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to obtain extensive pilot plant data, the interpretation of which required consid- 
erable experience before it could be used for scale-up purposes. The idea of using 
batch settling tests has always seemed attractive, but the difficulty of reconciling 
unsteady- and steady-state experiments has so far proved physically and mathe- 
matically insurmountable. 

In this study the variation in steady state height with dispersion throughput in 
a continuous settler is predicted from unsteady state data obtained in a small-scale 
batch settler. Models are presented which relate the drop sedimentation and co- 
alescence in batch and continuous dispersions, thus enabling the steady state settler 
behavior to be predicted from parameters obtained from the batch data. These 
models are verified with available experimental data and should greatly simplify 
the future design and scale-up of continuous settlers. 

SCOPE 

Although the coalescence of liquid drops is important in many 
industrial operations, particularly in gravity settlers, the be- 
havior of liquid-liquid dispersions and the coalescence process 
is only qualitatively understood. This is probably due to the 
presence of indeterminate amounts of surface-active agents, 
thus making reproducible data very difficult to obtain. Only 
empirical equations exist which relate the steady state disper- 
sion height to the dis ersion throughput. The unknown pa- 

costly pilot plant experiments. However, in practice this is 
usually not possible because of the difficulty of matching op- 

rameters they contai r? can in principle be extrapolated from 

erating conditions, such as drop size distribution and the degree 
of turbulence. 

The object of the present study is to show how the relevant 
parameters can be obtained from batch-settling experiments 
and successfully used to predict the variation in steady state 
height with dispersion throughput. Physical models based on 
drop sedimentation and coalescence are presented which apply 
to both batch and continuous dispersions. The constants in- 
volved can thus be derived from small-scale batch experiments 
and used to predict the variation in steady state height with 
throughput on a larger scale. 

CONCLUSIONS AND SIGNIFICANCE 

Models have been obtained which relate the behavior of 
batch and continuous dispersions. These enable the variation 
in steady state dispersion height with throughput to be predicted 
from parameters measured in batch experiments. 

The decay in batch dispersion height h with time t is usually 
exponential but may possess an inflection point if the initial 
rates of sedimentation and coalescence are slow. The expo- 
nential decay data of Vieler (1977) can be represented by the 
reciprocal relationship: 

which corresponds to the variation in steady state height H with 
dispersion flux Q/A: 

proposed by Stonner and Wohler (1975). The constants kl and 
kz can thus be obtained from batch decay data and used to 
predict the steady state behavior if the drop size, turbulence, 
coalescence rates and of course the degree of contamination are 
similar to both batch and continuous experiments. 

The sigmoidal decay curves of Barnea and Mizrahi (1975d) 
reflect the inflection points in the sedimenting and coalescing 

fronts expressed as distances x and y measured from the final 
undisturbed interface (so that x + y = h). Allowing for drop 
growth by binary coalescence, the initial increase in sedimen- 
tation rate -dx/dt relative to the static continuous phase with 
time t is given by: 

(iii) 

in cgs units. The sedimenting drops collect at the disengaging 
interface to form a dense-packed layer of height hp which ini- 
tially increases in thickness, since the volume rate of sedimen- 
tation is greater than the volume rate at which the drops co- 
alesce with their homophase. Allowing for the effect on the rate 
of coalescence of the weight of the drops pressing on the dis- 
engaging interface leads to: 

Zphp = 355 (~~'"' 
in cgs units. The holdup fractions in the sedimentation and 
dense-packed zones are Zs and Zp and the total batch height h 
= h, + hp. 

The steady state equivalent of the sedimentation velocity 
-dx/dt is the velocity of the dispersed phase, Qd/A&. The 
elapsed time t in which the drops grow is equivalent to the 
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residence time Z,H,A/Qd. So the steady state equivalent of Eq. 
iii is: 

H, = 1,043(Qd/AZs)3.4 (v) 

The volume rate of coalescence -dy/dt is directly equivalent 
to QdI.4, so that Eq. iv becomes: 

ZpHp = 35yQd/A)2.g' (vi) 
Adding H, and Hp gives the steady state dispersion height, 

H, if the hold-ups S, and Zp in the batch and continuous ex- 
periments are identical, which may not be so if turbulence 
conditions differ. 

It is also possible to empirically relate the batch separation 
time ff corresponding to a standardized initial height ti, to the 
dispersion throughput Q/A producing a given steady-state 
height, H. We have generalized this relationship and found that 

INTRODUCTION 

The design of industrial gravity settlers is usually based on data 
from pilot plant mixer-settlers involving high capital cost and a 
large solvent inventory which necessitates elaborate cleaning 
procedures to minimize the contamination of liquids. For this 
reason the possibility of designing large continuous settlers on the 
basis of small-scale batch settling tests has been considered, but in 
practice only a few of the attempts made have met with even 
limited success. This is due to the complexity of the separation 
mechanism which furthermore differs in the batch and steady-state 
processes. 

The degree of complexity involved in the separation mechanism 
of liquid-liquid dispersions is apparent from the experimental in- 
vestigations of Barnea and Mizrahi (1975a,b,c,d) who proposed only 
an empirical relation between the batch separation time and 
nominal settler capacity per unit area of the continuous settler. 
Extending the idea of using the batch separation time, Golob and 
Modic (1977) empirically correlated the batch coalescence rate of 
the dispersed phase in the time interval where it is approximately 
constant with the physical properties for a number of solvent sys- 
tems with water as one of the phases. Godfrey et al. (1979) sug- 
gested a graphical interpretation of batch settling curves to predict 
the continuous settler performance. Stonner and Wohler (1975) 
related the continuous settler throughput per unit area to the steady 
state dispersion thickness based on an analogy with two-stage 
successive chemical reaction. Their results were experimentally 
verified by Vieler et al. (1979). 

In the present paper models are formulated which are based on 
binary coalescence between drops and coalescence at the disen- 
gaging interface and which involve neither the analogy with a 
chemical reaction nor empirical relationships; drop sedimentation 
may also be allowed for. Equations are derived which relate the 
behavior of batch and continuous dispersions, thus enabling the 
variation in steady state height with dispersion throughput to be 
predicted from batch settling data. In addition, the steady state 
height is empirically related to the dispersion throughput in terms 
of batch separation time. However, constants are involved which 
must be independently determined for each liquid-liquid system 
and set of operating conditions used. The physical models presented 
are verified by experimental data available in the literature and 
should greatly simplify the scale-up of mixer settlers. 

Behavior of Dispersions 

When a liquid-liquid dispersion is introduced into a settler the 
thickness of the dispersion band increases with time until a steady 
state is attained. The steady state dispersion height H increases with 
dispersion throughput Q I A  until the flooding point is reached, as 

for the data of Bamea and Mizrahi (1975d) H is in fact given by 
Eq. ii, expressed in cgs units for their phase system A where 

Ilk1 = 0.1543 ff + 8.0; l/kz = 0.0204 ff + 0.03825 (vii) 

for water-in-oil dispersion and 

I lk1  = 0.3415 t f  - 8.7; I/kz = 0.01154 tf + 0.4497 (viii) 

for oil-in-water dispersion. 
It must be emphasized that the empirical constants in Eqs. 

vii and viii are functions of the phase system and operating 
conditions used. The work involved in determining these con- 
stants for other systems is far greater than that required by the 
models described above, which relate the batch decay and 
steady state behavior of dispersions. These models have been 
verified with available experimental data and should greatly 
simplify the future design and scale-up of continuous settlers. 

shown in Figure Ib. The variation can be expressed by the recip- 
rocal relationship (Stonner and Wohler, 1975): 

where kl and kz are constants and A the cross-sectional area of the 
dispersion. Over a limited range below the flooding point the power 
law relationship 

H = K ( Q / A ) w  (1b) 
in which K and w are constants, is often used. However, Barnea 
and Mizrahi (1975d) pointed out that for both oil-in-water (o/w) 
and water-in-oil (w/o) type dispersions, the data of Ryon et al. 
(1959,1960, 1963) could be expressed in the form 

H = 2457 

where Q d  = EFQ is the dispersed phase throughput which is plotted 
on logarithmic coordinates in Figure la, the constants being ob- 
tained from a least square fit. The dispersed phase throughput Qd 
= E F Q ,  where CF is the feed holdup fraction of the dispersed phase 
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Flgure la. Experlmentai Variation of steady atate height H with dispersed 
phase throughput &/A on iogarlthrnlc coordinates; data of Ryon et al. 

(1959). 
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Figure lb. Schematic varlation In steady state height H with dispersion 
throughplt WA showing loading point and helghts H. and Hp olsedimentatlon 

and dense-packed zones. 

which depends on the feed flow ratio to the settler. 
At the steady state the drops grow in size by binary coalescence 

and sediment to form a dense-packed layer adjacent to the disen- 
gaging interface where the drops coalesce with their homophase. 
The total dispersion height H is the sum of the sedimentation and 
dense-packed heights Hs and H,, as shown in Figure Ib. 

If the feed rate is reduced to zero the dispersion decays in a time 
t j  as the sedimentation and coalescence processes continue, as 
shown in Figure 2. Batch dispersions can also be directly sampled 
from the process stream or formed independently in a small-scale 
mixing vessel. The total batch dispersion height h is the sum of the 
heights h, and h, of the sedimenting and dense-packed zones. It 
is also equal to the sum of the distances x and y of the sedimenting 
and coalescing fronts measured from the final undisturbed inter- 
face. The heights x, y, and h invariably decrease with time, but h,, 
may initially increase if the sedimentation rate is higher than the 
coalescence rate, as illustrated in Figure 2. This may give rise to 
inflection points in the variation of y and h with time t , as shown 
in Figures 2 and 3a. Alternatively, the decay may be exponential, 
Figure 3b. It is the aim of this paper to predict the variation of 
steady state dispersion height H with throughput Q/A from the 

decay of batch dispersion height h with time t or from the indi- 
vidual variations of the sedimenting and coalescing fronts x and 
Y. 

THEORETICAL 

Binary Coalescence 

Consider a volume V of a liquid-liquid dispersion in which at 
time t there are N drops of diameter 4 and the dispersed phase 
holdup is t. Although V and t may change with time, the volume 
of the dispersed phase V E  = N m # 1 ~ / 6  remains constant, so differ- 
entiating with respect to time yields 

(2) 
1 d N  - 3 d 4  

If the instantaneous binary coalescence time is 7 6 ,  the fraction 
of drops coalescing in a differential time interval 6t is 61/76 so the 
number of drops coalescing will be N 6 t / r b ,  which will reduce the 
total number by N 6 t / 2 r b .  Equating this to the product of the 
differential time interval 6t and the rate of reduction in number 
of drops - d N / d t  thus leads to 

_ _ _ _ _ _  
N d t  4 dt 

(3) 

which is of course analogous to the equation governing a first-order 
chemical reaction with variable rate constant 1/(2rb). Combining 
Eqs. 2 and 3 gives the rate of increase in drop diameter as 

d d = L  (4) - 
d t  676 

in which q, is in general a function of time and will vary with the 
drop size, so that 

(5 )  

where rb* is the binary coalescence time for drops of reference 
diameter &. Setting this in Eq. 4 and integrating with 6 = +o when 
t = 0 gives 

4 t 1/n 

40 
-= (1 +--) 

Wm - 
F W e  2. Schematic variation in heights x and y of sedimenting and Walesing interfaces relative to final undisturbed interface for batch dispersion. (Also shown: 

variatlon in sedimentation and dense-packed heights h, and hp with time 1.) 
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Figure 3. Schematic illustrations: (a) sigmoidal decay of batch dispersion 
height h with time 1; (b) exponential decay of batch dispersion height h with 

time t. 

in which to = ($o/$*)n6rp/n is the time needed for drops to grow 
in size from zero to cb,. Should the reference condition be so chosen 
that $ = $o and 76. = rb ,  then to = 6rb/n,  where r b  is the 
initial tinary coalescence time. In any case Eq. 6a reduces to 

when t >> to. Barnea and Mizrahi (1975~) did in fact find experi- 
mentally that the drop size $ grew as t lln. These equations can be 
used to express the growth of the drop size, $ with elapsed time t 
in batch dispersions and with drop residence time t in continuous 
steady state dispersions. 

Coalescence at the Disengaging Interface 

The drops enter the dense-packed dispersion after having grown 
in size by binary coalescence during their settling process: at the 
disengaging interface the drops coalesce with their bulk homo- 
phase. If €{ is the dispersed phase hold-up fraction at the disen- 
gaging interface, then in an area A there are thus 4 A € i y { / r $ ?  
drops of mean diameter $i if yi is a shape factor which allows for 
their nonsphericity, which is less than unity when the drop is flat- 
tened, as is the usual case. The number of drops coalescing in unit 
time is thus 4 Aqyt/a$:ri, where ri is the average time for each 
drop to coalesce with its homophase. Since the mean drop volume 
is a$?/6 the volume rate of coalescence per unit area $< is thus 
given by 

+i = 27i€i+i/37i (7) 

In a decaying batch dispersion of height h and mean holdup Z, 
the volume rate of coalescence at the disengaging interface is equal 
to the rate of decrease in dispersion volume -d(Zh)/dt, and in a 
continuous settler operating at the steady state +{ is equal to the 
volume throughput of dispersed phase per unit area Q,j/A. 

Since in a dense-packed dispersion 74 and c i  are constant and 
close to unity, the volume rate of coalescence is effectively deter- 

mined by the ratio ${/rf. The value of ${ depends on the degree 
of binary coalescence which has occurred before the drops reach 
the coalescing interface, and ri depends on how it is affected by 
$i and the magnitude of the gravitational forces pressing on the 
draining film. The gravitational forces depend on the depth of the 
dense-packed layer which, in turn, we will assume to depend on 
the dispersion thickness. Thus, ri can be expressed as 

where rp is the coalescence time at the coalescing interface when 
the drop diameter is 4* and the product of dispersion height and 
hold-up is t ,h,. Lawson (1967) and Davies et al. (1971) reported 
that the experimental coalescence time of a single droplet on a flat 
interface to be proportional to dm. 

Combining Eqs. 6b, 7, and 8 gives: 

in which ti is the time needed for the drops to reach the coalescing 
interface of a batch or a continuous dispersion. In a batch dispersion 
ti is the elapsed time and in a continuous dispersion the drop resi- 
dence time in the sedimenting and dense-packed zones. 

In a batch decaying dispersion the drops sediment and begin to 
form a dense-packed bed of drops which coalesce at the disen- 
gaging interface. The thickness of this dense-packed layer increases 
with time if the rate of drop sedimentation exceeds the rate of 
coalescence at the interface, decreasing again when sedimentation 
is complete. The occurrence of a maximum in dense-packed layer 
thickness is reflected by the inflection point in the coalescence 
fronts of Barnea and Mizrahi (1975a,d). On the other hand, there 
are certain other types of data (Vieler et al., 1977) in which no in- 
flection point occurs in the batch decay curve. For both types of 
data the function f ( ch /c ,h , )  can be represented by 

(10) 
c1( €h/ € *h * )P f(2) = 1 + C * ( E h / E * h * ) Q  

in which c1 and c2 are constants. This passes through a maximum 
at 

giving rise to inflection points in the variations of h and y with t .  
The equation reduces to simpler forms, in particular when p = q 
= 0, f ( ~ h / t , h , )  is a constant independent of ch and when q = 0 
is a direct power function of eh. However, the most important 
special case occurs when p = q = 1. The maximum in ch/c,h,  is 
then infinite so inflection points do not occur and the batch decay 
curves are exponential in form. 

PREDICTION 

The variation in steady state height with dispersion throughput 
can be predicted from batch decay curves. As explained in the 
Introduction, these are either exponential or sigmoidal in form, so 
both cases are considered as discussed below. 

Exponential Batch Decay 

For single drops, values of m ranging from less than zero to 
greater than one have been reported in the literature (Burrill and 
Woods, 1973; Charles and Mason, 1960; Komasava and Otake, 
1970; Lawson, 1967), the value being affected by the presence of 
surface-active agents. However, the most common value lies in the 
region of unity (Jeffreys and Hawksley, 1965; Hanson and Brown, 
1967). For dense-packed dispersions we will assume that 7{ is 
proportional to ${ so that m = 1 when the relevant form of Eq. 9 
reduces to 
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TABLE 1. CONDITIONS FOR STEADY STATE RUNS 
Data of Vieler et al., 1979 

Water Kerosene 
Run Flow Rate Flow Rate Mixer Speed 
No. L/s L/S rpm 

1 2.30 2.55 200 
2 2.50 2.93 200 
3 2.13 2.30 200 
4 1.12 1.44 240 
5 1.63 1.00 250 
6 1.12 1.00 225 

which implies that the volume rate of coalescence is independent 
of the drop size at the disengaging interface.(Subsequent analysis 
of the available experimental data for coalescence in batch and 
continuous dispersions confirms that this is in fact the case). 

Equation 12 may be expressed in the form 
1 1  - +-h  

-dh/dt k l  k2 
--- h 

where k l =  2yf~i+*c1!3rf*~*h* and k2 = ~ Y ~ E ~ + * c ~ / ~ ~ ~ * S C ~  if 
it is assumed that E = E is independent of time. 

If the mechanism of coalescence is the Same in batch and con- 
tinuous settling, h and (-dhldt) can be respectively replaced in 
Eq. 13a by H, the steady state dispersion height, and QIA, the 
volume flow rate per unit area of the dispersion, to give 

A similar equation was derived by Stonner and Wohler (1975) 
by analogy with a two-stage successive chemical reaction. Equa- 
tions 13a and 13b can be written explicitly in the reciprocal 
forms 

and 

The value of Q / A  can of course be replaced by Qd/AEF, where Qd 
is the dispersed phase flow rate and EF = Qd/Q = R/(1+  R)  is the 
feed hold-up when R is the dispersed to the continuous phase flow 
rate ratio. 

In Eq. 13a, h/(-dhldt) can be considered as the notional resi- 
dence time of the batch dispersion which, when plotted with re- 
spect to h, would yield a straight line with intercept l / k l  and slope 
l l k z .  Thus, the values of kl and k2 can be obtained from batch 
settling data. Alternatively, Eq. 14a can be integrated with the 
initial condition h = h, when t = 0 to give 

t =-In(?) 1 + -(ho 1 - h )  
k i  k2 

from which k l  and k2 can be calculated from the experimental 
decay of h with t .  

The values of k l  and k2 so obtained from either Eq. 13a, 14a, or 
15 can be used in Eq. 13b or 14b to predict the variation of H with 
Q / A .  This implies that the range of -dh/dt encountered in the 
batch experiments should correspond to the range of dispersion flux 
Q/A for which the steady state dispersion heights are to be pre- 
dicted. This can only be so if the drop sizes, dispersed phase hold- 
up, and degree of turbulence are similar in the batch and contin- 
uous experiments. So the unsteady state conditions should be chosen 
to match those at the steady state. 

Appllcatlon 

The data of Vieler (1977) have been used to test the model. The 
conditions for their six steady state experiments are listed in Table 

44 i\ 32 

m 

1. sac 

Figure 4a. Varlatbn of batch dispersion helght h wlth tlme 1 for the batch run 
corresponding to continuous run 4; data oi Vieler (1977). 

Dirprrrim h.igM, h or H, cm 

Figure.4b. Variation of steady state height H with dispersion residence time 
H/( IYA)  for contlnuous run 4 (solid line) compared wlth varlation of batch 
height h wllh notional resldence time N(--dNdl) for correspondlng batch 
run (open squares); data of Vieier (1877). Slope of line = Ilk?; intercept on 

resldence time axis = Ilk,. 

1. More than 20 batch tests with different initial heights were 
performed for each of the continuous runs. Using Eq. 15 we have 
computed the values of k l  and k2 from least square fits for each of 
their batch experiments. These are then used to calculate the steady 
state dispersion height H from Eq. 13b, which is then compared 
with the experimental steady state dispersion height reported by 
Vieler et al. The agreement between the experimentally obtained 
steady state dispersion height and that predicted from the batch 
results is found to be very good for those batch settling experiments 
having the same range of dispersion flux as in the steady state ex- 
periments when similar conditions exist. The batch variation of h 
with t corresponding to continuous run 4 is shown in Figure 4a and 
the relationship between the batch and continuous residence times 
h/(-dhldt) and H / ( Q / A )  with the dispersion heights h and H, 
respectively, is confirmed in Figure 4b. For the batch data the 
intercept on the ordinate axis gives l / k l =  15.2 s and the slope of 
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Figure 4c. Variation of reciprocal throughput I/( @ A )  with reciprocal steady 
state height 11H for continuous run 4 (solid line) compared with variation of 
l/(-aJ&) with reciprocal batch height l l h  for corresponding batch run (open 
squares); data of Vleler (1977). Slope d line = Ilk,; intercept on the ordinate 

= llkz. 

the line l / k z  = 1.49. The reciprocal relationship is shown in Figure 
4c, from which the same values of l/kl and Ilk2 are obtained from 
the slope and intercept, respectively. 

The ranges of Q/A and -dh/dt are also found to be approxi- 
mately the same for the continuous runs 5 and 6 and their corre- 
sponding batch experiments. Figure 5a gives typical batch settling 
curves with different initial heights corresponding to the steady 
state run 6. The comparison between the experimental steady state 
dispersion heights and those predicted from the corresponding 
batch settling data is shown in Figure 5b. The points refer to the 
variation of H with Q/A predicted from the batch settling curves 
having the same range of dispersion flux at the interface as that 
in the steady state runs while the solid line corresponds to the ex- 
perimental variation of H with Q/A.  Good agreement is also ob- 
tained between the continuous runs 4 and 5 and the variations 
predicted from the corresponding batch experiments. The average 
error between the experimental and predicted steady state dis- 
persion heights is only 11% for each of the runs 4,5, and 6. This is 
at least as good as would be obtained from expensive pilot plant 
experiments and must be considered more than acceptable in an 
industrial context. 

Sigmoldal Batch Decay 

As explained in the Introduction, this type of curve occurs when 
the initial rates of drop sedimentation and coalescence are slow. 
However, if the rate of sedimentation is higher than the rate of 
coalescence of drops with their homophase, a dense-packed layer 
is formed adjacent to the disengaging interface. The batch dis- 
persion height h is the sum of the sedimentation and dense-packed 
heights h, and h, in which the average holdups are F, and 4. 
However, in practice it is the heights x and y of the sedimenting 
and coalescing interfaces relative to the final undisturbed interface 
which are measured. So h, and h, must be predicted from the 
sedimentation and coalescence rates -dx/dt and -dy/dt , re- 
spectively. These possess maximum values which occur at the in- 
flection points in the variation of x and y with time t. 

Sedimentation Height 

The batch decay data of Barnea and Mizrahi (1975d) for the 
phase system A at 29°C [water-in-oil (w/o) dispersion So = 0.51 is 
shown in Figure 7. For the sedimentation of drops in a dense- 
packed dispersion the general relationship between the settling 
velocity V, and drop diameter r,h is 

1. sac 

Figure 5s. Variation of batch dispersion height h wlth time t for runs a, b, C, 

d, e, and 1, corresponding to Continuous run B; data of Vieier (1977). 

E 

i 

W A .  an/seC 

Figure 5b. Variation of steady state dispersion height H with throughput &‘A 
for continuous run 6 (line) compared with variation predicted by batch runs 

a, b, c, d. e, and 1. 

V, = Ksr,hr 

where & is a function of the physical properties and dispersed 
phase holdup fraction 4. For laminar flow Barnea and Mizrahi 
(1975e) found experimentally that r = 2, which corjesponds to 
Stokes’ law for single drops when K ,  = Apg/18pc. For turbulent 
flow, Kumar et al. (1980) found r = $‘z, for the intermediate flow 
regime 2 > r > l/2, changing only slowly as the Reynolds number, 
pcVs@/pc,  increases. Assuming that the dispersed phase holdup 
in the sedimentation zone Ts is constant and that the drop diameter 
grows with time according to Eq. 6b, gives 

where -dx/dt is the settling velocity V, of the drops relative to the 
continuous phase, and k, = K , r , h ~ ( n / 6 ~ ~ ~ / ~ .  Integrating with the 
initial condition x = x, when t = 0 yields 

A plot of In(x, - x) vs. Int up to the inflection point thus yields 
the index r/n and constant k,. The batch decay data of Barnea and 
Mizrahi (1975d) for their phase system A at 29°C (w/o dispersion, 
Zo = 0.5) plotted in Figure 6 indicates that k, = 0.054 and r/n = 
0.42. The sedimentation equation can then be written as 
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the dispersed phase at any time t gives 

In t 

Figure 6. Variation of In(& - x )  wRh int for the sedimentation front up to In- 
flection polnl lor phase syslem A, w/o dispersion ( Zo = 0.5) at 2 9 O C ;  Barnea 

and Mizrahi (1975d). 

where -dx/dt is the drop velocity relative to the stagnant con- 
tinuous phase in the batch settling experiments. For continuous 
settler the equivalent drop velocity is (&/A?, and the residence 
time of drops in the sedimentation zone is t = 7,H,A/Qd, so the 
analog of Eq. 19 becomes: 

where 7 is the instantaneous average holdup fraction of the dis- 
persed phase for the entire dispersion. At any time t ,  the volume 
of coalesced dispersed phase is proportional to (yo - y) and the 
volume of clear continuous phase to (xo - x). It follows that the 
volumes of dispersed and continuous phases in the dispersion are 
proportional to y and x and the dispersed phase holdup 7 = y/(x 
+ yX so that 

(24) 

z + y = h  (25) 

7,h, + SphP = y 

where 

In a decaying dispersion the boundary between the sedimen- 
tation and dense-packed zones is often hazy, making h, and hp 
difficult to determine. It is more convenient to measure x and y, 
the heights of the sedimenting and coalescing interfaces relative 
to the final undisturbed interface. Eliminating h, from Eqs. 22 and 
24 yields 

so the locus z = y - kp of the boundary between the sedimentation 
and dense-packed zones is: 

SEX - y ( l  - Sp) 

(7, - 7 s )  
z =  

which can be rewritten as The maximum value of hp occurs when 

Thickness of Dense-Packed Layer 

A decaying batch dispersion consists of a sedimenting zone of 
height h, and a dense-packed zone of height hp, so that the total 
dispersion height h at any time t is 

If the instantaneous average dispersed phase holdup fractions in 
these zones are 7, and Sp  respectively, then a volume balance for 

FS = (-dy/dt)/(-dh/dt) (28) 
which coincides with the inflection point in the variation of y with 
t if the gradients are measured at the point which we will designate 
by yinf, tinf. The initial value of h, is then given by 

So if kp is to be zero when t = 0, Eq. 26 has to be rewritten in thf, 
form 

Figure 7. Variation of sedimenling and coalescing heights x and y measured relative lo final undisturbed interface wlth time t for the Phase System A. (Also 
shown: locus ol Interface between sedimentation and dense-packed zones wlth heights ha and hp lor Fa = 0.5 and Sp = 0.75.) 
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Qd /A, crnhrc 

Flgure 8. Experimental varlatlon of steady state helghl H with dispersed phase 
throughput Od/A compared with sum of sedimentation and dense-packed 
heights H, and Hp predicted by Eqs. 21 and 34 for Z, = 0.50,0.55, and 0.60. 

Locus of Hp for Zp = 0.75 Is shown separately. 

where S, is given by Eq. 28 in which both gradients are measured 
at yinf, tinf. Should T, equal the initial hold-up Fo = yo/h, then hp 
= 0 and h, and z are given by 

and 

Appllcation 

Figure 7 shows the variation in h, predicted by Eq. 31 with ZP 
= 0.75 for phase system A (w/o dispersion at 29"C, with So = 0.5) 
of the data of Barnea and Mizrahi (1975d). Corresponding values 
of -dy/dt are obtained from a polynomial fit of y with t and can 
be correlated with tphp by the following equation to within an error 
of f6.2%: 

2.91 
Fphp = 355 (- 2) (33) 

Since -dy/dt is the volume rate of coalescence per unit area, the 
corresponding steady state equation for a continuous settler is 

ZpHp = 355 ($),,I (34) 

The steady state dispersion height H can then be found by 
adding the values of Hs and Hp from Eqs. 21 and 34, respectively. 
The value of S, for the steady state dispersion may of course differ 
from that during batch decay because of different turbulence 
conditions and drop growth rates. Furthermore, it is clear from Eq. 
21 that Hs is sensitive to small variations in S,. Figure 8 compares 
the values of H predicted for three values of Fs, together with the 
values of H measured experimentally as a function of Qd/A. It can 
be seen that agreement between the predicted and experimentally 
obtained steady state dispersion heights is good when Ss lies be- 
tween 0.55 and 0.6. 

Empirical Correlations 

Barnea and Mizrahi (1975d) correlated the nominal settler ca- 
pacity Q/A,  corresponding to an arbitrary steady state dispersion 
height of H of 50 cm, to the batch separation time t j  for a batch 
dispersion of an initial height of 30 cm. For phase system A (w/o 
dispersion) they obtained: 

However, even if tf is known, only the throughput corresponding 
to a steady state dispersion height of 50 cm can be calculated from 
this equation. In fact, their data for phase system A (both w/o and 
o/w dispersions) can be extended to all steady state heights by 
correlating the experimental values of H, Q/A, and tfi For each 
steady state height a linear relationship between tf and t ,  (the 
residence time of the continuous dispersion HA/Q) exists: 

t ,  = mtf + c (36) 

Table 2 gives the values of m, c,  and the percentage deviation 
between the experimental and calculated tr for both types of dis- 
persion obtained from a least squares fit. Since both rn andc vary 
with H ,  further linear relationships: 

m = mhH ch (37) 

c = mcH + c, (38) 

are obtained, the slopes mh, m,, and intercepts ch and c, being 
listed in Table 3. 

and 

Equation 36 written in the reciprocal form thus becomes: 

(39) 

in which l / k l =  Chtf + c, and l /kz  = mhtf + m,, where l /k l  and 
l /kz  have units of seconds and s/cm respectively. Equation 39 thus 
enables H-(in cm) to be calculated for a given value of dispersion 
throughput Q/A (in cm/s) from a single experimental measure- 
ment of the batch separation time tf (in s) for an initial batch dis- 
persion height of 30 cm. For both w/o and o/w dispersions this 
equation predicts H to within f20% for 90% of the data presented 
by Barnea and Mizrahi (1975d) for their phase system A. This is 

TABLE 2. m AND c VALUES OF t ,  = mtf + c FOR PHASE SYSTEM A OF BARNEA AND MIZRAHI (1975d) FOR DIFFERENT STEADY STATE 
DISPERSION HEIGHTS 

H 
m 

Water/Oil Oil/ Water 
c, s 

Water/Oil Oil/Water 
7% Deviation. on t ,  

Water/Oil Oil/Water 
cm Dispersion Dispersion Dispersion Dispersion Dispersion Dispersion 

20 0.5535 0.5541 8.84 1.5135 13.9 12.8 
40 0.9868 0.8396 9.35 6.871 14.9 12.8 
60 1.3690 1.0155 10.37 19.50 15.4 14.6 

80% of data points have only 10% deviation. 
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TABLE 3. mh, Ch AND m,, c, VALUES OF EQS. 37 AND 38 FOR PHASE SYSTEM A OF BARNEA AND MIZRAHI (1975d) 

m=mhH+Ch c = m,H + c, 
mh % Deviation mc cc % Deviation 

Dispersion crn-1 Ch on m s/cm s on c 

Water/Oil 0.0204 0.1543 1.7 0.03825 8.0 1.9 
Oil/Water 0.01154 0.3415 4.4 0.4497 -8.7 35.0 

considerably worse than the accuracy obtained from the physical 
models based on exponential and sigmoidal batch decay curves. 
In any case, the results apply only to the system used by Barnea and 
Mizrahi (1975d) and can only be extended to other systems by 
performing extensive pilot plant experiments in addition to un- 
steady-state batch experiments. 

CONCLUSIONS 

1. The steady state height H in a continuous settler is related to 
the dispersion throughput Q / A  by the reciprocal equation 

which indicates that flooding will occur when Q / A  = kz. Below 
the flooding point the relationship between H and the dispersed 
phase flow rate &/A is often expressed by 

in which Qd = EFQ where EF = R / ( 1  + R )  is the dispersed phase 
hold-up fraction in the feed and R = Qd/Qc,  the flow ratio of the 
dispersed to continuous phases; the index w is invariably greater 
than 2, even when @ / A  is replaced by Q / A .  Relationships could 
be clouded by trace amounts of surface active material which make 
reproducible results very difficult to obtain. 

2. The height h of a batch dispersion either decays exponentially 
with time or passes through inflection point. In the latter case the 
rates of sedimentation and coalescence of drops with their homo- 
phase initially increase and then decrease. So the variation in 
heights x and y of the sedimenting and coalescing interfaces are 
also sigmoidal. The volume sedimentation rate -&dx/dt is in- 
variably higher than the coalescence rate -dy/dt  of drops with 
their homophase. So a dense-packed layer of height hp and mean 
hold-up F p  is formed adjacent to the disengaging interface. The 
total dispersion height h = x + y = h, + h,, where h, is the height 
of the sedimentation zone in which the mean holdup is Fs. 

3. Equation I can be obtained by assuming that the total 
throughput Q / A  depends on the thickness of the dense-packed 
mne which may be expressed as a function of the dispersion height. 
The analogous equation for the batch decay is 

which can be readily integrated to give h as a function of time t .  
Values of l / k l  and l / k z  obtained from either of these batch 
equations can be employed in Eq. I to predict the variation in 
steady state height with dispersion throughput if the drop size, 
hold-up, turbulence, dispersion flux, and of course the degree of 
contamination, are similar in both batch and continuous experi- 
ments. 

4. Allowing for drop growth by binary coalescence, the Variation 
in batch sedimentation rate -dx/dt with time t is given in cgs units 
by: 

-dx/dt = 0.054 ,(IV) 

The sedimenting drops collect to form a dense-packed layer of 
height 4, so the force per unit area of the disengaging interface 
due to the weight of the drops is proportional to tphp. This deter- 
mines the volume rate of coalescence of the drops with their ho- 
mophase -dy/dt  through the equation: 

Zphp = 355 (-dy/dt)Z.' (V) 

5. In Eq. IV the sedimentation rate -dx/dt can be replaced at 
the steady state by the drop velocity Qd/Ac,. Similarly, the elapsed 
time t can be replaced by the drop residence time in the sedi- 
mentation zone, H,A&/Qd. So the steady state equivalent of Eq. 
IV is 

H, = 1,043 ( Q d / A s ) 3 4  (VI) 

In Eq. V the dense-packed height h, and volume rate of coales- 
cence -dy/dt are directly equivalent to H, and Qd/A respectively. 
So the steady state equation becomes 

Adding H, and H ,  gives the steady state dispersion height H if the 
hold-ups F, and Ep in the batch and continuous experiments re- 
spectively may be equated, which is only possible when the tur- 
bulence conditions are similar. Equations VI and VII can be ap- 
proximated by a single power function in the form of Eq. 11 with 
a corresponding loss in accuracy. 

6. Other authors have empirically related the batch separation 
time t f  corresponding to a standardized initial height h, to the 
dispersion throughput Q / A ,  producing a given steady state height 
H. Generalization of this relationship, using the experimental data 
of Barnea and Mizrahi (1975d), leads to Eq. I, in which l / k l  and 
l /kz  are known linear functions of t f .  However, the empirical 
constants involved are functions of the phase system and operating 
conditions employed. The effort needed to redetermine these 
constants for other systems and conditions is extensive. 

7. It is much simpler and more accurate to use the models de- 
scribed above which relate the batch decay and steady state be- 
havior of dispersions through Eqs. I and 111 or IV, V, VI, and VII. 
Providing that the physical properties of the liquid systems and the 
range of operating conditions including the coalescence flux used 
in the small-scale batch experiments are similar to those in the 
large-scale continuous settler, it is possible to predict the steady state 
dispersion height as a function of throughput from unsteady-state 
decay data. The small scale batch experiments are much easier to 
carry out than costly pilot plant experiments. These models have 
been verified with available experimental data on industrial sys- 
tems and should greatly simplify the future design and scale-up 
of mixer-settlers. 

NOTATION 

= cross-sectional area of batch or continuous settler 
= acceleration due to gravity 
= height of dispersion in batch settler 
= height of dispersion in continuous settler 
= constants 
= natural logarithm 
= exponent on drop size during coalescence at disen- 

gaging interface 
= exponent on drop size during growth due to binary 

coalescence 
= number of drops in a given volume of dispersion 
= indices in functionf(ch/t*h*) 
= sum of volume flow rates of dispersed and contin- 

uous phases per unit area in a continuous settler 
= volume flow rate per unit area of dispersed phase 

in a continuous settler 
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t = time 
= final batch separation time 
= residence time of dispersion 
= relative velocity between drops and continuous 

phase 
= distance of sedimenting interface from final un- 

disturbed interface in batch dispersion 
= distance of coalescing (disengaging) interface from 

final undisturbed interface in batch dispersion 

tf 
tr  
vs 

X 

Y 

Greek Letters 

PC 
AP 

= shape factor 
= holdup fraction of dispersed phase in dispersion 
= holdup in feed of continuous settler 
= average holdup 
= average holdup in dense-packed zone 
= average holdup in sedimentation zone 
= continuous phase viscosity 
= density difference between continuous and dis- 

= binary coalescence time 
= coalescence time of drops at coalescing interface 
= drop diameter in dispersion 
= drop diameter a t  coalescing interface 
= volume rate of coalescence per unit area 

persed phases 

Subscripts 

* = reference condition 
i = coalescing interface 
F 
0 = initial condition 
P = dense-packed layer 
s = sedimentation zone 

= feed to steady state settler 
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