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ABSTBACT 

The object of thls thesls was to lnvestlgate the 

operatlonal feaslblllty of a varlable power lnput reverse 

osmosls desallnatlon system. Thls has been undertaken so 

that the reverse osmosls process can eventually be power

ed by a wlnd turblne for use ln water provlslon ln arld, 

developlng areas. To slmulate wlnd speed varlatlons, the 

reverse osmosls membranes were subjected to a serles of 

slnusoldal flow velocltles at a constant system pressure 

of 600 psl. The bracklsh solutlon used was made up of tap 

water and pure sodlum chlorlde, the sallnlty belng 3450 ppm. 

For the perlod of operatlon, lt was found that the 

contlnuous var1atlon ln the feed veloclty had no effect on 

the performance of the membranes. In fact, the product 

flux and sallnlty curves were slmllar to those obtalned 

under steady state condltlons. 

The average output over the thlrty nlne days of 

operatlon was about 8.5 gals/sq.ft./day at an a~erage 

recovery of about 22%. The sallnlty of the product water 

dropped from 450 ppm to 200 ppm durlng the f1rst f1ve days, 

wlth a trend toward stablllty ln the next thlrty four 

days. 
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1. INTRODUCTIC~ 

About three-quarters of the globe is covered with 

water, and, yet, shortages of drinking water are not un

common in the developing countries as weIl as the advanced, 

industrial countries of the world. Water is more than a 

public utility. It is essential for aIl living thlngs 

a bUilding block of llfe itself. Its lack of purlty or its 

shortage in the home lmperils the health and lives of aIl 

people -- lndeed, the very llfe of the communlty. Any im

provement ln l1ving standards must begin with a safe and 

adequate water supply. 

rhe developing parts of the world thirst for safe 

water, yet bath in qua11ty and quant1ty they have been slipp1ng 

backward. (Good drinking water, accord1ng to the U.S. pub11c 

~ealth Service (1), should not contaln ~ore than 500 d1ssolved 

parts of salt per ml1llon parts of water.) :he causes of th1s 

retrogresslon are ~ny and complexe 

Desallnat10n has been pract1sed for nearly a hundred 

years on board sh1ps, but lt 1s only 1n the last flfteen years 

that land-based unlts have been used to any slgn1f1cant er

tente :he total capac1ty of ex1st1n~ desa11r~tlon plants 

throu=hout the world 1s very s=all (J~O ~1l11on =allons per 

1 



day (2» when cOr:lpared '\.;1 th conventional water supply methods, 

but the ever-increas1n~ demand 1nd1cates that desalination 

w1l1 eventually be recognised as the standard technlque in 

many areas of the world. Indeed, Y-uwalt ls at present almost 

entlrely dependent on desallnation for its supply of water. 

2 

The growing population of the world and the insatlable 

denand frorn industries have made it imperative that new supplies 

of fresh water he found. The greatest potential source for 

this new 'l-later supply has been found to lie in waters whlch 

are now brackish, saline or polluted. 

A number of technically feaslble means of desaltlng 

water have been advanced, but technical feasibility is not the 

only major problem ln water desallnatlon. ':he over-riding 

cons1deration is that of desaltlng "later at a cost low 

enough to make 1t economlcally practical. In most parts of 

the world desaltlng costs are h1gh coupared w1th the charges 

made for water. It ls for thls reason that desa11nat10n has 

found appl1cation only in areas w1th negllg1ble or lim1ted 

natural sources and ~~th the ab111ty to afford h1gh-cost 

water. Consequently, oost of the plants have been located 

in rather spec1al areas such as 011 co:n.rnur.l t1es 0<: u\o,a 1 t, 

Curaçao, ""enezuela, etc.) and. ls01ated ls1and cOrnL:lun1 t1es 

(~a1ti, 71rgln Islands, etc.). 

A :'~ni ted ::a ti onE' survey (J) revealeè. a n'.cter of areas 

;.re.ere desalinatlon could be applled, "::;:lt few of -che developlr.;.: 

cou~trles have the capl~al re~u1reè to bul1d lar~e 1esallr~-Cio~ 



plants to produce water relatively cheaply, nor can they af

ford the expensive water produced from smaller plants. 

Usually, where water is needed, power or energy is needed 

also. The water plants do not care where the power cornes 

from, whether nuclear, fossil, wind, solar, waste heat or 

electricity. In the small, isolated communities of the ~;est 

Indies, for example, conventional sources of power are limited 

or non-existent. Fortunately, however, an abundant amount of 

"free" energy ln the form of the sun and wind is available. 

Chllcott (4) has shawn that a wlndmll1 ln the north east trade 

wind of the Carlbbean can produce sufflclent power for water 

pumping and desalination. It ls for this reason that, in 

early 1967, the 3race 3esearch Instltute of ~cGill University, 

Canada, decided to look into the possibllity of adapting a 

reverse osmosis desalination plant ta the variable power out

put of the prototype windmill developed by Chilcott in 

3arbados. îh1s rapidly improving method of water conversion 

is attractive because of its great si~plicity, low operat1ng 

and capital costs, low energy requirenent, and the fact that 

no phase change is required in order to separate salt and 

water. ~he only kind of energy needed 1s pressure energy, 

and this can be obtained by connectir~ the pump d1rectly to 

the windmill. ~owever, since the wind speed is not steady, 

the power input to the =U3p will also be unsteady, thus g1v

ln~ rise to ~oss1ble unforeseen problems. 

:hls present oroject b~s ~een undertaken to f1nd out, 

solve or ~lnl=ise ~~e problecs t~at a reverse OS~OS15 



desa11nat1on plant w1ll encounter Hhen the power ava1lable 

1s a fluctuat1ng one. 

4 

It was dec1ded that, for the purpose of analys1s, and, 

s1nce an actual wind speed fluctuat10n was difficult to 

simulate w1th the equipment ava1lable, the reverse os~osis 

unit should be run under several 'sinusoidally variable flow 

speeds at a constant operat1ng pressure of 600 psi. :his was 

made poss1ble by the use of a pos1tive d1splacement p~~p 

coupled to a variable speed motor, and a back-pressure 

regulator. The amp11tude, as weIl as the period of each 

sinusoidal flow were var1ed to g1ve as typical a wind speed 

fluctuation as possible. 

The membranes used were commercial cellulose acetate 

membranes ln tubular foros of 0.5 1nch d1ameter, prov!.ded by 

Amer1can Standard Co., :\ew ~runswick, ::ew .Jersey. 



2. LITEBATURE B.EVIEW 

The process o~ osmos1s 1s as old as l1fe 1tself. In 

~act, the osmot1c membranes form parts of the pr1mary systems 

of l1v1ng matter. They prov1de for the transport o~ water 

as weIl as of selected che~cals 1nto and out of cells 1n 

both an1mals and pLants. The b1rds, the trees, the1r leaves 

and the1r roots, all o~ them, use the process of osmos1s 1n 

one --y or another. The seagull, for example, extracts tresh 

.. ter ~rom sea water, and reJects the concentrated br1ne 

through the two holes 1n 1ts beak. 

Osmos1s 1s the spontaneous ~lo. of solvent trom a 

d1lute to a more concentrated solut10n when they are 

separated trom each other by a semi-permeable membrane. Th1s 

~lo. can be stopped by apply1ng a pressure, the osmot1c 

pressure, to the more concentrated solut1on, and can be 

reversed b7 apply1ng a st1ll h1gher pressure. Bence, the 

name -Reverse Osmos1s- ls app11ed to the process ln ~ch a 

pressure grad1ent 1s used to cause a solvent to flo. out ot 

a concentrated solut1on lnto a more dilute one across a semi

permeable membrane. 

H1stor1cal17, the reverse osmos1s process has been 1n

vest1gated as a process tor desalt1ng sea water. It has long been 

recogn1zed as one wh1ch holds promise of outstand1ng econom7 

5 



ln the conversion of saline wa ter to fresh v.a ter (5). Such 

predictions are based upon the preillise that no phase change 

is involved, such as is necessary in ~ny of the better 

kno~m distillation processes, and tr~t energy costs rnay be 

held to a very low value. 

6 

Cne salient advantage of this process is that it i5 

reversible. ~his means that it can theoretically be operated 

as close to the requ1red ~inimum ther~odynamic energy lnput 

(the free energy of separat1on) as desired. '.ï:he revers 1 ble 

process would conslst of operating at a pressure infiniteslmally 

~reater than the os~ot1c pressure difference across the mem

brane (350 ps1g for sea water-fresh water). In pract1ce, 

however, a considerably hi~her pressure (1500 ps1g) ls ne

cessary to attain appreciable fresh l'rater flux. 

In oost of the early work, interest centered mainly 

on membranes that viere per:Ileable to water but relatively 

l~permeable to alcohols, su~ars and substances of still 

h1gher molecular weight and to collolds. It was also re

cognlzed, however, that ~embranes showed varyin~ degrees of 

semiper=eabl1ity to salt solutions, and a great deal of work 

on th1s phenowenon was done durl~~ the flrst half of the 

present century oy workers such as ~eorell (6) and 3011ner 

(7 ). 

~~ 1?53, ~e1d, cf t~e ~nlvers1ty of Flor1da (6), 

SU5€ested ~o ~he :fflce of Sall~e ~ater of the ~.~. ~epart~ent 

of the I~terlor tr~t a serlous i~vest~€at1o~ of reverse 

:)s:::-::)s 1 S 9.$ e. ~o~ e~ t laI ::esallna tl O~ :::etr. 0-::' b~ u!:dertaf.:e!";. 



~he result was a program at the University of ?lorlda under 

the direction of Professor C.E. Reid and supported by the 

Office of Saline Water. ~he work resulted in a series of 

7 

papers (9, 10, Il, 12) in which it was demonstrated that the 

purification of sea-water by this method is technlcally 

feasible. Economically, however, the utilization of reverse 

oS::lOsis to desalt sea water '"laS not a viable one because there 

were no ~e~branes available that were highly permeable to 

water and yet impermeable to salt. Only one membrane material 

cellulose acetate -- was found by Reid and his co-workers 

to reject salt efficiently ~nile allowing the permeation of 

l'1a ter. 

fuI. 

Unfortunately the flux rates were too low to be use-

In a parallel effort at the 0niversity of California 

at Los Angeles, ~oeb and Sourlrajan (13, 14) found that by 

using suitable preparative techniques, they could produce 

cellulose acetate membranes that not only had the excellent 

selectivity already demonstrated by 2eid and 3reton, but 

also had water permeabl1ltles sufficiently hi~h to be of 

real practlcal lnterest. In the preparation of these neG-

bra~es, Loeb and Sourlrajan uti11zed ~~e. Lobry's (15) f1nd

ln~s '::Jy lncl udin~ aq ueous ::l8.€r~es 1 '..li2- perchlora te in the 

acetone-cellulose acetate castine solut1on. :~:.1e. :Jobr:i 

attributed ta perchlorates t:1e ::apabillty of solubilizln.,s 

cellulose acetate: ;artlcularly effe::tlve were the ~erchlorates 

of calclu:::" r:::.a;:nes 1 w:::, copper a:-,d zir:c. Lltr.lu:.:, sllver, 

an':! ·8.8.s1c leae! ;erc!'-.lcrates ;'iere als0 sol'.':."é)111z1r..- a.::er:ts, 



~ince April 15, 1962, one portion of the reverse 

ossosis progra= sponsored by the Cffice of ~Aline ~ater 

(-::,.J.:;.) has been carried out at General AtoI!lic's John Jay 

~opkins Laboratory in San Diego, California. ~he .... lork 

there b.as been primarily concerned "~i th the study of the 

properties of se~i-permeable menbranes, and the derivation 

of phenomenological descriptions of flo .... ; through such ~en:

branes. ~xperimental investigations to synthesize ion

restraining filas 1 .. ere also supported by the O.~.-:;. at 

Radiation Applications, Inc. (16) and at :':onsanto Chemical 

Company (17). 
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In current ~embrane technology, cellulose acetate is 

consldered the most suitable pOlyner for reverse osmosls~ 

A lot of research efforts have been spent in the develop~ent 

of sul ta ble ne", poly~ers tha t ~.;ill provlde a membrane I.:lBterlal 

with a life and desallnatlon properties exceedlng those of 

~ellulose acetate. Several lnterestlng materlals have turned 

up, but none of them appears to be co~petltlve with cellulose 

acetate in the desalinatlon app11cation. Although present 

cellulose acetate membranes exhibit a declining flux under 

pressure, ~rl~rily due to co~paction, a nuwber of refinecents 

in chec1stry, cast1ng, and fa~rlcatlon technlques have pro-

duced a ~odifled =ectrane w1th an i::proved l1fe s~an of about 

two years (18). ~he ~u ~ont So~pany uses a nylon h0llow !lber 

::e::brane wlth a rated !'lux of 0.15 ;:~fd and an estl:-.ated Il!e-

tl::e of !'lve years. ::owever, tr.e sod1un chlor1àe rejecti'J!'"l 
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character1st1cs of the f10er have not equalled those of 

cellulose acetate. ;'he final report of l':onsanto (19) reveals 

that they have successfully produced h1gh-flux cellulose 

acetate hollow f1bers by us1r~ a solution sp1nn1ng techn1que. 

~he results of f1eld tests have shown that th1s hollow fiber 

system can eff1c1ently and econom1cally be used for the de-

sa11nat1on of brackish water. In 3rita1n, A.D. L1ttle Ltd., 

has recently developed a new reverse osmos1s nembrane wh1ch 

1s sa1d to possess greater salt reject10n and longer life 

cb~racterist1cs than the Loeb-type me~brane (20). 

As a result of aIl these efforts, the structure, be-

hav1our, and l1fet1me of cellulose acetate membranes are now 

much better understood. ~·;ew des1gn concepts for reverse 

osmos1s systems have been formulated and sGall p110t plants 

have been bu1lt (21). In the nodule des1gn, for example, 

there are now three membrane ~odule concepts -- tubular, 

sp1ral-;.;ound, and plate-and-fra.!:le -- that use cellulose 

acetate as the nembrane ;~ter1al, and a fourth concept --

hollow fine f1ber -- that uses "dense" cellulose acetate 

flber (used by ~ow Çhe~ical), and nylon f1ber (used by Du Font). 

:hese wodules have nOM been developed to the po1nt of con-

cerclaI appllcation, and sorne of the manufacturers are: 

:'ubular: ::avens Industries, Amer1can .Jtandard, Inc., 
Aqu13.-Che;::, Inc., l'n1versal ''';ater Corporat1on, 
Aero~et-General :oroorat1on. 

~'.llf ';e!'1eral Ator::lc, :::n::::., ~e:::all;o..&.t.lo:: 

~::;y's~e::s, :nc .. 



~olloi'1 Fine Flber: E.I.:)u Pont de ::enours I:r. Co., 
Inc., Dow Chemical Co. 
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I~ construction, at present, ls a 250,000 gallons per 

day reverse osoosls test-bed plant (18) for the Office of Sallne 

~ater, U.~. Department of the Interlor. It wl11 be the largest 

reverse osmosis plant ln the United Stat~s, and perhaps the 

world, and wl11 allow the development of data for the deslgn 

and construction of multi-ml11ion gallons per day plants. 

other current research activities are in the 

mathematical and experlmental investigations of salt bul1d-up 

on the membrane surface (22, 2J, 24, 25, 26, 27 and 28), and 

on the analysis and optlmizatlon of the entire system (22, 29). 

;·..any researchers (JO, JI, 32) have lnvestlga ted the effect of 

varylng the feed flow rate on salt build-up. ::owever, in 

these experlments, the feed flow variatlons were carrled out 

only on a steady state basis; 1.e., runnlng the experlDents 

at one steady feed flo~l for a while, then changlng to another 

steady flow. :~obody has, to the author' s kno'\llledge, done any 

experlment ~'lhere the feed flOl'; ls cont1nuously changing, as 1 t 

1s in this project. 

Flnally, besldes lts application in the desalting of 

saline waters, the reverse os~osis process 1s also beln€ used 

in the recovery of sewage effluent et, a~or~ other places, 

Azusa, Cali fornla (33), ?owOl"'.a, SaIl forn1a (J4), ~;er~en 

:ounty, ~:e'"" .jersey \35), and ~;ash1n~ton :::tate vr-.17erslty, 

:1J.II:::.an, ·.;ashln~ton (:;6). ~t 1s also beln~ use~ ln the ~urifica-

tion of drU€s, feoè.s and ln:'us trial ~·ras~es. :::: t; car. puri fy 
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blood, re!:love bacteria out of solut1ons, and strontiUD 90 

fra::.. =ilk. At the ::ational Aeror.autics and Space Adr.1inistra

ti0n laboratory (37), research 1s being done on Hater reuse 

in space vehicles by reverse os~osls. 



3. THEORY 

3.1. Osmosls 

The term osmosls (Greek = push) 1~ used to descrlbe 

the spontaneous ~low o~ water lnto a solutlon, or from a 

dllute 1nto a more concentrateà solutlon when they are 

separated trom each other by a semi-permeable membrane, 

i.e., a membrane whlch allows the ~ree passage o~ solvent 

but not o~ the solute. 

Thls phenomenon .as apparently ~lrst observed ln 

1748 by the Abbé Nollet (38) who worked ~th alconol-water 

solutions. Knowledge o~ thls process .as oonslderably 

extended durlng the 19th oentury, partloularly by Pfe~fer 

(39) who made the ~lrst d1reot measureaents of osmotl0 

pressure. Pfeffer's results were used by Van't Hotf as 

the basls o~ a theory o~ solutlons (40) publlshed ln 1886, 

and much of our present understandlng of the phenomenon has 

lts foundatlons ln thls work. 

3.2. Osmotl0 Pressure 

The osmotl0 pressure of a solutlon ls de!lned by 

Glasstone (41) as the excess pressure whlch must be applled 

12 



Fig.l. SIMPLE OSMOSIS 

osmotic pressure 

! 
roCl 

more 

c:oncentrated 

solution 

'lf~ 

water 

semi-permeable 

membrane' 

atm. 

pressure> osmotic pressure 

i atm. 

"C 

less 

pressure 

less 
concentrated 

solution .,." 

pressure 

more 
water concenlrated 

concenlrcted 

solution 11'2-
solution 'Tf, 

Fig. 2 • REVERSE OSMOSfS 

1J 



to a solutlon to prevent the passage Into It of solvent 

when they are separated by a perfectly se~permeable mem-

brane. 

Conslder a cell as ln Flg. l, contaln1ng two 

solutlons of dlfferent ooncentratlons separated by a se~

permeable membrane. The left slde of the oeIl ls elosed 

whlle the rlght band slde one Is open to the atmosphere. 

Now, due to osmosls taklng place, there Is a net movement 

of solvent from the less eoncentrated solutlon aeross 

the membrane to the more oonoentrated solutlon. Pressure 

Is bullt up ln the left cell untll an equ1l1brlum Is 

reached between pressure and concentratIon dltferences. 

If the solutlon on the rlght Is pure solvent, the pressure 

reaehed at equllibrium wlll be the osmotlc pressure of the 

solutlon on the lette The osmotic pressure Is a property 

of every solutlon and It Increases as the solute concentra-

tlon Increases. 

In the system consldered ln FIg. l, solvent will 

contlnue to flow towards the slde contaln1ng the h1gher 

oonoentrated solutlon untll the pressure ~lt up equals 

the d1fference between the two osmotlc pressures 

( A TT = 11 2-TT l) of the two solutlons. 

3.3. Calculatlon of Osmotlc Pressure 

The osmotlc pressure ot a solutlon can be glven 

(42) as. 
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m~ (atmospher6s) 

where Z - Number of ions per mole of solute. 

For electrolyte solutions Z = l, and 

for non-electrolyte solutions Z a 2 (for sodium 

chlor1de) 

R = U~versal gas constant (liter atmospheres per 

gram ~ole per degree Kelvin) = 0.0815 

MB - Molecular we1ght of water 

15 

VB - Partial mo1a1 volume of water (liter per gram mole). 

m = Molal1ty of the solution (gram mole per 1,000 grams) 

T - Absolute temperature (~) 

~ = Osmot1c coefficient (At 2SoC, ; - 0.936 for one 

molecular we1ght of sodium chlor1de. ~ = 1 for an 

ideal d1lute solution.) 

The osmotic coefficient 1s defined aSI 

-1000 
Zm MB 

ln ~ 

where aB - actiT1ty coefficient of water. 

Tables 1 to 6 (43) give the osmotic pressure, 

specifie volume, weight per cent of sodium chloride, mole 

fraction, molar density, mola1ity, partial molal 'V'olume of 

sodium chloride, partial molal volume of water, and the 

~nematic viscoaity for solutions of sodium chlor1de-water 

from 0.0005 molal to 6.0 molal. 



To determine dlrect1y the osmotlc pressure (ln 

psi) of a solutlon, the fol10wlng reLatlonshlp exlsts (44). 

'TT = O.Oll.5C 

1IIhere 1T ls ln psl 

C ls ln ppm o~ total so11ds. 

3.4. Reverse Osmosls 

Uslng the same system as descrlbed ln Plg. l, a 

reversa1 of solvent flow (reverse osmosls) can be made to 

take place by exertlng a pressure to the more conoentrated 

solutlon ln exoess o~ (1T 2 - ~l) Plg. 2. 1deally,only 

solvent should flo. through the membrane. However. beoause 

the membranes ava1lable are not truly semi-permeable, some 

solute ls also passed. 

The equatlon for reverse osmosls ls glven by. 

Â P - P - Pb - ArT 

where ~ P = The net drivlng pressure aoross the membrane. 

P - The applled pressure to the more ooncentrated 

solutlon. 

Pb = The reslstanoe to solvent ~low (a pressure) ln 

the membrane supportlng structure and any other 

back pressures. 

à'TT = The dlft'erence ln osmotlc pressure between the 

more conoentrated solution and the less con

centrated solution. 

16 



In praetlee Pb~ 0 slnee the membrane support 

reslstanee ls negl1g1ble eompared to that of the membrane 

ltself. and the produet ls usua1ly eolleeted at atmospherle 

pressure. 

).5. Reverse Osmosls Meehanlsm 

There have been many mee~sms hypotheslzed ~or 

the reverse osmosls phenomenon. but none adequate1y explalns 

the semipermeablllty of oellulose aeetate, although eaeh of 

them may be valld for some systems. Several of the more 

slgnl~leant theorles will be revlewed and thelr bearlng on 

present work will be lnd1oated. 

(a) Sleve Mechanlsm. 

Thls theory .as one of the earlleat that was pro

posed (45). Accordlng to thls theory, a sem1permeable mem

brane possesses pores lntermedlate ln slze between the 

solvent and solute moleoules. The solute molecules would 

thus be blocked and the smaller solvent moleoules would be 

allo.ed to paSSe Ear1y ln 19)6, Perry (46) showed th1s 

slevlng actlon with synthetlc membranes having pores in the 

50 m1lllmlcron range. Recent work with ion exchange reslns 

(47) has shown that partlal exolusion ot lons wlth slzes 

down to about ten ~strom units (10-7 centlmeters) cao 

take place. However, these results are not enough to Justl~7 

thls sleving proces8 because several semipermeable me.branes 

have been round ln wh1ch the pore s1ze ls larger than the 

17 



solute molecules. In fact, the results of Breton (48) have 

1nd1cated that the s1eve mechan1sm could not account for 

the hlgh sem1permeab1l1ty of cellulose acetate. Further

more, the dlfference 1n slze bet_een .. ter molecules (t_o 

Angstrc~ 1n d1ameter) and hydrated sod1um 10ns (seven 

Angstrom ln dlameter) 1s too small (49) to permit the sleve 

mechanlsm to take place. 

(b) Dlstlllat10n Mechanlsm. 

18 

Thls theory was suggested by Callendar (50) who sa1d 

that d1stlllatlon occurs across a l1quid-gas lnterface Withln 

the caplilarles of the membrane. Bulk flo_ of the solutlon 

across the membrane ls prevented by the walls of the 

caplllar1es whlch are non_et table elther to th~ sol .. nt or 

to the solut10n. The solute moleoules, be1ng non-volat1le, 

stay behlnd, wh1le the volatlle solvent moleoules pa8S through 

the membrano as vapour and condense at the opposlte membrane 

surface. Callendar's theory does not apply to cellulose 

acetate membranes, s1n.ce they are hydroph1l1c rather than 

hydrophob1e. The solut10n _ould meet the -.aIls of the 

caplilarles and be drawn 1nto them. 

(c) Adsorptlon Mec~sm. 

This theory of semlpermeab1l1ty 1s based upon the 

relat1ve adsorpt10n of solvent and solute molecules by the 

membrane. The solvent moleeul~s are adsorbed poslt1vely and 

the solute molecules are adsorbed negatlvely. Loeb ~~d 
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Sourlrajan (51, 52, 53) used the Glbbs adsorptlon equatlon 

to show that there should be a layer of pure water of about 

four Angstrom (for sodlum ch10rlde) unlts thlck at a solut1on

alr interface. They postulated that, at a solutlon-cellulose 

acetate lnterface, thls water layer ls very much thlcker, 

and, that lr the pore slze ln the membrane ls less than tw1ce 

the thlckness of thls layer, only pure water can pass through 

the pores. They trled to test thls theory by determ1~ng 

the reJectlon or varlous substances, the slope of the sur

face tenslon curve of these substances be1ng known. Un

fortunately, several of the substances that they pred1cted 

would be reJected actually passed through and vlce versa. 

Thls type of semlpermeabll1ty ls more pronounced when the 

pore slze ls small and when surface flow predominates (54). 

(d) Solubl11ty Mechanlsm. 

Thls theory ls closely related to the adsorptlon 

theory and was flrst proposed by L'Herm1te (55) ln 1855. 

The theory proposes that semipermeabll1ty ls an outgrowth 

of the solubl11ty of the solvent and the lnsolubll1ty of 

the solute ln the membrane. Slnce the solvent ls soluble 

ln the membrane, lt can pass but the solute cannot. L'He~te, 

in hls experlments, placed ln a test tube a layer of water, 

a thln layer of castor 011 and a layer of alcohol. After 

several days, he found that some of the alcohol had dlrfused 

through the separatlng layer or castor 011 lnto the water 
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layer at the bottom of the test tube. He postulated, after 

several other sl~1ar experlments, that substanoes passlng 

through a membrane must flrst dlssolve ln lt. Barres (56) 

also dld some valuable work Vith gasses ln rubbers. Although 

these experlments, as well as others (57, 58), suggest that 

the solutlon theory has some merlts, Hartsung (59) polnted 

out that lt ls not easy to understand how a 11quid can 

dlssolve ln a membrane wlthout some of the membrane belng 

dlssolved ln the 11quid. 

(e) Hydrogen Bondlng Mechanlsm. 

Thls mechanlsm was first proposed ~ Reld and hls 

co-workers (60, 61, 62) for cellulose acetate. The membrane 

ls here consldered as a network of polymer ohalns. Some 

portlons of the membrane are crystalllne (the chalns 11e 

ln an orderly pattern) and the other portlons are amorphous 

(the chalns are randoaly placed and free to move). Reld 

suggested that the crystalllne areas are lmpermeable to 

water and that the flbres ln the amorphous areas are sur

rounded by water held ~ hydrogen bondlng. Water molecules, 

through hydrogen bond1ng, oross-llnk the polymer ohains and 

flll the volds ln the amo~phous reglons ~th bound water. 

The extent of cross-llnklng depends upon the slze of the 

v01ds. When they are large, as 1n the case of cellophane, 

the structure 1s w$&kly cross-l1nked. When they are small, 

as ln the case of cellulose acetate, the cross-llnk1ng 1s 

extenslve. 
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The dlffuslon through the membrane of lons that 

cannot enter lnto hydrogen bondlng depends upon the probabillty 

o~ hole formatlon. In a weakly cross-llnked structure, the 

v~lds are only partlally ~llled wlth bound water leaving 

holes through whlch lons can passe In a hlghly cross-Ilnked 

structure, however, there le 11ttle or no free space through 

whlch lons can passe Ions and molecules that ean comblne 

wlth the membrane through hydrogen bondlng and that can flt 

lnto the bound water structure, are transported through the 

membrane by mlgratlng from one hydrogen bondlng slte to 

another. Work at Aerojet General (63) ln lnfra-red spectro

soopy has added further evldenoe that hydrogen bondlng does 

t~e place. Other researchers whose works tend to support 

the above theory are Gruner (64), ott (65), B~unk (66) and 

Spence (67). 

3.6. BOundarY Lazer Effects 

It was suggested by Merten (68) that boundary layer 

phenomena ln apparatus for water desal1natlon by reverse 

osmos1s ~ll 1mpose restrlot1ons on the water throughput. 

When water ls transported at a relatlvely h1gh rate through 

the membrane, and salt ln the feed flow ls reJected, a 

b~undary layer of salt solutlon more hlghly concentrated 

tnan the bulk feed solutlon forma at the membrane surtace. 

Th1s bulld-up of salt near the membrane surface le called 



concentrat1on po1ar1zat10n and 1s a result of the 1nabl11ty 

of reJected salt 10ns to qu1ck1y d1ffuse back 1nto the bu1k 

solut10n. 

If the salt b~ld-up at the membrane surface be

comes too great, four effects can be noted. 
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(1) The accumulat10n of sal ts w111 ra1se the 

effect1ve osmot1c pressure of the feed solut10n and 

w11l therefore decrease the force caus1ng water to 

flo. through the membrane, thus decreas1ng the water 

flux. Thls can be seen from the forl!lUla proposed by 

Merten (69) for water flux, Fl' through a membrane 

of constant permeab1l1ty. 

F 1 = A (~p - A 1T) 

Increases ln the osmot1c pressure dlfference, 

a 1T, requ1re a h1gher app11ed pressure to obta1n a 

spec1fled water flux. 

(11) If the concentrat10n of the feed water 

exceeds the saturat10n pOint of any one of the con

st1tuents of the feed solut10n, that constltuent 

may preclp1tate and effect1ve1y 11m1t the fla. of 

water through the membrane. 

(111) The product water sa1101 ty will lncrease 

due to the fact that salt reJectlon de pends on salt 

concentratlon d1fference, â C, Bcross the membrane. 

Agaln, thls can be demonstrated from the equatlon 

of salt flux, P2' g1ven ~ Merten (69). 



F2 = B . .6oc 

wnere B, ls the salt perm~ablllty ooefflclent. 

(lv) The useful 11fe of the membrane will 

be shortened by the lncreased salln1ty of the 

solutlon. 

J.7. Concentratlon Polarlzatlon 

Concentratlon polarlzatlon cannot be ellm1nated 

oompletely ln any reverse osmosls process. Its magnltude, 

however, can be reduoed ln two waySI (a) the bulk solutlon 

oan be made turbulent by having a hlgh feed flo. or by 

lntroduclng turbulence promoters (plastlc spheres) ln the 

feed channel, (b) entrance effects can be utl1lzed by uslng 

thln channels ln the laminar flo. reglon. 

2) 

Sherwood, Brlan, Flsher, and Dresner (70), have 

analyzed concentratlon po1arlzatlon effects for bath turbulent 

and lamlnar flo. ln tubul.ar membranes reJectlng saIt

oo~pletely, and for ~nar flo. ln a tvo dlmenslonal 

ohannel. Th1 s the ory was th en extended to membranes w1 th 

less than complete reJect10n (71). Sherwood ~!l. (72) 

have checked thelr eQ.uat1ons and those of Brlan through 

exper1ments carr1ed out with cellulose acetate membranes 

supported on a rotat1ng cyllnder. Bosenfeld and Loeb (73) 

also found that performances at the Coal1nga plant vere con

s1stent vith the results predleted by the equatlons of 

Sherwood. ~!.l. and Br1an. Jo. lot of the subsequent 



24 

mathematlcal analyses, whlle ~oeuslng on lmportant nuanoes 

of the theory and provldlng alternate methods of vle_lng 

the problem, ln general oonslder second order oorrectlon 

factors whloh are outslde the scope of present experlmental 

technlques. 

Blnce the tubu1ar membranes used ln thls experl

ment contaln turbulence promoters (plastlc spheres), and the 

experlment .as carrled out with the 1'10_ ln the turbulent 

range, lt ls proposed, here, to glve the performance equatlons 

for turbulent 1'10_ only. 

The mode1 used by Sherwood ~~. (70) and Brlan 

(71) .as the fl1m-theory one ln whlch the reslstance to salt 

transport away from the membrane surface lB controlled by 

molecular dlffuslon. The boundary layer ls ldeallzed as a 

thln, llqu1d fllm ln .nlch eddy motlon ls assumed to be 

neg1lg1b1e, and the bulk solutlon ls consldered to be _ell 

mlxed. From thls model, the conoentratlon polarlzatlon rat10 

ln the turbulent reglon ls given by Br1an (74) aSI 

exp ( PUIse o. 67 ) 

CV = "'Bln 
CB 

exp ( 
P N 0.67 ) R + (1 - R) 1 BC 

UBJn 

(1) 

and B = 1 - CD 
ë; 

(2) 



whe~ea 

CB ls the salt concentratlon ln the bv~ sallne 

solution on the sallne slde of the membrane 

Cv ls the salt concentratlon at the lnterface 

between the membrane and the sallne solutlon 

CV/CB ls deflned as the concentratlon poLarlzatlon 

ratl0. 

CD ls the salt concentratlon ln the desallnlzed 

water 

FIls the water flux 

NSC ls the (dlmenslonless) Schmidt No. for salt 

dlffuslon 

UB la the bulk sallne solutlon veloclty 

R ls the lnterfaclal salt rejectlon 

jD ls the Chl1ton-Col~n (dlmenslonless) mass 

transfer factor UBed ln turbulent flo.. For round 

tubes jD = f/2, where f ls the frlctlon factor, and 

ls some t'Unctlon of Reynolds number. 

For R - un1ty, when the membrane rejects aIl salts, 

equatlon (1) reduces to that glven by Sherwood!!~. (70)1 

(:3 ) 

For conclseness, K. the concentratlon polarlzatlon exponent 

ls deflned aSI 
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K -
1 SC 

(

F N 0.67) 
(4) 

Although the concentrat1on polar1zat1on rat10 aan be pre

d1cted by us1ng equat10n (1), the latter 1a not a very 

pract1cal equat10n to use because of the d1ff1culty 1n 

meaaur1ng the term ew, the concentrat1on at the 1nterface. 

To convert equat10n (1) 1nto terms more read1ly measurable, 
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a new term, Dr' called the desa11nat1on rat10 1a 1ntroduced (75). 

Th1s new term 1a def1ned as. 

Dr = :a (5) 
CD 

Now, by comb1n1ng equat10ns (1), (2), (4) and (5), we get. 

Cv a [<exp K) ( 1 _ L) + ~] (6) 
C; Dr 

Equat10n (6) now g1ves the concentrat1on polar1zat1on rat10 

1n terms of var1ables that can be measured d1rectly, and 1s 

thus a more pract1cal one to use. 

The equat10n for the 1nterfac1al salt reject1on, 

R, can be s1m1.larly converted by rearrang1ng equat10n (2) 

as. 

(7) 
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and comblnlng equatlons (5), (6) and (7) to glvel 

R = 1 - r 1 ] 
[(exp K) (Dr - 1) + 1 

(8) 

Although the assumptlons used ln the fllm-theory 

model are not qulte oorreot, they are nevertheless good enough 

to permit one to predlct the concentratlon polarlzatlon With 

good aocuracy, especlally wlth bracklsh water. Brlan (76) 

has shown that an expresslon ldentloal to equatlon (1) ls ob

talned ev en when an eddy-dlffuslon model, whlch takes lnto 

conslderatlon the eddy dlffuslvlty withln the fllm but whlch 

the fllm-theory assumes to be zero, ls used. 

J.8. Water Plux 

Merten (69) proposed the following equatlon for the 

water flux through a membrane of constant permeabll1tyl 

wherel 

AiT =TTw_TI D 

when concentratlon polarlzatlon ls present. 

AF ls the hydraullc pressure drop aeross the 

membrane 

(10) 

TT W 18 the osmotlc pressure st the membrane-sallne 

water lnterface 

TT D ls the osmotlc pressure of the desall~zed water 

A ls the water permeablllty coefflclent. 



S1nce the osmot1c pressure at the membrane-sa11ne water 

1nterface, lIW' 1s d1ff1cult to measure, equat10n (9) 

1s expressed 1n terms of var1ables that can be measured 

d1rectly. To do th1s, the desallnatlon ratl0 term, Dr' 

1s used and the concentratlon polarlzatlon ratl0 1s ex-

pressed thus (75), 

(11) 

Now, by comblnlng equatlons (6), (9) and (11) we havel 

= ( (exp K) 

where. 

TT B 1s the osmot1c pressure of the bulk feed 

water. 

Slmpllfylng equatlon (12) further by us1ng TI ri n B = CIICB 

we have. 

Pl S A [ à P - TT B (exp K) ( 1 - ~) ] (1) 
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For a perfectly se~-permeable membrane, CD - 0 and 

D = ~ from equat10n (5). Equatlon (l), then reduces tOI r 

FI = A ( Â P - TT B exp K) (14) 

If the membrane 1a complete1y non-se1ect1ve (Dr = 1), 

02' 1f pure water ( n B = O) ls used, thenl 

(lS) 
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In cases when the concentratlon polarlzatlon ls 

amall or negllglble (exp K -- 1), equatlon (lJ) reduces 

tOI 

FI = A [A P - n B ( 1 - ~ 1] (16) 

or 

F 1 = A [LI P - (n B - TI D) ] (17) 

Equatlon (17) la now slm1lar to equatlon (9) except 

for TT B whlch replaces TT" w. 

J.9. Salt Flux 

Herten (77) gave the followlng equatlon for salt 

flux. 

F2 = B (CV - CD) 

where F
2 

ls the salt flux 

B ls the salt permeabl11ty coeff1c1ent. 

(18) 

Equat10n (18) 1mp11es that the salt flux occurs 

through a s1mple diffus10n mechanlsm. 

To convert equatlon (18) 1nto terms that are 

dlrectly measurable, we divlde lt by CD to g1vel 

and uslng 1 

(19) 

(20) 
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Now, after comblnlng equatlons (S), (6), (19) and 

(20) and slmpllfylng, we get: 

F2 = CD B (exp K) (Dr - 1) 

or 

Loeb and Rosenfeld (7S) use the following 

approxlmatlon, 

~ ::::. FI 

CD 

ln equatlon (22) to getl 

1 

Thls shows that the desal1natlon ratl0 ls also a 

functlon of the water flux FI-

(21) 

(22) 

(23) 



4. EXPERIMENTAL PROCEDURES 

4.1. Prel1~nary Work 

S1nce the purpose of thls thesls ls to test the 

poss1blllty of adaptlng the reverse osmosls process to a 

windml1l (var1able speed), lt was declded to slmulate, as 

far as posslble, a typ1cal wlnd speed variatlon. To do th1s, 

an analys1s of the data on wind speed ln Barbados (4) was 

f1rst carr1ed out. As a result, lt was found that the 

max1mum ratl0 of the h1ghest wind speed to the ~n1mum ,,1nd 

speed ln an average year ls about 2.S to 1. The maxlmum tlme 

taken for the 1f1nd to change from a max1mum speed to a min1mum 

speed (peak to peak) or vlce versa, ls about 4S seconds, and 

the minimum ls about lS seconds. 

It WBS declded that, ln order to s1mulate a 1f1nd 

speed var1atlon, and, at the same t1me to keep the analysls 

falrly slmple, slnusoldally varlable flo. speeds should be 

used as shown ln Flgs. 4 and S. A ·V· type variable flo. ls 

not approprlate because of the moment of 1nertla or the 

1f1nd-~11 whlch will tend to smooth out the curve at the 

peaks. Thls s1nuso1dal type of speed change liaS made 

posslble by the use of the small mator and cam system shown 

in F1gs. 19 and 21. The ratio or the maximum and m1n1mum wlnd 

:31 
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speeds oorresponds to twloe the amplltude of a slnusoldal 

flow ourve, and the tlme between these two wind speeds oor

responds to half the perlod ot a slnusoldal flow ourve. 

In order to effect good oontrol, the sallne feed 

solutlon ( ~ 3500 ppm) .as made up of pure sod1um ohlorlde 

and tap water (PH = 7.1). In the later stages of the ex

per1ment a typ10al braoklsh water, or a solut1on approxlmat-

1ng to a typlcal braok1sh water would be used. Th1s ~ght 

show up any problems that could arlse trom scallng, pre

clpltatlon, excesslve hydrolysls of the membrane, oorroslon, 

etc. For reasons of economy and space, the system of flow 

was made a reclrculatory one. Thls system, however, ls (78) 

thermody~cally lnett1clent because of the mlxlng of 

solut1ons of dlfferent oompos1t1ons. Mlx1ng lnoreases the 

average conoentratlon of the sallne solutlon and theretore 

lts osmot1c pressure. Th1s phenomenon was not1oed durlng the 

experlments and tap water had to be added to the teed solut1on 

from tlm8 to t1me to prevent lts sallnlty from rls1ng. 

4.2. Prell~narz Test1ng 

The prel1m1nary tests were carrled out to oheok the 

major oomponents of the system, 1.e., flow measur1ng devlces, 

plPlng, pumps, eto., and to gradually brlng the reverse 

osmosls modules to thelr operatlng pressures of 600 psl. The 

tests started on Ootober 19, 1970, on a steady flow basls, 

with the four modules oonnected ln serles. It vas notlced 
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that ~or a low reJect brlne ~low of about 0.2 U.S&G.P.M., 

the totallzlng ~low-meter, T2 , ~s not accurate. The pressure 

dl~rerence between the lnlet pressure to the ~lrst module 

and the out1et pressure of the ~ourth module .as ~ound to 

be too blg -- 130 psl ~or a feed ~low of only 0.6 U.S. gal/min 

when the system pressure .as set at 400 psl. A new riow 

soheme was therefore trled 80 as to mlnlmlze the pressure 

drop across the modules. Thls rlow scheme ls shown ln Flg. 3, 

when the rlrst two modules were placed ln paralle1 and the 

last two ln serles. 

Flg. 3 

2 

1 



Unfortunate1y, the pressure drop across the modules 

was st111 h1gh (60 psl) when the f1ow.as about 0.5 U.S. 

ga1/mln and the system pressure set at 600 psl. It.as 

flna11y declded that the modules should be p1aced ln 

para11e1. 

Durlng the course of these tests, lt .as notlced, 

on a couple of occaslons, that the feed f10w recorder gave 

a zero f10w readlng a1though there was actua11y a f1ow. 

The reason for these false readlngs were found out .hen, 

on October 23, 1970, the recorder stopped recordlng. The 

plant .as shut down and the turblne meter 1f8.S dlsmantled. 

The bearlngs lnslde the turblne meter had selzed, thus pre

ventlng the rotor from rotatlng. 

On November 9, 1970, after the turblne meter had 

been repalred, the plant .as started up &galn, only thls 
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tlme to flnd that the fourth module was 1eaklng. Slnce the 

whole of the prevlous summer had been wasted due to faulty 

membranes and 1ealq modules, 1 t 1f8.S declded that the three 

reœa1nlng modules should be placed on a varlable flo. settlng 

and that aetual tests should begln. This .as done on November 

10, 1970. 

4.3. Test Procedures 

Test No. 1 .as started on November 10 With a var1ab1e 

teed f10w range of 0.54 and 1.0 U.S. gal/~n. The per10d of 

the slnusolda1 flo. var1at1on .. s set at 90 seconds. Th1s 
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test eorresponds to a max1mum change 1n the wind speed 

(amp11tude) 1n a max1mum t1me (per1od). In order that the 

flo. 1n the modules be a turbulent one, the Reynolds Number 

at all po1nts .as ma1nta1ned at 600 or greater (79). Th1s 

Reynolds Number wes based on open tubes. (Calcu1at1on of 

Reynolds Number w1th turbulence promoters 1s a problem be1ng 

cODs1dered at present by Amer1can Standard Co., New Brunswick, 

New Jersey.) 

On Vednesday, November 11, a set of read1ngs of the 

product water flow was taken at every f1fteen second 1nterval 

on module 1. A s1m11ar one .. s aga1n taken on module l on 

November 12, and one on each modu1e on November 16. The flow 

waa aeasured 1n a graduated cy11nder and the data are shown 

1n Tables lA to lE. The purpose of these read1ngs MaS to 

check whether the product water flow d1d vary as the feed 

flow changed cont1nuously. 

Test No. 2 _s started on November 17, 1970, and 

_s termlnated on November 25, 1970. The var1able feed flow 

rang. MaS set st 0.60 U.S.G.P.M. and 0.94 U.S.G.P.M. and 

the per10d of the s1nuso1dal flow .as kept at 90 seconds, 

as 1n the prev10us test. 

At sround 1400 houra on Noveaber 19, 1t wes not1ced 

that the r1tt1ng that holds the thermocouple 1n the flow 

c1rcu1t wea leak1ng. The pump .. s therefore stopped 

for about r1ve a1nutes to repa1r the leak. However, 

on restart1ng, 1t .. 8 found that the sa11n1ty of the 

product had Jumped to a very h1gh f1gure, 



as shown 1n F1g. 9. Accord1ng to the author, the h1gh 

product sal1n1ty wes due to feed s~11ne water permeat1ng 

through the membranes _h1le the pump had been stopped. 

36 

The pump, be1ng a pos1t1ve dlsplacement one, was st1ll 

keep1ng the solut10n 1n the modules under the system pres

sure, and, slnce there MaS no flow through the back pressure 

regulator, the only flo. that could take place was through 

the membranes. As the pressure 1n the system gradually 

decreased, so d1d the eff1c1ency of the membranes, thus 

allowing more and more salt to pass through. Th1s 1ncrease 

ln product sal1n1ty could have been av01ded or m1n1m1zed by 

reduclng the system pressure to atmospher1c pr10r to stopp1ng 

the pump. 

Test No. J vas started on November 25 w1th a steady 

flo. of sallne solutlon. The flow was set at 0.77 U.S.G.P.M., 

whlch ls the average flo. rate of tests Nos. 1, 2, 4, 5, 6 

and 7. The purpose of test No. J MaS to see whether the 

product water flo. rate and sal1n1ty .ould be affected by 

a temporary, steady feed flo. (slmulat1ng a constant w1nd 

speed) and back agaln on a var1able state cond1t10n (test 

No. 4). Thls test .as term1nated after two days because no 

apparent change 1n the qua11ty and quant1ty or the product 

water was notlceable. 

An ultra v10let ~p or short .avelength wes 1nstalled 

on November 26 on the return l1ne of the reverse osmos1s unit 
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to check the formation of bacterla. This method was used by 

Brun, Duriau and Dussaussoy (80), and, apparently, had a 

posit1ve effect in preventing bacteria from forming. How

ever, in the present exper1ment, the ultra violet lamp did 

not seem to have any effect on the salinity and flow rate 

of the product water. It.as then decided that, s1nce this 

was the case, it would be better, tor the purpose of analysis, 

to remove this unknown variable (ultra violet). 50, on 

November JO, the ultra violet lamp was removed. 

Test No. 4, started on November 28, and, set at the 

same condit10ns as test No. 2, vas terminated atter one day 

for reasons s1milar to those of test No. J. 

Test No. 5 (November 29 - December 4), test No. 6 

(December 4 - December 10), and test No. 7 (December 10 -

Oecember 16) were aIl set at the same variable flow of 0.66 

J.S.G.P.M. and 0.88 U.S.G.P.M., but at periods of flow of 

~O seconds, 60 seconds, and JO seconds respectively, as shoxn 

1n Figs. 4 and 5. These three tests were carried out so as 

to see the effects of the rate at which the wind changes 

speed (per1od of variation) on the product water. 

The last two tests - test No. 8 (December 16 -

~cember 18) and test No. 9 (December 18 - December 20) were 

oerformed to check the effect of varying the mean value of 

a var1able flo. on the product water. The feed flow of test 

Jo. 8 var1ed bet.een 0.J6 U.S.G.P.M. and 0.70 U.S.G.P.M., and 



that of test No. 9 varled betveen 0.53 U.S.G.P.M. and 

0.87 U.S.G.P.M. However, they vere both set at the same 

perlod of flo. (JO seconds) and the same dlfference 

between thelr maxlmum and minlmum speeds (same amplltude) 
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as test No. 7. Test No. 8 .as run for two deys only because 

the author -.as lnformed on December 14 tl~t due to some 

major eleotrlcal repalrs, electrlclty .ou1d be eut off ln 

the evenlng of December 20. Unfortunately, the .arn1ng came 

too late. No stand-by generators (110 volts, slngle phase for 

the lnstruments, and 240 volts, J phase for the hlgh pressure 

pump) .ere aval1able ln the college and none MaS aval1able 

for rent at suoh a short notlce. 

Test No. 9 had to be stopped prematurely because of 

a breakdotm of the hlgh pressure PUDlp 1Ihlch oocurred durlng 

the earl)" morn1ng (around 10.00 hOurs) of Deoember 20. The 

breakdown .as due to a return water hose whlch oame loose 

and dralned the s)"stem of all lts feed solutlon. 

The last set or readlngs berore the breakdown ooourred 

.as taken at 2J.JO hours on December 21, 1970. 



5. DESCRIPTION OF REVERSE OSMOSIS UNIT 

S.l. General 

The flow dlagram of the reverse osmosls unlt ls 

lllustrated ln Flg. 15. The sallne feed water (around 3500 

ppm) ls made up of pure sodlum chlorlde and tap water. A 

typlcal braoklsh water ls not used at thls stage beoause lt 

18 not practlcal and eoonom1cal, with the spaoe avallable, 

to store the huge volume that ls necessary for the months

long serles of tests. Moreover, a bracklsh water may contaln 

other salts of lower saturation polnts than that of sodlum 

chlorlde, and may thus preolpltate ln a reclrculatory system 

suoh as ls used ln th1s proJect causlng a change ln the 

sa11n1ty of the teed water. 

The sallne feed water ls stored ln a 70 gallon 

plastlc tank elght feet above the floor, and tlows through 

1 lnch schedule 80 PVC (pol7Vlnyl chlorlde) plplng by gravlty 

to the suctlon slde or the hl~l pressure pump. Prlor to 

enterlng the pump, the feed .. ter passes through an lndlcat

lng rotameter, a totallzlng meter, Tl, and a 20 micron tllter. 

The temperature of the feed water ls measured by means of a 

thermometer lnserted ln the llne Just outslde the feed water 

tank. A thermostat placed between the tota1lzlng meter, Tl, 

39 
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and the f1lter, act1vates a solen01d valve whenever the feed 

water temperature goes lOF above or below the pre-set 

temperature. The soleno!d valve 1s s1tuated at the end of 

a oold tap water p1pe and controls the flo. of the oold water 

1fh1ch flows through the heat exohanger. 

After pass1ng through the f1lter, the sa11ne water 

1s brought up to the system pressure (600 ps1) b.1 the pos1t1ve 

d1splacement pump 1fh1ch 1s dr1ven b.1 a var1able speed motor. 

The pressur1zed water from the d1soharge s1de of the pump 1s 

mon1tored by a turb1ne meter hooked to a Honeywell recorder, 

a pressure gauge, and a pressure recorder before be1ng routed 

to the reverse osmosls modules through a valv1ng arrangement. 

Immed1ately after the pump 1s looated a pressure re11e~ valve 

1fh1ch opens and allows sal1ne water to flo. out of the h1gh 

pressure system 1nto the sump should the l1ne pressure 1ncrease 

beyond the pre-set value. 

The mater1als of aIl h1gh pressure p1p1ng With1n the 

desa11nat10n unit arel )16 sta1nless steel 1/2 1noh tube, 

3/8 1nch type -L- bard copper tube, and 1/2 1nch (InternaI 

D1ameter) h1gh-pressure synflex hose. The valves are h1gh

pressure bralss ones. To reduce galvanic act10n bet.een copper, 

steel and brass, teflon tape 1s used. 

The three modules that form the reverse osmos1s 

assembly oan be connected e1ther 1n ser1es or 1n parallel (or 

bath) by means or the val. ving assembly shown 1n F1g 17. 

The efrluent _ter rrom each module collects 1n a 

p1ast1c conta1ner surroundlng the module and dra1ns through 
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an outlet 1n the bottom cover plate v1a a 0.5 1nch plast1c 

hose to a flow measur1ng t1pp1ng bucket, as shown 1n F1g 18. 

Each t1Pp1ng bucket 1s cal1brated to tr1p at 600 eu. cm., and 

each tr1p 1s reg1stered on a d1g1tal counter so that the 

da1ly average flow can be computed by subtract1ng the f1gure 

reg1stered at the start of the day from that reg1stered at 

the end of the day. The sal1n1ty of the product water from 

each module 1s measured by d1vert1ng the flow from the t1pp1ng 

bucket 1nto a beaker 1n wh1ch the sal1~ty probe 1s placed. 

The produet water thus collected 1s poured back 1nto the t1pp1ng 

bucket, after the sal1n1ty has been measured, so that 1t can 

be reg1stered. Each t1me a bucket tr1ps. 1t pours 1ts con-

tent 1nto one of two ~folds placed on e1ther s1de of the 

t1pp1ng buckets. and the water 1s then funnelled to a 20 gallon 

plast1c sump. 

The rejeot br1ne leav1ng the modules 1s mon1tored by 

a pressure gauge and a thermocouple. and 1s let down trom 600 

ps1 to atmospher1c pressure through a n1trogen oontrolled back

pressure regulator. The latter keeps the system pressure at 

600 psl even when the flow rate ohanges (With1n the capac1ty 

of the regu1ator). After leav1ng the back pressure regulator, 

the br1ne flows through an or1f1ce plate wh1ch g1ves a 

measurement of the flow rate, and through a tota11z1ng meter. 

T2. It then mixes With the product water leav1ng the man1-

fold. and the mixture 1s s~bjected to ultra v10let rays of 

short wavelength betore go1ng to the sump. The sump also 

contains an automat1c. submeralble. centrlrugal pump wh1ch 
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pumps the m1xture of br1ne and product water back to the feed 

water tank wh1ch s1ts approx1mately 8 feet above the sump. 

From a second open1ng at the bottom of the feed tank, 

feed water cont1nuously flows down, by grav1ty, through the 

heat exchanger (double-p1pe) where 1t 1s cooled and on 1nto the 

sump. There, 1t ~xes with the rejeet br1ne and product water 

and the cycle cont1nues. 

5.2. Subassembll Deta1ls 

(a) Var1able Speed Adjust1ng Mechan1sm. 

Th1s cons1sts essent1ally of a motor (motor of a 

t1mer), a plast1e d1sc, and a slotted plast1c bar as shown 

1n F1g. 19. One end of the bar f1ts t1ght17 over the speed 

control knob of the pump electr1c motor, and the other end 

1s eonneeted to the plast1c d1sc by means of a p1n. The d1se, 

wh1ch aets as a erank, 1n turn, 1s f1xed onto the shaft of 

the small motor, and, by means of d1fferent gear racks the 

speed of the former can be var1ed. The speed of the motor 

1s what, 1n fact, controls the per10d of the s1nuso1dal flo •• 

The plast1e d1se too has a slot maeh1ned 1nto lt 1n 

a radial d1rection, and the position of the p1n along th1s 

slot controls the angu1ar movement or the plast1c bar (link) 

and henee the speed range or amplitude of the s1nuso1dal 

flo •• 

(b) Tipping Bucket. 

Th1s instrument .as made 1n the college workshop to 
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measure the low product water flow lssulng out of each module 

and ls shown ln Flgs. 2J and 24. .The bucket 18 made out of 

22 gauge galvan1zed sheet metal and coated both lnslde and 

outslde w1th a sea water reslstant palnt. The bucket plvots 

about a horlzontal bar whlch traverses the two legs of the 

bucket and whlch ls supported by a rlgld wooden frame. The 

angle through whlch the bueket can trlp ls controlled by a 

bolt below eaeh slde of the bucket and agalnst whlch the latter 

comes to a reste In order that the callbratlon ls ~ot affected 

by the constant banglng agalnst the bolt (causlng a ~,nt), the 

bottom of each bucket ls relnforced with strlps of bard steel. 

The more the bolt protrudes beyond lts support the lower ls 

the amount of water that the bueket can hold before lt trlps, 

and vlce versa. (Each bolt controls the amount of water ln 

the slde of the bueket opposlte to lt.) In thla experlment 

eaeh bucket ls eallbrated at 600 cc and lts accuracy ls ~ 1.5%. 

At the tlp of one leg of the tlpplng bucket ls a metal 

dlse whlch aetlvates an electrle sw1tch, whlch, ln turn, 

trlggers a dlgltal counter, each tlme the bucket trlps. 

(c) Reverse Osrnosls Modules. 

The four tubular reverse osmosls modules used (Flgs. 25, 

26) were donated by Amerlcan Standard Co. of New Bruns~ck, New 

Jersey. Each module conslsts of a bundle of poroUB flber-

glass relnforced epoxy tubes (14 tubes), approximately one-

hal! lnch ln d1ameter, lnto whleh have been lnserted seml

permeable membranes of cellulose acetate {AS-l97}. These 



tubular membranes are formed from a contlnuous flat str1p 

of cellulose acetate f1lm wh1ch 1s curled 1nto the shape of 

a cy11nder With a s11ght overlap, and then placed 1nto the 

f1ber-glass support tubes by means of a mec~cal dev1ce 

developed by Amer1can Standard for th1s purpose. 
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Both ends of the fourteen porous support tubes are 

bonded 1nto sta1nless steel tube sheets by means of an epoxy 

adhes1ve leav1ng SO 1nch tube bundles exposed. The tube 

sheets are, 1n turn, bolted to sta1nless steel end plates 

wh1ch conta1n l1qu1d flow d1str1but1on channels. The flow 

channels are mach1ned such that aIl the fourteen tubular 

membranes are 1n ser1es 1n each module. The total membrane 

area 1n each module 1s 9.1 sq. ft. 

The modules used 1n th1s exper1ment conta1n spher1cal 

turbuJ.ence promoters w1 th1n the tubular elements. These are 

1n the form of plast1c spheres s11ghtly smaller 1n d1ameter 

than the bore of the support tubes. They create add1t1onal 

turbulence 1n the feed water flow and thereby m1n1m1ze the 

degree to wh1ch d1ssolved salts concentrate at the membrane 

surface. 

S1nce 1n th1s system the membranes are not phys1cally 

attached to the porous tubes, they can eas1ly be removed on 

the site and replaced with fresh membranes. According to 

Amer1can Standard, the ent1re operat1on takes only a matter of 

minutes. 



6. DISCUSSION OF RESULTS 

The performances of the three modules are d1sp1ayed 

graph1ca11y 1n F1gs. 6 to 14, and tabu1ated 1n Tables 1 to 

9. The product water flux (ga110ns/sq.ft./day) and the pro

duct sa11n1ty (ppm) are perhaps the major var1ab1es of 1n

terest 1n th1s exper1ment. These are p10tted s1de by s1de 1n 

an overa11 graph, F1g. 16, to see 1f there ex1sts any d1s

cont1nu1ty 1n the curves, ar1s1ng from the ohange 1n feed 

f10w cond1t1ons. As can be seen, the curves do not show any 

d1scon~1nu1ty or sudden ohanges between each test rune The 

on1y sudden ohange in sa11n1ty was due to a pump stoppage 

wh1ch 1s 1nd1cated by -A- 1n F1g. 7 and by MB" 1n F1g. 16. 

The product sa11n1ty versus t1me plot, shown 1n F1g. 

16, exh1b1ts a decrease 1n sa11n1ty from around 450 ppm to 

about 200 ppm dur1ng the f1rst f1ve deys of the ser1es of tests 

with a trend toward stab111ty 1n the next th!rty four deys. 

The sa11n1t1es of the product water from the three modules 

were never equa1 but were neverthe1ess ver7 close to each 

other and were we11 be10w the accepted value of 500 ppm. 

As for the product water flux, the curves for the 

three modules ln F1g. 16 show a dec11ne from about 10 ga110ns/ 

sq. ft./day (gfd) at the beg1nn1ng of the experiment to 

about 6.7 gfd at the end of the series of tests. The drop 



1n flux 1s more pronounced dur1ng the f1rst 6 to 8 days 

than at any other per10d of the experlment. Thls 1s pro

bably due to compact10n of the membranes wh1ch takes place 

at a more rap1d rate at the beg1nnlng of an exper1ment than 

at any subsequent stage. Accord1ng to the author's p01nt 

of v1ew, the gradua1 decrease 1n p.J.·oduct flux that takes 

place after the s1xth day 1s due more to compact10n than to 

concentratlon polar1zatlon. In fact, 1f concentrat1on 

po1ar1zatlon did really"take place, the sa11n1ty curves 

would have show.n an upward trend and not a hor1zontal one. 

Bes1des, the average recovery of product water (around 19%, 

as shown ln F1g. 8) ls too 10w to cause any polar1zat10n to 

take place. 

The use of a short wave ultra-v10let ~p to k1ll 

bacter1a (1nd1cated by ·C· 1n Fig. 16) dld not seem to have 

had any posltive ettect e1ther on the sa11n1ty or on the 

flux of the product water. In fact, the product water flux 

continued to decline. Perhaps, as ment10ned ln Chapter 4, 

the reason for the lneftect1veness of the ultra-violet 

Lamp was that the sal1ne solution was already bacter1a free 

or conta1ned a low level of bacter1a, since 1t .as made up 

of pure sod1um chlor1de and potable tap water. If that was 

the case, tben, any effect that the ultra-v10let rays might 

have had on the bacter1a would not result ln an 1ncrease 1n 

the product water output. 
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The overall p1cture of product flux versus t1me and 

product sa11n1ty versus t1me 1n F1g. 16 shows that both the 

qua11ty and quant1ty of the product water are not affected 

by the type of feed flow, be 1t var1able or steady, prov1ded, 

of course, that the flow ls not reduced to zero. In fact, 

the curves look very much l1ke the ones obta1ned for steady 

feed flow tests carr1ed out by other researchers. Even when 

the mean of the vary1ng feed veloc1ty 1s changed, l1ke 1n 

Tests NOe 8 and 9, the product flux curvea keep the1r trends. 

However, the sa11n1ty curves do show a temporary 1ncrease 1n 

these tests. It would have been very 1nterest1ng to see how 

these curves would have looked l1ke had these last two tests 

been of a longer durat10n. 

The results shown 1n Tables LA to lE and Table lA, 

1nd1cate, once aga1n, that the rate of product water flux 1s 

not affected by the vary1ng veloc1ty of the feed solut10n. 

Look1ng at Table LA, for exemple, there 1s not any pattern 

1n the product flow data that 1nd1cates that the flow 1s 

cyc11calo The few f1gures that vary from the mean value of 

60 were probably due to human error when tak1ng read1ngs. 

The results further show that the membranes, 1n restr1ct1ng 

the flow to a steady but decreas1ng one, were behav1ng 11ke 

baffles or pulsatlon dampeners. 

The average product water flux (8.5 gfd) for the whole 

experlment ls lower than 10 gfd -- cons1dered by most re

searchers to be the mln1mum f1gure below whlch the reverse 



osmosls process ls uneconomlcal. Thls, however, ls due to 

the low flow 11~tatlons lmposed by the hlgh pressure pump 

and the back-pressure regulator. S1nce the quallty o~ the 

product water (average ppm = 200) ls much more super10r 

than that accepted by the U.S. Publlc nealth Servlce (500 

ppm), the product flux can be further lncreased w1thout de

trlmental effect on the quallty of the water. 
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7. CONCLUSION 

The following concluslons can be drawn from the 

results of thls experlmenta 

1. The amplltude and perlod of the slnusoldal feed 

flo. do not have any effect on the quallty or quantlty of 

the product water withln the operatlng flow range. 

2. Increaslng or decreaslng the Mean feed veloclty 

does not have any substantlal effect on the quallty of the 

product water. 

3. No matter ho. the veloclty of the feed flo. 

varles (slnus01dal, saw-tooth, random, etc.), the membranes 

behave essentlally as for a steady state condltlon, provlded 

that at no t1me bet.een the changlng condlt1ons ls the feed 

veloclty reduced to zero. 

4. The 1ntrlnsl0 membrane propertles of permeabl1lty 

and reJectlon are not affected by a varlable feed veloclty. 

5. There exlsts a certaln amount of evldence to 1n

dlcate a tlme lag ln the response of the membranes to a 

change ln operat1ng condltlons. For example, about two days 

were requlred for the salln1ty of the product water to drop 

to lts normal value, after the pump had been stopped 1n Test 

No. 2. For thls reason, care must be taken to see that the 

pump 1s not stalled. durlng an exper1ment. 



6. Concentratlon polarlzatlon does not seem to be 

a problem ln thls experlment. Amerlcan Standard Co. has 
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some evldence to support the ~act that the spherlcal turbulence 

promoters ln the tubular membranes reduce ~oullng tendencles 

(79). 

7. Flnally, a ~nd powered reverse osmosls plant 

ls technlcally ~easlble provlded a way ls ~ound to clrcumvent 

the problem o~ zero flow. 



BlCOMMENDATIONS FOR Ft11'URE VORK 

The follo~ng suggestions are made for future research. 

1. The reverse osmosis unit should be hooked directly 

to a ~ndmi1l on a typical site so that it would be subjected 

to an actua1 w1nd regime. 

2. A typical West Indian brack1sh water should be 

used. 

J. An 1nvestigation shou1d be made to find a relation

ship between pressure and feed velocity, and from that, the 

optimum pressure for a given velocity or vice versa. 

4. The feed flow velicty should be 1ncreased to 

a higher range to see the effect on concentration polarizat10n. 

5. Since the temperature of a typical brackish water 

varies throughout the day and night, an investigation should 

he made on the effect of temperature changes on product flux, 

concentration polar1zat10n and product sal1n1ty. 

6. A comparat1ve econo~c study of the cost of de

sa1ting brackish .. ter by the w1nd-powered reverse osmosis 

process as opposed to other processes of desa11nat10n. 

7. A long term study of the effect of ultra-v101et 

rays on bacter1a should he made. 
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'fable 1. Test 11 Performano~ log of reverse osmosls unlt 
Varlab1e feed flow. 0.54-1.0 U.S. gpm 
In1et pressure. 620 psl (1) 
Out1et pressure. 600 psl (2) 
Perlod of slnu80lda1 r10w. 90 seos. 
(1) Measured at h1gh pressure pump out1et 
(2) Measured at out1et of 1ast module. 

Feed Feed Rejeot 
Temp Sa1lnlt;v Br1ne Produot Flux (gfd) 

Date Tlme (oF) (ppm) Sa11nlt;v 
(ppm) Mod. 1 Mod. 2 Mod. 3 

Nov. 10 21.30 11 3350 4350 

Nov. 11 03.30 11 3345 4420 11.3 10.05 9.6 

09.30 71 3400 4300 

15.30 16 3410 4410 11.0 9.78 9.31 

21.30 16 3310 4350 

Nov. 12 03.30 76 3310 4415 10.58 9.47 9.07 

09.30 16 3400 43'/0 

15.30 16 3405 4410 10.20 9.25 8.8 

21.JO 16 3550 4660 

Produot Sa11nlty (ppm) 

Mod. 1 Mod. 2 Mod. 3 

680 610 600 

580 560 485 

500 528 480 

410 460 450 

418 451 400 

310 400 360 

340 380 300 

310 Jl'6 260 

290 J27 290 

VI 
\() 



Table 1. (oontlnued) 

Feed Feed Be.1eot 
Temp Sal1nity Brine Produot Flux 'Sfd~ Pr2duot Sa1initl 'EEm) 

Date Time (OF) (ppm) Sa1inity 
(ppm) Mod. 1 Mod. 2 Mod. 3 Modo 1 Mod. 2 Mod. 3 

Nov. 13 03.30 77 3300 4320 10.06 8.97 8.6 276 290 275 

09.30 76 3300 4230 286 272 260 

15.30 77 3352 4420 9.95 8.80 8.60 300 255 265 

21.30 76 3305 4300 285 255 245 

Nov. 14 03.30 76 3360 4400 9.75 8.72 8.48 285 255 225 

15.30 76 3395 4340 9.73 8.70 8.50 270 255 240 

21.30 77 3390 4395 9.70 8.70 8.46 260 255 238 

Nov. 15 15.30 76 J380 4295 9.60 8.55 8.40 275 230 225 

21.30 76 3390 4420 9.58 8.60 8.40 280 270 220 

Nov. 16 09.30 75 :3300 4230 260 230 190 

15.30 77 3410 4405 9.50 8.50 8.33 260 245 185 

21.30 77 3415 4400 255 245 200 

Nov. 17 03.30 77 3450 4405 9.48 8.38 8.25 255 245 192 

09.30 76 3370 4300 250 230 190 Q\ 
0 

15.30 76 3380 4300 9.35 8.20 8.15 240 205 230 
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Table lA. Product .ater rate: Nodule No. 1 
Date. November 11, 1970 
Var1ab1e Feed Flow. o • .54-1. 0 U.S. gpm 
Per10d of s1nuso1da1 flo •• 90 seconds 

T1m.e Cy11nder Read1ngs Product Rate 
(secs) (co) (cc/15 secs) 

0 120 

15 180 60 

30 240 60 

45 300 60 

60 360 60 

75 422 62 

90 482 60 

105 543 61 

120 602 59 

135 662 60 

150 722 60 

165 782 60 

180 841 59 
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Table lB. Product water ratel Module No. 1 
Date 1 November 12, 1970 
Variable Feed F10wl 0.,54-1.0 U.S. gpm 
Period o~ Sinusoida1 Flow. 90 secs. 

Time Cy1inder Readings Product Rate 
(secs) (cc) (cc/15 secs) 

0 110 

15 170 60 

30 228 58 

45 288 60 

60 348 60 

75 408 60 

90 466 58 

105 527 61 

120 587 60 

135 647 60 

150 709 62 

165 769 60 

180 828 59 



Table lC. Product water rate. MOdu1e No. 1 
Date 1 November 16, 1970 

Time 
(secs) 

0 

15 

30 

45 

60 

75 

90 

105 

120 

135 

150 

165 

180 

Variable Feed F10wi 0.54-1.0 U.S. gpm 
Period of Sinusoidal Flow. 90 secs. 

Cylinder Readings 
(cc) 

220 

275 

330 

385 

438 

493 

548 

603 

656 

711 

768 

823 

878 

Product Rate 
(cc/15 secs) 

55 

55 

55 

53 

55 

55 

55 

53 

55 

57 

55 

55 
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Table lD. Product water ratel Module No. 2 
Date. November 16, 1970 
Var1ab1e Feed FloWI 0.54 u.s. gpm-1.0 U.S. gpm 
Per10d of 81nuso1da1 Flow: 90 secs. 

T1me Cy11nder Read1ngs Product Flow 
(secs) (cc) (cc/1.5 secs) 

0 120 

15 168 48 

30 220 .52 

45 270 .50 

60 320 .50 

75 370 .50 

90 420 .50 

105 470 .50 

120 520 .50 

135 573 .53 

150 623 .50 

165 67.5 .52 

180 72.5 .50 
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Table lE. Produet water rate: Module No. 3 
Date 1 November 16, 1970 
Var1able Peed Flow. 0.54 U.S. gpm-1.0 U.S. gpm 
Per10d of S1nuso1da1 Flow. 90 sees. 

T1me Cy11nder Read1ngs Produet Flow 
(sees) (ce) (ee/15 sees) 

0 295 

15 350 55 

30 400 50 

45 450 50 

60 500 50 

75 550 50 

90 600 50 

105 650 50 

120 700 50 

135 750 50 

150 800 50 

165 850 50 

180 900 50 



'l'able 2. Test 2. Performanoe log of reverse osmosls unlt. 
Varlable Feed FloWI 0.60-0.94 U.S. gpm 
Inlet Pressure 1 615 psl 
Outlet Pressure. 600 psl 
Perlod of Slnusoldal FloWI 90 seos. 

Peed Peed Rejeot 
Temp Sallnlty Brlne Produot Flux ~Sfdl 

Date 'rlme (Op) (ppm) Sallnlty 
(ppm) Mod. 1 Mod. 2 Mod. 3 

Nov. 11 21.)0 11 )450 4350 

Nov. 18 03.)0 15 3450 4400 9.20 8.35 8.25 

09.)0 76 )450 4330 

15.)0 17 3520 4400 9.15 8.33 8.20 

21.30 75 3300 4300 

Nov. 19 0).)0 76 )450 4350 9.00 8.30 8.10 

09.30 77 3450 4400 

15.)0 77 3500 4420 8.70 8.10 8.00 

21.30 75 3350 4310 

Pro~uot Sallnlty (ppm) 

Mod. 1 Mod. 2 Mod. 3 

360 375 2)0 

360 280 227 

345 275 230 

325 257 220 

300 257 220 

280 240 210 

265 230 210 

490 600 335 

355 465 230 

()\ 
0\ 



'l'able 2. (oontinued) 

Feed Feed Rejeot 
Temp Salinity Br1ne Produot Flux ~6fdl produot Sal1nitl ~E~m) 

Date Time (OF) (ppm) Salinity 
(ppm) Nod. 1 Mod. 2 Mod. 3 Mod. 1 Mod. 2 Mod. 3 

Nov. 20 3.30 77 3450 4350 8.8 8.2 7.95 315 370 210 

9.30 76 3400 4200 300 360 212 

15.30 76 3300 4190 8.80 8.4 8.0 265 290 210 

21.30 76 3350 4200 8.70 8.22 8.00 255 262 190 

Nov. 21 15.30 76 3350 4190 8.44 7.92 7.75 240 240 180 

21.30 76 3300 4190 8.40 8.0 7.80 230 240 180 

Nov. 22 15.30 77 3450 4300 8.30 7.92 7.83 230 260 178 

21.30 75 3400 4220 220 268 170 

Nov. 23 3.30 77 3420 4230 8.20 7.90 7.8 220 260 167 

9.30 76 3300 4190 218 245 165 

15.)0 77 )450 4300 8.1) 7.83 7.75 217 260 167 

21.30 77 3410 4220 218 245 162 

Nov. 24 ).)0 75 ))00 4190 8.10 7.70 7.70 218 220 160 

9.30 77 )450 4300 222 200 170 0\ 
~ 

15.30 76 3450 4300 7.98 7.68 7.70 222 210 175 



'l'able 2. (oontlnued) 

Feed Feed 
Temp Sal1nlty 

Date 'r1me (OF) (ppm) 

Nov. 24 21.30 77 3390 

Nov. 25 3.30 77 3400 

9.30 76 3330 

15.30 75 3450 

Rejeot 
Brlne 
Sal1n1ty 

Produot Flux ~Sfdl 

(ppm) Mod. 1 Mod. 2 Mod. 3 

4200 

4220 7.90 7.60 7.65 

4190 

4330 7890 7.50 7.62 

Produot Sal1n1ty (ppm) 

Mod. 1 Mod. 2 Mod. 3 

210 200 170 

210 200 167 

205 190 166 

205 188 170 

0'\ 
Q) 



Table 2A. Product water rate 1 110dule No. 1 
Date, November 24, 1910 

Tlme 
(secs) 

0 

15 

30 

45 

60 

15 

90 

105 

120 

135 

150 

165 

180 

Var1ab1e Feed Flow, 0.60-0.94 U.S. gpm 
Per10d of Slnuso1da1 Flow, 90 secs. 

Cy11nder Read1ngs 
(cc) 

150 

200 

245 

290 

335 

380 

425 

410 

515 

560 

608 

650 

695 

Product Flow 
(cc/15 secs) 

50 

4S 

45 

45 

45 

45 

45 

45 

45 

48 

42 

45 



Table 3. Test 31 Pertormanoe log of reverse oamosis unit 
Steady Feed FloWI 0.77 U.S. gpm 
Inlet Pressure 1 610 psi 
Outlet Pressurel 600 psi 

Feed Feed Re.1eot 
Temp Sallnity Brine Produot Flux ~Sfdl 

Date Time (OF) (ppm) Sal1n1ty 
(ppm) Mod. 1 Mod. 2 Mod. 3 

Nov. 26 3.30 76 3400 4250 7.80 7.47 7.60 

9.30 78 3450 4260 7.80 7.40 7.60 

21.30 77 3450 4255 7.7 7.35 7.55 

Nov. 27 9.30 76 3400 4200 7.68 7.25 7.52 

15.30 76 3500 4400 7.52 7.22 7.43 

21.30 77 3380 4230 7.60 7.25 7.48 

Produot Salin1tl ~E~m) 

Mod. 1 Mod. 2 Mod. 3 

212 180 168 

213 185 173 

210 185 165 

210 178 168 

202 188 165 

200 178 160 

~ 
o 



Table 3A. 'relt 3. Produot reoovery and salt rejeotlon 
Steady Feod F10WI 0.77 u.s. gpm 
In1et Pressurel 610 psl 
Outlet Pressurel 600 psl 

Feed Feed Rejeot 
Temp Sa1lnlty Brlne Produot Reooverz ~~l 

Date Tlme (OF) (ppm) Sa1lnlty 
(ppm) Mod. 1 Mod. 2 Mod. 3 

Nov. 26 3.30 76 3400 4250 19.2 1B.4 1B.7 

9.30 7B 3450 4260 19.2 18.2 1B.7 

21.30 77 3450 4255 19.0 1B.1 1B .. 6 . 
Nov. 27 9.30 76 3400 4200 18.8 18.2 18.5 

15.30 76 3500 4400 18.75 17.9 1B.45 

21.30 77 3380 4230 1B.55 17.B5 1B.2 

Salt ReJeotlon ~!l 

Mod. 1 Mod. 2 Mod. 3 

93.9 94.9 95 

94 94.9 95.1 

94 94.9 95.1 

93.9 94.9 95 

94.2 94.8 95.3 

94.2 94.8 95.2 

..., 
1-' 



'fable 4. Test 4. Performance of log of reverse osmosls unlt 
Variable Feed Flow. 0.60-0.94 U.S. gpm 
Inlet Pressurel 615 psl 
Outlet Pressurel 600 psl 
Perlod or Slnusoidal Flow 1 90 seC8. 

Feed Feed Reject 
Temp Sallnlty Brlne Product Flux ~Sfdl Product Sa1lnlty (ppm) 

Date Tlme (OF) (ppm) Sa1lnlty 
(ppm) Mod. 1 Mod. 2 Mod. 3 Mod. 1 Mod. 2 Z,lod. 3 

Nov. 28 1.30 16 3400 4200 1.62 1.32 1.52 194 116 166 

3.30 16 3425 4210 1.60 1.30 1.50 195 180 160 

10.30 11 3400 4208 1.60 1.30 1.50 205 188 160 

13.)0 11 3450 4300 1.64 1.32 1.50 212 184 160 

15.30 15 3410 4250 1.63 1.29 1.50 208 188 158 

11.30 16 3450 4320 1.60 1.29 1.50 210 192 160 

19.30 11 3450 4250 1.60 1.29 1.50 208 190 160 

21.)0 11 )400 4240 1.58 1.25 1.41 206 182 162 

Novo 29 00.)0 16 ))80 4210 1.58 1.21 1.47 210 184 157 

).30 11 3390 4215 1.55 1.23 1.45 205 185 156 

9.)0 11 3410 4245 1.55 1.22 1.45 205 180 160 

10.30 15 )400 4240 1.53 1.23 1.44 210 185 155 ~ 
1\) 

11.30 16 3450 4260 7.54 1.22 7.44 210 180 160 



Table 5. 'rest 51 Performanoe 10~ of reverse osmosls unlt 
Varlable Peed Flow. o. 6-0.88 U.S. gpm 
Inlet Pressure 1 615 psl 
Outlet Pressurel 600 psl 
Perlod of S1nuso1da1 F10WI 90 seos. 

Feed Feed Rejeot 
Tsmp Sa11nlty Br1ne Produot Flux ~Sfdl Produot Sa1ln1tl ~2Em) 

Date Time ( F) (ppm) Sa11nlty 
(ppm) Mod. 1 Mod. 2 Mod. ; Mod. 1 Mod. 2 Mod. ; 

Nov. 29 21.;0 76 3410 4225 7.45 7.18 7.40 210 177 162 

Nov. )0 9.)0 76 3410 4224 7.45 7.21 7.;6 202 172 160 

15.30 76 )450 4300 7.40 7.18 7.)4 207 175 160 

21.30 75 )420 4220 212 177 155 

Dao. 1 ).30 77 )420 4220 7.35 7.1 7.28 207 177 156 

15.30 77 3450 4220 7.;7 7.13 7.32 207 177 158 

21.30 76 3450 4210 7.35 7.1 7.32 210 172 160 

Deo. 2 15.30 76 3410 4205 7.24 7.0 7.25 205 172 162 

21.30 77 3420 4200 205 172 160 

Deo. 3 3.30 77 3415 4205 7.19 6.96 7.24 20; 172 160 

9.30 75 3350 4190 203 170 157 

15.30 76 3500 4;10 7.14 6.95 7.21 207 17; 159 
"" \...) 



Table 5. (oont1nued) 

Feed Feed 
TeJn) Sa11nlty 

Date Tlme (OF (ppm) 

Deo. 4 3.30 77 3420 

15.30 77 3400 

Bejeot 
Brlne Produot Flux ~Sfdl 
Sa11nlty 

(ppm) Mod. 1 Mod. 2 Mod. 3 

4219 7.12 6.92 7.19 

4220 7.19 6.99 7.25 

Produot Sa11nltl ~EEm) 

Mod. 1 Mod. 2 Mod. 3 

215 175 156 

210 175 160 

"'>J 
~ 



'rable 6. 'fest 61 Performanoe 10~ of reverse osmosls unl t. 
Varlable Feed F10wi o. 0-0.94 
In1et Pressure 1 620 psl 
Out1et Pressure 1 600 psl 
Perlod of Slnusolda1 F10WI 60 seos. 

Feed Feed ReJeot 
'remp Sa1lnlty Brlne Produot Flux ~Sfdl Produot Sallnltl ~~~m) 

Date Tlme (OF) (ppm) Sa11nlty 
(ppm) Mod. 1 Mod. 2 Mod. 3 Mod. 1 Mod. 2 Mod. 3 

Deo. 4 21.30 76 3430 4220 7.11 6.95 7.21 217 175 160 

Deo. 5 3.30 76 3450 4250 7.19 6.97 7.25 235 180 165 

15.30 75 3480 4350 7.14 7.0 7.25 221 201 198 

21.30 76 3290 4180 218 189 172 

Deo. 6 1. 30 77 3410 4200 7.11 7.0 7.21 212 181 163 

15.30 76 3400 4200 7.08 6.92 7.20 225 180 162 

23.30 77 3412 4220 214 183 158 

Deo. 7 3.30 75 3330 4150 7.05 6.9 7.14 220 184 157 

9.30 77 3415 4210 217 177 185 

15.30 77 3470 4290 7.02 6.88 7.16 212 181 177 

22.30 77 3460 4215 215 184 168 

Deo. 8 3.30 77 3380 4205 6.98 6.86 7.13 213 178 163 
"'" VI 

11.30 77 3465 4245 220 177 164 



l'able 6. (oontlnued) 

Feed Feed Rejeot 
Temp Sal1nlty Brlne 

Date 1'lme (~) (ppm) Sal1nlty 
(ppm) 

Oeo. 8 15.30 77 3450 4225 

21.30 77 3400 4200 

Deo. 9 3.30 76 )400 4200 

9.30 76 )375 4100 

15.)0 76 )430 4215 

21.)0 75 3398 4190 

Oeo. 10 3.30 76 34)0 4200 

9.)0 76 )412 4200 

14.30 77 3470 4250 

Produot Flux ~Sfdl 

Mod. 1 Mod. 2 Mod. 3 

6.93 6.80 7.08 

6.84 6.70 6.97 

6.8 6.68 6.90 

6.82 6.71 6.97 

6.82 6.71 6.97 

Li;ij; 

Produot Sal1nltl ~EEm) 

Mod. 1 Nod. 2 Nod. 3 

217 180 162 

216 179 160 

205 177 159 

204 175 160 

211 184 162 

210 184 165 

218 188 166 

210 194 165 

212 191 168 

"" 0\ 



'l'able? • Test 7. Performanoe lo~ of reverse osmosls unlt. 
Var1ab1e Feed Fiowi O. 0-0.94 u.s. gpm 
In1et Pressure. 620 ps1 
Out1et Pressurel 600 psl 
Perlod of Slnusolda1 Flow. 30 seos. 

Feed Feed ReJeot 
Tem) Sa11nlty Brlne Produot Flux ~Sfdl Produot Sa11nltl ~~ 

Date 'r1me (OF (ppm) Sa1lnlty 
(ppm) Mod, 1 Mod. 2 Mod. 3 Mod. 1 Mod. 2 Mod. 3 

Deo. 10 21.30 75 3410 4190 6.7 6.7 6.9 207 187 164 

Deo. Il 3.30 75 3400 4140 6.7 6.62 6.9 212 187 163 

9.30 75 3360 4103 206 184 161 

15.30 75 3390 4110 6.7 6.62 6.87 210 195 164 

21.30 75 3350 4070 6.7 6.60 6.87 206 182 163 

Deo. 12 12.30 76 3450 4195 208 191 168 

15.30 77 3450 4195 6.7 6.58 6.86 208 187 167 

21.30 75 3290 4030 6.7 6.58 6.84 210 187 164 

Deo. 13 12.)0 75 3400 4103 210 188 167 

15.30 75 3390 4072 6.7 6.57 6.84 210 183 165 

21.30 75 3345 4120 238 185 173 

Deo. 14 03.30 75 3380 4100 6.66 6.50 6.8 245 186 171 "'-J 
"'-J 



'l'able 1. (oontlnued) 

Feed Feed Rejeot 
'remp Sa11n1ty Br1ne 

Date T1me (OF) (ppm) Sa11nlty 
(ppm) 

Deo. 14 09.30 15 3390 4100 

15.30 15 3360 4100 

23.30 ,11 3410 4230 
r 

De(). 15 03.30 i 16 3390 4140 

09.30 16 3400 4150 

15.30 75 3300 4060 

21.30 75 3360 4103 

Deo" 16 03.30 75 3360 4100 

09.30 76 3475 4220 

14.30 76 3360 4160 

Produot Flux ~!fd~ 

Mod. 1 Mod. 2 Mod. 3 

6.68 6.53 6.8 

6.71 6.58 6.84 

6.73 6.62 6.87 

6.77 6.66 6.90 

6.8 6.68 6.95 

Produot Sa11nltl ~EEm) 

Mod. 1 Mod. 2 Mod. 3 

240 181 168 

221 189 168 

219 195 111 

207 193 166 

202 194 166 

195 190 165 

216 195 167 

205 193 170 

210 200 172 

207 196 172 

-...l 
00 



'rable 8. Test 8. Performanoe log of reverse osmos1s un1t. 
Varlable Feed FloWI 0.36-0.70 U.S. gpm 
lnlet Pressurel 615 psl 
Outlet Pressure 1 600 psl 
Perlod of Slnu80ldal FloWI 30 seos. 

Feed Feed Rejeot 
Temp Salln1ty Br1ne Produot Flux ~6fdl Produot Sa11nltl ~EEm} 

Date T1.me (OF) (ppm) Sa1ln1ty 
(ppm) Mod. 1 Mod. 2 Mod. 3 Mod. 1 Mod. 2 Mod. 3 

Deo. 16 17.30 77 3425 4510 6.7 6.61 6.84 225 210 188 

19.30 74 3300 4408 6.67 6.67 6.86 219 208 184 

21.30 15 3375 4430 6.64 6.62 6.84 226 210 185 

23.30 11 3410 4505 6,69 6.63 6.86 227 215 187 

Deo. 17 01.30 74 3300 4435 6.68 6.63 6.88 226 215 186 

03.30 15 3310 4440 6.66 6.62 6.84 226 214 186 

09.30 77 3475 4530 6.73 6.62 6.90 228 209 188 

13.30 75 3390 4440 6.7 6.62 6.87 226 207 187 

15.30 76 3395 4540 6.7 6.62 6.88 242 206 190 

17.30 75 3396 4530 6.7 6.62 6.87 250 210 190 . 

19.30 75 3350 4505 6.7 6.61 6.87 248 215 193 

3400 4440 6.68 6.61 6.87 242 
.....:J 

23.30 75 210 191 \0 



Table 8. (oontlnued) 

Feed Feed ReJeot 
Tem) Sallnlty Brlne 

Date Tlme (oF (ppm) Sa11nlty 
(ppm) 

Deo. 18 01.30 75 3420 4500 

03.30 77 3412 4495 

09.30 77 3500 4560 

Il.30 75 3373 4505 

14.30 77 3380 4508 

Produot Flux ~!fdl 

Mod. 1 Mod. 2 Mod. 3 

6.68 6.59 6.86 

6.7 6.59 6.87 

6.66 6.57 6.84 

6.62 6.50 6.80 

6.60 6.52 6.78 

'.'''1\)".; 

Produot Sa11nltl ~EEm) 

Mod. 1 Mod. 2 Mod. 3 

246 214 194 

246 218 195 

246 236 196 

241 240 195 

243 238 194 

ex> 
o 



'rab1s 9. Test 9. Performanoe log of reverse osmosls unlt. 
Varlab1e Feed Flow. 0.53-0.87 U.S. gpm 
Out1et Pressure. 600 psl 
In1et Pressure. 620 psl 
Perlod of Slnusolda1 Flow. 30 seos. 

Feed Feed Bejeot 
Temp Sa11nlty Brlne Produot Flux ~Sfdl 

Date Tlme (OF) (ppm) Sa1lnlty 
(ppm) Mod. 1 Mod. 2 Mod. 3 

Deo. 18 17.30 75 3410 4245 6.68 6.49 6.74 

21.30 76 3412 4265 6.62 6.56 6.84 

23.30 76 3405 4245 6.59 6.53 6.80 

Deo. 19 01.30 75 3400 4240 6.59 6.53 6.80 

14.30 75 3395 4235 6.60 6.53 6.80 

16.30 75 3400 4210 6.59 6.52 6.79 

17.30 77 3410 4250 6.60 6.53 6.80 

19.30 75 3450 4320 6.60 6.53 6.80 

2).30 77 3485 4270 6.60 6.53 6.80 

Produot Sa11nltl ~EEml 

Mod. 1 Mod. 2 Mod. 3 

225 205 181 

221 202 195 

222 203 184 

221 204 185 

221 205 183 

220 200 184 

218 202 185 

225 203 188 

221 208 187 

(X) ..., 
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Fig. 7: product Salinity. 
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Fig. 17 Valve Assembly, Pressure Recorder 
and Feed Flow Recorder \0 
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Fig. 18: Product water measurement 
(a) Water manifold 

(b) Water outlet system 
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~·i8. 20: Feed water tank and 
heat exchanger 
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Fig. 21: Variable flow 
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Fig. 27: Back pressure regulator 

Fig. 28: Ultra-violet lamp 
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Fig. 29: Pump-motor assembly 

Fig. 30: Pump rpm ~ecorder 
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Test No. 11 

Test No. 2. 

Test No. J: 

Test No. 4, 

Test No. 5: 

Test No. 6, 

Test No. 7: 

Test No. 81 

Test No. 91 

APPENDIX 1. 

CHRONOLOGY OF TEST SERIES 

November 10-17 
Varlable FloWI 0~54-l.0 u.s. gpm 
Average Flow. 0.77 U.S. gpm 
Perlod of Slnusoldal Flow: 90 secs. 

November 17-25 
Varlable Flow. 0.60-0.94 U.S. gpm 
Average Flow 1 0.77 U.S. gpm 
Perlod of Slnusoldal FloWI 90 secs. 

November 25-27. 
Steady FloWI 0.77 u.s. gpm 

November 27-29 
Same Flow oondltlons as ln Test No. 

November 29-December 4 
Varlable Flow. 0.66-0.88 u.s. gpm 
Average FloWI 0.77 U.S. gpm 
Perlod of Slnusoldal Flow: 90 secs. 

December 4-10 
Varlable Flow, 0.60-0.94 u.s. gpm 
Average FloWI 0.77 U.S. gpm 
Perlod of Slnusoldal Flowl 60 secs. 

December 10-16 
Varlable FloWI 0.60-0.94 u.s. gpm 
Average Flow. 0.77 U.S. gpm 
Perlod of Slnusoldal Flow. JO secs. 

December 16-18 
Varlable Flow. 0.36-0.70 U.S. gpm 
Average FloWI 0.53 U.S. gpm 

2 

Perlod of Slnusoldal FloWI 30 secs. 
Amplltude of Slnusoldal Flow: same as 

ln Test No. 7. 

Dec. 18-20 
Varlable Flow. 0.53-0.87 u.s. gpm 
Average FloWI 0.70 U.S. gpm 
Perlod of Slnusoldal Flow: 30 secs. 
Amplltude of Slnusoldal Flow: same as 

ln Test No. 7. 



APPENDIX II. 

DEFINITIONS OF TEBMS USED 

Product Waters The ~resh water produced a~ter passage 
through the membranes. 

Reject Brlnes 

Feed Waters 

Recovery (%) s 

Rejectlon(%) , 

Sa1lnltYI 

The concentrated salt solutlon rejected by 
the membranes. 

The sallne solutlon ~ed to the membranes ~or 
desa1lnatlon. 

The percentage o~ product water recovered in 
relatlonsh1p to the ~eed water 1nput. 

Sa11nlty o~ Feed Water-Sal1n1ty of Product Water x100 
Sa11nlty of Feed Water 

Amount o~~sa1t ln the solut10n 
(grams/cmJ or ppm) 


