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MARIAN KARGOL

I(ielce

Elrergetic Possibilities of One-Menrbrane Osnrotic Motor
(Practical Descriptiorr)

Tlre lnailr idea of a practical rrretlro<l of solving problcms conrrectcd witlr oslnotic or osrrrotic-arrd-
diffusivecorrvel,siolroffreeelrcIgyofso|utiolrswitlrdifferelrtcolrccnt,ratiorrsislrrcscrrt,eclilltlrisu,ork. We
propose arr applicatiorr of t,lre rrrctlro<l to studies of thc eIrergct,ic clficienc1, of tlre oIre-rneIrrbr:urc osmotic
nrotor, wlriclr is described lly tlre l(erierlr-Iiatc}ra'lsky forrrralisrrr. Proper equatiorrs for useful power, rlis-
sipate<l powcr, total powel arrtl tlre energet,ic cflicietrcy lravc bcetr clel,ive<l for tlr;rt, osrrrotic rnot,or. Tlrese
eqttations nrake possible clct,ailccl arralys,is of energct,ic problctlls referriIlg to t,lte lvork of t,he rnotor. Tlrey
also cnable rrs to perforrrr it,s cnergetic opl,iIrrization just, at thc stage of dcsigrrirrg.

List of syrrrbols

Ju

^nL,P = Pr,

)I,^Il
LI,

J

:1rt2|crrl
L

a=O

A{so
AI.

']oDJuo

J ltP
Jut

jrp, jut

A'Irrt
1|[uP

I|[i p

]\I;t

- volurrre flux,
- osnrotic pressure differerrce,

- Ą- nreclralrical prcssure
diffcrcncc,

- rrrerrrbrancs (see Fig. 1),
- filtration coelficielrt of llre

nrerrlbranc i./,
- reflectiotl coefficiertt of t.lre

rrrerrrbrarre ,Ą1,
* perrneabilit,y,
- corrcent,rations,
- fiItration coeflicient of the

ItleIItbralle,Ą/l,
- reflection coe{ficicrrt of t]re

nrerrrblarre ł;l',
- solute {lux,

* "z)l2- avcrage concenirał,iorr,
, clilTusion flux,
- solute flrrx carriecl arvay lly

osrrrot,ic florv Jo ,

- active rnerrrllrarle srtrface,
- power,

- dilTcrellce of powers,
- total power,
- enelgetic elficiency,
- volun-re flux tlrrough menrllrane

of t,lre osnrotic nlotor,
- vo]rune llux purrrped by prtnrp P,
- r,olunre flux flowing t,lrrotlgh tur,-

billc 7,
- solutc fluxcs (caltic<l arvay by

lluxes ł,r, arrcl Jr1),
- power absorbed by the turbine T,
- p.Jwer giverl by pump in tlre slra-

pe of trrecltatrical work,
- power connected with transport

of molectrles of soltrte by llux Jro
to cornpartrrrent A (see Fig. 2),

- power enrittccl outside the system
as free energy caused by flux jrl,

- powcr of putrrp feeder,
ł|1- Itet, 1rower,

- errergetic cfficierrcy of prtlrlp P,
- errergetic elłciency of turLline T,
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- power emitted by the turbine as
mechanical lvolk,

- osmotic colnporrerrt of elTective
power ernitted by the turbine,

- power dissipated irr the pump,
- power dissipated in the turbine,
- temperature,
- 8as constalrt,
- concentration dilTererrce (see Fig.?
- cross-section of flux J,p,
- cross-sectiorr of llux Jr1,

Osrnosis, whiclr is a proccss of passive perlnea,tion of solvetrt acl,oss semiper-
neable or sclective memblanes, is also one of the rvays to cotlvert free crrergy oi
solutiorrs to effective wolk. It is the result of the fact that osnotic fluxcs can bę
directed against extelnal forces. It should be added here tlrat the existcnce oi
solution concentration diffelence 

^C 
is the necessaly condition for such ener&T

convelsiol}, analogously to tlre lreat device, for wlriclr tlre tenpera,ture difference
AT is necessaly.

Osmosis legarded as an ellergy conversion device was a subject of rrurrrerous
works [1-13]. Tlrese stuclies were undeltaken maitlly for teclutological and bie
plrysical points. Atr interest in osmosis from teclrnological poirrt of vicrv follorvi
fron tlre existelrce of great volulnes of salted (e.g. sea) a,lld saltless water (e.s_
river watcr) irr nature. Free energy colrta,ined irr the water can be osnotical|}-
converted to effective work. Irr general we cal} say that teclrrrological solution o:
ploblems of osmotic ellelgy corrvefsion lesolves itself into designing alrd colrstruc-
tion of such membratre (osmotic) systems rvhich could work itr a perma,ilclrt wa}-
arrcl which could be trea,ted as osrnotic motors.

Up to now three types of such ma,chines (motols) have beelr devcloped.
1. In 1974 Levenspiel and Nevers [3] put forward an idea of a two-nrenbrane
osnotic motor. Tlreir motor based on semipermeable lnelnbrarres is not likelr
to work in practice as they would lrave to be_affectecl by very higlr łrydrostatic
plessures L,P = pgĄ (anrouritirrg to 2.3. 106[#]).
2. A differelrt type of osmotic machine, satisf}irrg the criteria of the rnotor,
was proposed by us. Its plrysico-teclrnical prirrciples of operation are given ir
L4,I7,I2). This particular motor wa,s based on two sclective rnenrbrancs di{fering
ilr parametcrs of permeatiorr.
3. Arrotlrer exanple of rnachine capable of colrverting permanently frec enelgy
irrto effective work is tlre one-nrcrnbrane osmotic motor described, e.g. in the worh
of Lee, Baker a,ncl Lonsdale [1]. This motor works utrder laboratory-technica}
conditions at tlre nouth of tlre Jorda,n into the Dead Sea.

Gcnerally speakirrg, if tlre process of balancirrg concentrations, witltirr tlro
tor operatiolr, proceeded in a reversible lnatlner, tlre obtairred rvork would be
maximurn al}d it§ values worrld be easy to calculate from tlre principles of tlrer-

- force,
- velocity,
- power dissipated in mem_

brane łI,
- effective power,
- sum of power,
- power (result of existence

of flux Ja ),
- total osmotic power,
- fluxes (in volume units),
- power dissipated as a result

of flux jp.
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r._,dvnamics. Ilowever, in the actual motors selective membranes are used and
l;r- iet pa,ss not otrly water but also solute to a certain exterrt. Thus, tlrerc is a

l _łstion of dissipation of errergy due to water flow with a certain velocity against
L. forces of viscosity resistance and to diffusion of solute particles across a lneln-

,-,re. Tlrese arrd other elrergetic problems as well as the lriglr costs of producing
l_ .:lbranes [1] still nake all tlre types of osmotic motors in use econonrically
: : ,rolitable. Irurtlrer investigations are necessaly to achieve, among others, opti-
rl :ation of their work. It also refers to the one-membrane motor wlriclr has been
.l :ompletely discussed in this respect sofar. Now we can deal with it thorouglrly
1,o.,itg to our arralytic nretlrod of the quarrtitative testirrg of osnotic-arid-diffusive

:_r,ersiott of free energy, wlrich was once described in Kargol [13].
:1tc preselrt paper rve 1irst itrtroclucc tlrc idca of this nretltod, altrl, then, słrow

L ,.,, it rvas used to tcst tlris otrc-netrrbrane osmotic rnotor from the energetic
:,__itt of vicw. Tlre transport equatiorrs, tlre power equation arrd tlre energetic
i_cietlcy expressions concerltillg this motor a,re clerived. Tlrese ecluations nake
possible to consider tlre energetic possibilities of the nrotor irr cletail, rvlriclr is

r : ]oulrt€d for by sol]le exelnplary numeric calculations. Let us add that the srrg-
:,.ted metlrorl is colnpetitivc rvith theiclea of l(erlerrr arrcl Caplalr [10] or Perrsncr

.I] because of its silnplicity and bccausc it gives us thc possibility of complcx
, ..:rgetic arralysis of oslnotic a,ttcl osnrotic-and-difftrsivc energy cotrvetsion.

2. Idea of the practical method of investigation of
osmotic-and-diffusive energy conversion

Irr this section rvc rvill briefly clcsclibe our pra,ctica,l metlrocl [13] to iltvesti-
i .:c osmotic or oslnotic-alrcl-diffusive cottversiolr of frec etrergy of solrrtiolrs rvitlt
. -,lercnt concerrtra,tiolrs. For tlrat purposc rve rvill consider a, suita,ble rnenrbralrc

.ienl. Our tłretlrocl consists of several steps. First rve lra,ve to lvrite plrenolncllo-
:ical transport equations for givcrr osmotic-and-diffusive s.ystcnr atrd rrcxt rve

. ,:ive so-called global power cquations. Fronr tltenr one call directly obtain equa-
-:is for: effectivc, dissipated arrd total power. Tlrc last step is to derive the

' -,ressiorr for cnergetic efficicrrcy of osnrotic-and-diffusive encrg}, convclsion (i.c.
'łctive to tota,l powel ratio).

2.L. Mernbrarrc systcrrr aud trarrsport eqrratiorrs

-Ą trvo-nernbrane systern as slrowrr irr Fig. 1 will be considerecl. In tlris systelr],
: ,,lrrbra,ne i{ rvitlr surface .9, filtration coefficent Z, reIlectiotr cocflicelrt o alrcl

l,,:nreability cł separates trvo colrrpa,rtrrrerrts A arrd R, each fiiled lvitlr a rvellmixecl
,..'rtiorr differingilr corrcentratiolr (C1 < Cz).As arcsult, osnrotic volunrc florv./,
- :eneratccl on tlre tnenrbratłe. N{enrbrane ,Ą,1/ witlr liltration coe{Iicettt tr, pernre-
, __ity cul and reflectiorr coclficetl.t o1 = 0 separates cornpa,rtnrerrts,B ancl C'both

,..d rvitlr solutiorrs witlr concetrtratiorr Cz. Tlris tncnrbratre will be considered as
.rg} acceptor, Let us asstltrre, for tlre sake of sinrplificatiotl, that nrcclra,nical
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pr€ssure in tlre outer compartments are identical (Pd, = Pc = Po). We will,also
assume that the volumes of all the three compartments are suflicietrtly largc so
that perrneation processes call be regarded as quasi-stationary (witlr,fixed active
surfaces § of the'membmrres). ].

Fig. 1. Schcnratic represent,at,ion of t,}re osnrotic system (.4,8,C - conrpartn-relrt,s, ł,I,i\.I' - rncrubrąrrt
c1,,c2 - concentrat,ions clf solutiorrs, ItĘ6,I|Ią2 - nallonretcl,s, Afl - oslłlot,ic pressure <lilTcl,cnce, AP
meclrarric pressurc dilTererrce, Jo - VoluIrre florv).

According to tlre Itedem-Katchalsky forn-lalistn (Iiatchalsky and Curran [1
we call write, for tlre considerecl menrbralre systcrn:

Jr = LpoLlr - L,LP, (

lvltcrc: AP = P,n- Po, and P- is tltc osllrotically gcItcra,tcd nlecllatlical prcssu
ill collrpa,rtlrrcnt ł. In agrccnlent rvitlr tlre princi1llcs of lrl,dro<lyltanrics, a, I)rcssu
AP rvill occulc across botii membranes atrd will bc indicated by nranomcters t'll,
a;nd I|,Ią2 (Fig. t). Pressurc differcncc AP across mclnbralre tl.{l will be consiclere
a,s cxterlral plessure. Flux "I, florvs across lllcrl}branc Ml. Thcrefore rve ca,n wri

J, = LL,P .

Using Eqs. (1) and (2) we gct:

.lu -
LLro-,Ąlr
LłLp

lVitlr aselective tnel.r.rbra,lle (i.c. 0 < o < 1) tlre solute {lux j" a,crGss tlre trrenrll
rvill also occur. 'fhis flux rvill lle describetl bv:

J,-{_
-rt- 

jl
jo'-F

J- j.
I

P^iP,
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j" = aLlr - (1 - o)ćJ, ,

wlrere: c is tlre avelage concentration (a - (&-Cz)l(h(CllC2)). Tlre particular
terrrrs irr equatiorr (4):

jp=uLr,

j,=(I-o)eJ,

represent tlre diffusion flux (jp) and tlłe solvent flux (j") carried by osrnotic flow
J, in tnembr-alre pores,

2.2. Powcl eqrratiorrs

If mcnrbra,ne i1 (sec Fig. 1) is selective (0 < o < 1), tlren, due to tlte existence
of fluxes Ą arrd j", botlr osnrotic arrd diflusive errergy cotrversion are possible.
tVe will consider free errergy colrversioIr to e{fective work, free energy clissipation
and convcrsion efficiency. Eqs. (3) arrd (a) will be used for the analysis of the
osnrotic ancl diffusive corrversiorr rcspectively.
Oslnotic cnerg.y colrvcrsioIt,
Let us multiplc equatiorr (3) bv fa,ctor tlle S(J"lL,) arrd rewrite it irr tlre forrn

(4)

(5)

(6)

where ,§ is tlre membrarre surface.
lVe rvill tcrm tlre equation obtairred the global power equation [13]. In accordance
with /'1,1 = FI} = S A,Pa (wltere: /'l.f - power, l' - force, tl - velocity) tlre par:ticular
terns

t2 t2
,1o,\lrJu=S?+S!!_

IJt) L '

^,,I:o 
= ,1oL,lrJu ,

72

A/,o = S? ,Lp

(7)

(8)

(9)

.72
- 

(l"u _-'' L-X'[ro S^PJ,, (because J": LLP) (10)
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denote sum of powers (Ml); power (M,") dissipated in membrane M, i.e. tlre
amount of energy dissipated in a unit of time because of solution viscosity; arrd ef- 

]

fective power (M"") absorbed and emitted by membrane Ml considered as energy j

acceptoł. According to Eq. (7),

M!" = ]r[,o + M,o . (11)

Diffusive energy conversion.
Let us now consider the diffusive conversion of energy [13]. First of all it slrould
be noted that, because 0 < o ś 1, fluxes .Iu and j" will flow across membrarre M
simultaneously. This means that both tlre osmotic arrd tlre dilfusive corrversion
of energy will occur in tlre systen. To solve tlre problem of diffusivc energy
conversiort fluxes j", jp and ju ate related to volunre units:

. j" a^j,"=? - =A7I.-(1 - o)J,,cc

j,o - ?Llr ,c

i,u=(1-o)J,

I\4ultiplying Eq. (12) bv .9Ar tlre follorvirę power is obtained:
l,l

S j,"L,lr = S:^T2 -^9(1 _ o)J,L,r .
c

In this ecluation, according to tlre basic formrrla of mecha,nics trI = Fa, l
particular ternrs

M,D - S?nrP ,c
fuI,p:5'(1_ o)J,rLII,

A,I"p - Sj,"AI[

express: fuI,o the pow€r dissipated due to the preserrce of flux jo; Illuo the
recovered in terms of free ener8y as a result of removing solute rnolecules by
J, (in poress of membrane ,Ąr1). A["n is thc difference between X,I,p auJ, M,
Accorcling to Bq. (15)

(

(14

(1

(t
(l

M"n ł tr[un - A,I,o .
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2.3. Tlre euergetic efficiency of systeur

According to our previous consirierations and using the energy corrserva,tiorr
law we can write (see (11) and (19)):

M"o ł M"D - Muo * Mroł MrD - M",

,.vlrere: M.o = 
^/Il. 

+ tr[un .

\ext, applying the gerreral definition of efficiency:

(20)

Mu
't - I|I.'

rvlrete: fuI., - effective powel, XI" - totalpower) arrd Eqs. (1), (2), (9), (10),
16), (20) rve obtaitl tlre expression for total errergetic efficiency of tlre osnotic-

and-diffusive conversiorr of energy [13]:

XIuo ąL?loD = I|,I,, + 
^,I," 

+ 
^,I,D 

- Ę;Ę *,^-,flrluupc

(21)

3. One-membrane osmotic rnotor and its energetic analysis

3.1. One-rnerrrbrarre osrrrotic rrrotor. and trarrsport eqrratiorrs

Irr this sectiolr rvc rvill applv tlre above-nretrtioned rrrethod to cnergetic analysis
,f tlre orre-membra,rre osmotic motor described in tlte paper by Lee, Baker arrd

-orrsdale [1]. This motot, partly treated so far as to its errergetic possibilities, is
;iowrr sclrematically irr Fig. 2. It corrsists of pump P, turbine ? and clramber .4
-ith tnembrarie 1J,f . Tlie permeability of tlre rtrembrarre is described by pa,ra,meters
,,, O,, arrd cu. \Ąle lvill cotrsider orrly the case wlrerr concentrations fulfill the

:,lrrditiorr Cz ż Co.
According to tlre laws of hydrodynamics rve carr rvrite, for that motor (see

: ig. 2):

Jrt = Jup ł Jr, , (22)

rhele: Ąp - volun'e flux punrped by punrp P; Jro - osmotic volume flux wlriclr
:ernteates acloss nrerrrbrane X,I; J6 - volunre flux flowirrg tlrrouglr turbirre T,. If
:łre rellcction coefficient o of tlre rrrembrane fullills tlre condition 0 < a ( 1 tlren,
.part from {lux ../ro, solute flux j, permeates acloss tlre nrenbrane.
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Fig. 2. One-merntlrarre osmotic motor (ł,/ - inenrbrar-re, P - purnp, ?a - turlinc).

Tlrese fluxes, accorrlirtg to tlre lierlenr-I(atchalsky fornra,lisnr, (see eq. (1)
(a)) are describcd by the equa,tiolrs:

§es l p aTtvaier, 
I

Ju = LpoRT(C*, C,) - Le^P ,

j" = uRT(C," - Co)- (i - o)%ź9"J,. ,

rvlrere: C*- colcelrtration of solutiorr in charrrber A, 
^P 

- Pn.-Ę - nre'ch
plessure differerrce orr mernbrale, Q-{& - e ,

It slrould be nrerrtiorred, tlrat fluxes J,, a4rl Jr1
propriate solute fluxes iup and J,r (carried away
fluxes catr be desclibed irr thc followirrg rvay:

a,re always acconrpalried by
by fluxes J,, and J6 ).

= CzJrp,
= C^Jrt ,

where: C2 - concentratiorr of tlre solution pumped by pump P; C,, - corrcclrt
of the solution which flows tlrrouglł turbine Ę.
In stationary state the followirrg equation lrolds:

; _; _L';Jlt,p - Jut t Js ,

Orr the basis of equations (22), (24), (25), (26} and (27) it's easy to get
following expression of concentration C,,, irr tlre clranrber A of tlre motor

Jr^p

jut
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(28)

rvc got from the

ando=1)tlren:

.1 CzJup
\Jn1 - Jw+J".'

Ilence it follorvs tlrat with Jrp ż Ąo rve have C- = Cz. If however Jr, = Jro, we
gct C,, = 0,5Cz.
2. Assuming tlrat rnembrane tll is permeable (o = 0) and the pressure difference
-\P on it is zero (tlris implyirrg that J,o = 0) and Co = 0, fron equa,tiorr (28) it
follows tlrat:

Crr" =
CzJ,p

J,o t uRT

Assuming, lrloreovet, that u,l = 0 rve get Cn" - Cz.
Furtlrer irrvestigation of tlre motor we concluct a,ssunrilrg that C, = S. This
assrtnrption facilitates tlre calculations nrarkedly, wlrile practically it docs not
finrinislr tlre intcrpretation possibilities concerning tlre engine. So assunring tlrat
Co = 0, equations (23) arrd (28) can be written as

r1 _ CzJupi u,RTCg+ i(t _ o)CoJuo
Um-

Let us discttss tlris equation, Accordirrg to our expectations
discussion tlre followillg results.
1. If tlre rnembrarre M is semipermaeble (it means that o = 0

C^=

Jro = Lpo]łTC* - LpLP ,

CzJrp
J,o { wRT + ł(t ł o)J,, ,

(29)

(30)

In thc above sct of equatiotls tlre unknorvl}s ale C * alrl, Ąo. Solving thenr rve get
lhe follorvirrg squale trir' omial:

ł|CŁ+BC,"łC=0, (31)

nltere: ;l= 0.5(1 ło)LuoRT, R = J,p*aRT -0.5(1 ło)LrL,P, C - -CzJ,p.
Discritninant of tlre trinotnial L, = 82 - 4AC > 0.
Tlrus tlre trirronrial lłas trvo solutiotts: C,,l, ś 0 anrl Crrz ) 0. Only tlre secotrd
;łrlutiorl lras a physical lneatling. So rve carr rvrite:
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_B+ł^
(32)

where: L, = fJ,p*uRT - ł(t + o)LrA,P|z + 2(1+ o)LooRTC2"/,o. Usirrg tlre last
expression and equation (29) we find the sought expression fo osmotic volume
flow Ą, permeating the membrane

',"=- 
. (33)

It should be added lrere tlrat for equal Pj and Ę (see Fig. 2) the difference
Ap = p*- po on the membrane is a measuie of loading the turbine with external
forces.
From equations (32) and (33) it follows that concentration C* and, flux Ą, are
functions of many va,riables, pTessule difference AP among tlren.

' 3.2. Power eqtrations of one-nrerrrbrątte osrrrotic rrrotor

Now we can proceed with analysis of tlre motor from errergetic poirrt of vierv.
We will apply the above-mentioned practical arrd analytic metlrod of ilrvestigation.
According to the metlrod, on the basis of equation (29), we obtain tlre global
equation of power for tlre plocess of osmosis:

SoRTC*J," = S+ + S^pJ,o, (34)
lJ,p

or, taking into account the expression Ąo = Jrt - Jłpi

SIRTC*J," = S+ + S^PJ,t _ S^pJ,e. (35)
Lp

The fluxes JrprJ* and ,./u, are expressed in the units of velocity [S]. trach part
of this equation satisfles the expressiorr of mechanics: tr[ : Fa.
If we introduce notations:

2A

h4. - SoRTC*Juo ,

t2
A,[,o - S+ ,

L.p

Muo- S^PJro,

(36!

(37)

(38)
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.: Mut - SLPJ,1 ,,

Mup - SLPJup

then equation (35) can be written in form:

Mlo=M,ołMuo

or
M:, -_. Mro * M6 _ Muo ,

where: M'", - power emitted in the process of osmosis; Mro - power dissipated
on membrane M; Mut - power absorbed by the turbine as mechanical work; M.,o
- power given by pump in tlre shape of meclranical work; Muo - Mut - lilu, -
osmotic component of useful of power absorbed by the turbine.
let us now consider the question of dissipated power in the proces§ of solute flux
;. permeation across membrane M. The flux, given by equation (24), can be
orpressed, putting Co:0, in units of velocity

. j," = 
Jł 

= ?arc*- (1 - o)J,o.c.c

Each part of this equation is expressed as velocity [f,].
Proceeding according to the proposed method (Óń multipticatiorr by S RTC*)

re obtain the following global power equation for diffusion:

^' 
ju"RTC*: s?@r)'c'^ - s(1 - o)J,oRTC^. (42)

f,ach part of this equation satisfies the,expression of meclranics M = Fu.
Introducing the notation :

(39)

(40)

(41)

i
i

i
t
l
l
}

fouation
}l
l
F

M"D = S ju"RTC*,

M,D - s?larl'c!,
M,D -.§(1- o)J,oRTC^,

(42) can be written as:

(43)

(44)

(45)

M"D - M,D - MuD . (46)
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where, let us remind: M,D * power dissipated in the process of diffusiorr, M
- power whiclr is reclaimed by the system because tlre solute is carrietl away
flu-x Jro, M"D - rret power.
IJsing (a1) and (46), satisfying tlre elrergy conservation law, we get:

M"= Mroł M"o = Muoł Mroł MrD,

rvhere: IyI"o = X4. + A[up.
It should be added tlrat pumping of solution C2 by pump P means tlra,t
supplying the nrotor witlr extertral porver described by equatiorr (40), thcre
takes place supplyirrg it with power Xl[;o in the form of interrral energy.
power is conrrected witlr transport of molecules of solute compartmclrt A
speed 1) : Jrp, because tlre substa,nce is translocated against osmotic p
Lrz - RT (C2 - C^), Wc can express tltis powcr as:

tr[;, = ,lrL,lr2J,, = SpRT(Cz - C-)J,p ,

rvhere: ,§, - cross-section of flux Ąo.
The existerrce of flux "r0, r,esults in drivirrg tlre turbirre and tlrerefore irr enri
of power A,16 il tlrc form of meclranical work. This also causes transport of
from clramber A (ivith solutiorr concetrtratiolt Cr") to solution rvitlr concent
Co smaller tltat C,, (see Fig. 2). This mealls tlrat the system loses power in
forn of frce errergy. Tlris powel catl be evaluated fronr tlre fornrula:

I!,Iu - SlLtr2.J6 = SIRT(C* _ Co)Jut ,

rvlrere: ,91 - cross-section of flux ./rł.
Tlre above considerations result in the following colrclusions:

1. Tlre systen (the nrotor) is supplied witlr power X,Iu, alld t'ldr. Besides,
nrotor is prqvided with the i.I.,p power as a result of carrying the solute
the flux Ą,.
2. Tlre system errrits: powel rly'rr1 arrd power M;1 as free energy, llloleover
systern dissipates power A,Iro antłJ, Il'Irp (in menrbrane). Tlrese corrclusions can
writterr irr the form of the energy conserva,tion law:

fuIu, * X,[;, + MuD = Xtrł ł XI,t ł M,o * M,D ,

I|[; t h,I"p = Xlluo * tr{,o * xĘ,n - ]y[" ,



Energetic Possibilities of One-Membrane Osmotic N{otor... t25

rvlrere: Muo - Mut - A,Iup - power ernitted in an osmotic way, A,I; - ][;, - AIł
- rret porvcr, the system is supplied with (in the form of free energy), M" - total
power.

3.3. Tlre errergetic efficierrcy of tlre one-merrrbralle oslllotic rnotor

Following tlre rnetlrod presented in section 2 one can obtain an expression for
:lte eflicietlcy of osmotic-and-diffusive conversion of free energy iri the osmotic
:rotor:

"t rve subtract porver ,Ą1o frorn tlrat
rent of useful power ,Ą1o errrittccl in

]|/Io -_ 
^/Iu* 

- X,Ie

Muo
(52)MuołX,IrołM,D'

power ,Ąy'.r, tlretr rve get orrly osmotic conrpo-
tltc fortrr of trreclranical work:

Muo
ToD = 

^,I" 

=

,.,ltere: A,I,,o = ,g^PJuo, A,I,.o = 5Jł:, X.I,p - ,9iL,lr2 = S eg(nT)rCŁ :
:S":_(RT)ZC- ; becausc if Co - 0 tlrcn v= łC- (see Fig. 2).

It should be nretrtiotrecl that ilr a real osniotic tnotor tlre purnp and the turbine
t,rrk wit}r certaitr etrergetic eflicietlcies. Assumirlg tlrat the purnp efficiency is
l"łual to r7p we obtaitr tlrat tlre putnp supplies thc system witlr the power (in the
,,rltr of rrreclra,ttica,l work):

, ],.,Iup - l1r}l[p l

,*:tere: i1o - power of tlrc purnp feedel.
i:ie clrergy receiver, (tlre turbine) is supplied witlr tlre total power:

(53)

X[ut - ryrl,,Ip * Xtruo - qrli,,I, * l1opA,[" , (54)

ł, _-ere: I|[ro = l1opX.[" - thc conrponent of osnrotic powel (because ryrp = W).
]__e turbirre works with thc e{ficierrcy ą1 tlrerefore it enits pow€r outsicle ias
r;.:clralrical work):

h'Iun = ?]1fuIa1 .

-.lng tlre exprcssiorr (5rl) rve get:

(55)

A,Iun = qł\pXlp + T"D^'I") = Tt(X[up + 
^,[,,) 

. (56)

= X[r(Trrl, - 1) + I]1l|6pA![ę , (57)
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From tlris equation we can observe that q1 and, r7, are given tlre motor can be
profltable from the economical point of view if Mo ż 0. In particular case if
|lt = l and r1o: 1 then

Mo = rloDM" - Muo . (58)

In order to sum up the above considerations, we have shown in Fig. 3 a block
scheme of the discussed engine with the respective powers specilied i.e. power
input, power dissipated and power output in the form of meclra,rrical work.

ł4n=Nr(4-7)

l1y.fuHr

H*= Hą(a,?t)

=?il,t

Fig. 3. Block diagram ol l-nrernbrane osmotic nrotor (.[y'ap - powbr given by tlre pump in the slrapc
mecharrical work, M;, - power given by tłre punrp in the s}rape of free errergy, LIuo - power recovered
the process of osmosis, .[fro - power dissipated irr the pump, ł/"o - power dissipated in tlre rnembralthe process of osmosis, .[f.p - power dissipated irr the pump, ł/"o - power dissipa
Il4rn - power dissipated by diffusiort, Nf ,t - power dissipated in the turbine, Il|Irr, - powel ernitted
mecharrical work, łf;; - power emitted as free energy).

In corrclrrsion of the sented considera,tion§ olle can state tlrat the obtai
equations enable us to perform a rletailed analysis of osmotic-lryclro-rnechan
and energetic possibilities of tlre one-membrane osmotic notor. Tlrese equat
ale of gTeat inpoltance for optimizatiorr of the work of tlle considered
motol.

It is verified by effects tlre calculations presented irr the next part of this

4. Results of calculations and conclusions drawn from thern,

Having irr vierv tlre usefulrress of the above considelatiolls, we now p
some selected results of the calcula,tions. They refer to energetic problems
the functioning of 1-membrane osmotic engine, includirrg optirnization prob
The calculatiorrs were performed rvith some sinrplifyirrg assumptions. It was
sumed') for instance, tlrat enelgy efficiency of tlre purnp and turbirre are: łp

Thc one-ncmbtane
osmotic aołor

eard 41 = 1. It was also assumed that flux Jro througlr the punp has corr
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lalue (łp - const.), independent of the load on the turbine (i.e. of the pressure
lP). Furtlrer, it was assumed that Pj ry Ę (see Fig. 3) wlrich implies that
lP = P^ - Po is tlre pressure difference on the membrane M. The following
data were taken for tlre calculations:
t, = \lMf, c* = 0,4lM], Lp = 5 ,10-12Lm3N-ls-1], o = 0.044, 0) =
6.8 . 10-11[mollf-1s-1], S : l[rnz], ? = 300[1(l,R = 8.3t[Jnlo|-llf-l], Jup =

. 

'O-s[ms 
1f, J,pt = 9.10-7[ms-7f, J,pz = 9.10-6[rns-l].

_ł change of load on the turbine (i,e. of pTessule AP) induces.a change irr con-
:errtration c- (according to eq. 32), a change in flux Ą, (acćording to eq. 33)
lnd in flux Ą1 = Jrpł Juo. Fot each pressure AP the above quantities have fixed
--,alues in stationary state (corresponding to each AP). We can thus say tlrat
:harrging AP and reaclrirrg a stationary state of tlre engitre lve clrarrge its working
:orrditions. Charrges in rvorkirrg corrditions of the engine can also be corrsidered
il, clrarrging other quarrtities, e.g. fluxes Ju, ot para,meters L, o arrd cu usirig
::ffererrt rnembranes. Irr tlre present work rve are interested mainly in workirrg of
_-membrarre errgine as deperrdent on loading AP (at certairr fixed values of flux
'"r),
-. Relatiorrslrips: c- = /(AP) arrd Ąo = l(^P).--sing tlre above numerical data arrd formulas (32) and (33) the relatiorrslrips
:- = f (LP) ancl Ą, = /(AP) were calculated atrd plotted for tlre three differerrt
,olues of flux J,r; 9.10-8[nrr-'],9.10-7[rns-1] altd 9.10-6[ms-1]. Figures 4
:.rd 5 slrow the relationslrips. From the plots in Fig. 4 it can be seen that con-
::ntratiorr c- weakly depends on load AP of the turbine. Tlrat concentrations
iepends, lrowever, rnarkedly on fluxes ło, tlris beirig eviderrced by tlre separa,tion
:: tlre curves 1, 2 arrd 3.

-J50
tr

d zso

E
O

150

j - J.,p = g.,o-9 l
2 - Jvp = !,l0 ;ł' -.Jvp =,]"o ,l

llt,ll,,,, l,, l l t,,,t,,l !1

la@0 l 60oc

. 
AP [Pa]

' 1 4. Dependences ćm = /(AP); curve 1 (for J,o - O.t0-8S), curve 2 (for J,p = 9.10-7f ), curve
|łJor=9.10-6?),

50
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From plots I,2,3 irr Fig. 5 it follows that flux .,I,o depends on the load AP
markedlY; decreases witlr itrcreasing AP (at fixed ,Iro). The separatioll of tlre
curves 1, 2 and 3 mearrs tlrat flux Ąo markedly depends on flux ./rp: tlrc grea,ter
is the flux J,, (at constant AP) the greater the value of flux J,o.

g.,o-9ig.to-jl
9+t0-oJ-o.20I

O
* 0.15

ą

,. \ao.10

o

o.05

Em lomo
A P [Pa]

Fig. 5. Dependences ł = /(AP); curve 1 (fot Jpo = 9.10-8?), curve 2 (for J,o = 9.10-7T), cunt
3(forJ,p=9.10-6f).

2. Calculation of usefu,l powel ]\Iuo.
Making use of the results of calculatiol ot J,,, as function of AP, obtairred rvith
Jup = 9 , 10-8[nzs-1] the useful power i,I,,o lvas a,lso calculatcd on tlre basis of l
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I o.2o

O
i
ts

o
J

> o.10

Fig. 6. Depenclences.Ą/o = l(AP)l,r=s.ro-"*.

--I
Jro = L,,RT = ""'== - L,^P ." JupłaRT r

Firrally, taking irrto accourrt (38), lve get:

N[uo- SA,pLr(oR , "'!,r|u--AP).
uup I w,ua

The plot of tlie furrctiotl M,o - f (^P), rnade by using the above equation, is
slrorvn irr Fig. 7. It is calculated with "r,e = 10-5[rus-2].

-l. Calculations of energy efficierrcy.
Assuming further that the pump and turbine rvork rvithout energy losses (rl, -_ t
and 7o = 1), tlre ellelgy efficiency of tlre engine was considered for osnrotic-and-
difftrsive corrversion of free energy of solutions of various corrcerrtratiorr. To tlris
end rvere rrsed equations (33, 37, 38,44 arrd 52). As an exanrple was calculated tlre
coefHcient r1op ot osrnotic-arrd-diffusive conversiorr of free energy as deperrdent on
iurbirre load AP. That relatiorrship is showrr in Fig. 8 with Jup = 9.10-8[ms-lJ.
Analysirrg tlrat curve, and tlre curve irr Fig. 6 (showing tlre relatiorr l.Iuo -
l(^P)) it is easily seen,tlrat for AP at wlrich the engine yields maximal useful
powel Q[n"') it lras also nraxinral energy efficiency (rl"n). That observation
in particular letrds support to tlre propositiorr tlrat tlre arralysis and calculations
carried out in tlre preserrt work allorv to specify teoretically tlre optimal rvorking
corrditiorrs for a 1-merrrbrane ostnotic engirre.

4mo 6000 EOm tmoo t 2o0o t 4@o
A P [Pa]
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l

NI o.20
(>

*

=
\ś o.10

.'lJ,l, lll lllll,,1,1,,,,,,-'l

Jo0o0 4moo 5mJo0o0
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Fig. 7. Dependences M*o = !(LP)1,o=t0-54>J,o

8as j m3o
A P ['l,a]

O o.2o

Łś
o_1o

Fig. 8. Dependences qop = J(AP).l"o=s.rO-s *.
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5. Conclusion

Irr the last years people, searching for new soulces of energy, have paid at-
:ention to osmosis as a way to convert free energy of solutions with different
concentrations to effective work. several different versions of osmotic motors
',rere elaborated [1,3,4]. Unfortunately at the present stage of investigation they
are not profitable and one of them [3] has €ven no chance for realization.

In this paper we present an idea of practical method of solving problems
tonnected with osmotic or osmotic-and-diffusive energy conversion devices. We
apply the method to energetic analysis of work of the ohe-membrane motor. The
:nain aim of our strrdies is to sea,rch for the possibilities of energetic optimization
,lf the rnotor at the stage of designing. Obtairred equations make it possible by
-ł,ay of simple calculations.

A rrurrrber of observatiorrs concerrring the optimizatiorr of the orre-membrane
:rotor have been made in tlre preserrt paper. In particular it has been shown that
:lris motor works as its maximunt energy efifrciency for certain values of external
)Iessures. At this pTessures tlre motor also yields the maximum effective power.

Received February 1991.
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Praktyczny opis możliwości energetycznych
]_-rrrembranowe8o silnika osmotycznego

streszczenre

W pracy przeclstarviono ideę praktycznej rnetody rozpatrywania w sposób komp|eksowy zagaclnień
osrnotyczno-dyftrzyjnego przetu,arzarria errergii swobodnej roztu,orów o różnyclr stężeni:rt-,h.
Nastgprrie zastosowarto tę metodę do badania efektywrrości energetycznej 1-rnernbrarrowego silllika osnro
tycznego opisanego formalizmem l(edem-I(atclralskyego. Wyprowadzono dla tego sihrika oclpowierlrrie
równania na noc użyteczną, noc rozptruzmą, moc calkowitą oraz równania na sprawność elrelgetyczną
Rówrrarria te pozwalają na szczególowe rozpatrywarrie zagadrrieri enel,getycznyclr dotyczącyclr dzialania
owego silnika. Unrożliwiają one także, co po części wykazano w nilriejszej p|,acy, na osiągańe efektór
optymalizacji energetyczrrej rozważanego silnika już w fazie jego projektowarria.

fI p art rł v e c rarl o u Dt c L . 
33Łlę1.:?._xt ig?#3ilxTTefi 

]. - Bo M eM 6p a rr II o ro

Pesroue

B crarr,e [peAcTaBnella H/qefl npaxTr4rłecXoao MeToAa paccrvtoTpeHufl xol{nJtexcHsrIu cnoco6ox
npo6lew ocMoTHqHo-AHó@y3uollrroro npeo6pa:osaHrłR cso6o,4llofi aHepnuu pacTBopoB c pa3HbrMt
KoHqeHTpaqr,lflM H.
florornl 6r,rn npurlterte[ aToT MeToA Ar"a I4cnHTaHHfl aHepreTHqecxofi aóOeHTnBHocTl4 1-no ltev-
6paxrroro ocrltoTxqecKoro ABfiraTe.qn orrucannoro OopNtanu3l,roNl Ke,qeu-KaualLcKero. Bune-
AeHo AJra aToro ABuFaTeJt§ cooTBeTcTByloilIee ypaBB€IiHe Ha aóóeKTnB|lylo, pacccJrllrlyIo, Ilor-
Hyro MorqHocTb, a Taxx<e ypaauellł]n Ha allepreTnqecxufi xoaQQHuxelt. noJle3lloro.ł,eficronx.
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3lrł YPanHeHnn pa3petuator no.qpo6uo paccMoTpeTs auepreTu!łecxrłe npo6aelrubI Xacalou{!{ecr|
Padolu aToFo ABura,Te.ua. ,Ąe.naroT ogr! Tax}fie Bo3Mo}l{HblM, qTo qacT}ttłHo yxa3aBo B HacTor,t-
erqefi craT se, Ha AocT!ł)tteHHe a@óeKToB aHepreTtlqecxofi onrultaJlu3aĄltH pu.acuarp"ru."tnoro
AB}lraTeJl.a yrfie B óa3e ero npoeftTr4poBaHun.


