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ABSTRACT

In highly concentrated solutions, with complex ionic composition, the nuclei formation and their
surface deposition/growth might result in a severe membrane scaling risk and limit their efficiency.
Some scaling prevention techniques exist which are based on correction in feedwater composition
and/or antiscalant addition, affecting either ionic equilibriums or sparingly soluble salts formation
(nucleation, crystal growth, and deposition). Contrary, a different approach seems to be rational.
It includes specific physical aspects of the scaling-underlying phenomena. The idea is based on the
identification of the scaling-free operating conditions by adjusting the time required for the ions to
pass through RO module with nucleation induction times (metastability) of the potential scalants.
Stable performance of the membrane module may be possible without any antiscalants addition.
Analysis of membrane modules, of different residence time distributions (effect of spacers geom-
etry and flow rate), was done. The authors” own experimental data concerning the maximal attain-
able supersaturation C__ of CaSO, for different dC/dt and NaCl concentrations (C ), were coupled
with literature data of induction time ¢#,_, in these systems. As a result simulation of membrane safe
work scenarios with the identification of the operational limits was possible. Some economically

optimal exploitation strategies and practical design rules were suggested.
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1. Introduction

Membrane processes, because of their simple opera-
tion principle, are commonly used in various separation
technologies. However, in highly concentrated solutions,
with complex composition, formation of inorganic salts
nuclei, and their growth might induce severe scaling risk
and limit water recovery [1-10]. To avoid this some scaling
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prevention techniques were proposed. These are mainly
based on correction in feedwater composition and/or anti-
scalant addition to feedwater that affects either equilibrium
of sparingly soluble salts formation (like CaSO, or CaCO,)
or modifies their nucleation, crystal growth, and deposi-
tion rates. Contrary, we propose a different approach; we
believe one should focus on specific physical aspects of the
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scaling-underlying phenomena and identify the scaling-free
operating conditions by analyzing of the time required for the
salt molecules to pass through the RO module with nucle-
ation induction times (metastability) [11-13]. When trans-
portation of the systematically concentrating liquid through
the membrane module will be faster than the time neces-
sary for the accumulation of the concentration up to upper
metastability limits and induction time representing the
delay in spontaneous discharging of the accumulated solute
- spontaneous nucleation in membrane unit will be effec-
tively prevented. Stable operation of the membrane system
is, however, possible without any antiscalants consump-
tion. Nevertheless, to effectively and possibly precisely
predict the system performance some crucial information
about the metastable zone width of potentially precipitating
compounds (dependent on concentrating rate dC/dt, feed
composition, etc.) and their induction times is necessary.

2. Simulated object and models

The comparative analysis of various membrane unit
constructions, characterized by different residence time
distribution profiles, was done [14-16]. The residence time
distribution characteristics resulted from different flow
conditions, being affected not only by the volumetric flow
rate of the processed liquid, but also by the geometry of
the unit spacers. The authors’ laboratory data covering
maximal attainable supersaturation C__ of calcium sul-
fate CaSO, for different concentrating rates dC/dt and at
various NaCl concentrations (C,_.) [17], mathematically
elaborated as the C__ = fldC/dt, C ), C* = f(C,,.) were
employed together with general literature equation form for
the induction time ¢, , estimation in such systems [12] for
the simulation of each membrane unit’s safe work scenarios
(t,q = f(C ., C*)) with their critical discussion. The calcium
sulfate/sodium chloride system was used for the simulation
considering its practical significance in membrane processes.
For each membrane unit’s construction the operational lim-
its were identified, compared, as well as recommendations
concerning the possible corrections of working conditions
for optimal membrane operation strategies — rational choos-
ing of optimal final outlet concentration C_ = f(C_)- were
proposed and explained. These are based not only on the
restrictions concerning C__, but must also consider com-
plex nonlinear interdependencies and feedbacks between
t.a =AC. ., C) where C  =f(C ) C"=fC,) and while
C,..=ficjdt, C ).

Thus, the induction time t,_, depends on the selected
outlet supersaturation C_, which is dependent on the
Designer’s decision taking into account, among others,
the maximum value of supersaturation, which — in turn —
depends on the concentration rate dC/dt and concentration
of NaCl co-present in this particular (here — model) solution.

Considering the whole technological process of reten-
tate concentration in a membrane module, the following
stages can be conventionally separated together with their
conventional process times:

¢ concentration of the solution from the inlet value C, up
to lower boundary of the metastable zone C (=C*)
(within undersaturation area) — time 1,

LBMZ

e further concentration of the solution from the value
Coz (EC*) up to the final retentate concentration
(= termination of the concentration process), C_, (within
metastable zone) — time 2,

e removal of the supersaturated (but still metastable)
solution from the membrane module without further
modification of its concentration C_, — time 3, thus the
sequence of events may be described mathematically
in the following formula of the conventional “process/
residence time balance,” Eq. (1):

out”

CLBMdzC_ Ci + Cou ;CCLBMZ +[tind (Com)J > T, = T+30
dt dt
[time 1] + [time 2} + [time 3] > Ty, = T+30
M

where C . (=C*) — concentration of retentate represent-
ing lower boundary of the metastable zone, C,_ — inlet
concentration of the feed (at module inlet), C - final
concentration of retentate (termination of membrane pro-
cess), dC/dt — concentrating (supersaturating) rate resulting
from the membrane process intensity, ¢, , — induction time
(correlated with C_ ), 1,,, — residence time corresponding
to removal of 99% of the feed from working volume of
the membrane module, T — mean residence time of reten-
tate in a working volume of the membrane module, and
6 —standard deviation.

Of course, equally important and necessary condition
for the scaling/nucleation phenomena prevention according
to the presented concept is that final (outlet) retentate con-
centration C_ < C ;. representing the upper boundary of
the metastable zone, thus labile region boundary (further
denoted as C__ ).

max

2.1. Simulated object

The membrane module in electrodialyzer, of effec-
tive membrane length 42 and of 2 cm channel width,
described in detail in Turek and Mitko [14], was assumed
as the simulated object. For this object residence times,
depending on the assumed process conditions, varied
within the (1 =82 +35s,062=1,486+2538?) - (t1=144+7 s,
o2 = 8,266 + 1,575 s?) range.

2.2. Maximal supersaturation

Calculations involved dependency of maximal super-
saturation (C_ ) on concentrating rate dC/dt (directly
representing the membrane process efficiency) and con-
centration of co-present NaCl (C,, ). The following general
model frame, Eq. (2) [17] was used:

In E :lnkN+u2;
dt In*(S,,)

However, for the simulation purposes, Eq. (2) was fur-
ther transformed into a more convenient form of Eq. (2a)
making direct calculation of C__ possible:

)

max
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— max (2a)

Based on the authors” own set of experimental data [17]
the following correlation for a=f(C,_), Eq. (3) was proposed
valid for C_ ., = 0.4-2.0 mol/dm? with standard error 0.1107
and R? 0.966:

a=-33820+1.6543-C, ., —0.5268 - C2_, 3)

NaCl

For k,, parameter, considering its nearly constant value,
mean value of k= 2.38 was assumed [17].

2.3. Induction time

For the calculation of induction time in the simu-
lated process environment the following general model
frame, Eq. (4), was used [18-32]:

~13.10°  1.3-10°

- 56 5.6
S Cout
(&)

2.4. Saturation concentration of CaSO,, C*, depending on
NaCl concentration

tind (Cout’c *) = tind (Cout’CNaCl ) (4)

The following relations, Eqgs. (5)—(7), were mathemat-
ically elaborated based on the available in literature data
concerning the solubility of CaSO,, C*, depending on the
NaCl additive concentration co-present in the processed

solution, C

cr__ 00126+01342-Cyy @)
1+2.2976-C,, —0.0444 - C}

NaCl

valid for: C = 0-2 mol/dm?, standard error 0.00033,
R%0.999 [17],

0.0124 -0.0381-C

C* — NaCl (6)
1-8.9648-C, ., +26.1254-C2
valid for: C_ ., = 0-0.173 mol/dm? standard error 0.00047,

R%20.996 [33], as well as:

0.0147 +0.0369 - C

Cx- — NaCl (7)
1+0.1435-C,, +0.1456-CZ
valid for: C = 0-5.4 mol/dm? standard error 0.00167,

NaCl

R?0.993 [34].

3. Simulations

For the practical technological process simulations the
following two working equations, Eqs (8)—(9), derived based
on the presented earlier Egs. (2a) and (3)-(5) were coupled:

Cmax [lzctj’CNaclj = eXP . C *
—oxp |-3.3820 +1.6543-C, ., —0.5268-C2 ., | ®
\/ ln[dcj -2.38
dt
0.0126+0.1342-C,
1+2.2976-C,,, —0.0444-CZ
1.3-10°
tind (Cout’CNaCI) :T :13105 . (9)
-5.6
C

out

0.0126 +0.1342-C,,
1+2.2976-C,,, —0.0444 -C2

NaCl

Simulations were done for the following parameter
ranges:

e dC/dt = 0.1-1 mol/(dm® h) (for simplification con-
stant, given concentrating rate was assumed in each
simulation),

e (C.o=0-2mol/dm’

NaCl

Simultaneous, direct effect of concentrating rate dC/dt
in the module (representing the intensity of the membrane
process) and C ., (partly representing the chemical com-
position of the retentate) on the maximal attainable con-
centration C__, representing thus upper metastability limit,
is presented in Fig. 1. In Fig. 2, however, effect of dC/dt and

Fig. 1. Maximal concentration C__ of supersaturated CaSO,
solution (upper boundary of the metastable zone) depending
on concentrating rate dC/dt arranged in membrane module and
concentration of NaCl, C_, (graphical projection of Eq. (8)).

NaCl
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Cea (MOl 047

Fig. 2. Maximal (critical) relative supersaturation S_, = C__/C*
of supersaturated CaSO, (upper boundary of the metastable
zone) depending on concentrating rate dC/dt arranged in a
membrane module and concentration of NaCl, C graphical
projection of Eq. (8)).

NaCl (

Cy.q combinationon S, = C__ /C*is presented, representing
net effect of two complex dependencies: C = f(dC/dt, C ),
Eg. (8) and C* = fi(C_ ), Eq. (6). In Figs. 3 and 4, strongly
non-linear effects of final retentate concentration C_, and
concentration of co-present NaCl (C, ) combinations on
the resulting induction times (log(t, ,) — Fig. 3, ¢, — Fig. 4)
are demonstrated.

To demonstrate the authors’ concept of the safe mem-
brane work conditions closer, some simulations of the
membrane module work under various exemplary process
conditions are presented. In Table 1, design calculations
of membrane module performance (design assumptions:
Tggy, = 1,000 s, from which only 384 s is dedicated for sec-
tion (A) — working membrane range [14]) are demon-
strated — effect of the main process parameter dC/dt on
the final process effects: C_, and corresponding ¢ _.(C_ ).
Exemplary feed composition: C, = 0.01 mol CaSO,/dm’
Cy.cr = 0.22 mol/dm? was considered. In Table 2 similar sim-
ulation of the membrane process is presented, but in this
case — representing different process conditions resulting
from, for example, different construction of the spacers
arrangement, different working part’s length, the different
flow rate of retentate, and hydrodynamic flow conditions
- the residence time is 1,,, = 500 s (from which only 198 s is
dedicated for the section (A) — working membrane range [14]).

To clearly present the authors’ idea, spatial data
arrangement from Tables 1 and 2 is presented in Fig. 5
and in Fig. 6.

4. Discussion

In general, the final concentration of retentate should
be within the metastable region of the processed solution,

log(tmd)

Fig. 3. Induction time (log(t,_,)) in a supersaturated aque-
ous solutions of CaSO, (within the metastable zone) as the
function of the assumed final retentate concentration C_,
and concentration of NaCl, C_ ., (C
C,, ~ = 0-2 mol/dm?).

t

= 0.03-0.12 mol/dm?,

out

NaCl

Fig. 4. Induction time t_, in supersaturated aqueous solutions
of CaSO, (within the metastable zone) as the function of the
assumed final retentate concentration C , and concentration
of NaCIC, (C_,=0.09-0.135 mol/dm? C . = 0-2 mol/dm?).

out NaCl

C*<C,,<C_ . Considering the idea of safe working con-
ditions recommended for membrane module (scaling preven-
tion), the final concentration of retentate should be deeply
below C__, which — being the upper boundary of the meta-
stable zone — corresponds to instant spontaneous nucleation
(labile range beginning). On the other hand, significant
devaluation of C_ , providing scaling prevention, maybe not
economical since intensive concentrating of the feed is usu-
ally demanded. Some compromise is thus required, how-
ever, based on reliable simulation/prediction methodology.
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Table 1
Simulation of the membrane concentrating process in an aqueous solution of CaSO, (with the co-presence of NaCl) in a membrane

module characterized by t,,, = 1,000 s (from which the initial 384 s is dedicated for the section (A) — working membrane range)

No. C, Cuaci dC/dt Cou C. o Com/Cmax ta Maximal permissible residence
mol/dm® mol/dm® mol/(dm3h) mol/dm® mol/dm® % S time 384 s+t ), s

1 0.1 0.0207 0.0627 32.94 Undersaturated -
2 0.2 0.0313 0.0671 46.69 69,531 69,915
3 0.3 0.0420 0.0704 59.64 13,478 13,862
4 0.4 0.0527 0.0732 71.90 3,795 4,179
5 0.5 0.0633 0.0758 83.55 1,351 1,735
6 0.6 0.0740 0.0782 94.65 565 949
7 0.7 0.0847 0.0804 105.25 0 -
8 0.8 0.0953 0.0826 115.39 0 -
9 0.9 0.1060 0.0847 125.09 0 -
10 0.01 0-22 1.0 0.1167 0.0868 134.39 0 -

Suggested improvement — shorter concentrating time in a membrane module, =310 s
7a 0.7 0.0703 0.0804 87.37 754 1,064

Suggested improvement — shorter concentrating time in a membrane module, ¢t =270 s
8a 0.8 0.0700 0.0826 84.73 771 1,041

Suggested improvement — shorter concentrating time in a membrane module, t =230 s
9a 0.9 0.0675 0.0847 79.66 946 1,176

Suggested improvement — shorter concentrating time in a membrane module, ¢t =210 s
10a 1.0 0.0683 0.0868 78.71 883 1,093

C*=0.028 mol/dm?®

Table 2
Simulation of the membrane concentrating process in an aqueous solution of CaSO, with the co-presence of NaCl in a membrane

module characterized by t,,, =500 s (from which the initial 198 s is dedicated for the section (A) — working membrane range)

No. C, Caaci acjdt Cou C.. C../C... tu Maximal permissible
mol/dm? mol/dm? mol/(dm®h) mol/dm? mol/dm? % S residence time, s

1 0.1 0.0155 0.0627 24.70 Undersaturated -

2 0.2 0.0210 0.0671 31.29 Undersaturated -

3 0.3 0.0265 0.0704 37.63 Undersaturated -

4 0.4 0.0320 0.0732 43.69 61,798 61,996

5 0.5 0.0375 0.0758 49.47 25,424 25,622

6 0.01 0.22 0.6 0.0430 0.0782 55.00 11,814 12,012

7 0.7 0.0485 0.0804 60.29 6,021 6,219

8 0.8 0.0540 0.0826 65.36 3,299 3,497

9 0.9 0.0595 0.0847 70.22 1,917 2,115

10 1.0 0.0650 0.0868 74.87 1,168 1,366

C*=0.028 mol/dm?

Comparing Figs. 1 and 2 one can notice, that C__  in Figs. 3 and 4. Since in Fig. 3, the semi-logarithmic coor-
increases with C_ . increase. Especially strong, non-lin- dinates are used, the log(t, ) = f(C , C...) may be pro-
ear dependency is observed within the C, ., 0-0.6 mol/dm® jected for broader C_, range (0.03-0.12 mol/dm?), where
range. The effect of concentrating rate dC/dt on C__ is also  very high values of t_, and even of log(t, ) are observed,
visible, but it is less significant. Considering the effect of especially for smaller C_  values. Contrary, in Fig. 4, the
Cy.c Taise on S = C__/C* one observes some decreasing t_, = f(C , C, ) dependency in narrower C_, range is
trend, however with the distinct, shallow minimum. Thisisa ~ demonstrated, where — because of higher C_ thus shorter
manifestation of C* = f(C,_,) dependency contribution, with  resulting induction times — these ¢, , values with significant
its own intrinsic non-linearity (Egs. (5) and (8)). non-linearity can be presented directly.

The effect of final retentate concentration, C_, and In the further calculations there was assumed, that
NaCl concentration, C,_., on induction time was presented  concentrating rate dC/dt is a fully independent design

out

NaCl
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Fig. 5. Effect of the membrane process intensity (represented
by concentrating rate dC/dt = 0.1-1.0 mol/(dm?® h)) on the out-
let concentration of retentate C_ , and the maximal attainable
concentration of the retentate C__ (saturation concentration
C* added as the reference) (t,,, = 1,000 s where the initial 384 s

is attributed to the working membrane range, data from Table 1).
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Fig. 6. Effect of the membrane process intensity (represented
by concentrating rate dC/dt = 0.1-1.0 mol/(dm® h)) on the
outlet concentration of retentate C_ and on the maximal attain-
able concentration of the retentate C__ (saturation concentra-
tion C* added as the reference) (1, = 500 s where the initial
198 s is attributed to the working membrane range, data from
Table 2).

variable. Moreover, for the simplification of exemplary cal-
culations flow through working membrane section (A) is
approximated by ideal plug-flow, while the outlet section
of module (B) is assumed to represent some sub-volume
with its intrinsic residence time distribution. However, flow
through the whole membrane modulus (A + B) represents
thus some resulting residence time distribution.

In Table 1, there are presented some data illustrating
the concentrating process of CaSO, solution with NaCl
additive in membrane modulus, where flow conditions can
be characterized by 1., = 1,000 s (where the initial 384 s
is dedicated for actual working section (A)). Analyzing
these data one concludes, that for identical inlet conditions
(C,, = 0.01 mol CaSO,/dm?, C, ., = 0.22 mol/dm?) systematic
increase in membrane separation process intensity, repre-
sented directly by dC/dt, results in a better effect — higher

outlet concentration of retentate, C_,. Nevertheless, an
increase in dC/dt parameter value is simultaneously respon-
sible for the rise of maximal attainable (however, without
spontaneous nucleation) final concentration, C__ . For the
first case (No. 1) final, outlet concentration of retentate
is within the undersaturated region, thus work condi-
tions are fully safe. But this case seems to be uneconomi-
cal since the low effect of concentration increment may
be unacceptable. Higher dC/dt are thus demanded, which
require rather precise counterbalancing between process
safety and the economy rules. In particular, the C_, must
be within the metastable zone, namely, be higher than sat-
uration C* and lower than the labile region boundary rep-
resented by C__ . Analyzing the data in Table 1, it results,
that only No. 2-6 cases fulfill this requirement. One can
also notice, that depending on dC/dt (0.2-0.6 mol/(dm® h))
parameter the maximal, but still permissible residence time
of retentate is within the 69,915-949 s range. The final con-
centration of retentate C_, reaches ca. 46.7%-94.6% of the
maximal level, thus the first condition seems to be fulfilled.
The total acceptable time, however, covers worktime (the
initial 384 s) in the actual membrane suction section (A)
and induction time in the outlet section (B), where further
concentration increment is not possible while the existing,
accumulated supersaturation is the subject of more or less
spontaneous discharge. Since specific process hydrodynam-
ics and spatial arrangement of membrane module provide
in this case 1, = 1,000 s, only No. 2-5 can be considered
safe. This is the second limiting condition of safe operation.
In case of No. 6, the maximal acceptable residence time
949 s (= 384 s in (A) + 565 s in (B) section) is shorter than
the 7., = 1,000 s, thus spontaneous nucleation before safe
removal of the 99% of final retentate from the membrane
module construction is expected. The case No. 5 appears to
be safer, permitting to reach only ca. 83.5% of the possible
concentration level, but avoiding spontaneous nucleation.

For the other cases (No. 7-10 in Table 1) it is predicted
from the model, that concentration of retentate with dC/
dt 0.7-1.0 mol/(dm’h) through 384 s provides final con-
centration C_ representing ca. 105%-134% of maximally
attainable level, appropriately. Spontaneous precipita-
tion is expected even within the actual working section of
membrane module (A), responsible thus for scaling effects.
In these cases (No. 7-10) some engineering intervention
should be done during the design stage — preferably by
shortening the residence time in suction section (A) of the
membrane module. Simulated results of such engineering
corrections are presented as No. 7a-10a. Instead of origi-
nal 384 s work time, the values from within the 210-310 s
range are relatively precisely predicted and recommended,
resulting in decreased C_, values which are now within the
safe (ca. 78.7%-87.4%) range. These correspond to induc-
tion times (resulting directly from the final C_ ) from within
the 754-946 s range and maximal permissible residence
times from 1,041 to 1,176 s, advantageously slightly lon-
ger than 1, =1,000 s, thus spontaneous nucleation within
membrane module construction can be avoided.

In Table 2, there are presented the results correspond-
ing to different membrane module type providing in effect
Tog, = D00 s (where the initial 198 s is dedicated for sec-
tion (A)). Different residence time distribution, quantified
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shortly as t,,, may result, for example, from a specific
combination of general module geometry, diversified
spatial arrangement of spacers, their shape(s), spacer inter-
connections template, overall module length, volumetric
flow rate of feed/retentate, its composition (concentra-
tions, ratios of the components, etc.), process temperature
responsible for fluid density, viscosity, diffusivity, and other
factors. In this technological case first three approaches
(No. 1-3) are safe since undersaturated final retentate is
removed. But these cases are rather strongly uneconom-
ical — final concentrations of retentate are too low, these
are even located outside the metastable zone. Under the
examined hydrodynamic conditions (module geometry
with flow intensity) the t,, = 500 s, thus all other cases
(No. 4-10) appears to be safe since the corresponding maxi-
mal permissible residence time varies from 61,996 to 1,366 s,
what corresponds to systematically raised process intensity
represented by dC/dt from 0.4 up to 1.0 mol/(dm? h).

Analyzing the data presented graphically in Figs. 3 and
4 one can notice, that increase in final retentate concentra-
tion C , corresponds to significant, non-linear shrinkage
of induction time (especially it is visible in Fig. 4, where
induction time is presented directly, whereas in Fig. 3 —
as the log data — diffusing slightly the non-linear effects).
Co-presence of NaCl, increasing gypsum solubility, may be
regarded to be a factor slightly elongating this time, thus
stabilizing the system against the spontaneous discharge
of the accumulated supersaturation, directly leading to the
spontaneous nucleation, and scaling phenomena. Effect
of NaCl concentration is the most significant for relatively
lower final retentate concentration (0.09 mol/dm?®. An
increase in C_, makes, that the stabilizing effect of NaCl
is less pronounced, thus variation with induction time
resulting from various NaCl doses is less visible.

The data from Tables 1-2 are also presented in Figs. 5
and 6, where economical/safe regions are marked. It is worth
to note, that these regions simultaneously represent lower
(intersection of C_ = f(dC/dt) and C* = const. dependencies)
and upper (intersection of C , = fldC/dt) and C__ = f(dC/
dt) dependencies) limits of the metastable zone. Retentates
from these regions are supersaturated, thus economic crite-
ria are fulfilled, however, are still within the relatively safe
metastable region, where supersaturation is not expected to
discharge spontaneously. Under the conditions presented
in Fig. 5 (Table 1) the region has both right and left bound-
aries. Contrary, in the case of Fig. 6 (representing the data
from Table 2) only lower boundary is presented, thus the
possible disadvantageous shift into the labile region — under
these specific process conditions - is not expected any-
way, guarantying thus safe membrane working conditions
for a broader range of the dC/dt design parameter values.

For practical safe exploitation of these membrane mod-
ules one should remember, that higher membrane concen-
trating yield corresponds to higher C_, values, but always
C,. < C,., must be fulfilled. Smaller deviation of C_, from
C,.. provides shorter induction times, which — in turn -
must be also always higher than the time necessary for
safe transportation of the retentate from “danger zone,”
reflecting, however, the specific hydrodynamic environment
at the membrane module outlet part.

For the presented simulations constant value of NaCl
concentration (C ., = 0.22 mol/dm®) was used for simpli-
fication. In a real process, C, ., may also vary depending
on the current chemical composition of the processed reten-
tate. Thus, what should be emphasized, the very idea of
the design method is retained, while to increase the accu-
racy of calculations, the module should be conventionally
divided into a larger number of smaller segments, and for
each of them the mass balances of the ions should be done
(including the selectivity of the membrane separation pro-
cess) while the C* and C__ values updated on this basis
(especially in respect to the current value of C_) can be
employed.

Nevertheless, the possible gradual increase in the con-
centration of NaCl during the retentate concentration
process (Fig. 1) increases the maximum supersaturation val-
ues C__ in this system, hence the assumption of a constant
value of C ., for the entire process applied in this study
does not affect the security of design prediction, increasing
only the safety range of the process calculations.

5. Conclusions

Economical and simultaneously relatively safe work
conditions of the membrane module are the important tech-
nological and engineering challenge. It may be achieved
without any chemicals (antiscalants) addition. Instead,
many technological and constructional factors must be con-
sidered and counterbalanced. Safe optimum with respect to
final retentate concentration must be identified, matching
economical rules, and technical flow stabilization (avoiding
the formation of nuclei suspension, leading to membrane
surface scaling).

The employed design equations and other dependen-
cies can find them useful in various design calculations,
where process conditions providing gypsum scaling delay
or prevention must be arranged. These enable one to select
such membrane working part’s (A) length and/or concen-
trating intensification dC/dt, which - for a given combina-
tion of a feed composition used (C,, C ) and established
retentate flow characteristic (unique, given residence
time distribution) — provide safe evacuation of ca. 99% of
the post-processed retentate from the membrane system
before unwanted nucleation/scaling phenomena occur.
Practical design rules were provided, numerically verified,
and interpreted based on simulation results.

The presented set of employed equations can be used
as a “trial and error method,” however in the future con-
cept of some, more advanced calculation program can be
presented, automatically providing some optimal concen-
tration strategy based on a larger set of variables character-
izing hydrodynamic conditions, feed properties, demanded
final retentate quality, and suction intensity within the
working section of the membrane. Moreover, some more
complex scenarios can be simulated and thus rationally
evaluated, considering, for example, the nonlinear profile
of the suction intensity along with the membrane module,
modification of C_, along with the module, and deviations
from the ideal plug-flow hydrodynamic regime in a mem-
brane actual working sector (A).
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