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COILED MEMBRANE FILTRATION SYSTEM 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

FIELD AND BACKGROUND OF THE 
INVENTION 

The present invention relates in general to ?ltration mod 
ules or elements, and in particular to a neW and useful 
method and apparatus Which utilizes a curved or coiled 
tubular membrane constructed to maximize the formation of 
Dean vortices at the solution-membrane interface, for 
improving the ?ltration effect. 

Most modular designs for pressure-driven membrane 
processes, such as reverse osmosis, ultra?ltration and micro 
?ltration are based on maximizing membrane area per unit 
volume and on the handling convenience of the module. 
Many methods exist for reducing CP and fouling, including 
chemical modi?cation of the membrane surface and physical 
methods such as scouring. Hydrodynamic methods are also 
knoWn Which rely on eddies during turbulent ?oW, or 
induced ?oW instabilities. Such instabilities can be created 
by introducing inserts into the ?oW path. Unstable ?oW 
across membranes have also been utilized to reduce solute 
build-up at the solution-membrane interface, by the inventor 
of the present application. See Belfort, G., “Fluid mechanics 
in membrane ?ltration: recent developments”, J. Membrane 
Sci., 40, 123—147 (1989). 

Different types of instabilities have been used including 
vortices and instabilities resulting from rough membrane 
surfaces, ?oW pulsations and oscillating membrane surfaces. 
In addition to rough membrane surface, etc., instabilities 
have also been induced by a rotating disc system developed 
(i) in the 1970’s by Fred Littman and Jerry Croopnick at 
Dresser Industries, TX and before that at Stanford Research 
Laboratories, CA and (ii) in the 1990’s by BroWn Boveri Co. 
in Malmo, SWeden. One of the most successful depolarizing 
methods has used Taylor vortices established in a rotating 
annular ?lter module. The main limitations of this design are 
the difficulty in scaling-up membrane area and high energy 
consumption. Vortices have also been produced in 
membrane-lined channels by frequently reversing turbulent 
?oW (at 8 Hz) in a corrugated channel. See, Stairmand, J. W. 
and Bellhouse, B. J ., “Mass transfer in a pulsating turbulent 
?oW With deposition into furroWed Walls.” Int. Heat Mass 
Transfer, 27, 1405 (1985). This has also been done by 
forcing the ?uid to ?oW around in a spiral half-cylinder 
channel over a ?at membrane. See PCT patent application 
WO 90/09229 of Aug. 23, 1990 to Winzeler. Both of these 
approaches shoW increased performance in the presence of 
vortices, but each has experienced some difficulties includ 
ing scale-up and sealing problems. The use of spacers in a 
spiral Wound unit to induce mixing has been Widely recom 
mended. Unfortunately, at loW axial Reynolds numbers 
typically used in Poiseuille ?oW for most spiral Wound units, 
this approach has been largely ineffective. See the spiral 
?oW ?lters of Toray Industries, Inc., disclosed, for example, 
in their brochure entitled Romembra Toray Reverse Osmosis 
Elements. 

The effective use of ?uid instabilities, such as vortices, in 
depolarizing and cleaning synthetic membranes for 
pressure-driven membrane application has been Widely con 
?rmed in the literature. See Winzeler, H. B. and Belfort, G. 
(1993), Enhanced performance for pressure-driven mem 
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2 
brane processes: The argument for ?uid instabilities, J. 
Membrane Sci., in 80, 35—47. The present invention has 
shoWn excellent ?ux improvements in the presence of Dean 
vortices resulting from ?oW around a curved duct With 
micro?ltration membranes. See US. Pat. No. 5,204,002, 
Which is incorporated here by reference. An object of the 
present invention is to provide for such controlled vortices 
to be used to depolarize salt, macromolecules and suspen 
sions in high pressure reverse osmosis (RO), ultra?ltration 
(UF), micro?ltration (MF) or nano?ltration (NF) membrane 
processes. 

SUMMARY OF THE INVENTION 

The present invention is an apparatus, and method of 
establishing vortices, in particular, Dean vortices, resulting 
from the onset of unstable ?oW in a curved path. 

The invention includes using Dean vortices to defoul, i.e. 
remove deposits, and depolarize, i.e. remove suspended 
dissolved matter near the membrane, solutes aWay from 
membrane surfaces. The invention also includes a spiral or 
otherwise Wound membrane tube for use in: 

(i) reverse osmosis—mainly used for retention of salt and 
loW molecular Weight organics; 

(ii) nano?ltration—mainly used for fractionation of salt 
and loW molecular Weight organics; 

(iii) ultra?ltration—mainly used for fractionation of 
medium molecular Weight organics and transport of salt 
and loW molecular Weight organics; 

(iv) micro?ltration—mainly used for retention of colloids, 
small particles, and transport of salt, loW molecular 
Weight organics and other dissolved organics and sol 
utes. 

The Dean vortex ?oW of the invention not only has similar 
advantages as Taylor vortex and oscillating ?oWs but also is 
amenable to scale-up. 
To practice one example of the invention, it Was necessary 

to experimentally determine the effective and optimum 
range of Dean vortex depolarization for NE; to design, build 
and test simple prototype vortex generating tubular NF 
element; to use NMR imaging methods to verify the exist 
ence and persistence of vortices; and to solve the 
convective-diffusion equations for fast Dean ?oWs With 
variable Wall ?ux and variable parameter properties and use 
this model for predictive purposes. Concentration pro?les 
Within a vortex as a function of axial distance Was used to 
estimate the effectiveness of this approach. This research 
strengthens our knowledge of hoW to produce vortex insta 
bilities and hoW to use them to diminish concentration 
polarization. 

Accordingly, one object of the present invention is to 
provide a method of defouling and depolarizing a solute 
from a membrane surface, comprising: providing the solute 
in a ?uid solution adjacent the membrane surface; and 
producing Dean vortices in the ?uid solution Which move 
across the membrane surface, to defoul and depolarize the 
solute aWay from the membrane. 

Afurther object of the invention is to provide an apparatus 
for reverse osmosis (RO), micro?ltration (MF), nano?ltra 
tion (NE) and ultra?ltration (UF) processes, comprising: a 
Wound membrane tube; and means for supplying a ?uid 
through the tube for subjecting at least one component of the 
?uid to reverse osmosis, nano?ltration, micro?ltration or 
ultra?ltration, through the membrane tube. 

The various features of novelty Which characterize the 
invention are pointed out With particularity in the claims 
annexed to and forming a part of this disclosure. For a better 
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understanding of the invention, its operating advantages and 
speci?c objects attained by its uses, reference is made to the 
accompanying draWings and descriptive matter in Which the 
preferred embodiments of the invention are illustrated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the draWings: 
FIG. 1 is a graph plotting radius ratio against critical 

Reynolds number for a narroW gap theory shoWn in dashed 
line and a Wide gapped theory shoWn in solid line; 

FIG. 2 is a schematic illustration of the geometry of a 
helical tube used in accordance With the present invention; 

FIG. 3 is a schematic sectional vieW of a linear multi-tube 
design used to help verify the effectiveness of the present 
invention; 

FIG. 4 is a sectional schematic vieW of a Wrapped 
multi-tube holloW ?ber design used to con?rm the effec 
tiveness of the present invention; 

FIG. 5 is an enlarged detail from FIG. 4; 

FIG. 6 is a schematic diagram of the experimental system 
used to con?rm the present invention; 

FIG. 7 is a graph Which illustrates the axial pressure drop 
per unit length as a function of Dean number ratio With Di 
Water as the feed; 

FIG. 8 is a graph shoWing solute ?ux of a salt solution 
containing MgSO4 in the linear and spiral nano?ltration 
modules at transmembrane pressure of 1700 kPa, Dean ratio 
of 3.84 and temperature 298 K.; 

FIG. 9 is a graph similar to FIG. 8 Where the concentration 
of MgSO4 is changed from 1,000 ppm to 2,000 ppm, the 
pressure is increased to 1,800 kPa and Dean ratio if 7.69 at 
the same temperature of 289 K.; 

FIGS. 10, 11, 12 and 13, are graphs plotting permeability 
coef?cients against solute or suspension concentrations, 
demonstrating the effectiveness of the present invention; 

FIG. 14 is a schematic sectional vieW shoWing another 
embodiment of the invention With the coils of the Windings 
progressing both axially and radially; and 

FIG. 15 is a vieW similar to FIG. 14 of a still further 
embodiment of the invention With the coils Wound so that 
they progress radially. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The circumstances under Which vortices appear in curved 
channel How have been determined by Dean, W. R., “Fluid 
motion in a curved channel”, Pro. Roy. Sco A 121 (1928) 
402—420. The appearance of vortices depends on the veloc 
ity of the ?uid characteriZed by a Reynolds number and the 
ratio of the inner and the outer radii of the curved channel. 
An equation relating the critical Reynolds number to the 
ratio of radii has been given by Reid for the narroW gap 
theory: 

,1 (1) 

Where 1] is the ratio of the inner radius ri and the outer radius 
r0 of a curved channel and ks+35.94. See Reid, W. H., “On 
the stability of viscous How in a curved channel”, Proc. Roy. 
Sco. A, 244 (9158) 186—198. 

In US. Pat. No. 5,204,002, the linear and Weakly non 
linear stability analysis for ReC for the Wide-gap theory Was 
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4 
disclosed. The results of the tWo theories are shoWn in FIG. 
1. Both have been derived for a curved slit. HoWever, they 
are based on Dean’s equations Which do not specify channel 
geometry. For the present invention, assume an appropriate 
?t of the narroW gap theory for a curved tube. FIG. 1 reveals 
that the narroW gap theory (dashed line) is a good approxi 
mation of the Wide gap result (solid line) When 11>0.90. 
The relation betWeen the critical Dean number and the 

critical Reynolds number is given by: 

d 
DcC : RcC — 

K 

Where k=(rO+ri)/2 and d=r0—ri, the inner diameter of the tube. 
To consider the different radii of a circle and a spiral We used 
the radius of curvature given by Germano, M., “The Dean 
equations extended to a helical pipe ?oW”, J. Fluid Mech. 
203 (1989) 289—305. 

(2) 

_ r2 + p2 (3) 
_ r 

Where 

r=dmd/2+t+d/2 (4) 

(5) 

With t the Wall thickness of the tube (membrane and m the 
number of tubes lying next to each other (see FIG. 2). 

Using the de?nition for the radius of curvature, We obtain 

Substituting Eqs. (4) and (5) and (3) and then (3) into (6), 
We obtain 

(7) 

This equation is examined beloW. 
TWo holloW ?ber membrane modules Were designed and 

built so as to compare the difference in performance for 
nano?ltration in the presence and absence of vortices. The 
?rst module, a linear tube design 10 in FIG. 3, contained 26 
straight holloW ?bers 12 sealed at sealant 16,18, inside a 
CPVC outer shell 14. Inlets 20 supply feed to the tubes and 
also act as outlets. Apermeate outlet 22 is also provided. The 
second module, a spiral tube design 30 in FIG. 4 and 5, also 
contained 26 rods 32 each of Which Was Wrapped With a 
holloW ?ber 34 in a spiral con?guration. The holloW ?bers 
and the rods Were sealed at both ends 36,38 of a plastic outer 
shell 40. A feed inlet/outlets 42 and permeate outlet 44 are 
connected to shell 40. The tube need not be Wound on a rod, 
hoWever, and still be Within the present invention. 
The linear tube module 10 has an overall length of 815 

mm and a diameter of approximately 90 mm. The active 
?ber length Was 790 mm and the surface area Was 147 cm2. 
There Was one outlet 22 for permeate collection. The rods 32 
of module 30 had a diameter of 3.175 mm and the ?bers 34 
Were Wrapped tightly around them. Because of the larger 
cross-section of the spiral tube module 30, the outer ?ttings 
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of the shell 40 Were unable to Withstand the maximum 
operating pressure of 280 kPa. To protect them from 
bursting, a clamp made of tWo metal plates of 10x10 cm and 
four screW rods Was installed to embrace the module. For 
simplicity and reproducibility, a constant rod diameter Was 
chosen for all rods. HoWever, since the feed ?oW rate 
decreased through the module and, therefore, the velocity of 
the ?uid also decreased, the vortices could Weaken and even 
disappear toWards the outlet of the module. According to the 
invention, one alWays tries to operate so that the Reynolds 
number (or How rate) is greater than the critical Reynolds 
number (or critical ?oW rate). 

The smallest diameter, drod that the ?bers could be 
Wrapped around Without damaging them Was found to be 3 
mm. 

For optimiZation of 11 and to obtain the best performance 
in a spiral tube module, the ratio of the highest Dean number 
possible and the critical Dean number should be maximiZed, 
1.e., 

max D=De/Dec=Re/Rec (8) 

Since the maximum ?oW rate (or maximum Dean 
number) Was limited by a maximum pressure drop of 280 
kPa in the spiral tube module, it Was decided to decrease the 
critical Reynolds number and hence 11 according to FIG. 1. 
This Would alloW us to maximiZe De. 

To determine the optimal design of a spiral tube module, 
We plotted 11 from Eq. (7) versus the inner diameter of the 
holloW ?ber d and the diameter of the rods, dmd. The smaller 
drod and the number of ?bers Wrapped around a rod, the 
more one can reduce 11. A larger diameter of the holloW ?ber 
Would also cause 11 to decrease. HoWever, such a ?ber Would 
be Weaker and, hence less, pressure resistant. Therefore, the 
maximum pressure drop and the maximum ?oW rate Would 
also decrease. 

The smallest diameter, dmd, that the ?bers could be 
Wrapped around Without damaging them Was determined, as 
noted above, and Was found to be 3 mm. 

Calculations for critical Reynolds number and critical 
Dean number folloW. Given the dimensions of the holloW 
?bers (d]-=0.270 mm, t=0.175 mm), and of the rods (dmd=3 
mm), We obtain from Eq. (7) 11=0.867. From Eq. (1), We 
obtain ReC=45 .89, and from Eq. (3) We get rl-C=1.77 mm, and 
r0C=2.04 mm. 

Therefore, We ?nd from Eq. (2) DeC=17.28. 
Calculations of critical velocity and critical feed ?oW rate 

folloW. Dean numbers and Reynolds numbers Were mea 
sured indirectly from the volumetric ?oW rate through the 
modules. A constant ?oW rate Was considered negligible 
compared to the feed ?oW rate. The critical volume ?oW 
through one holloW ?ber is given by 

Qcfiber : gdzvc (9) 

Where vC, the critical velocity, is given by 

(10) 

Where, for Water, the viscosity p=9.855 10'3 kg/m-s and the 
density p=1000 kg/m3 at 25° C. Thus, 
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6 
QC=26 Qc_?ber=2.l6 10'4 dm3/s=12.98 ml/min for the 

critical volumetric ?oW rate through each module. 
Maximum Dean ratio is obtained from Eq. (8); the maxi 
mum Dean ratio 

For the spiral tube module, the maximum volumetric ?oW 
rate for salt solutions and silica suspensions Were deter 
mined experimentally as D =13.1 and D 
suspensions: . 

Multiple holloW ?bers Were installed in each module so as 
to average out the differences of each single ?ber. The 
holloW ?ber membranes had an inner diameter of 0.270 mm 
and an outer diameter of 0.620 mm. The support material 
Was made of polyethersulfone, the coating consisted of an 
interfacially polymeriZed polyamide. See S. McCray, (Oct. 
24, 1989), US. Pat. No. 4,876,009, “Tetrakis-amido high 
?ux membranes”. They Were speci?cally made for nano?l 
tration Witg a temperature range of 0°—60° C. and a pH range 
of 3—9. The average burst pressure Was 320 kPa. 

To assure similar conditions of temperature, feed solution 
etc., during the testing of the tWo modules, an experimental 
system Was designed to operate both the spiral tube module 
30 and as a reference, the linear tube module 10, simulta 
neously. The experimental system is depicted at 50 in FIG. 
6. It consisted of a 19.5 1 Nalgene tank 52, a diaphragm 
pump 54 (Wanner Hydracell, N.Y., Mod#M 03) driven by a 
variable speed electric motor (Baldor, N.Y., Mod#CDP 
3330) and regulated by a controller (SECO, N.Y., 
Mod#160SRC) and the tWo membrane modules. 

Alarge volume reservoir in the form of tank 52, Was used 
to reduce pulsation of the ?uid Within the experimental 
apparatus and to avoid temperature increases due to the 
pump and a mixer in the system. The remaining pulsation 
Was dampened by a pulsation dampener 56 (Cat Pump, 
Mod#6029) and installed in the discharge line of the pump 
54 as close to the membrane modules as possible. The 
dampener Was precharged With 133 kPa (195 psi) 0.5 times 
the maximum inlet pressure of the modules. For this reason 
it started Working ef?ciently at 136 kPa (200 psi). The pump 
and dampener Were connected via a ?exible metal hose 58 
(0.5“ SWagelok, length 900 mm, 316SS). The pump Was 
able to generate a pressure of up to 680 kPa (1000 psi). The 
pressure produced during the course of the experiment Was 
much less than this, up to 270 kPa. Since the minimum ?oW 
rate of the pump 104 ml/min, Was higher than that required 
for our experiments and because the pump ran very roughly 
at loW ?oW rates, a bypass line 60 With a needle valve 62 
(SWagelok, N.Y., Mod#SS-3NRS4) Was installed and oper 
ated With the pump mostly at 800 ml/min (i.e., 40% at the 
controller scale). The temperature of the feed Was measured 
by a temperature gauge 64 (thermocouple) on line 66, just 
after the pulsation dampener. 

After the bypass line, the feed How Was divided into tWo 
parallel lines 67, 68 With the same cross-section, one for 
each module. It Was also possible to operate the modules 
separately by closing ball valves 69 and 70 (SWagelok, N.Y., 
Mod#SS-42S4) installed at the beginning of each line. The 
inlet pressure of the modules, the transmembrane pressure 
and the pressure drop over the modules Was measured With 

pressure gauges 72 (McMaster Carr, Mod#4088k999), 
monel body, glycerine ?lling).They Were located at the inlet 
and the outlet of each module. The feed ?oW rate through the 
modules and the outlet pressure Were controlled by a regu 
lating (back-pressure) valve 73, 74 (SWagelok, Mod#SS 
MS4-VH) doWnstream of each module. The permeate 
streams passed through ?oWmeters 75, 76 (Gilmont, 

max-salt solution max silica 










