Available online at www.sciencedirect.com
Imernationsl

SeIENeE @ PIRECTS Jowurnal ofF
Therimnal
Seianeas

v s
ELSEVIER International Journal of flermal Sciences 43 (2004) 1197-1201

www.elsevier.com/locatel/ijts

A thermodynamic approach to calculating the operating osmotic pressure
of pressure-driven membrane separation absorption cycles

Y.H. Su*, S.B. Riffat

School of the Built Environment, University of Nottingham, University Park, Nottingham NG7 2RD, UK
Received 10 April 2002; received in revised form 5 November 2003; accepted 9 April 2004
Available online 17 June 2004

Abstract

Membrane separation of absorption solutions has potential appfida refrigeration technology. Operating osmotic pressure is a basic
parameter governing the design and evaluation of a membrane separation absorption system. This study presents a thermodynamic approa
to calculating the osmotic pressure of an absorption solution using its density and vapour pressure. A correlation between osmotic pressure
density and vapour pressure has been deduced and a calculation example is given. Furthermore, combination of this correlation with the
Clausius—Clapeyron equation has produced a simple and interestitigfFes a membrane separation absorption cycle, the operating osmotic
pressure required is related to the specific latent heat of refrigerant, operating temperatures and density of absorption solution.
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1. Introduction where ' is the average density of solvent (or refrigerant),
R is the gas constant of solvent, apcaindx are the activity

Membrane separation is a basic process used in Chemi_coefﬁcient and mole fraction of solvent, respectively.
This equation is usually used to determine the activity

cal engineering. In comparison with distillation, membrane ) ; . .
separation requires the input of a small amount of mechan-©f the solvent in a solution from the experimental osmotic
ical work instead of a large amount of heat and has beenPreSsure. It is worth to notice that the calculated activity
used extensively in desalination of seawater and treatmentShould be for the solution at the pressureft- 17, but

of wastewater [1,2]. Use of membrane separation in absorp-th€ €ffect of pressure on the activity is usually neglected
tion refrigeration systems has also attracted interest in thef0r @ Smaller osmotic pressure. When Eq. (1) is employed
field of refrigeration [3,4]. Pressure-driven membrane sep- [© calculate the osmotic pressure, the activity or activity
aration absorption cycles may be a potential alternative to C€fficient must be known. However, it is not easy to
conventional vapour compression cycles which suffer the en- determine the_ actlylty coefficient of a pressurized solutl_on.
vironmental limitations on CFCs. Environmentally-benign SOMe approximations have been made. For a very dilute
absorption solutions (e.g., LiBH»0) may be employed in solution, the activity coefficient may be assumed to be unity.
this cycle. Operating osmotic pressure is a basic parametef=d- (1) then becomes:

governing the design and evaluation of a membrane separa- i

tion absorption cycle. Theoretically, the osmotic presgure '=—p"- RTIn(x) (2)

may be calculated by [5,6]:
Y Y581 For a general dilute solution, if the effect of pressure on the

O=-p"RTIn(y -x) (1) activity of solvent is neglected, the activity of solvent in a
pressurised solution may be replaced by that at its saturation
pressure. This leads to:
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Nomenclature

n OSMOLIC PressuUre .. ...ovvv v Pa & relative error

p density...... S kg‘g T, end absorption temperature................ K

p average density .................... _-l'kql AT absorption temperature glide............... K

? ?as consttant """""""""" kg—K K T, evaporating temperature................... K
emperature .. .......oe i e i el

x mole fraction ... mahol-1 AL specific latent heat of evaporation.. ... kagr

y activity coefficient Superscripts

P pressure. ..., [EETTTTRTE Pa wk weak solution deficient in absorbent

Py saturated pressure of a pure refrigerant ... .. Pa lution rich in absorb

w WOrk. ..o Kyt st strgng solution rich in absorbent

f circulation ratio rf refrigerant .

v specificvolume .................... kgt mb membrane separation

v average specific volume............. Syt cp compression-aided distillation

where P(T, x) is the solvent partial pressure in a solution permeates the membrane, theak solution is concentrated.
and P, (T) is the saturated pressure of a pure solvent at the The strong solution is then expanded isothermally through
same temperature as solution. a turbine, the work output of which is recovered to the
If the above approximate equations are used to calculatepump. The heat released from the pump may be provided
the osmotic pressure of an absorption solution, a consider-to the turbine. It is assumed that the compression and
able error would be introduced due to a larger deviation from expansion processes are isothermal and friction-free and the
the above assumptions. Absorption solution has much higherpressures of the feed solution and discharge solution are
concentration and thereforehas larger osmotic pressure. same. Therefore, the minimum mechanical work required
The effect of pressure on the activity must be considered. may be given by:
However, it is not easy to determine the activity of refrig- —wk st
erants in a pressurized absorption solution. This study aims¥ =/ v [T —(f =1 -v=- 11 (4)
to determine a new thermodynamic approach to calculatingyhere £ is the ratio of the mass flow rate of the weak
the osmotic pressure of an absorption solution. There is Noggytion to the mass flow rate of the refrigerant arig the
need to know the activity of refrigerants in absorption solu- 4yerage specific volume of a solution.
tions at high pressure. A correlation of the osmotic pressure, | Eq. (4), osmotic pressut@ corresponds to the strong
density of solution and refrigerant vapour pressure will be sojytion and is greater than that of the weak solution.
formulated. The strong solution is therefore in permeation equilibrium
whereas the weak solution is not. The osmotic pressure of
o the weak solution is less than the given operating pressure
2. Principle difference. This means that ménane separation process is
not reversible for a given range of operating concentration.
Pressure-driven membraneparation of an absorption  However, when the range of concentration is very small,

solution is shown schematically in Fig. 1. The weak solution the irreversibility across the membrane may be neglected.
is isothermally pumped to a pressure so that the pressuregq. (4) then becomes:

difference between both sides of membrane could exceed the n B
osmotic pressure of the strong solution. When the refrigerantw = v - [T (5)

Alternatively, an absorption solution may be separated

: ! by compression-aided distillation, as shown in Fig. 2.
Refrigerant, /kg - / | Before entering the generator, the weak solution expands

to its saturation pressure by passing through a turbine.
The refrigerant vapour from the generator is isothermally
compressed to the saturated pressure at the temperature of

I
:
I
Turbine Pump
I
I

j E /Z= solution and then condenses to a liquid. The heat released

Heat 727 | Mechanical work from the compressor and condenser may be provided to
-------- - the generator. The strong solution and refrigerant liquid

Strong solution, (1) kg Weak solution, kg produced are both compressed to the pressure of the weak

solution. Similarly, it is assumed that all the processes are
Fig. 1. Membrane separation of a solution. isothermal and friction-free and the pressures of the feed
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solution and discharge solutions are same. The minimum50%. Obviously, the relative error for a salt solution is
mechanical work required is therefore: larger than a liquid—liquid mixture due to a larger density

difference between solvent and solution.
w°p=/u”dP+ (f =15 (P — pSY)

+l_}rf'(PWk—Pg)—f"l—)Wk'(PWk—P;Nk) (6)

Compared with the compression work of vapour, the sum of
compression and expansion work of solution is very small, A schematic view of a membrarseparation absorption
and the last three items in Eq. (6) may be neglected. If the cycle is shown in Fig. 3. The weak solution 1 is pumped
refrigerant vapour is assumed to be ideal, for a very small to a pressure so that membrane permeation may take
range of concentration Eq. (6) becomes: place. The refrigerant permeate 3 is expanded to state 4
P(T, x) by passing through a valve before the evaporator; while

(7) the concentrated solution is expanded to state 2sub by
Py(T) ; ; :

passing through a turbine. The weak solution, concentrated

Because the state parameters of the feed and produckgytion and refrigerant may be at the same temperature,
solutions are assumed to be the same in both processesg, example, end absorption temperatufg The strong
the total changes in the Gibbs free energy and enthalpiesso|ytion at state 2sub is subcooled and may be marked in
of solutions are same. The two processes are equivaleniig. 3(p) according to its tempeture and concentration. The
from the viewpoint of thermodynamics. The minimum  go|ytion at 2sub will change to its saturated state 2sat as
mechanical work required for both processes should be same; ooy a5 it enters the absorber and absorption takes place. On
and equal the change in the Gibbs free energy of solutions; apsorhing the vapour 5, the strong solution 2sat becomes the
_the heat effects should_ be also same. Substitution of Eq. (7)eak solution 1. For a small temperature range, the effect
into Eq. (5) therefore yields: of temperature on the activity may be neglected. Assuming

3. Membrane separation absorption cycle

wCF’:/u”dpz—RTln

M=—5-RTI P(T,x) (8) that the vapour pres.sure in the absorber equals that in the
Py(T) evaporator, we have:

Eq. (8) correlates the osmotic pressure, density, temperature Membrane

and vapour pressure of solution. It may be used to calculate Refficerant | |

the osmotic pressure from the refrigerant vapour pressure of ; " / !

absorption solutions. If the density of solution at a certain | !

pressure is used to replace the average value in Eg. (8), Tugbine | Pump|

the relative error in calculating the osmotic pressure will be

XThmttle : j—{<=
1| Mechanical work
4

(o—p)/p. R -
Compared with Eq. (8), the relative error caused by using Strong solution § 2sub 1 |weak solution
Eq' (3) IS: ==p{ Evaporator |[— — — — —p Absorber >
15 _ —rf 0, 0,
§= = 9 a
F; @)
which is dependent on the concentration. For 40—-65% 1
concentration of LiBfH2O, the relative error could be 30— H,0 Euk E,
Heat ot .
— Refrigerant, kg
!
Compyessor [ <<= Mechanical work 45 1 at
Generator I
. 2sub
Turbine
= Mechanical wdrk
7
Pump >
¥ Te  Ta TatAT T

Weak solution, fkg

Strong solution, (/1) kg

Fig. 2. Compression-aided separation of a solution.

(b)

Fig. 3. View of a membrane separation absorption system.
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P(T,x) P(Ty,x) P(T,+AT,x)  Py(T.)
P(T) ~— Py(T,)  P(T,+AT)  Py(T,+ AT)

(10)

whereT, is the evaporation temperaturg, is the end ab-
sorption temperature amiT is the absorption temperature
glide which is the difference between the start and end a
sorption temperatures.
Substituting Eqg. (10) into Eq. (8) may yield:
Py (T)
Py (T, + AT)
Assuming that the separation temperatdreequals the
end absorption temperatufg,, we obtain:
Py(Te)
Py(T, + AT)
Eq. (11) gives the operating osmotic pressure required for
given operating temperatigé a membrane separation ab-

b-

II=—p-RTIn (11a)

M =—p-RT,In (11)

sorption cycle. It can be seen that the operating osmotic pres-

sure depends on the propertiddie refrigerant, operation
temperature and density of absorption solution. For calcula-
tion purposes, the density at absorption pressure would nee
to be used to replace the average density, due to the dif-
ficulty of determining the pressure dependence of density.
This would cause a relative error @8 — p)/p. Fig. 4 gives

9,000
8,000 1 .
7,000 - -~ -3
6,000 -~~~
5,000 -
4,000
3,000 -
2,000 - , : ; ,
1,000 - - - - -

0

Osmotic pressure, 0.1MPa

1,000
800 1
600
400

200 T

Osmotic pressure, 0.1MPa

Fig. 4. Operating osmotic pressure required
(d) R134¢DMETEG.
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the operating osmotic pressure required for several absorp-
tion solutions. For usual operating temperatures, for exam-
ple, T, =5°C, T, = 40°C andAT = 10°C, the operating
osmotic pressure could be up to 6000 bars for |LHBO.

This operating osmotic pressure is well beyond the operating
range of any commercially available membrane, even ex-
ceeding the strength limitations of most materials. It is there-
fore essential to reduce the required operating osmotic pres-
sure in order to apply the membrane separation absorption
cycle. As indicated in Fig. 4, the required operating osmotic
pressure may be lower for other absorption solutions. For ex-
ample, for NH/LINO3 [7], the operating osmotic pressure
required is about 2000 bars; for methatioBr /ZnCl; [8],
about 700 bars and for R134aMETEG [9], about 300—
400 bars. The calculations show that the required operating
osmotic pressure depends mainly on the properties of the
refrigerant for a given operation temperature. This may be
further illustrated as follows.

Use of the Clausius—Clapeyron equation gives:

(- 77ar)

Substituting Eq. (12) into Egs. (11a) and (11), respectively,
yields:

1 1

p(le) AL 1 1
T. T,+AT

n— ¢ (12)
Py(T, + AT) R

3,000
2,500 -
2,000 -
1,500 -
1,000 -
500 A
0 : : : : :

Osmotic pressure, 0.1MPa

500

400

300 T

200

100

Osmotic pressure, 0.1MPa

unddferent operation temperatures: (a) LjBt>,O; (b) NHz/LiNOg3; (c) MethanofLiBr/ZnCly;
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10,000 4. Conclusions

A new thermodynamic approach for calculating the os-
motic pressure of absorption solutions has been presented.
This has led to the derivation of an equation correlating
the osmotic pressure, density and vapour pressure of a so-
lution. It is of particular use for the calculation of the

3 osmotic pressure of an absorption solution from its re-
P =1000kg/m frigerant vapour pressure. For pressure-driven membrane
separation absorption cycles, combination of this correla-
tion with the Clausius—Clapeyron equation has allowed the
0 500 1000 1500 2000 2500 required operating osmotic pressure to be related to the

Specific latent heat, kl/kg specific latent heat of evaporation of the refrigerant for
specified operating temperatures and density of solution.

Fig. 5. Operating osmotic pressurguired against specific latent heat. This would be useful for the evaluation of the feasibil-
ity of employing a membrane separation in absorption sys-

1,000

100 |

Osmotic pressure, 0.1MPa

1 1 tems.
O=AL-p-T-(——-——"—— (13a)
T, T,+ AT
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