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ABSTRACT 

Direct osmotic concentration (DOC) is a novel continuous membrane process .  Two 

co-current streams, separated by a semi-permeable  membrane, are recycled through a 

DOC module .  The turbulent-flow di lute ju ice stream is concentrated by osmotical ly  

extracting water across the membrane into a laminar-flow, concentrated osmotic agent 

(OA) stream . The sem i-permeab l e  membrane is asymmetric, with a non-porous active 

layer ( I 5  !Jm) and a porous support layer ( 1 50 !Jm) .  Membrane solute rej ection was 

greater than 99%. Normal operation ori ents the active l ayer towards the ju ice stream . 

For this study, water (osmotic pressure = 0) was used in  the ju ice channel . The 

rel ationsh ip between water flux rate and the osmotic pressure of the bu lk OA stream was 

asymptotic, reaching a maximum flux of I .  x 1 0-3 kg m -2 s -1, when using fructose OA 

at 1 5  MPa osmotic pressure and 20°C. 

F lux rates doubl ed when NaCI repl aced fructose as OA. A doub l i ng in temperature to 

40°C resulted in a 5 0% increase in fl ux rate. OA solution properties, particularly 

v iscosity and factors affecting diffusion coefficients had a strong influence on flux rates . 

When the m embrane was reversed, with the active l ayer facing the O A  channel  and the 

support l ayer fil l ed only with water, flux rates were 40 to 60% h igher than the normal 

ori entation . 

There were three resistances to water flow associated with: osmosis across the membrane 

active l ayer (Rt) ; diffusion and porous flow across the support l ayer (R2) ,  and; diffusion 

across the boundary l ayer in  the OA channel (R3) . For fructose OA at 0 . 50 

g (g solutionr1 (osmotic pressure = 1 5  MPa),  RI contributed 9% of the total resistance 

to water flux in the DOC modul e, Rz contributed 64% and R) contributed 27%. For an 

iso-osmotic concentration of NaCl OA (0 . 1 5  g (g solutionfl) the relative resistances 

were Rl 1 7%, Rz 44% and R
3 

3 9%.  It was c lear that the water flux from the 

di lute to concentrated stream was more strongly influenced by the support membrane 

and OA solution properties than the active semi-permeab le  membrane itself This 

accounted for the asymptot ic relationship between bu lk OA stream properties and flux 

rate .  

The mathematical model successfu l ly  incorporated these resistances and solution 

properties .  Data calcul ated us ing this model agreed weI! with experimental results .  



III 

ACKNOWLEDGEMENTS 

I would l i ke to express my sincere thanks and appreciation to a l l  my supervisors 

Professors Ray Winger, Robert McKibbi n  and Ronald Wrolstad, for a l l  their help, 

support and guidance throughout this research. Each superv isor helped me in very 

different ways towards completing this research and I have gained a lot from each. 

I would l ike to thank Osmotek Inc .  for supplying the DOC equipment  and membranes. 

Thanks to Robert Sal ter, Kei th Lampi ,  Dr Ed Beaudry, Dr Jack  Herron and Carl 

Jochums for their help and generosity. 

I wou ld  l i ke to thank The Horticulture & Food Research I nstitute of NZ Ltd 

(HortResearch) for supporting me and providing financial ass istance. I would also l i ke 

to thank FRST for funding the programme through which this research was funded. I 

would l i ke to thank F rucor Processors Ltd for supplying apple juice for tria ls .  

Thanks to a l l  members of the Food Science Group who were forma l ly  from the Food 

Science & Technology Group, HortResearch for their support .  Specia l  thanks to Jeff 

Keene for ass istance on the HPLC 

Thanks to Paul Sutherland and Dr I an Hal let for mlcnscopy work. Thanks to the 

fol lowing people for l etting me use their equipment: Ron Wong, Crop & Food 

Research; Dr Don Stanton, ESR; Stephan ie  Parkes and Ross Beever, LandC are. 

Thanks to the Department of Food Science & Techno logy, Oregon State Un iversi ty 

(OSU), especia l ly to those who helped me  during my  two vis i ts to O S U  and made the 

work more enjoyab l e  and successfu l . Special thanks to Bob Durst and Ken S tewart 

I would l i ke to thank John Maindonald, Un ivers ity of Newcastl e  (formal ly 

HortResearch), for his help and advice on the statistical analyses completed. I would 

a lso l i ke to thank Dr Alan Easteal , University of Auck land, for h i s  advice and 

discussions on diffusion coefficients 

Special thanks to Dr I an Boag, Al ic ia  Boag, Catriona Jenkinson, Dr Sam P eterson, Jane 

La Riviere and Jason Wall is who 1 am indebted to for their generosity and friendship .  

Special thanks to my parents for their cont inual support and encouragement 

Last but not least thanks to Ph i l  for h is  patience, support and encouragement 



T ABLE OF CONTENTS 

AB STRACT 11 

ACKNOWLEDGEMENTS \II 

LIST OF ABBREVIA nONS XI 

LIST OF NOMENCL ATURE XII 

CHAPTER 1 

INTRODUCTION 

CHAPTER 2 

LITERA TURE REVIEW 7 

2 . 1 .  Osmosis 7 

2 . 1 . 1 .  Equ ival ent osmotic pressure terms 1 1  

2 . 2 .  Membrane Process ing 1 2  

23. DOC apparatus designed by Osmotek Inc .  1 6  

2 .4 .  Model l i ng direct osmotic concentration 1 7 

2 .4 . 1 .  Model for a counter-current direct osmosis system . 1 8  

2 . 4 . 2. Solution-diffusion model for asymmetric membranes 20 

2 .4 .2 . 1 .  Mass transfer coefficients . 2 1  

2.4 .2 .2 .  Transport models for membrane processes 24 

2.43. Resistance mode l  26 

2. 5 .  D iffusion in  l iquids 28  

2.6 .  Viscos ity of fluids . . . 39 

2 . 7 .  F low of real flu ids 44 

2 . 8 .  F low through porous media 50 

2 .9 .  Conclusions 5 1  

CHAPTER 3 

MATERIALS AND M ETHODOLOGY 53 

3 . 1 .  Materials and equipment 

3 .2.  Methodology 

3 .2 . 1 .  Density 

3 . 2 . 2 .  Refractive index . . 

3 .2.3 .  Viscosity 

3 .2 .4 .  S pecific  conductance 

53 

60 

60 

6 1  

6 1  

6 1  



3 5 .  Storage and re-concentration of osmotic agents 6 1  

3 . Determining the concentration of the sugar OA solutions 63 

3 . 2 . 7 .  Determ ining the concentration of sodium chloride OA 

solutions 63 

3 2 . 8 .  HPLC analysis of sugars 64 

3 . 2 .9 .  DOC apparatus and operation 65  

3 . 2 . 1 0. S tandard operation start up  procedure of D OC apparatus 68 

3 .2 . 1 1 .  Equ i l ibration of DOC modu le  69 

3 .2 . 1 2 . Experimental operation of DOC apparatus . 69 

3 . 2 . 1 3 .  Determination of water flux rate 69 

3 . 2 . 1 4. Data analysis for flux rate 70 

3 1 5 . C l eaning of DOC modu le  and membranes . . 70 

3 .2 . 1 6 . Membrane replacement 70 

3 .2 . 1 7 . Determining the t ime required to flush the OA circuit 7 1  

3 . 2 .] 8. Determin ing the t ime requ ired for equ i l ibration of 

m embranes 7 1  

3 . 2. 1 9 .  Visual isation of flow characteristics 72 

3 . 2 . 20 .  Determin ing iso-osmotic concentrations of sugar 

sol utions 

3 . 3 .  Analysis of data . .  

75  

76 

77 

78 

80 

CHAPTER 4 

3 .3 . 1 .  Comparison of non-l i near and linear curves 

3 . 3 . 2 .  B est fit polynomial equations for physical propert i es 

3 . 3 . 3 .  M ass Balances 

PHYSIC AL P ROPERTIES OF AQUEOU S  SOLUTIONS 8 1  

4 . 1 .  Concentration, refractive i ndex, density and specific  conductance 8 1  

4 . 2 .  Osmosity and osmotic pressure . . 8 8  

4 . 2 . 1 .  I so-osmotic sugar solutions 93 

4 3  Absolute and relative v iscosi ty of fructose and N aC l  solutions 98 

4 . 3  . 1 . Relationship between temperature and viscosity of fructose 

solutions 1 02 

4 .4 .  B inary diffusion coefficients for fructose and NaCI solutions 1 07 

4 5  Viscosity and diffusion coeffic ients of fructose and NaCI solutions Ito 
4 . 5 . 1 .  F ructose and NaCl solutions used during experimental 

tri al s  1 1 0  

4 . 5 . 2 .  Sucrose, fructose and NaCI solutions at approximate i so-

osmotic concentrations 1 1 2 



CHAPTER 5 

DOC MODULE AND OPERATION 1 1 3 

51 DOC modu le  1 1 3 

5 . 2 .  F low in  the juice circuit . . 1 20 

5.3 F low i n  the OA circuit 1 25 

5 . 3 . 1 .  Entry l ength for ful ly-developed l aminar flow 1 3 0  

5 .4 .  DOC membranes 1 3 5  

5 .4 . 1 .  Membrane structure 1 3 5  

5 .4 . 2 .  Membrane orientation 1 3 5  

5 .43 . Membrane area at equ i l ibrium 1 3 8  

5 .4 .4 .  Membrane stretch ing and membrane gap 1 42 

5 .4 . 5 .  Salt  perm eab i l ity test for new m embranes . 1 45 

5 . 5 .  Equi l ibration of DOC module . 1 4 5  

5.6. Osmotic agent concentration changes after DOC 1 46 

5 . 7 .  M ass bal ances . . . . . . . . lSI 

C HAPTER 6 

MAS S  FLUX RATES I N  TIIE S MALL DOC MODULE 1 52 

6 .  I. F low velocity and water flux rate 1 52 

6 .2 .  Impact of osmotic pressure difference on  water flux rate . . 1 5 3 

6 . 3 .  I nfluence of temperature on water flux rate 1 53 

6 .4 .  Water flux rates and O A  solution propert ies 1 6 1  

6 .4 . 1 .  Water flux rates using NaCI 1 6 1  

6.4 .2 .  Water flux rate and O A  solution viscosity 1 6 1  

6 . 4 . 3 .  Water flux rate and solution diffusion coefficients 1 66 

6 . 5 .  W ater flux rate and membrane orientation 1 69 

6.6. Solute transfer during DOC 1 72 

6.7 . Membrane constant 'e' for solvent transfer across active m embrane 

layer 1 84 

6 . 8 .  Resistances to water transfer in the DOC module 1 86 

6 . 9 .  Actual water flux rate across membrane 1 90 

CHAPTER 7 

WATER FLUX RATES IN THE P ILOT PLANT DOC MODULE 

7. 1 .  Scal ing up water flux rates to the p i lot p lant DOC modu le  

1 92 

1 92 



CHAPTER 8 

MATHEMATIC AL MODEL FOR DOC 1 95 

8 I Development of the unsteady state DOC model 1 95 

8 2  Development of the steady state DOC model 1 96 

8 . 2 . 1 .  Water flux rate across the active layer 1 96 

8 . 2.2 .  Water flux rate across the support layer 1 96 

8 . 2 .3 Water flux rate across velocity boundary layer 20 1 

8 23 1 .  Growing velocity boundary layer in OA flow 

channel 20 1 

8 . 2 .3 . 2 .  Fully-developed laminar flow In OA flow 

channel 205 

8 3  Solution of DOC model for mass flux rate of water 

8 4. Testing the model with experimental data 

2 1 8  

8 4. 1 Water flux rates 222 

8 4. 2 .  Concentration profiles across membrane 230 

8 . 5 .  Steady state water flux rates . 230 

CHAPTER 9 

CONCLUSIONS AND RECOM MENDATIONS . 237 

9 . 1 .  Conclusions 237 

9 . 2 .  Recommendations for future work 238 

9 .3 .  Recommendations for operating DOC processes 238 

CHAPTER 1 0  

S UMMARY 239 

APPENDI X  244 

A 1 .  Derivation of equation to calculate membrane arc length 245 

A2 Mathemat ical modell ing of DOC as an unsteady state process 247 

A3 Mathematical model derived for growing velocity boundary layer 266 

A4 Pascal program to solve DOC mathematical model 274 

BIBLIOGRAPHY 282 



LIST OF FIGURES 

Figure 2 .1  

F igure 2 . 2 .  

F igure 2 . 3 .  

F igure 2 .4 .  

F igure 3 . 1 .  

F igure 3 . 2 .  

F igure 4 . 1 .  

F igure 4 .2 .  

F igure 4. 3 .  

F igure 4 .4 .  

F igure 4 . 5 .  

F igure 4 . 6 .  

F igure 4 . 7 .  

F igure 4 . 8 .  

F igure 4 . 9 .  

Solution-diffusion model for asymmetric membranes 

B inary diffusion coefficients for aqueous solutions 

Viscosity of glucose solutions at different temperatures 

Boundary l ayer formation in laminar flow conditions 

DOC unit flow diagram 

DOC unit  flow diagram and dye inj ection points 

Refractive index of aqueous sugar solutions at 20°C 

Density of aqueous sugar solutions at 20DC 

Physical properties of sodium chloride so lutions at 20DC 

Influence o f  temperature on osmotic pressure of NaCI solutions . 

Cal ibration curves for determin ing osmotic pressure usmg 

osmosity 

Solute concentration and osmotic pressure 

I so-osmotic sugar solutions at 20DC . 

Relative v iscosity of  aqueous fructose solutions 

Absolute v iscosity of NaCI solutions at 20°C 

F igure 4. 1 0. Relat ionship between temperature and v iscosity of fructose 

F igure 4. 1 1 . 
F igure 5 . 1 .  

F igure 5 

F igure 53. 

F igure 5 .4 .  

Figure 5 . S  

F igure 5 .6 .  

F igure 5 . 7 . 

F igure 5 8  

F igure 5 . 9 .  

F igure 5 . 1 0 . 

F igure 5 . 1  I. 
Figure 5 . 1 2 . 

F igure 6. 1 .  

F igure 6.2 

F igure 6 . 3 . 

solutions 

B inary diffusion coefficients for aqueous fructose solutions 
Schemat ic diagram of the smal l l aboratory modu le  

Drawing of  smal l  l aboratory DOC module ..  

DOC module  O A  p l ate 

OA p late of the p i lot p lant DOC modul e  

Schemat ic drawing o f  s ide view o f  DOC module 

The progress of amaranth dye in  the juice circuit 

The progress of amaranth dye in the OA circuit 

A single OA flow channel 

DOC membrane structure 

The membrane gap and deflection between two support bars 

Water flow rates into and out of juice circuit 

Water flux rate errors during membrane equi l ibrat ion period 

Impact of osmotic pressure difference on water flux rates in the 

smal l l aboratory DOC module  

I nfluence of  temperature on water flux rates i n  the  smal l  
l aboratory DOC module. 

Relationsh ip between temperature and water flux rate for fructose 

solutions 

3 5  

42 

45 

66 

73 

82 

84 

86 

89 

9) 

94 

96 

1 00 

1 03 

1 05 

1 08 
1 14 

1 1 6 

1 1 8 

1 2 1  

1 23 

1 26 

1 28 

J3 1 

1 3 6 

1 3 9 

1 43 

1 47 

1 54 

1 56 

1 59 



Figure 64 

F igure 6 5 . 

F igure 6.6 . 

Water flux rates usmg NaCI or fructose solution i n  smal l 

laboratory DOC module  

Water flux rates for approximate i so-osmotic OA solutions with 

d ifferent solution viscosities 

Water flux rates for approximate iso-osmotic OA solutions with 

varying solution diffusion coefficients 

1 62 

1 64 

1 67 

F igure 6 . 7 . Water flux rates for different membrane orientations 1 70 

F igure 6 . 8. Solute flux rates of d ifferent mo lecular weight solutes in  the smal l  

laboratory DOC module . 1 75 

Figure 6 .9 .  Solute flux rates as influenced by OA solute concentration 1 78 

F igure 6 .  1 0  Fructose solute flux rates as influenced by temperature 1 80 

F igure 6 . 1 1 . Solute and water flux rates in  the smal l l aboratory DOC 

module 

F igure 6 . 1 2 . Membrane orientation and resistances 

1 82 

1 87 

F igure 7 . 1 .  

F igure 8 . 1 

F igure 8 . 2 .  

F igure 8 . 3 . 

F igure 8A. 

F igure 8 . 5 .  

F igure 8 .6 .  

F igure 8 7 . 

Water flux rates in  the smal l laboratory and p i lot p lant DOC 

modules . 1 93 

DOC membrane and OA channel boundary layer 1 97 

OA flow channel 202 

F low diagram of iterative procedure to solve for concentration 

Y1 . . . . . . . 220 

Theoretical and experimental water fl ux rates for fructose and 
NaCI as osmotic agents 225 

Theoret ical and experimental flux rates at various temperatures 

using fructose 227 

Relat ionship between the theoretical actual osmotic pressure 

driv ing force and experimental water flux rates 23 1 

Concentration profi l es across support and boundary l ayers in  DOC 
membrane 2 3 3  

F igure A2. 1 .  F low diagram o f  D O C  unit used for unsteady state model l i ng  25 1 
F igure A2 2 U nsteady state model l i ng resu l ts for DOC module 264 



J..JIST OF TABLES 

Tab le 2 1 . 

Table  2.2. 

Tab le 2 . 3  

Tab le  3 . 1 .  

Tab le  4 . 1 .  

Tab le  4 .2 .  

Tab le  4 . 3 .  

Tab le  4 .4 .  

Tab le  4 . 5 .  

Table  4. 6. 

Tabl e  4 .7 .  

Tabl e  5 . 1 .  

Tab l e  5 . 2 .  

Tab le  5 . 3 . 

Tab le 5 .4 .  

Tab l e  5 . 5 .  

Tab le 6 . 1 .  

Table  6 . 2 .  

Tab le  6 . 3 . 

Table  6 .4 .  

Tab le  6 . 5 .  

Tab le  8 .1 

Tab le  8 . 2 .  

Tab l e  8 . 3 .  

AB and the relationsh ip between loge(DO 

for sugar so lutions 

and mole fraction 

M ean b inary diffusion coefficients for NaCI solutions between 1 8  

and 3 5°C 

Relationship between !oge(lllllo) and mole fraction of sugar 

solutions at various temperatures 

Mean values of the refractive index and the dispersion varied 

3 7  

3 9  

4 1  

according to the temperature of disti l l ed water 62 

Equ ivalent solution concentrations for iso-osmotic solutions at 

20°C 98 

Absolute v iscosit ies (11) of aqueous fructose solutions 99 

Relationsh ip  between loge(lllllo) and mole fraction of fructose 

solutions at various temperatures 99 

Activation energies for fructose solution viscosity . '  . . . . . .  1 02 

DOAB and the relationship  between log/IY-tEiDAsJ and mole fraction 

for fructose solutions . . I 1 0  

Viscosity and d iffusion coefficients of various fructose and NaCI 

solutions at 20°C . . . . . . . . . . . . III 
Viscosity and diffusion coefficients of sucrose, fructose and NaCI 
solutions 1 1 2 

D imensions and flow conditions i n  the juice circuit of the DOC 

modules 1 20 

D imensions and flow conditions in  the OA circui t  1 3 3  

Entry length  for ful ly-developed flow at 20°C 1 3 5  

Total membrane area avai lab l e  for mass transfer 1 42 

Impact of 45 m inutes reci rcu lation on OA concentration 1 49 

Water flux rates and flow channel velocity at 20°C 1 52 

Activation energies for water flux during DOC 1 5 8 

Solute movement across the DOC membrane 1 73 

Membrane constants for the active l ayer of DOC membranes 1 85 

Contributions of individual resi stances 1 90 

Summary of DOC model 2 1 8  

Data and functions used to solve the mathematical model for the 

smal l laboratory DOC m odule at 20°C 223 

Contributions of i ndividual resistances determined from theoretical 

and experimental data 229 



XI 

LIST OF ABBREVIATIONS 

am 

bl  

C ase 

C ase 2 

Case 3 

DOC 
EO 
fdb l  

Hg 

HPLC 

GS 

KCl 

MD 
MF 
NaCl 

NF 
NZ 

OA 
OAIN 
OAoI}T 
00 
p 

PRO 
P V  
PVC 
RO 
sm 

UF 

U SA 

vs. 

- active membrane layer 

- boundary l ayer in  OA channel 

- active l ayer fac ing the juice c i rcuit, support l ayer fac ing the OA circuit  

and a ful ly-developed velocity boundary l ayer in OA flow channe l  
- active l ayer facing the j ui ce c i rcuit, support l ayer facing the OA circuit, 

no velocity boundary l ayers i n  OA channel 

- active l ayer facing the OA circuit, support layer facing the j uice c ircuit 

and a ful ly-developed velocity boundary l ayer in OA flow channel 

- direct osmotic concentration 

- electrodialysis 

- ful ly-developed boundary l ayer 

- m ercury 

- h igh perform ance l i quid chromatography 

- gas separation 

- potassium chloride 

- membrane disti l l ation 

- m icrofi ltration 

- sodium chloride 

- nanofi Itration 

- New Zealand 

- osmotic agent 

- flow rate of OA i nto modu le  

- flow rate of  O A  out of  modu le  

- osmotic disti l l ation 

- l evel of significance of a statist ical test 

- pressure retarded osmosis 

- pervaporation 

polyv iny l  chloride 

- reverse osmosIS 

- support m embrane l ayer 

- u l trafi l tration 

- Uni ted States of America 

- versus 



XI! 

LIST OF NOMENCLATURE 

F(Y) 

g 
G 

h 

J 

- activ i ty of solvent i (always s 1 0) 

- membrane area, m2 

- mass concentration of component i, kg m -3 

_ membrane constant, kg m -2 s -I Pa -1 

- th ickness of membrane active l ayer, m 

- thickness of membrane support layer, m 

- d iffus ion coefficient of component i with in  the membrane, m2 s-\ 

- self d iffusion coefficient, m2 S -I 

- tracer d iffusion coefficient, m2 s -\ 

- b inary d iffusion coefficient of component A i n  a m ixture of A and 13, 
m2 S - l 

- b inary d iffusion coefficient of solute at infi n ite d i lution at T O  C, m2 S -I 

- effective diffusion coeffic ient at concentration Y, m2 S -I 

- equ ivalent  hydrau l i c  diameter, m 

- degrees of freedom 

- activation energy, J mol -1 

- expected value of x-coefficient 

- force, N 

- integra! function of Y 
- gravitational acceleration, m S -2 

- Gibbs free energy, J 

- pressure gradi ent in  the x d i rection, dPldx 
- equivalent flow channel height; d istance between membrane and OA 

wal l  when ful ly deflected, m 

- integral function describ ing velocity and concentration profi les across 

the OA channel 

- correction factor for J 
- molar d iffusion flux, mol m -2 S -I 

- mass transfer coefficient, m s -1 (Section 2 .42] 

- Boltzmann constant, 1 . 3 8  x 1 0 -23 J K-1 
- permeab i l i ty of porous media, m2 

- characteristic length, m 

- length of membrane arc between two membrane support bars, m 

- l ength of OA flow channel ,  m 

- entry length before ful l y-developed flow, m 



m 

m, n 

m, 

m", 

mjxy,z) 

M 

n 

p 

p, q 

qmf 

Q", 

QmC 

Qmj 

r 

R 
R 
R1 
R2 
1<3 
%R 
Re 
R,\'j,� 
RSS 
s 

s 

Sc 

sd 

SE 

XIII 

- solution molal ity, mo! (kg solvent)-] 

- number of periods in  Fourier series 

- mass d iffusive flux of component i, kg m -2 s -] 

- water mass flux rate, kg m -2 s-1 
- water m ass flux rate at position (xY,z), kg m -2 S-1 

- solution molarity, mol 1 - 1 
- molecul ar weight of solvent, g mol -l 

- molecular weight of so lute, g mol - I  

- number of samples for each mean 

- number of horizontal flow channels in  OA p late [Section 5 . 4. 3 ]  

- number of moles of component i (normal ly the solvent) 

- number of moles of component j (normal ly the solute) 

- Nusselt number 

- pressure, Pa 

- vapour pressure of pure solvent i, Pa 

- partial vapour pressure of  solvent, i ,  i n  solution, Pa  

- hydraul ic pressure difference, Pa  

- number of periods in  Fourier series 

- water mass flux rate per unit  area along OA flow channel, kg m -2 S -I 

- fructose mass flux rate per unit  area along OA flow channel, kg m -2 S -1 

- total mass flow along OA flow channel, kg S-I 

- total mass flow at channel entry, kg S-1 

- total mass flow of fructose along flow channel, kg S -1 

- pore radius, m 

- gas constant, 8 . 3 1 4  J K -1 mo\ - l  =:: 8.3 1 4  m]  Pa K -I mol -I 

- res istance, m2  S Pa  kg-1 

- res istance in the active membrane l ayer, m2  s Pa kg-1 

- res istance in the porous support l ayer, m2 s Pa kg- l  

- res istance in  the velocity boundary layer, m2 s Pa  kg-1 

- percentage rejection 

- Reynolds number 

- res idual standard error 

- res idual sum of squares 

- pooled estimate of standard deviation 

- osmosity, molar concentration of NaC I ,  mol 1-1 
- Schmi dt number 

- standard dev iation 

- standard error 



SE1x] 

SFM 
Sh 
t 

T 

Ii 

u(x'y,z) 

U 
v 

w 

x 

x 

y 

y 
y 
Y(x'y,z) 

z 

a 
a 

y 
8 

8(x) 

e 

XIV 

- standard error of x-coeffic ient 

- standard error about the mean 

- Sherwood number 

- time, s 

- absolute temperature, K 
- velocity in the x direction, m s -[ 

- velocity i n  the x d i rection at posi tion (x,y,z), m S-l 
- bulk free-stream velocity in  x d irection, m S-l 
- velocity i n  the y direction, m S -I 

- velocity vector 

- superfi cial  or Darcy velocity ,  volume of flow through a unit  cross-

sectional area of the sol id plus fluid,  m 3  m -2 s -J 

- volumetric water flux rate, m3 m -2 S-1 
- width between two adjacent membrane support b ars, width of OA flow 

channel,  m 

- velocity i n  the z direction, m S-1 
- horizontal distance paral lel  to the membrane, m 

- coord inate 

- mole fraction of component A 

- distance perpendicu lar to the membrane (across membrane or away 

from the membrane), m 

- coordin ate 

- solute m ass fraction, solute mass fraction in OA circu i t, g (g solutionfl 

- solute m ass fraction at posi tion (x'y,Z), g (g so\utionfl 

- coordinate 

( a a : ) 
ax, ay, v,(, 

vector differentiation operator 

- power term for viscosity i n  relationship  with diffusion coefficient 

- power term for velocity profi le  equation 

- activ i ty coefficient  

- velocity boundary l ayer thickness, m 

- velocity boundary layer thi ckness as a function of x, m 

- concentration boundary l ayer thickn ess, m 

- membrane deflection between two membrane support b ars, m 

- porosity 



K 

v 

re 

re(Y) 
�re 
p 
p(Y) 

\11 

Suhscripts 

o 

a 

c 

f 

J 
m 

m 

m. n 

OA 

w 

- proportional ity constant 

- membrane thickness, m 

chem ical potential of component i, J mol-I 

- fluid or solution viscosity, kg m -1 S-I 

- abso lute viscosity of solvent at T 0c, kg m -} S-1 
- v iscosity of solution at concentration Y, kg m - 1 S-I 

- k inematic v iscosity, m2 S-1 

- osmotic pressure, MPa 

- osmotic pressure of solution A, MPa 

- osmotic pressure of solution at concentration Y, MPa 

- osmotic pressure d ifference, MPa 

- flu i d  or solution densi ty, kg m -3 

- density of solution at concentration Y, kg m-3 

- tortuosity 

- partial molar volume of solvent i, m3 mol -I 

- osmotic coefficient  

- water potential, J kg -1 

xv 

- posItion at the i nterface between the support l ayer and the velocity 
boundary layer 

- position at the surface of the active layer on OA side 

- active l ayer 

- bu lk  OA free-stream solution and bu lk OA free-stream solution at flow 

channe l  entry 

- fructose 

- com ponent in solution, normal ly  the solvent 

- jui ce circu i t  solution 

- mass  flow 

- membrane 

- number of periods in Fourier series [Equation ( 8 .24)]  

- osmotic agent solution 

- support layer 

- water 


