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Abstract. The cleaning or regeneration of fouled membrane modules is an essential procedure in the membrane
equipment operation. Despite the development of some successful cleaning techniques, the predictions of the membrane
separation process operation parameters after regeneration is still an unsolved problem. In our previous works, the
attempt to develop the methodology of estimating the membrane productivity after the regeneration of the fouled spiral
wound membrane modules by cleaning the subatmospheric pressure has been made. However, this methodology
requires some improvement, including the correction of the dimensionless equation to calculate the mass transfer
coefficient. In this work, a set of additional experiments was carried out, and the corrections of the mass transfer
correlation were done using both new and previously obtained experimental data. As a result, the improved
dimensionless equation was contained as Sk = 0.00045Re*35c%33(d./[). This equation is valid in the range of Reynolds
number variation of 0.4-60.0 for the case of the regeneration of spiral wound modules and can be used for the prediction
of the permeate flux after the regeneration procedure.
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1 Introduction

The fouling of membrane surface is one of the main
problems during exploitation of the membrane equipment,
including reverse osmosis [1]. Despite the development of
membranes with antifouling properties [2], methods of
pretreatment [3], and optimization of the operating
parameters in membrane modules [4], the necessity for
periodic cleaning and regeneration is still significant [5].

During the regeneration process realization, the
membrane separation properties' prediction after the
regeneration procedure is still important and not well
understood. In our previous work [6], an attempt to
develop such a prediction technique has been made.
However, in that work , the dimensionless equation was
used, which was obtained with some assumptions, which
in many cases do not correspond to the real conditions.

Therefore, the current article aims to improve the
dimensionless relationship for calculating the mass
transfer coefficient during the regeneration of membrane

modules. In this research, both new and previously
obtained experimental data were used.

2 Literature Review

The fouling layer's composition on the reverse osmosis
membranes' surface could significantly depend on
operation conditions and the chemical composition of feed
solution [7-10]. The most typical kinds of fouling include
the precipitations of the mineral salts, primarily sodium,
magnesium and calcium [7, 8], and the organic compounds
[7, 9]. Considering the negative economic impact of all
kinds of fouling [10] each of them's specific character, it is
necessary to choose the specific strategy of the
regeneration for each particular case. In the current
research, the primary attention was considered on mineral
scaling with is common in many practical cases.

The primary method of the regeneration of fouled
membrane modules is cleaning, mostly with using of
chemical reagents [11]. The use of cleaning without
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reagent is also can be applied [12]. The cleaning effect can
be enhanced by using some physical processes, namely
ultrasound impact [13], injection into the flow of the
cleaning agent, air bubbles [14], and local boil of the
cleaning agent under subatmospheric pressure [6]. The
regeneration methods application can allow removing up
to 91 % of the fouling layer material [13]. The presence of
a large volume of experimental data and techniques can
permit the optimization of the membrane separation
system [13, 15]. However, in most cases, the evaluation of
cleaning effectivity and the prediction of the membrane
conditions after cleaning is carried out based on the
empirical data, which are not systematized at the
appropriate level. The physical phenomena, which take
place during regeneration, including the mass transfer
process between the cleaning solution and the substance in
the fouling layer, are insufficiently studied.

The theory of similarity and dimension analysis
methods is an effective tool for analyzing transfer
phenomena under complicated conditions such as
turbulent flow. These methods allow approximating
empirical data in the relationships among the
dimensionless parameters [16]. For the analysis of the
membrane processes, that methods showed their
effectiveness for the description of the mass transfer in
plate-and-frame modules [16], hollow fiber modules [16,
18], and channels with spacers, which can be considered
as models of plate-and-frame or spiral wound modules
[19]. Dimension more negligible mass transfer
correlations are also used to analyze concentration
polarization intensity [17].

In previous work [6], the attempt of obtaining the mass
transfer correlation for the case of spiral wound membrane
module regeneration. This correlation was used for the
evaluation of membrane separation process properties
after regeneration. However, during the data analysis for
obtaining the dimensionless equation, the diffusivities'
values in solutions were calculated using the Wilke—Chang
equation. The mentioned equation has overestimated the
values of solute diffusivities. In work [20], it was shown
that using the experimental data represented in reference
literature is a more reliable way. Therefore, in the current
work, the dimensionless equation's improvement for
calculation of the mass transfer coefficients
during membrane modules regeneration is carried out. As
mentioned above, the latest data were uses as well as the
previously obtained results.

3 Research Methodology

3.1 Materials

The experiments were carried out using commercially
available membrane modules TFC-75 manufactured by
DOW Filmtec (USA). The membrane surface area of these
membranes is F = 0.46 m? the cross-section of the
membrane channel is S$=3.675-10* m?, the spacer
thickness is d = 0,35-1073 m, the module length is / = 0,26
m [21].

The artificial fouling layer was deposited on the
membrane surface. The sodium chloride (NaCl) was used

as a fouling material. The deionized water was used as a
cleaning solution.

3.2  Description of the experimental set-up

In the current research, the existing experimental set-up
(Figure 1) was used. It includes the electronic scales 1, the
tank with cleaning solution 2, the control valves 3 and 5,
the receiver 4, the cleaning chamber 6, the membrane
module 7, the vacuum pump &, the atmospheric valve 9,
the intermediate tank 10, the system for sampling 11, the
personal computer 12, the electric heater 13.

In the experimental set-up, the regeneration is realized
in the cleaning under subatmospheric pressure produced
by vacuum pump 9. The subatmospheric pressure also
provides the pressure difference required for the cleaning
solution flow.

Figure 1 — The scheme of the experimental set-up

The block of chromel-copel thermocouples fits the
experimental set-up. This allows to measure the
temperature in the cleaning chamber 6 on the input and
output of the membrane module 7 and the tank with
cleaning solution 2 and in the environment. The vacuum
gauges are also installed to measure the subatmospheric
pressure on the input and output of membrane module 7
and in the intermediate tank 10.

For measuring the cleaning solution's concertation after
passing through the membrane module 7, the system for
sampling 11 is included. The concertation of NaCl in the
cleaning solution is measured using the portative TDS-
meter.

3.3 Experimental procedure and main
measurements

Since this research is dedicated to defining the
dimensionless equation (mass transfer correlation), as it
was done in works [16—19], it is necessary to provide the
measurements the parameters with are involved in the
dimensionless numbers. It should be noticed that the
correlation is searched in the following form:

Sh = ARe" Sc¢” [dT] , (D

where Sh = k'd./D is the Sherwood number;
Re = wd.-p/p is the Reynolds number; Sc = p-/(D p) is the
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Schmidt number; d. = 20 is the equivalent diameter, m;
k is mass transfer coefficient, m/s; D is the solute
diffusivity, m?/s; w is the cleaning solution velocity, m/s;
p is the cleaning solution density, kg/m?; p is the cleaning
solution dynamic viscosity, Pa-s.

In this case, it is necessary to measure the mass transfer
coefficient and cleaning solution velocity. For the
determination of the physical parameters, namely
diffusivity, density, and dynamic viscosity, the
measurements of the temperature, pressure, and solute
concentration in the cleaning solution are required.

During the investigation, such parameters as pressure,
temperature, and concentration NaCl in the cleaning
solution were measured directly. The cleaning solution's
velocity was measured by the weight method, namely the
change in mass of the tank with cleaning solution 2 during
the predetermined period of time was recorded. For the
determination of the mass transfer coefficient, the main
equation of mass transfer was used [6]:

M=k(C"-C,)Fr, ()

M is the mass of removed fouling, kg; C* is the
equilibrium concentration of solvent, kg/m3; C1 is the
solvent concentration in cleaning solution, kg/m?; 1 is the
process duration, s.

From equation (2), it can be obtained:

M
k= (c'-c)Ft’ ©)

The mass of removed fouling was defined from material
balance [6]:

M=G(x0—xl.)1:, 4

G is the mass flow rate of cleaning solution, kg/s; xi and
xo are the mass fractions of NaCl on the input and output
of the membrane module 7.

The density and dynamic viscosity and also the
equilibrium concentration of NaCl were determined by the
reference data, represented in [22, 23], as it was done in
work [20]. For the determination of diffusivities, the
experimental data represented in [24]. The corrections of
the tabulated data were carried out in the same way as in
work [20].

The experimental procedure was following. The
cleaning solution (the deionized water with predetermined
concentration at the level of 5-15 mg/dm3) was loaded in
tank 2, and using the electric heater 13, the temperature of
the cleaning solution was brought to the predetermined
value. Simultaneously, using the vacuum pump 8 the
subatmospheric pressure was created in the intermediate
tank 10. Using the control valves 3 and 5 the
predetermined values of the pressure in the cleaning
chamber 6 on the input and output of the membrane
module 7 were set. Thereat the mass flow rate and velocity
of cleaning solution and the temperature values on the
input and output of the membrane module were measured,
and also the sampling of cleaning solution on the output of
membrane module was carried out using the system 11.

The values of temperature were continuously recorded on
personal computer 12 using the program unit IndexTem.

4 Results

The set of improving experiments were carried out
according to the described above technique. The results
obtained in previous work [6] were also used during data
processing. Since in the experiments only one material,
namely NaCl, used as fouling model, for providing the
variation in Schmidt number, the investigation was carried
out under different temperatures. In this case, the lower
level corresponded to the minimum ambient temperature,
which was 14°C. The upper level was chosen considering
the thermal stability of the membrane. Therefore, the
maximum temperature was 40°C. The cleaning chamber's
subatmospheric pressure was varied in a range of 0.06—
0.095 MPa, which corresponds to the absolute pressure of
0.005-0.04 MPa. The cleaning solution velocity was
varied in a range of 0.0006—0.0827 m/s. These operation
conditions correspond to the variation of Reynolds number
in a range of 0.4-60 and the Schmidt number change in a
range 568—630.

Since in the works [16, 18, 19], the exponent for
Schmidt number in a wide range of operation conditions
remains constant and equal » = 0.33. Current research
assumed that this value of the mentioned exponent is still
reasonable. In this case, obtaining the dimensionless
equation is confined to the determination of exponent m
for Reynolds number and factor 4. This assumption's
verification should be done by a similar experimental
investigation in the wider range of Schmidt number
variation.

During the experimental data processing, all the data set
were divided on the ranges, in which the values of the
Schmidt number varies down to 2 %. For each range, the
determination of the exponent in relationship Sh = 4Re”
was carried out. That relationship is linearized in logarithm
coordinates; therefore, this coordinate system was used.
The graphical relationships Sh = f{Re) for some rangers of
Schmidt number values are represented in Figures 2—5.

In all considered ranges, the graphical relationships in
logarithm coordinate systems can be approximated by
linear dependence, allowing generalizing the experimental
results.
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Figure 2 — The dependence of the Sherwood number from
Reynolds number (Sc = 610-613)
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Figure 3 — The dependence of the Sherwood number from
Reynolds number (Sc = 620-621)
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Figure 4 — The dependence of the Sherwood number from
Reynolds number (Sc = 626-628)
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Figure 5 — The dependence of the Sherwood number from
Reynolds number (Sc = 633-634)

5 Discussion

Since the graphical relationships, represented in
Figures 2—5, are linear, the dependence in a form
Ig(Sh) = Ig(Re) were linearly approximated by the mean
square method, according to the technique represented in
[25]. The slops of this dependences are equal to the
exponents for the Reynolds number m. The calculated
values of these parameters are shown in table 1. The mean
value of the slope is equal to m' = 1.155, which was used
for the generalization of experimental results. For this
purpose, the relationship Sh = f{Re!!>3Sc%33) was plotted
in the logarithm coordinate system, as is shown in
Figure 6.

Table 1 —The values of the exponent for Reynolds number

The value of Schmidt number (Sc) | The value of exponent m
580-584 2.059
596-599 1.742
600-603 1.016
604-606 1.021
610-613 1.450
614-617 1.088
620-621 1.173
622-623 1.168
624-625 1.001
626-628 1.885
629-630 0.401
631-632 0.757
633 0.795
634 0.099
The mean value 1,155
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Figure 6 — The generalized dependence Sh = f{Re!133S¢03%)

It can be seen from Figure 6, the generalized
dependence Sh =f{Re!!*Sc%3) can be approximated
linearly in the logarithm scale. The mean squares method
allows to determinate the slope, which is equal to £ = 0.69.
From this the correction of the exponent for Reynolds
number can be done, namely m = m'-k = 0.8. Keeping the
value of the exponent for Schmidt number as » = 0.33, the
final generalization was realized as the relationship in the
form Sh = f{Re*8Sc%¥(d./I)), as it is shown in Figure 7.

The generalized dimensionless dependence can be
approximated with the exponent (slope of the line in
logarithm coordinate system) equal to 1,0023, which can
be accepted as 1 with satisfying accuracy for engineering
calculations. In this case, the final dimensionless
relationship would be written in the following form:

Sh = 0.00045 Re"* Sc°** [dT] . (5)
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The obtained dimensionless equation is valid in the
range of Reynolds number variation of 0.4-60 for the
regeneration of spiral wound modules.
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Figure 7 — The generalized dimensionless dependence

The sampling correlation coefficient of dimensionless
equation (5) is equal to #* = 0.712. The statistical analysis,
which was carried out according to the technique

Considering that Schmidt's exponent was asspumed
according to the data from other researches, namely [16,
18, 19], the dimensionless equation needs further
corrections, namely the verification of the value of the
exponent n. This means that further investigation in this
area should be dedicated to clarifying the impact of the
fouling layer's chemical composition on the mass transfer
intensity.

6 Conclusions

As a result of the corrective experiments, the improved
dimensionless equation for calculating the mass transfer
coefficient during membrane modules regeneration was
obtained. The proposed equation is valid in the range of
Reynolds number variation of 0.4-60 for the regeneration
of spiral wound modules. The obtained equation would
define the required time of regeneration according to the
technique developed in work [6] with higher accuracy than
the previously defined similar equation. The dependence
(5) should be father improved, namely the value of
exponent for Schmidt number n. This means that the
impact of the fouling layer's chemical composition on the

represented in [25], proves the relationship's existence.

mass transfer intensity, which is the aim of further research
in this area.
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