and x,,, are the extractant
concentrations in phase L at the inlet and outlet from the extractor, while x;,*
is the inlet equilibrium concentration.

3. Initial data

Realisation of the set goal requires, foremost, the selection of parameters of
non-ideal phase flow, as well as the denoted extraction parameters by which
their ranges will cover the interval of interest for extraction.

The following data were selected: a general type of linear equilibrium
dependence y = mx, where m is the coefficient of equilibrium distribution
proportional to the solvent concentration; the backmixing coefficients f= 0 +
5 and s = 0 + 5 with the increment 0.1; the extraction factor F = 0.3 + 0.9 with
the increment 0.1; the total separation factor yy = 0.90 =+ 0.98 with the

increment 0.1.
4. Results and discussion
The calculated values for N, N and (N, - Ny) for a broad range of initial

data are presented in Table 2. The existence of backmixing in phase L (f=0 =+
5) and the absence of it in phase G (s = 0) were assumed.
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Table 2. The calculated number of stages N; Ny, and (Np, - Ny) based on the

analytical expressions (Table 1) for selected values of the
parameters f=0+5,s =0, F = 0.3 +0.9 and v, = 0.90 + 0.98

Nr No (No-Np)

£ 0 1 2 3 4 5 0 1 2 3 4 5

Yy F s 0 0 0 0 0 0 0 0 0 0 0 0
0.3 1.65 201 236 271 305 339 000 036 071 106 140 1.74

04 203 268 332 395 458 521 000 065 129 193 256  3.19

05 246 349 452 553 655 1.56 000 104 206 307 409 510
0.90 0.6 299 453 606 759 911 10.64 000 154 307 460 612 7.5
0.7 367 590 813 1035 1257 1479 000 223 446 668 890 11.13

0.8 461 785 1108 1430 17.53 20.76 000 323 646 9.69 1292 16.14

0.9 6.09 1092 1575 20.58 2541 30.24 000 483  9.66 1449 1932 24.15

03 183 229 274 317 361 404 000 046 091 134 178 221

0.4 226 306 384 461 539 616 000 080 158 236 313  3.90

05 275 400 523 645 767  8.89 000 125 247 370 492 614

092 0.6 337 521 704 886 10.68 12.50 000 1.84 367 549 731  9.13
0.7 419 685 951 1216 1482 1747 000 267 532 798 1063 1328

0.8 535 924 1313 17.01 2090 2478 000 389 778 11.66 1555 19.43

0.9 727 1321 19.15 2509 31.03  36.97 000 594 1189 17.83 2377 29.71

0.3 206 265 322 378 434 489 000 059 116 172 228 283

0.4 256 355 452 548 643 739 000 099 196 292 388 483

05 314 466 616 766 9.5 10.64 000 152 302 451 600 7.49
0.94 0.6 388 612 834 1055 1276 14.98 000 224 446 667 888 11.09
0.7 488 813 1136 1460 17.83 21.06 000 325 648 972 1295 16.18

0.8 636 1115 1594 2073 2551 3030 000 479 958 1437 19.15 23.94

0.9 895 1649 2402 31.56  39.09 46.63 000 754 1508 2261 30.15 37.68

0.3 239 317 391 465 537 610 000 078 152 225 298 371

0.4 208 425 548 671 793 915 000 126 250 372 495 616

0.5 370 562 751 939 1127 13.14 000 192 381 569 757 944
0.96 0.6 462 743 1022 13.00 1578 18.56 000 281 560 838 11.16 13.94
0.7 590 1000 14.09 18.17 2225 2633 000 410 819 1227 1635 2043

0.8 788 1403 20.17 2632 3246 38.60 000 615 1230 1844 2458 30.72

0.9 1162 2169 3175 41.82 5189 61.95 0.00 1007 20.14 3020 4027 5034

0.3 296 405 510 614 7.6 8.8 000 109 214 3.8 420 522

0.4 373 546 716 884 1052 1220 000 174 343 512 680 847

0.5 467 728 985 1241 1496 17.51 000 261 518 774 1029 1284
0.98 0.6 592 974 1353 1731 21.09 2487 000 3.8 761 1139 1517 18.94
0.7 772 1335 1895 2455 30.15 3574 000 563 1123 1683 2243 28.02

0.8 10.66 1931 27.94 3657 4520 53.82 000 864 1728 2591 3453 43.16

0.9 16.85 31.88 4691 61.94 7696 91.99 0.00 1503 3006 4509 60.12 75.14

The calculated number of stages is presented in Table 3 for the same values
of the initial data and the case of the absence of backmixing in phase L (f=0)
and its presence in phase G (s =0 + 5).

4.1. The dependence of the number of (N;, - Ny
stages on the degree of backmixing

By selecting the first value of the parameter yy = 0.90 and using data from
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Tables 2 and 3, it is possible to graphically present the dependence of (N, -
Np)on f,1e. of (Np-Nqp)ons for the whole range F = 0.3 + 0.9 where the
coefficients k; and k, designate the slopes of the obtained linear dependencies

(Fig. 1 and 2).

Table 3. The calculated number of stages Ny, N and (N, - Ny) based on the

analytical expressions (Table 1) for selected values of the
parameters f=0,s =0 +5, F=0.3+0.9and yy=0.90 +0.98

Nr Np (Np—N7)
YA 0 0 0 0 0 0 0 0 0 0 0
Wy F s 0 1 2 3 4 5 0 1 2 3 4 5
0.3 165 282 395 507 620 732 000 .17 230 342 455 567
0.4 203 364 521 678 835 9.92 000 161 319 476 633  7.90
05 246 452 655 858 1060 12.63 000 206 409 612 814 1017
0.90 0.6 299 555 809 1064 1318 1572 000 256 511 765 1019 1273
0.7 367 686 1003 1321 1638 19.55 000 319 636 954 1271 1589
0.8 461 865 1269 1672 2076 24.79 000 404 808 1211 1614 2017
0.9 6.09 1146 1683  22.19 27.56  32.92 0.00 537 1073 1610 2146  26.83
0.3 183 332 476 619 762 905 000 149 293 436 579 722
0.4 226 423 616 808 1000 11.92 000 197 390 582 774 9.66
05 275 523 767 1011 1255 14.98 000 247 492 735 979 1222
092 0.6 337 643 947 1250 1553 1857 000 306 610 913 1216 15.19
0.7 419 799 1178 1557 1936 23.15 000 381 760 1139 1518 18.97
0.8 535 1021 1507 19.93 2478 29.64 000 48 972 1458 1943 2428
0.9 727 1387 2047  27.07  33.67 4028 000 660 1321 1981 2641 33.01
0.3 206 397 581 764 947 1130 000 191 375 558 741 924
0.4 256 500 739 977 1215 1453 000 244 483 722 960 1197
0.5 314 616 915 1212 1510 18.07 000 302 600 898 1196 14.93
0.94 0.6 388 760 1129 1498 18.66 2234 000 372 741 1109 1478 1846
0.7 488 951 1413 1875 2336 27.98 000 463 925 1387 1848 23.10
0.8 636 1235 1833 2432 3030 3628 000 599 1197 17.96 2394 29.92
0.9 895 1732 2570 3407 4244  50.82 000 838 1675 2512 3350 41.87
0.3 239 489 730 971 1211 1450 000 250 491 732 972 1211
0.4 298 610 9.5 1219 1522 1826 000 311 616 920 1224 1527
05 370 751 1127 1502 1877 2251 000 381 757 1132 1507 1881
0.96 0.6 462 929 1393 1856 23.19 27.81 000 467 931 1394 1857 23.19
0.7 590 1175 17.59 2341 2924 35.07 000 585 1169 17.52 2334 29.17
0.8 7.88 1557 2324 3092 38.60 46.27 000 7.69 1537 23.04 3072 3839
0.9 1162 22.80 3399 45.18 56.36 _ 67.54 000 11.19 2237 33.56 4474 5593
0.3 296 648 988 1327 1665 20.02 000 352 692 1031 1369 17.06
0.4 373 800 1220 1637 20.54 24.71 000 428 847 1265 1682 2098
05 467 985 1496 2006 2516 3026 000 518 1029 1539 2049 2558
0.98 0.6 592 1227 1857 2487 3116 3745 000 635 1265 1894 2523 3152
0.7 772 1575 2375 3175 3974 4773 000 803 1603 2403 3202 40.01
0.8 1066 2147 3226 43.04 5382 64.61 000 10.80 2159 3238 4316 53.94
0.9 1685 33.55 5025  66.95 83.64 100.34 0.00 1670 3340 50.10 66.80  83.49

It may be concluded that the number of (N, - Np) stages significantly
depends on the values of f and s and that it linearly increases with increasing
backmixing coefficient where:

(Np-Np) =k f
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+ F=03 k=114

f— coefficient of backmixing in phase L s — coefficient of backmixing in phase G
Fig. 1. Dependence of (Np— Nyp) on [ Fig. 2. Dependence of (Np— Ng) on s
for a selected case of Jor a selected case of
extraction (Wy = 0.90) extraction (Wy = 0.90)
(Np-Np) =k, s (for f=0ands #0) (2)

for the case when f# 0 and s # 0, the following expression holds when:
(Np - Np) =k f+ky s 3)

Linear dependencies are obtained for all the other values of the parameter
YN, with the corresponding slopes (Table 4.) with a high value of the
correlation coefficient (R = 1).

4.2. The dependence of the number of (N, - Ny) stages
on the extraction factor

On the basis of the data in Table 4 it is possible to analyse the dependence
of the slope of the linear dependencies k; and k, and the extraction factor,
which is defined as the ratio of the phase flow and coefficient of the extractant
distributions F = Q/m = L/Gm, at constant values of the total separation factor
- Yy (Fig. 3 and 4). It is obvious that coefficients k; and k, significantly
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Table 4. The slopes k; and k, of the obtained linear dependencies for
selected values of the parameters F and yy

k1 k2

F oW 090 092 094 096 0.98 090 092 094 096 0.98
0.3 035 044 057 075 1.05 1.14 145 185 243 342
0.4 064 078 097 124 170 1.58 194 240 3.06 421
0.5 1.02 123 1.50 1.89 257 204 245 299 377 512
0.6 153 1.83 222 279 3.79 255 304 370 464 631
0.7 223 266 324 4.09 5.6l 318 3.80 462 584 8.01
0.8 323 389 479 6.15 8.63 404 486 598 7.68 10.79
0.9 483 594 7.54 10.07 15.03 537 6.60 837 11.19 16.70

increase with increasing F. These dependencies are not linear; they are
exponential (the correlation coefficient R ranges from 0.98 to 0.99). They may
generally be analytically expressed as:

k; = 0,(yn)-€22¥VF and  k, = 05(yy)-eO4VNF “4)

where 0,, 0,, 0; and 6, are coefficients the value of which depends on the
value of the total separation factor - yy.

The following equation is obtained by combining equations (3) and (4):
(Np = Nip) = £+ 8, (Y- e+ 5 - By 04V )

However, equation (5) is only valid for one value of the parameter YN, so
it is also necessary to determine the dependence of (N, - N1) on the separation
factor.

4.3. The dependence of the number of (N, - Ny)
stages on the total separation factor

The exponential dependencies presented in Fig.5 and 6 are obtained if the
change of the slopes of the linear dependencies k;, and k, on the total

separation factor Wy is analysed at constant values of the extraction factor F.
In this case there is also an exponential increase of the slopes k; and k, with
increasing total separation factor - Yy (correlation coefficient R = 0.99). The
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Fig. 3. The dependence of the slope Fig. 4. The dependence of the slope
ki on the extraction factor F ky on the extraction factor F
for selected values of Yy for selected values of Wy
16 18
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Yy — total separation factor wy — total separation factor
Fig. 5. The dependence of the slope k Fig. 6. The dependence of the slope k,
on the total separation factor Wy on the total separation factor Yy
for selected values of F for selected values of F

general analytical expression may be defined as
k, = @,(F)-e®®¥ and  k, = 0;(F)-e®4Pw~ ©

By combining equations (3) and (7), one obtains
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(Np - Np) = 0,(F)-e® PV +5 - 0(F)-e®4Fwvv (7)

In equations (6) and (7) ®,, ,, ®; and ®, are coefficients that change as

the value of the extraction parameter F changes.
In order to obtain the relationship to calculate the number of stages (N -

Ny), which would include all the parameters the influence of which was
investigated: f, s, F and yy, simultaneous fitting was performed.

For the case when f # 0 and s = 0, equations (5) and (7) may be written in
the form:

(Np - Np) = £+ 0, (yy)-e®2WVF = £ . ghdwnF ®)
(Np - Np) =f- 0,(F)-e®X®v¥n = f. gnabyn ©)

A unique presentation of these two relations would be:
(Np - Np) = f-e?ww (10)

After taking the logarithm of the above equation one obtains:
In(Np - Np) =@, (Fyy) +Inf (11)

Using the data in Table 2 and assuming that f = 1, the values of @,(F,yy)
may be easily calculated:

In(Np - Np) = ¢,(F,yy) (12)

Assuming that the dependence of @,, of the form ¢,(F,y,) = o, + B,F +
YiWy and by using the least squares method to fit the two-parameter equation
(12) with the aid of the developed program (Matlab), the following values
were obtained for: o, = -13.22; B, = 4.17 i vy, = 12.27, which means that
equation (10) takes on the form:

(ND _ NT) = f. 612’21'\VN+4,17‘F— 13,22 (13)
The following equations are obtained by using the same procedure and
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assuming that f =0 and s # 0:

(Np - Np) =5 - 03(yy)-e¥VF = 5 - ehA¥F (14)
(ND - NT) =g- (DS(F).ewfl(F)‘VN =g - eﬂZ(F)‘VN (15)
(ND - NT) =S- e(pZ(F’WN) (16)

where @,(F,yy )= o, + B,F + Y, y\. The results obtained are: o, = -11.58;
B, =2.42 and 7y, = 12.25, so equation (16) may be written in the form:

(ND . NT) = g- e12725-\4IN+2,42-F— 11,58 (17)

As the backmixing effect is most commonly present in both phases (f # 0
and s # 0), the total number of stages (N, - Ny) is, in accordance with the stage
additivity model, equal to the sum of the number of stages defined by equation
(13) when backmixing is present only in phase L and the number of stages is
defined by equation (17) when this phenomenon is present only in phase G.
The integral equation takes on the form:

(ND . NT) = f. elZ,Zl-\uN +4,17-F - 13,22 + s - elZ,ZS-\uN +2,42-F - 11,58 (18)

A comparison of the number of stages obtained on the basis of the
developed analytical expressions (Table 1), (N - Np)ypay0 and the number of
stages calculated based on relation (18), (N - Ny),;, was performed for all
combinations of parameters f and s and some combinations of Yy and F within
the investigated range in order to check the obtained relationship (Table 5).

The agreement of the obtained results is exceptionally good which is
indicated by the very high value of the correlation coefficient (R = 1) for any
combination of parameters yy and F within the denoted boundaries.

On the basis of the obtained relationship (18) it may be stated that the
number of stages (N - Np) linearly increases with increasing backmixing
coefficient in the L and G phases. With increasing value of the extraction
factor, i.e. with increasing ratio of the phase flows and decreasing coefficient
of equilibrium distribution (as well as solvent concentration), the necessary
number of stages increases exponentially. If larger values of the total
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Table 5. Comparison of the number of stages (Np - Ng) g, 0btained on the

basis of analytical expressions (Table 1) to the number of stages
(Np - Nyp),.; calculated based on expression (18)

(Np — N1)anatic (Np — ND)ret
on the basis of expressions in Tablel on the basis of equation (18)
f 0 1 2 3 4 5 0 1 2 3 4 5
No s
0 0.00 323 646 9.69 1292 16.14 0.00 3.19 637 956 1275 1593
gg | 404 727 1050 1372 1695 20.17 398 7.7 1035 1354 1673 19.91
n =3 2 8.08 1130 1453 17.75 2098 2421 796 11.14 1433 1752 2070 23.89
o3 12.11 1534 1856 21.79 25.01 28.24 1194 1512 1831 21.50 24.68 27.87
SRy 16.14 1937 2259 2582 29.05 3227 1592 19.10 2229 2548 28.66 31.85
5 20.17 2340 26.63  29.85 33.08 3631 19.89  23.08 2627 29.45 32.64 35.83
0 0.00 036 071 105 140 174 000 040 079 1.19 158 198
g2 1 117 151 185 219 252 286 119 158 198 237 277 317
2 =2 2 230 264 297 331 365 3.99 237 277 317 356 396 435
3 342 376 410 443 477 511 356 396 435 475 514 554
5y 455 488 522 556 589 623 475 514 554 593 633 673
5 567 600 634 668 701 735 593 633 672 7.2 152 791
0 0.00 152 3.02 451 600 749 000 149 298 447 596 745
Te | 3.02 451 600 749 898 1047 3.14 463 612 761 9.0 1059
3) S8 2 6.00 749 898 1047 1196 13.44 628 777 926 1075 1225 13.74
3 898 1047 11.96 1344 1493 16.41 943 1092 1241 1390 1539 16.88
5=y 1196 13.44 1493 1641 1790 19.39 1257 1406 1555 17.04 1853 20.02
5 1493 16.41 17.90 1939 20.87 22.36 1571 1720 18.69 20.18 21.67 23.16
0 0.00 11.12 2223 3334 4444 5555 0.00 10.48 20.95 3143 4190 5238
o, 1 13.08 24.19 3530 4640 5751 68.61 1197 2244 3292 4339 5387 6435
4 SE 2 26.15 3726 4836 5947 70.57 81.68 2393 3441 4488 5536 6583 7631
L3 3922 5032 6143 7253 83.64 9474 3590 4637 5685 67.32 77.80 88.28
Sy 5228  63.39 7449 8560 96.70 107.8 4786 5834 6881 79.29 89.77 100.2
5 6535 7645 87.56 98.66 109.8 120.9 59.83  70.30  80.78 91.25 101.7 112.2
0 0.00 1.09 214 318 420 522 0.00 1.06 211 3.17 423 529
%o 1 352 454 556 658  7.60 8.62 3.16 422 528 633 739 845
5) 3 2 2 692 794 895 997 1098 12.00 632 738 844 949 1055 11.61
L3 1031 1132 1234 1335 1436 1538 948 10.54 11.60 12.66 13.71 14.77
Sy 1369 1470 1571 1673 17.74 18.75 1265 1370 1476 15.82 16.87 17.93
5 17.06  18.08 19.09 20.10 21.11 22.13 1581  16.86  17.92  18.98 20.04 21.09

Correlation coefficient R = 1.0000, mean square deviation ¢ = 0.27; 2) R =
0.9995, 6 = 0.29; 3) R = 0.9998, 6 = 0.47; 4) R = 0.9999, 6 = 4.86; 5) R =
0.9995, 6 =0.71

separation factor are to be achieved during extraction, an exponential increase
of (Np - Np) must be expected. A graphic presentation of the obtained number
of stages (N - N;) on the basis of equation (18) for boundary conditions of
the backmixing coefficients f =s =1 and f=s =5 are presented in Fig. 7.
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a)f=s=1 b)f=s=5
Fig. 7. Graphical presentation of the number of stages (Np - Ny)
obtained based on relationship (19)

Equation (18) may also be used to calculate the number of stages (N, - N)
that are formed due to the occurrence of backmixing in the case of a linear
equilibrium distribution, if the values of the initial extraction parameters, as
well as the non-ideality parameters of the phase flows, are known. This

application is illustrated by several examples for counter-current extraction
(Table 6).

5. Conclusion

The number of stages (N - Ny), the existence of which is the consequence
of the occurrence of backmixing in counter-current extractors, was calculated
on the basis of analytical expressions developed for the case of a linear
equilibrium distribution for selected values of the backmixing coefficient,
extraction factor and total separation factor.

Starting from the calculated values of the number of stages (N, - Ny), as a
measure of the influence of the backmixing effect, it was demonstrated that
the value of (N - Ny) significantly increased with increasing backmixing
coefficient and that the relationship was linear. This increase evidently
indicates the damaging effect of backmixing, i.e. the decrease of the extraction
efficiency.

The influence of the ratio of phase flows was included in the calculation of
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the number of stages (N, - Nt) via the extraction factor, as were the extractant
distribution coefficient and total separation factor, which led to the
establishment of relationship (18). It may be concluded on the basis of the
obtained relationship that the number of stages (Np - Np) exponentially
increased with increasing ratio of the phase flows and total separation factor,
i.e. it exponentially decreased with increasing distribution coefficient.

Equation (18) represents a tool for the estimation of the number of stages
in extractors in which there is non-ideal phase flow. This is especially
important in practice in the selection of extractors and the denoted parameters
for certain extraction operations.

Table 6. Calculation of the number of stages (N, - Nyrel for various values
of the initial data, y,, - the inlet concentration of the substance in phase G; x;,*

= y,/m - the equilibrium inlet concentration of the substance in stage L, d =
[(Np-Npyer = (Np-N1) anayil 100 / (Np=-N1p) apasy - velative error in %

Initial data Calculated values
*
X X T 0w f s Yy F o (NN (Vo Noua (of))
100 010 000 025 030 4 0 0.00 0900 0.833  14.65 14.69 027
400 025 000 050 1.00 2 4 0.00 0.938 0.500  15.08 14.54 3.71
400 040 005 070 085 1 5 0.06 0913 0.824  28.97 2831 235
1000 100 010 100 150 3 2 0.07 0906 0.667 12.11 12.43 2.53
1400 030 000 045 120 0 3 0.00 0979 0375 11.17 1170 4.52

Note: The calculated values of Wy and F must lie in the interval in which
relation (18) is valid.
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