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ABSTRACT

The performance of a tubular reverse osmosis (RO) process for water desalination is investi-
gated using periodically forced feed parameters. The study was performed using a dynamic
model that was developed and validated in a previous work. Simultaneous forcing of feed
pressure and flow rate were studied. Fully symmetric rectangular pulses were used for input
forcing because of their applicability for digital control implementation. It was found that
the simultaneous periodic operation of the RO inputs improves its performance in the sense
of higher permeate flow rate and reduced salt concentration. Increasing the pressure forcing
amplitude will further enhance the performance; however, the attainable performance is lim-
ited by the constraints on the operating pressure. Depending on the RO unit constraints and
characteristics, a maximum increase in permeate flow rate up to 42% and reduction in salt

concentration of about 20% could be obtained.
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1. Introduction

Reverse osmosis (RO) process is an important
filtration process that is used extensively for the desa-
lination of sea and brackish water all over the world.
Concentration polarization and membrane fouling are
the major problems faced in the any membrane-based
separation operation. The ultimate effect of these fac-
tors is to reduce the permeate flux and consequently
loss of productivity. Fouling effects are characterized,
in some cases, by an irreversible decrease in flux. In
real practice, severe fouling may require shutting the
process down for cleaning the membrane by chemical
or physical methods. Concentration polarization on
the other hand results in reversible decline in water
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flux through the membrane. Usually, concentration
polarization can be controlled via two main methods
[1]: () changes in the characteristics of the membrane
[1] and (ii) modification of flow rates and flow regime.
The latter requires introducing instabilities in the flow
of the RO process [2,3]. Examples of such approach
includes backwashing and periodic operation of the
module, through forcing some of the process variables
[4]. Periodic forcing improves the mixing of the solu-
tion on the feed side and, hence, reduces the build-up
of solute ions near the membrane wall. The analysis
of periodically forced RO has received considerable
attention in the literature. One of the first works in
this area was carried out by Kennedy and coworkers
[5] who varied harmonically the flow rate of sucrose
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solution in an RO unit. For a frequency of 1Hz, the
authors reported an enhancement in the permeation
flow rate by 70% over the corresponding steady-state
operation. Ilias and Govind [6] followed the experi-
mental work in [5] and developed a mathematical
model to evaluate the unsteady-state operation of
tubular membranes through changing the inlet feed
flow harmonically. They concluded that flow pulsa-
tion offered an alternative, cost-effective method to
improve the transmembrane flux. Al-Bastaki and
Abbas [4] modified the model that was proposed by
Kennedy and coworkers [5] so that it can be used for
asymmetric square waves. The authors, further, stud-
ied the effect of using an asymmetric pressure square
wave on the performance of an RO process. They
found that cyclic operation lead to an increase in the
permeate flux of about 6.5% over that obtained from
steady-state operation. The increase in performance
was attributed to the reduction in concentration polar-
ization in the process. The same authors [7] used a
simple model to predict the performance of periodi-
cally forced RO system. Abbas and Al-Bastaki [8] also
studied the periodic performance of a seawater desali-
nation unit based on a small-scale commercial spiral
wound membrane. For the case of unsteady-state
operation, the operating pressure was varied accord-
ing to a symmetric square wave function around an
average pressure of 50bar. The production rate
increased as the period of the wave decreased. Such
an improvement was obtained at the expense of a
marginal increase in the total energy consumed.
Abufayed [9], on the other hand, reported the experi-
ence from the periodic operation of the Tajoura
seawater RO plant in Libya. Different methods used
to enhance membranes performance were also
reviewed by Al-Bastaki and Abbas [10]. Ali et al. [11]
studied the performance of an RO tubular membrane
module under oscillatory feed pressure conditions
using a validated rigorous dynamic model [12].

In the earlier work [11], the RO performance in
terms of enhanced permeate production was exam-
ined by periodic forcing of a single input which is the
feed pressure. Only the effect of the frequency of the
periodic function is examined. No rigorous optimiza-
tion was considered to optimize the forcing periodic
function. In this study, we extend the work of Ali
et al. [11] to investigate the simultaneous forcing of
two inputs, namely the feed pressure and flow rate.
Furthermore, the forcing function will be designed
using rigorous optimization tools. Exclusively,
symmetric cyclic functions will be investigated to
ensure that performance improvement is due to peri-
odic forcing and not because of changes in the input
steady-state value.
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2. Process model

The cycling study is based on a dynamic model of
tubular membranes that was developed and validated
in an earlier study [12]. Both steady-state and dynamic
behavior were validated against a laboratory-scale
experimental unit. The model considers the unit as a
series of single tubes with appropriate minor pressure
losses introduced between them. Each tube is
described by coupled differential algebraic equations.
The tubes are modeled and solved sequentially where
the output of any tube becomes the input for next
tube. Model equations are summarized in the appen-
dix. The feed condition of the model is set to feed pres-
sure of 35bar, feed velocity of 38cm/s, and salt
concentration of 2000 ppm. When the RO is operating
at steady state, the quality of the product is set to per-
meate flow rate of 0.36cm®/s, and salt concentration
of 108.2g/1

2.1. Forcing variables

For cyclic operation, two shapes of forcing func-
tions have been employed in published works, namely
sinusoidal inputs and square wave variations [13]. In
this study, square wave variation is considered as
shown in Fig. 1. Rectangular pulses are more suitable
for discrete control application as it is easier to pro-
gram and implement. Only symmetric shape of the
pulses will be investigated. By symmetric, it is meant
that the periodic function will oscillate up and down
around the mean with exactly the same magnitude,
that is, amplitude. Moreover, symmetry implies the
pulse width is exactly half of the period. In this case,
the mean of the periodic function equals to the
steady-state value of the process input as shown
in Fig. 1. This is to guarantee that the process

Input Pulse width

Mean value

Pulse Amplitude

Time

Pulse Period

Fig. 1. Schematic diagram of a symmetric pulse.
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performance enhancement is due to cyclic operation
rather than changes in the steady-state value of the
input. Symmetric pulse shape is characterized by two
parameters: pulse amplitude and pulse period. But
being symmetric, the pulse width is equal to half the
pulse period. Therefore, the forcing parameters to be
investigated are the pulse amplitude and pulse period
for both inputs, that is, the feed pressure and velocity.
Design of the forcing parameters will be determined
by solving the following optimization problem:

1

max @:w‘+w:+wpw 1
AmlsAmZ,Puv 1q ZCP 3 ( )
Subject to:
i = f(x,u) 2

PL <P, <PY
Al < Am < Ay (3)
AL < Ap < AY,

In the equations above, A,,; and A,, are the pulse
amplitude of the first and second input, which are the
feed pressure and velocity, respectively. P, is the
pulse width for both inputs, 7 is the average value of
the permeate flow, and C_,, is the average value of the
permeate salt concentration. Moreover, w;, Wy, and w3
are weights on the optimized variable. The purpose of
these weights is to differentiate between the impor-
tance of their corresponding variables. The higher the
weight, the more important is the optimized variable.
The average values of g and C, are obtained by
averaging their dynamic response over a specific
simulation time. The dynamic responses are obtained
by solving the dynamic Eq. (2) which represents the
RO model given in the appendix. The dynamic model
is solved for a given periodic input function. The opti-
mization problem is solved subject to the constraints
on the design parameters A1, Az, and Py,

The optimization solution is carried out using
sequential approach. The optimization solver sets the
values of the pulse characteristics from which the rect-
angular pulses are composed and sent to the dynamic
model solver. The model is then simulated over a
specific simulation time using rigorous numerical inte-
gration routine. The results are averaged and sent
back to the optimization solver. The procedure is
repeated till convergence is approached. The entire
procedure is handled by MATLAB (version 5.3) soft-
ware. In particular, the routine fsolve and ode23 are
used to solve the differential algebraic equations and
fmincon is used to solve the optimization problem. The
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convergence criterion of the optimization solver is
fixed by the parameters of the fmincon routine.

It should be noted that when the optimization
problem is solved a unified simulation interval of 10
time units is used for all cases for fair comparison and
to ensure that the process has reached a steady-state
behavior. Depending on the value of P,, the number
of input cycles within the simulation interval may
vary. Thereof, the numerical solution methodology is
programmed such that exact integer multiple of a
single pulse period is used within the specified simu-
lation interval. The purpose is to avoid bias in the
average value of the input function, and consequently,
the average value of the process key variables, that is,
g and C,.

3. Results and discussion

First, the optimization problem is solved for fixed
pulse width of 20 sampling instants. The pulse width
is the same for both input cyclic functions. The
results are listed in the first row of Table 1. It
should be emphasized here that P, is kept fixed and
was excluded in Eq. (1) as design variable. The
bound on the design parameters was set to
2<Am <30and 2 < Ay <30. The optimal values
of the pulse amplitude are+30bar for the feed pres-
sure and +21.755cm/s for the feed velocity. Note that
the pulses amplitudes are in change from the corre-
sponding steady-state values of the inputs. In this
case, the steady states are 35bar and 38cm/s for the
feed pressure and flow rate, respectively. The RO
dynamic response that corresponds to the optimal
periodic function is depicted in Fig. 2. It is clear that
the cyclic operation of the feed pressure and flow rate
resulted in a transient behavior of the RO system to
new values. The average value of the permeate flow is
39.3% higher than that when the process operates at
steady feed pressure of 35bar and steady feed velocity
of 38 cm/s. The average value of the salt in concentra-
tion in permeate is 19% lower than that when the
process operates at steady state.

Next, the optimal value for the pulse parameters,
that is, A,1, A, and P, are optimized by solving
Eq. (1) for the same bounds on the pulse amplitude

Table 1

Optimization results

w P, q/qss Cp/Cpss Py (bar) ug (cm/s)
1,1 20 1.393  0.810 30 21.755
1,1,0 82 1414  0.803 30 21.669
1,1,1 91 1.397  0.804 30 20.576
1,1,10 299 1419 0914 30 27.082
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Fig. 2. Process variables response operating at periodic function with optimal amplitude and fixed pulse width, dashed:

steady state, solid: process variable.

and additional bounds on the pulse width of 1 and
300. It should be noted that the pulse width is unified
for both input periodic functions. The results are illus-
trated in Table 1 starting from row 2 to the end. The
second row of Table 1 shows the results when the
pulse width was not maximized by being excluded in
the objective function, that is, w3;=0. It should be
noted that setting w3;=0 does not exclude P, from
being used as a design variable to optimize Eq. (1). In
this case, the optimal pulse parameters are + 30 bar for
the change in feed pressure amplitude, +21.669cm/s
for the change in feed velocity amplitude and 82 sam-
ples for the pulse width. Applying the input pulses
with these optimal specifications into the process
resulted in performance improvement manifested by
41.4% increase in the permeate flow and 19.7%
decrease in the salt concentration. It can be seen that
the process performance is improved over what was
obtained at fixed P, although the obtained pulse
amplitudes have almost the same value at fixed P,.
This proves that the pulse width has impact on the
effectiveness of the input function on the process
performance. It is desirable from real practice to
increase the pulse width to avoid high frequency of
input fluctuation. For this reason, maximization of the
pulse width is included in the objective function by
increase its corresponding weight, that is, ws;. The

outcome for this case of w;=1 gives higher value for
P,, with minor loss of the permeate flow rate. When
more weight is given to maximizing P, by increasing
ws to 10, the optimization solution moved toward
maximum value of pulse width of 299 sampling unit
while maintaining excellent enhancement in permeate
flow rate. However, the salt concentration in the
product deteriorates. The obtained results are still
acceptable as it provides reasonable performance
which cannot be obtained when operating the process
at steady input values.

For further investigation of the pulse width effec-
tiveness, additional simulations were conducted.
Fig. 3, for example, demonstrates how the average
value of permeate flow and salt concentration vary
with the pulse width at fixed value for the pulse
amplitude. In due course, the amplitude change from
steady state is fixed at the optimal values of +30bar
and +21.75cm/s. For each pulse width, a periodic
input function is generated using the designated pulse
width and the fixed amplitudes. The model is numeri-
cally integrated using the devised input from which
the average value for g and C, is obtained. Repeating
the process for different values of P,, the curves in
Fig. 3 are generated. In fact, the curves depict the ratio
of the average permeate flow to the static value (§/4ss)
and ratio of the average value of the salt concentration
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Fig. 3. Effect of the pulse width on the process
performance at fixed pulse amplitudes.

to the static value (C,/Cps,). It can be observed form
the figure that permeate flow increases with P, till it
reaches a maximum around P, of 100 sampling unit
then decreases rapidly. Similar behavior is detected
for the salt concentration but in the opposite direction.
Moreover, the minimum occurs at P, of 75 sampling
unit.

For more rigorous analysis, the previous tests are
repeated without fixing the pulse amplitude. The
consequence is illustrated in Fig. 4. Here, at each
pulse width, the optimization problem Eq. (1) is
solved to obtain optimal values for the pulse ampli-
tudes. Consequently, the obtained average values for
the process variables are plotted. Obviously, similar
trend to that in Fig. 3 is revealed. However, two
distinctions can be detected. First, the improvement in
permeate flow occurs at wider range than that for
fixed pulse amplitudes. The distant between location
at which maximum g occurs and that at which mini-
mum C, occurs becomes wider a part. Therefore, it is
hard to find a unified pulse width that satisfies both
performance requirements. It should be noted that
different pulse amplitude can be obtained at each P,,
because the optimization is revisited for each case. For
this reason, a sample of these results is listed in
Table 2 to demonstrate how pulse amplitude may
vary from case to case. It is clear that the optimum
pulse amplitude for the feed pressure always occurs
at its upper bound. For the feed velocity, the optimum
pulse amplitude remains close to a value of 22cm/s
except at very high pulse periods. It should be noted
that the permeate production in Figs. 3 and 4 is not a
smooth function due to numerical round off error.

The results of Table 2 indicated the effectiveness of
the upper bound on the feed pressure as in all cases
the optimum solution was at the allowable upper
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Fig. 4. Effect of pulse width on the process performance at
optimal pulse amplitudes.

limit. For this reason, the impact of the upper limit on
the feed pressure is analyzed. To allow for larger
upper values, the initial value for the feed pressure
(the mean value around which the pressure oscillates)
should be increased above 35bar. Figs. 5 and 6 illus-
trate the optimization results, when the initial feed
pressure (Pg) is set to 45bar and the permissible
upper limit (Ap") of the pulse amplitude change is set
to three different values at 20, 30, and 40bar. For com-
parison purposes, the figures include the result when
the initial pressure is fixed at 35bar and the upper
limit on the pulse amplitude is fixed at 30 bar which
exactly the same upshot shown in Fig. 4. For the case
of P, ,=45bar, the RO performance improves as AP"
increases from 20 to 40bar. For example, Fig. 5 shows
that the maximum achievable value of the permeate

Table 2

Effect of pulse width at optimal pulse amplitude

Pw ‘1/%5 Cp/cpss Pf uf

1 1.387 0.814 30 21.799
5 1.388 0.813 30 21.788
25 1.394 0.809 30 21.746
50 1.403 0.805 30 21.692
75 1.413 0.803 30 21.677
100 1.420 0.805 30 21.842
125 1.425 0.813 30 22.340
150 1.428 0.824 30 22.995
175 1.429 0.838 30 23.842
200 1.428 0.853 30 24.640
225 1.429 0.867 30 25.241
250 1.427 0.882 30 25.912
275 1.424 0.898 30 26.507
300 1.415 0.918 30 27.192
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Fig. 5. The variation of the permeate flow with pulse
width at different values for the upper limit on feed
pressure.

flow as a ratio to its steady-state value at Py,=45bar
can increase from 17% at AP"=20 to 37% at
Ap" =40bar. Moreover, the optimum pulse width at
which the maximum g,ve/gss Occurs varies with Ap".
Fig. 5 illustrates that the optimum P, is around 150
for Ap"=20bar and around 200 for Ap*" =40bar. Fig. 6
shows similar trend for the salt concentration with
respect to the upper limit on the feed pressure. In fact,
the salt concentration ratio (Cpave/Cpss) improves
from 6% reduction at AP" =20bar up to 19% reduction
at AP"=40bar. However, the pulse width effect on
CPave/Cpss is different than that on gaye/gss. In this
case, the optimum P, is almost the same for all Ap"
which is around 70 sampling units. Furthermore,
increasing P, has an adverse impact on the salt
removal as Fig. 6 demonstrates that the salt concentra-
tion ratio worsen rapidly as P,, grows.

4 5= —e—s— 5 o |
Eg 1.5 £
H
o
1.4 & b
—e— P =35AP"=30
L3¢ —8— P =45AP"=20 1

—v— P =45.AP" =30

—o— P_=45A P =40

0 50 100 150 200 250 300
Pulse Width (sampling time)

Fig. 7. The variation of the permeate flow with pulse
width at different values for the upper limit on feed
pressure based on Py=30bar.
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Fig. 6. The variation of the product salt concentration with
pulse width at different values for the upper limit on feed
pressure.

On the other hand, Figs. 5 and 6 indicate that the
results at smaller value for the initial value of the feed
pressure (Pg), that is, 35bar outperforms that obtained
at Pss=45bar for all cases of Ap". However, it should
be noted that the results at higher Py, is referenced to
the steady-state value of g and C, which are obtained
when the process is operated at steady-state value of
P=45bar and u;=38cm/s. Whereas the results at
lower Pg is referenced to the steady-state value of g
and C, that are obtained when the process is operated
at steady-state mode of Py=35bar and u¢=38cm/s.
For reasonable comparison, all obtained curves in
Figs. 5 and 6 are recalculated for g,s and Cp,s obtained
at P;=35Dbar. The new consequences are shown in
Figs. 7 and 8. In due course, the effect of increasing
Ap" and P, remain the same as before. For example,
increasing Ap" always improve the performance of

—e— P =35AP"=30
0.95F —a—p =45AP"=20

—v— P =45AP"=30

0.9 -
—o— P =45 AP" =40

Cpa/Cpy

0 50 100 150 200 250 300
Pulse Width (sampling time)

Fig. 8. The variation of the product salt concentration with
pulse width at different values for the upper limit on feed
pressure based on Py=30bar.
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g and C,. Similarly, increasing P, improves the
permeate flow but decreases the salt removal. The
only notable difference is that the RO performance at
P, =35Dbar is no longer better than those obtained at
P, =45bar. It can be concluded that higher value for
Py, allow operating at larger pressure oscillation
magnitude increasing the chances to improved RO
performance in terms of higher g.../qss and lower
Cpave/ CPss-

For all cases above, the decrease in salt concentra-
tion at membrane wall, which was predicted by the
model, is the reason for this improvement in perme-
ation rate. Because the salt concentration is proportional
to that at the wall, similar effect is observed. This agrees
with the widely accepted argument that relates such
enhancement to the decrease in concentration polariza-
tion Moreover, the trends obtained were consistent
with the experimental results reported in the literature.

4. Conclusions

The performance of the periodic operation of a RO
desalination unit using a validated dynamic model
was investigated in this work. Symmetric cyclic varia-
tion of the feed pressure and velocity is imposed in
the process dynamic operation. Rectangular pulses
were used to simulate the cyclic input functions. The
rectangular pulses are chosen for periodic forcing
because they are more suitable for digital control
applications. The characteristics of the pulses, such as
pulse width and amplitude, are determined by
numerical optimization tools. The results of the
simulated periodic operation indicated performance
improvement in terms of increased permeate produc-
tion and decreased salt concentration in the product.
For example, an enhancement up to 40% in the
permeate production and to —20% in the salt concen-
tration can be obtained. Moreover, it is found that the
pulse amplitude and the central value of the periodic
function play an important role in the amount of
performance enhancement. Specifically, larger pulse
amplitude of the feed pressure has a positive effect on
the permeate flow increment and salt content reduc-
tion. Similar characteristic is observed for the effect of
the mean value of the cyclic pulses. As far as the
pulse period is concerned, there is a unique value of
the pulse width at which maximum permeate produc-
tion occurs and another unique value at which
maximum salt reduction takes place. In fact, maximiz-
ing the permeate production requires a pulse width
between 100 and 200 sampling units, while the
minimizing the salt concentration requires pulse
width between 50 and 100 sampling units.
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The observed process enhancement when periodic
operation is used is attributed to the reduction in the
effect of concentration polarization that was success-
fully predicted by the model. In practice, frequent
pulsation may not be preferable because it may affect
the piping and fittings. Thus, the application may be
suitable when large sampling time is used.
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Nomenclature
A, pulse amplitude for input 1 and 2 atm, cm/s
AmZ

Chi salt concentration in brine in ith mol/cm?
increment

Crp salt concentration in the feed mol/cm®

Cp,i salt concentration in permeate in ith  mol/cm®
increment

C, average value for c, mol/cm®

Cpss steady-state value for cp mol/cm?

Cu,i salt concentration at the wall in ith mol/cm?
increment

Dy diffusion coefficient of salt in cm?/s
solution

d internal diameter of tube cm

F feed flow rate cm®/s

fr fanning factor —

Jo,i volume flux density through cm/s
membrane in ith increment

Ji Chilton—-Colburn factor —

L, hydraulic permeability cm/s atm

Pb,i brine pressure in ith increment atm/m?

Py feed pressure atm/m?

Pp,i permeate pressure in increment i atm/m?

P, pulse width Sample

unit

q permeate production rate cm® /s

q average value for ¢ cm® /s

Gss steady state of g cm’/s

R Universal gas constant cm®. atm/

K. mol

R intrinsic salt rejection coefficient —

Re Reynolds number —

Rr recovery ratio —

Sc Schmidt number

T operating temperature K

u; brine average velocity in ith cm/s

increment
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u input vector —
ug feed velocity cm/s
X state vector —
Ax differential tube length cm
wy, weights on optimized variables —
wa,
w3
Greek
N number of ions produced on —
complete dissociation of one
molecule of electrolyte (v=2 in this
work)
Vi kinematic viscosity cm?®/s
Py brine density g/cm®
Pp permeate density g/cm’
Superscript
L lower
u upper
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Appendix A Dynamic Model of the RO Unit

The model assumptions and the detailed derivation
of model equations can be found in [12], In this Appen-
dix, the model is briefly presented.

The membrane module is divided into #n increments,
and mass and energy balances are made for each seg-
ment. The permeate flux (J, ;) through the membrane at,
increment i, is described by the three parameter nonlin-
ear Spiegler-Kedem (SK) model:

Joi = Ly[(Poi — pps) — (R)*VRTcy,] (A1)

where p,; and p,; are brine-side and permeate-side
pressures, respectively, R’ is the intrinsic salt rejection,
and R is the ideal gas constant. c,, is the wall brine con-
centration at the ith increment, it is calculated using the
flowing equation:
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with Sc is Schmidt number and j; is Chilton—Colburn
factor. For turbulent flow in smooth circular tubes, it is
given by [14]:
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with Re; being the local Reynolds number in ith increment.

The dynamics of salt concentration in the brine
leaving increment i are given by the following equation
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Here, u;, 4 is the velocity of brine leaving the ith incre-
ment. It can be obtained from a volumetric balance
about the ith increment and is given by

(A4)

Uiy = U — 4]v,iAX/d (AS)
with Ax and d being the increment length and tube
diameter, respectively.

The energy balance for the ith increment is used to
calculate the pressure in the brine-side for different ith
increments. It can be proved that the pressure leaving
the t-th increment can be calculated as follows:
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with p;; and p,; being the brine and permeate density,
respectively, and fr is Fanning friction factor given by

The permeate production rate for the ith increment is
given by

gi=JoixmxdxAx (A.8)

The cumulative production rate from all increments is

q:Z]v,-xnxdxAx (A9)
i=1

The cumulative average salt concentration of the
product water can be obtained by multiplying the quan-
tity of water produced in certain increment by the salt
concentration in that increment. Rearranging the
resulted equation gives
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When cyclic mode of operation is used, the ratio of the
unsteady state to steady flow mass transfer coefficients
was approximated by [11]:
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with subscripts p and s referring to periodic and
steady-state operations, respectively. u, is the periodic
velocity. n=1/3 for laminar flow and n=0.8 for fully
developed turbulent flow.





