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Rotating reverse osmosis: a dynamic model for flux and rejection
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Abstract

Reverse osmosis (RO) is a compact process for the removal of ionic and organic pollutants from contaminated water. How-
ever, flux decline and rejection deterioration due to concentration polarization and membrane fouling hinders the application
of RO technology. In this study, a rotating cylindrical RO membrane is theoretically investigated as a novel method to reduce
polarization and fouling. A dynamic model based on RO membrane transport incorporating concentration polarization is used
to predict the performance of rotating RO system. Operating parameters such as rotational speed and transmembrane pressure
play an important role in determining the flux and rejection in rotating RO. For a given geometry, a rotational speed sufficient
to generate Taylor vortices in the annulus is essential to maintain high flux as well as high rejection. The flux and rejection
were calculated for wide range of operating pressures and rotational speeds. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

As water resources become more limited and waste
discharge becomes increasingly problematic, the con-
cept of wastewater recycling or water reuse is becom-
ing important. Depending on the cost of water and
wastewater treatment, the concept of water reuse is
economically justified in many industries [1,2] includ-
ing textiles [3], petrochemicals [4], food processing
[5], pulp and paper [6], and tanning [7]. Another exam-
ple of wastewater recycling is the wastewater manage-
ment for manned space missions in which recycling of
wastewater to produce potable water as well as water
for washing will be essential to reduce the depen-
dence on resupply of water [8–12]. In this case, mass,
volume, and energy minimization are crucial [13].

Recently, reverse osmosis (RO) filtration has been
considered a promising technology for water recycling
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and reuse. RO filtration removes ions and organic
chemicals, and its treatment efficiency and perfor-
mance are stable and predictable. RO processing has
been successfully applied in wastewater recycling
in several industries [14,15]. RO filtration has been
shown to be adequate for producing clear water from
recycled wastewater in various applications [16–18].

However, a problem that needs to be resolved in
the application of RO membranes for wastewater re-
cycling is the sensitivity to fouling, which results in
a decrease in filtrate flux. Concentration polarization
and subsequent membrane fouling are the most serious
obstacles that limit the acceptance of RO membrane
treatment. For example, with space mission waste-
water, the potential for membrane fouling is high,
since the wastewater contains large amounts of inor-
ganic and organic solutes, pathogenic micro-organisms,
and debris. Therefore, techniques to control membrane
fouling are of great importance.

The reduction and alleviation of concentration
polarization in filtration and RO have been the focus
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Nomenclature

Cb,i bulk concentration of solute (mol/m3)
Cm,i solute concentration at membrane

surface (mol/m3)
Cp,i solute concentration at permeate

side (mol/m3)
d annulus gap width (=ro − r i) (m)
Di solute diffusion coefficient (m2/s)
Jnet net flux over time (m/s)
Js,i solute flux (mol/m2 s)
J̄s,i instantaneous flux for solute (m/s)
Jv solvent flux (m/s)
J̄v instantaneous flux for solvent (m/s)
ki mass transfer coefficient (m/s)
L filter area length (m)
Lv solvent transport parameter (m/s Pa)
Ls,i solute transport parameter (m/s)
Ploss pressure loss in rotating RO system (Pa)
�Paxis pressure drop caused by axial flow in

the annulus in rotating RO system (Pa)
�Prot pressure drop across the annulus gap

in rotating RO system (Pa)
Qconc concentrate flow rate (m3/s)
Qfeed feed flow rate (m3/s)
ri inner cylinder radius (m)
ro outer cylinder radius (m)
R gas constant (J/mol K)
Ri instantaneous rejection for solute
Ri,net overall rejection over time
Rea axial Reynold number (=2ud/ν)
REC recovery
Sa cross-sectional area of the

annulus (m2)
Sci Schmidt number (=ν/Di)
t time (s)
T temperature (K)
Ta Taylor number (=riωd/ν)
Tac critical Taylor number for a

transition from stable Couette flow
to vortical Taylor Couette flow

u axial flow velocity (m/s)
x position in axial direction (m)

Greek letters
η radius ratio (=ri/ro)
ν kinematic viscosity (m2/s)

ρ density (kg/m3)
ω rotational speed (s−1)
�Πi osmotic pressure difference (Pa)

of much research and development [19]. Attempts to
reduce concentration polarization include increasing
the fluid velocity [20], inserting turbulence promot-
ers in the feed channels [21], pulsing the feed flow
over the membrane [22], and designing the flow path
so Dean vortices occur [23,24]. High shear mem-
brane filtration systems such as rotating disk mem-
branes [25] and rotating cylinder filtration [26] have
been also investigated because of their potential for
reducing polarization.

Of particular interest in this paper is rotating filtra-
tion that takes advantage of centrifugal flow instabili-
ties. Rotating filtration is relatively a new technique to
control flux decline due to plugging of the filter pores
during micro-filtration and ultra-filtration. The system
consists of a cylindrical filter rotating within a station-
ary cylindrical shell. Toroidal Taylor vortices are in-
duced by the rotation of the inner cylinder as a result
of a centrifugal flow instability. The unique advantage
of a rotating membrane filtration is that the build-up of
particles and other species near the filter surface is very
slow compared to dead-end or cross-flow filtration
[27]. Many studies report a strong anti-fouling effect
for rotating micro-filtration [28,29] and ultra-filtration
[30]. Three mechanisms have been proposed for this
resistance to fouling including Taylor vortices [31],
centrifugal sedimentation of heavy particles [32], and
shear due to the rotation [33]. Rotating filtration is
presently used for the separation of plasma from whole
blood [34,35] and other biological separations [31,36],
but it also shows promise for a wide range of other
applications. However, relatively little work has been
done to further the application of rotating membrane
filtration except for blood filtration [37]. Moreover, the
use of a rotating system for reverse osmosis has not
been investigated. Unlike micro-filtration there is no
suspended species in the case of RO. Consequently,
the critical issue is concentration polarization at the
surface of the RO membrane rather than particles plug-
ging the pores of the membrane.

In this paper, the implementation of rotating RO
filtration for wastewater recovery is theoretically
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investigated using combined transport models. Taking
into consideration the complex time-dependent be-
haviors of filtration, the performance of rotating RO
filtration is predicted as a function of module geom-
etry, rotational speed, transmembrane pressure, axial
flow rate, permeate velocity (flux), and feed composi-
tion. The optimum operating parameters are explored
based on this approach. The analysis described here
can be used for predicting rotating RO system per-
formance for wastewater recovery and other potential
industrial applications.

2. Modeling approach

We have applied the solution-diffusion model mod-
ified with the concentration polarization theory to
predict rotating membrane performance over a wide
range of conditions. Most previous studies using these
equations only considered the steady-state behavior
of filtration in simple geometries [38–40]. This pa-
per extends this work in two ways. First, we include
time-dependent behavior of the water flux and each
solute component in the model. Second, we apply the
model to the complex geometry of a rotating cylindri-
cal RO membrane. In addition, the solution scheme
has been improved over that used in our previous

Fig. 1. Sketch of the flow and geometry in a rotating RO membrane system.

studies of a simpler system [18] to permit theoretical
analysis of the effect of concentration polarization on
the flux.

Fig. 1 shows the flow and geometry in a rotating
RO membrane system. The solvent flux, Jv(x, t), and
the flux of solute component i, Js,i(x, t), through the
inner cylinder membrane are [38]

Jv = Lv(�P − Ploss) (1)

Js,i = JvCp,i = Ls,i (Cm,i − Cp,i ) (2)

where Lv and Ls are the solvent and solute transport
parameters, Cm,i(x, t) and Cp,i(x, t) the solute concen-
trations at membrane surface and permeate side, �P
the pressure difference from the device inlet to the
permeate side of the membrane, and Ploss(x, t) is the
pressure loss by osmotic pressure and hydrodynamic
effects in the annulus. Ploss in a rotating RO membrane
system with axial flow includes four terms

Ploss =
n∑
i

�Πi + �Prot + �Paxis + ρgx (3)

where �Πi(x, t) is the osmotic pressure difference
for solute i, �Prot the pressure drop across the annu-
lus gap in the rotating membrane module, �Paxis the
pressure drop caused by axial flow in the annulus, and
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ρgx the hydrostatic pressure. The osmotic pressure is
calculated by Van’t Hoff’s equation [41]

�Πi = (Cm,i − Cp,i )RT (4)

where R is the gas constant and T the temperature. The
rotational pressure drop, Prot, from the outer radius of
the annulus (where fluid enters) to the inner radius of
the annulus at the membrane is based on the solution
of the Navier–Stokes equation for stable cylindrical
Couette flow

�Prot = ρ

[
C2

2

2

(
1

r2
i

− 1

r2
o

)

−C2
1

2
(r2

i − r2
o ) + 2C1C2 ln(η)

]
(5)

where ri is the inner cylinder radius, ro the outer
cylinder radius, ρ the density of the fluid, and η =
r i/ro the radius ratio. C1 = ω(η2/1 − η2) and C2 =
ωr2

i (1/1 − η2) are parameters based on the rotational
speed, ω, and the radius ratio. The pressure drop for
laminar flow varies linearly with the axial position, so
that the average pressure drop from the inlet to the
outlet is expressed as [42]

�Paxis = 4µxu

{r2
o + r2

i − [(r2
o − r2

i )/ln(ro/ri)]}2
(6)

where µ is the solvent viscosity, u the average axial
flow velocity, and x the axial position in the module.
For the conditions considered here, �Prot, �Paxis, and
ρgx are negligible compared to �Πi .

The difference between the solute concentration at
the membrane, Cm,i , and the solute concentration in
the bulk solution, Cb,i , originates from the concentra-
tion polarization phenomenon. On the basis of the film
model theory and from Fick’s law for diffusion, the
concentration profile near the membrane surface is

Cm,i − Cp,i

Cb,i − Cp,i
= eJv/ki (7)

where ki is the mass transfer coefficient for the back
diffusion of the solute i from the membrane to the
bulk solution on high pressure side of membrane
[43]. Rearranging Eq. (7), the solute concentration at
the membrane surface (Cm,i) can be estimated from
the solute concentration in the bulk phase, the per-
meate concentration, and the water flux. The growth

of the concentration boundary layer is determined by
the mass transfer coefficient, which in turn depends
on the axial and rotational motion of the fluid. For
axial flow, ki depends on the axial Reynolds number
Rea = 2ud/ν, where ν is the kinematic viscosity and
d = ro − r i the gap width. For rotational shear flow,
ki depends on the Taylor number (also known as the
rotational Reynolds number), Ta = r iωd/ν. Above a
critical Taylor number, Tac, toroidal vortices appear in
the annular gap as a result of a centrifugal instability.

The mass transfer coefficient for laminar axial flow
alone (Ta = 0, Rea > 0), which is equivalent to
cross-flow filtration, can be deduced from the Leveque
equation. The Leveque solution for annular flow is [44]

ki = 1.614Re1/3
a Sc1/3

i

(
2d

L

)1/3

×
((

η − 1

η

)
η2 ln η + (1 − η2)/2

(1 + η2) ln η + (1 − η2)

)1/3

×
(
Di

2d

)
(8)

where Di is the diffusion coefficient of solute i and
Sci = ν/Di the Schmidt number. In case of stable
Couette flow (no vortices) in a rotating cylinder with
negligible axial flow (0 < Ta < Tac, Rea ≈ 0), the
analytical solution of mass transfer coefficient can be
obtained. By rearranging the form given by Gabe and
Robinson [45], the mass transfer coefficient for the
stable Couette–Poiseuille flow is

ki = 0.5510Ta1/3Sc1/3
i

(
1 + η2

1 − η2

)1/3

×
(

1 − η

η

)−1/3 (
Di

ri

)
(9)

When the Taylor number exceeds a critical value
(Tac), a transition from stable Couette flow to vortical
Taylor–Couette flow occurs. An expression for Tac,
modifying the form given by Murase et al. [26] to
match the analytical result of Recktenwald et al. [46],
is

Tac = 41.02

(
d

ri

)−0.5

+ 25.75

(
d

ri

)0.5

+1.85

(
d

ri

)1.5

(10)
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Fig. 2. Comparison of mass transfer correlations in the range of
Taylor numbers considered. Inner cylinder radius, 0.0250 m; outer
cylinder radius, 0.0286 m; solute, (NH4)2CO3.

This expression matches the analytical value for Tac
to within 0.5% over all η. There are several studies
regarding the mass transfer in Taylor–Couette flow
devices based on electrochemical methods [47–51],
the Reynolds analogy [52], a theoretical model [53],
a filtration method [54], and computational fluid
dynamics [55]. But the differences among these pub-
lished results are relatively small as shown in Fig. 2.
In this study, we use the mass transfer expression of
Holeschovsky and Cooney [54], which was obtained
for a rotating ultra-filtration device, because it best
matches the conditions that we intend to model. The
mass transfer coefficient is

ki = 1.4191Ta1/2Sc1/3
i

(
1 − η

η

)0.42 (
Di

2d

)
(11)

This expression is valid for 135 < Ta < 3700, Rea <

200, and 0.87 < η < 0.96. In their experiments, the
radial flow velocity was small enough to be neglected
compared to axial and azimuthal velocities. We note
that over this wide range of Taylor numbers a variety
of vortical regimes can occur including non-wavy
vortices, spiral vortices, wavy vortices, and so on
[56,57]. However, in all cases, the secondary vortical
flow enhances the mass transfer in a similar way,

resulting in a single expression, Eq. (11), for the mass
transfer coefficient.

During the filtration, Jv, Cb,i , and Cp,i depend on
axial position and time. From a mass balance of solute
i, the time rate of change in Cb,i in an annular fluid
element is given by

∂Cb,i (x, t)

∂t
= − 1

Sa
(Qconc(t) + 2πri

∫ L

x

Jv(x, t) dx)

× ∂Cb,i (x, t)

∂x
+ 2πriJv(x, t)

Sa
Cb,i (x, t)

−2πriJs,i (x, t)

Sa
(12)

In Eq. (12), Saπ(r
2
o − r2

i ) is the cross-sectional area of
the annulus, and Qconc is the concentrate flow rate. The
left hand side is the change in concentration of solute
i in the fluid element. The first two terms on the right
hand side are the changes in concentration due to axial
flux of solute. The last term is the change in concen-
tration due to the flux of solute through the membrane.
This model does not account for flow effects near the
inlet or outlet, which are negligible based on previ-
ous experience with rotating filtration devices [27–32].
The initial condition is that the bulk concentration in
the annulus equals the constant inlet concentration so
Cb,i (x, 0) = Cb,i (0, t) = Cf,i . The system recovery is

REC = Qfeed(t) − Qconc(t)

Qfeed(t)
(13)

where Qfeed(t) = Qconc(t) + 2πriLJ̄v(t) and J̄v(t)

is defined shortly. In this work, Qconc(t) is assumed
to be controlled by a feedback method to maintain
constant recovery. Thus, Qconc(t) can be expressed as
a function of permeate flux

Qconc(t) = (1 − REC)2πriLJ̄v(t)

REC
(14)

By simultaneously solving Eqs. (1)–(3), (7), and (12)
for a given geometry, ω, �P, and REC, the flux and
solute concentrations can be calculated as functions
of time and axial position. The equations are solved
using a fourth-order Runge–Kutta method. In Eqs. (1)
and (2), Lv and Ls were obtained from experimental
results for an low pressure reverse osmosis (LPRO)
membrane [18].
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Table 1
Composition of space mission wastewater [60]a

Component Concentration (mg/l) Total nitrogen (mg/l) Diffusion coefficient (m2/s) Solute permeability (m/s)

(NH4)2CO3 3449.1 1006 1.42 × 10−9 0.85 × 10−7

NASA body soapb 190.6c 7.8 0.89 × 10−9 0.34 × 10−7

NaCl 1000 0 1.61 × 10−9 1.60 × 10−7

a Membrane parameters based on experiments using ESPA membrane [18]. Diffusion coefficients from [59].
b The detergent molecule in NASA body soap is C15H30O4NSNa.
c Concentration is based on the net detergent concentration as linear alkylbenzene sulfonate (LAS).

After solving the set of equations, the spatially
averaged flux is calculated by the integration of the
solute concentration along the length of the filter

J̄v(t) = 1

L

∫ L

0
Jv(x, t) dx (15)

The net flux over time t is

Jnet = 1

t

∫ t

0
J̄v(t) dt (16)

The instantaneous rejection for solute i is

Ri(t) = 1 − J̄s,i (t)

(1/L)
∫ L

0 Cb,i (x, t)Jv(x, t) dx
(17)

where J̄s,i (t) = (1/L)
∫ L

0 Js,i (x, t) dx. The overall
rejection over time is

Ri,net = 1 − (1/t)
∫ t

0 J̄s,i (t) dt

Cf,iJnet
(18)

3. Results and discussion

In this paper, we consider the application of rotating
reverse osmosis for recycling space mission waste-
water, which contains wash water, condensate, and
urine. During storage, urea and other organic nitro-
gen compounds are converted to ammonium ions
in the presence of urease from micro-organisms in
the wastewater [58]. The simplified composition and
properties of a synthetic model for space mission
wastewater is given in Table 1 [59]. In addition to
ammonium ions from urine, the wastewater contains
NASA body soap and ions [60]. The solute perme-
abilities listed in Table 1 are based on our stirred cell
measurements [18].

Consider first the results of a sample calculation.
The geometric parameters in Table 2 that were used
in the calculations are similar to those for a rotating
reverse osmosis module that we are currently fab-
ricating. All calculations are for room temperature
operation. For these calculations the transmembrane
pressure was 1800 kPa and the rotational speed was
200 rad/min. This corresponds to a Taylor number of
179, above the critical Taylor number for the appear-
ance of vortical flow at this radius ratio. The net axial
flow velocity was set to uconc = Qconc/Sa = 0 m/s.
This, in effect, corresponds to “dynamic dead-end
filtration”, Qconc/Qfeed = 0 and REC = 1.0. The
solute concentration continually increases as filtration
proceeds. However the rotation of the filter makes the
system “dynamic” relative to the usual concept for
dead-end filtration. Considering “dynamic dead-end
filtration” is instructive in that it allows a simplified
analysis without the complication of a net axial flow.

The flux and instantaneous rejection are shown in
Fig. 3 as functions of time for dynamic dead-end filtra-
tion. Although the pure water flux of the membrane is
130 l/m2 h, the permeate flux is substantially less be-
cause of the high osmotic pressure near the membrane.

Table 2
Parameters for the rotating RO membrane systema

Parameter Value

Outer radius (ro) (cm) 2.86
Inner radius (ri) (cm) 2.50
Filter area length (L) (cm) 12.70
Annular gap (d) (cm) 0.36
Membrane area (Am) (m2) 0.0199
Water permeability (Lv) (m/s Pa) 2.00 × 10−11

Kinematic viscosity (ν) (m2/s) 0.98 × 10−6

a Water permeability based on experiments using ESPA
membranes [18].
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Fig. 3. Variation of permeate flux and rejection with time for space
mission wastewater in a rotating RO system. Modeling condition:
�P = 1800 kPa; ω = 200 rad/min (Ta/Tac = 2.54); REC = 1.0.
(�) flux; (�) detergent rejection; (�) nitrogen rejection; (�)
NaCl rejection.

The flux decreases quite quickly as filtration proceeds
because of the rapid increase in osmotic pressure as
solute builds-up in the annulus. The instantaneous
rejections for nitrogen (ammonium) and sodium chlo-
ride are initially high and decrease slightly with time.
The rejection for detergent decreases less with time.
It is important to note that the concentration factor,
f c = V f/V c where Vf is the feed volume and Vc the
concentrate volume, is quite large, about 5 after 1 h.
For comparison, in a stirred cell with a concentration
factor of only 2.5, the specific flux, J̄v/�P , was less
than 0.87 × 10−2 l/m2 h kPa [18]. The specific flux at
the same concentration factor in the rotating module
is about 1.4 × 10−2 l/m2 h kPa. This indicates how ef-
fective vortical motion in the rotating RO membrane
system is in improving the flux.

The local permeate flux profiles for different times
in dead-end filtration are shown in Fig. 4. Initially the
flux is uniform, but the flux quickly drops off at the
downstream end of the device because of the higher
solute concentration there. The difference in flux
between the upstream and downstream ends increases
with increasing in time. It is evident that membrane
fouling occurs first at the downstream end of the
module because of the high solute concentration.

Fig. 4. Local flux of permeate as a function of time and posi-
tion. Modeling condition: �P = 1800 kPa; ω = 200 rad/min
(Ta/Tac = 2.54); REC = 1.0.

While it is helpful to consider dead-end filtration, a
rotating RO system will likely operate with a net axial
flow to carry the concentrate out of the system. Fig. 5
shows the dependence of flux and rejection on the
fraction of the feed that passes through the membrane.
The results are presented in terms of the recovery,
REC, at different rotational speeds for 1 h of operation.
A recovery of 1.0 corresponds to dead-end filtration; a
recovery of 0.2 corresponds to 20% of the feed passing
through the membrane. It is evident from Fig. 5(a) that
the flux increases with rotational speed and decreases
for high net recoveries. The dependence on rotational
speed corresponds the increased mass transfer coeffi-
cient. At 0 rad/min, the mass transfer is quite low due
to a lack of shear resulting in only a small flux through
the membrane. At 70.8 rad/min, corresponding to
Ta/Tac = 0.9, rotational shear enhances the mass
transfer. At 86.5 rad/min, corresponding to Ta/Tac =
1.1, vortical motion results in additional shear and
the transport of solute away from the membrane. This
significantly increases the mass transfer and, conse-
quently, the flux through the membrane. As the rota-
tional speed is increased from 86.5 to 314.6 rad/min,
the Taylor number is nearly quadrupled, resulting in
a nearly doubling the mass transfer coefficient ac-
cording to Eq. (11). At low recoveries, flux increases
by more than two-thirds as Ta increases from 1.1 to
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Fig. 5. Effect of recovery on permeate flux and nitrogen rejection in a rotating RO system. Modeling condition: �P = 1800 kPa;
operating time, 1 h. (a) Flux; (b) total nitrogen rejection. (�) Ta/Tac = 0 (0 rad/min); (
) Ta/Tac = 0.9 (70.8 rad/min); (�) Ta/Tac = 1.1
(86.5 rad/min); (�) Ta/Tac = 2.0 (157.3 rad/min); (�) Ta/Tac = 4.0 (314.6 rad/min).

4.0 Tac. However at high recoveries, the increase is
substantially less (about 25%), although vortical flow
results in significant higher flux than non-vortical
flow. Of course, at all rotational speeds, the flux is
highest for the lowest recovery. A low recovery cor-
responds to a high axial flow rate, Qconc, that washes
solute out of the device. The resulting lower solute
concentration at the membrane permits a higher flux.

The rejection of total nitrogen, which is crucial in
the application of space mission wastewater recov-
ery, is nearly independent of the net recovery and the
rotational speed, as shown in Fig. 5(b). The exception
is 0 rad/min where solute builds up on the membrane
surface because there is no fluid shear. The subse-
quent high concentration polarization results in solute
passing through the membrane. Conditions above the
critical Taylor number enhance rejection compared to
Ta/Tac = 0.9, but the effect is small. Above the crit-
ical Taylor number, rejection is virtually unaffected
by rotational speed. Thus, rotational speed enhances
flux significantly, but has a relatively small effect
on rejection. Similar results occur for the rejection
of detergent and NaCl, so only nitrogen rejection is
considered for the remainder of this paper.

Further insight into the effect of a net axial flow
is evident in the permeate flux profiles at different

times, shown in Fig. 6. At REC = 0.9, which is
shown in Fig. 6(a), the local flux profiles are almost
same as those in “dynamic dead-end” filtration shown
in Fig. 4 because of the small net axial flow rate. As
recovery decreases, the local flux is enhanced at the
downstream end of the device compared to higher
recoveries as shown in Fig. 6(b) for REC = 0.5. This
is a consequence of the strong axial flow carrying
solute out of the device. Of course, a practical rotat-
ing RO system would need to operate at relatively
high recovery to minimize the concentrate volume.
Consequently, for the remainder of this discussion we
provide results for REC = 0.9.

The time-dependent variations in flux and nitrogen
rejection are shown in Fig. 7 for several rotational
speeds of the inner cylinder. Rotating RO has sig-
nificant higher flux and rejection than no rotation
which corresponds to a simple cross-flow system. The
flux and rejection are higher for Taylor vortex flow
(Ta/Tac > 1) than for circular Couette flow (Ta/Tac =
0.9) because of enhanced diffusion and mass trans-
fer coefficient induced by the greater rotating shear
flow and the Taylor vortices. The advantage of higher
rotational speed diminishes as time progresses, al-
though it remains far superior to cross-flow alone
(0 rad/min). The rejection decreases only slightly as
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Fig. 6. Local flux of permeate as a function of time and position. Modeling condition: �P = 1800 kPa; ω = 200 rad/min (Ta/Tac = 2.54).
(a) REC = 0.9; (b) REC = 0.5.

Fig. 7. Effect of rotational speed on permeate flux and total nitrogen rejection in a rotating RO system. Modeling condition: �P = 1800 kPa;
operating time, 1 h; REC = 0.9. (a) Flux; (b) total nitrogen rejection. (�) Ta/Tac = 0 (0 rad/min); (
) Ta/Tac = 0.9 (70.8 rad/min); (�)
Ta/Tac = 1.1 (86.5 rad/min); (�) Ta/Tac = 2.0 (157.3 rad/min); (�) Ta/Tac = 4.0 (314.6 rad/min).
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Fig. 8. Effect of radius ratio on flux and total nitrogen rejection in a rotating RO system. Modeling condition: �P = 1800 kPa; REC = 0.9;
operating time, 1 h. (a) Flux. (�) Ta/Tac = 0 (0 rad/min); (
) Ta/Tac = 0.9 (70.8 rad/min); (�) Ta/Tac = 1.1 (86.5 rad/min); (�)
Ta/Tac = 2.0 (157.3 rad/min); (�) Ta/Tac = 4.0 (314.6 rad/min). (b) Total nitrogen rejection. (�) Ta/Tac = 0 (0 rad/min); (�) Ta/Tac = 0.9
(70.8 rad/min); (�) Ta/Tac = 1.1 (86.5 rad/min); (�) Ta/Tac = 2.0 (157.3 rad/min); (�) Ta/Tac = 4.0 (314.6 rad/min).

time progresses. Again, the rejection with vortical
flow (Ta/Tac > 1) is superior to cross-flow alone or
non-vortical flow.

The geometry of the device would be expected
to play a role in the effectiveness of rotating RO. A
narrow gap (η near 1) would result not only in a high
shear, but also in a higher critical Taylor number for
the appearance of vortical flow. The dependence of
permeate flux and nitrogen rejection over 1 h of oper-
ation on the radius ratio is shown in Fig. 8. To change
η from 0.87 to 0.96, ri is adjusted keeping ro constant
at 0.0286 m. The flux and rejection decrease with an
increase in η except for 0 rad/min where the flux and
rejection increase. For non-zero rotation, the results
can be attributed to the dependence of annulus volume
on η. Larger η results in a smaller annulus volume
that makes rate of increase in concentration in the
annulus faster leading to lower flux and rejection. At
0 rad/min, however, the annulus volume effect is neg-
ligible because of the high concentration polarization.
Instead, an increase in η results in an increasing axial
shear because of the narrower annular gap. This shear
is negligible in dynamic filtration cases compared to
the rotational shear. The sudden drops in flux for vor-
tical flow (Ta/Tac of 1.1, 2.0 and 4.0) can be attributed

to the stability of Taylor vortices. The critical Taylor
number increases with increasing η. The sudden drops
in flux correspond to the radius ratio at which the flow
changes from vortical to non-vortical at that rotational
speed. The magnitude of the drop in the flux is indica-
tive of how important vortical flow is to enhancing
the flux. A much smaller though noticeable drop is
evident in the rejection at the same radius ratios.

The simulations to this point have been performed
for a particular geometry of the rotating filter. A ques-
tion that arises is the effect of the aspect ratio of the
device on the performance, particularly in light of the
significant axial variation in flux apparent in Fig. 6.
The axial height of the filter and the radius of the
inner cylinder can be varied while maintaining the
filtration area and the radius ratio constant. The effect
of aspect ratio, ri/L, is shown in Fig. 9. The aspect
ratio varies from 0.05 to 1.3 keeping the membrane
filtration area at 0.0199 m2. Regardless of changes in
aspect ratio, flux and rejection are nearly the same
when the rotational speed is held constant, as shown
in Fig. 9(a). However, the flux decreases as aspect
ratio increases when the Taylor number is held con-
stant by adjusting the rotational speed accordingly, as
shown in Fig. 9(b). This is because of the nature of
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Fig. 9. Effect of aspect ratio on flux and total nitrogen rejection in a rotating RO system. Modeling condition: �P = 1800 kPa; REC = 0.9;
η = 0.874; membrane area, 0.0199 m2; operating time, 1 h. Constant rotational speed, ω = 200 rad/min (1.66 < Ta/Tac < 4.29) constant
Taylor number, Ta/Tac = 2.54. (�) flux; (�) total nitrogen rejection.

the mass transfer coefficient in Taylor vortex flow. In
Eq. (11), as ri increases, Ta increases, but (1−η)/η =
d/r i decreases. Since the exponents of two terms are
similar, 0.5 and 0.42, respectively, the mass transfer
coefficient changes very little when ri is varied, ac-
counting for Fig. 9(a). When Ta is constant, the mass
transfer coefficient decreases as ri increases because
of (1 − η)/η, which results in a net decrease in the
permeate flux. In practice, the aspect ratio should be
kept small anyway to optimize membrane area per
unit volume of the apparatus, 2πriL/πr

2
i L = 2/ri.

In addition to the geometric parameters of the
module, membrane properties including solvent per-
meability and solute permeability play an important
role in filtration performance. Fig. 10 illustrates how
membrane properties affect permeate flux and ni-
trogen rejection. The flux increases as the solvent
permeability increases (Fig. 10(a)), but the rejection
is essentially unaffected by the solvent permeability.
Increasing the solute (nitrogen) permeability results
in an increase in the flux because of the lower osmotic
pressure as solute passes through the membrane. Of
course, there is also a significant decrease in rejection
(Fig. 10(b)).

To further investigate the effect of operating con-
ditions on the effectiveness of rotating RO membrane

system, contours of constant flux and nitrogen re-
jection are shown as functions of rotational speed
and transmembrane pressure in Fig. 11. The results
are presented for 1 h of operation at 90% recovery.
As expected, the best flux and rejection occur at
high rotational speeds and high transmembrane pres-
sures. However, dependence of flux and rejection on
rotational speed and transmembrane pressure is not
linear. The flux and rejection are suddenly increased
at ω = 78 because of the flow transition from stable
Couette flow to Taylor vortex flow. For example, the
flux in the non-vortical circular Couette flow regime
is 7.66 l/m2/h at 77.5 rad/min and 1400 kPa. A small
increase of rotational speed results in a formation
of vortices and increases the flux to 11.57 l/m2/h at
78.5 rad/min. The flux increases somewhat with rota-
tional speed as the enhanced mass transfer prevents
the build-up of rejected species. However, the rejec-
tion increases only slightly with rotational speed once
vortices appear.

An increase in the transmembrane pressure results
in higher flux for both non-vortical circular Couette
flow and Taylor vortex flow conditions, but the effect
depends on the rotational speed. For example, the flux
is about 5.35 l/m2/h at 1000 kPa of transmembrane
pressure and 50 rad/min. Doubling the transmembrane
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Fig. 10. Effect of membrane properties on flux and nitrogen rejection in a rotating RO system. Operating condition: �P = 1800 kPa;
ω = 200 rad/min (Ta/Tac = 2.54); REC = 0.9; geometry as in Table 2. (a) Solvent permeability maintaining the solute permeabilities as in
Table 1. (b) NH4

+ permeability maintaining the other permeabilities as in Tables 1 and 2. (�) flux; (�) nitrogen rejection, (×) indicates
permeabilities in Tables 1 and 2.

Fig. 11. Contour diagrams of net flux and total nitrogen rejection at different pressures and rotational speeds. Modeling condition: operating
time, 1 h; REC = 0.9. (a) Average flux (l/m2 h); (b) nitrogen rejection.
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pressure increases the flux by 73%. Doubling the
transmembrane pressure from 1000 to 2000 kPa at
100 rad/min increase the flux by 111%. Thus, increas-
ing transmembrane pressure enhances flux more than
increasing the rotational speed.

Nitrogen rejection depends on the operating con-
ditions similarly to flux. However, the rejection is
already quite high except for no rotation. When there is
no rotation, the rejection is 0.6. The rejection increases
to 0.83 when rotational speed is only 5 rad/min. In
Taylor vortex regime, the rejection is about 0.9, only
slightly better than for non-vortical operation. Similar
results occur for NaCl and detergent rejections.

4. Conclusion

In this work, the flux and rejection for a rotating RO
membrane system was theoretically predicted using a
transient solution-diffusion model with concentration
polarization and a mass transfer coefficient dependent
on the Taylor number. The following conclusions can
be drawn:

1. For a given geometry, a rotational speed suffi-
cient to generate Taylor vortices in the annulus
is essential to maintain high flux as well as high
rejection. These vortices apparently reduce con-
centration polarization near the membrane and
mix the solutes with the cross-flow fluid so they
can be carried out of the device.

2. The recovery of the system affects the flux sub-
stantially. Flux is higher for the lowest recovery at
all rotational speeds. Flux is enhanced much more
by increasing rotational speed at low recoveries
than at high recoveries, although vortical flow re-
sults in significantly higher flux than non-vortical
flow in all cases.

3. The radius ratio (ri/ro) of the device plays a role
in the effectiveness of rotating RO with a smaller
radius ratios resulting in better flux and rejection.
The sudden drops in the flux are predicted at
radius ratios where the flow changes from vortical
to non-vortical. This indicates how important vor-
tical flow is to enhancing the flux. The rejection
also decreases with increasing radius ratio, but the
changes are much smaller than for the flux.

4. The aspect ratio (ri/L) shows only negligible effect
on the flux and rejection when the rotational speed

is kept constant. However, at constant Taylor num-
ber, a smaller aspect ratio results in higher flux.

5. Flux increases with solvent permeability, but the
rejection is essentially unaffected. Increasing the
solute permeability results in an increase in flux,
but it also causes a significant decrease in rejection.

6. Hydrodynamic operating conditions including
transmembrane pressure and rotational speed
greatly affect the flux and rejection. The best flux
and rejection occur at high rotational speeds and
high transmembrane pressures. Operating in Tay-
lor vortex regime is most important to enhance the
filtration performance. Flux and rejection increase
slightly with rotational speed once vortices appear.
Increasing transmembrane pressure significantly
increases the flux.
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