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A model for the mass- and heat-transfer phenomena in an osmotic evaporation pro-

cess was developed based on the transfer of solvent from one aqueous solution to be
concentrated to a second one separated by a macroporous hydrophobic membrane. The
transfer is realized in vapor phase through the membrane porosity as a consequence of
the gradient on water activity between both solutions. This technique has the major
advantage to work at relatively low temperature and in nearly isothermal conditions,
which is very useful to treat thermosensitive products such as fruits and vegetable juices,
or other solutions from biotech industries. A series-resistance model for mass and heat
transfer was developed considering four regions, which include the membrane layers and
different boundary regions at interfaces. The high values of flow measured in a previous
experimental work are compared with those obtained by simulation. In addition, the
relative importance of various resistances to overall process performance is established.
Basic mechanisms that help optimize membrane structural characteristics, plant design

and scale-up are also discussed.

Introduction

Today, a large variety of membranes are used in numerous
processes devoted to molecular-scale separation in liquids or
gases. The most classic operations are ultrafiltration, electro-
dialysis, pervaporation, and gas separation. In the last few
years new techniques that can be summarized under the name
“membrane contactors” have been proposed (Kunz et al.,
1996). In these processes the membrane, which is generally
macroporous, acts as a barrier, preventing downstream and
upstream phase mixing and allowing the transfer of some fluid
components through the membrane porosity. In contrast to
the phenomena occurring in classic membrane processes,
there is no selectivity due to the material itself, and diffusion
mechanisms generally prevail.

Osmotic evaporation (OE) is a concentration technique for
aqueous mixtures based on the use of macroporous and hy-
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drophobic membranes, typically made of PTFE or polypro-
pylene. This technique is regarded with interest in the pro-
cessing of liquid foods, for example, for the concentration of
fruit and vegetable juices and other heat-sensitive products,
because it has the major advantage of processing in nearly
isothermal conditions. Osmotic evaporation can be used to
selectively extract the water from aqueous solutions under at-
mospheric pressure and at ambient temperature, thus avoid-
ing thermal degradation of the solutions (Courel et al., 2000a).
In addition, the energy consumption in OE is much lower
than in reverse osmosis (Kunz et al., 1996).

In the OE process the porous hydrophobic membrane sep-
arates two circulating liquid phases. Under appropriate work-
ing conditions, the membrane made of a hydrophobic
polymer cannot be wetted by the liquids, thus creating va-
por—liquid interfaces at each pore entrance. The force that
generates the water flow through the immobile gas phase
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within the pores is a difference in activity between the feed
solution (fruit juice) on one side and a hypertonic solution,
typically a concentrated brine, on the opposite side. This dif-
ference in activity results in a water-vapor pressure differ-
ence between the diluted solution upstream and the concen-
trated brine downstream. Efforts have been made to opti-
mize the operating conditions in order to reach competitive
fluxes at an industrial scale (Lefebvre et al., 1987; Deblay,
1994).

In this process, it is commonly admitted that mass trans-
port can be split into three steps: the initial and the final step
correspond to the water transport in liquid phase through
boundary layers, from the bulk of the dilute solution toward
the evaporation interface and vice versa, from the condensa-
tion surface to the bulk of the brine. Models of gas diffusion
in porous media, like Knudsen or molecular diffusion, have
been used to describe mass transfer across the membrane
(Courel et al., 2000b; Kunz et al., 1996). The application of
the models requires a detailed knowledge of many parame-
ters that describe the porous structure; but they are usually
not available from commercial suppliers.

Rigorous approaches, which tend to combine mass and heat
transfer, have emerged in the literature for the membrane
distillation (MD) process (Godino et al., 1996; Pefia et al.,
1998).

In the OE process, which is theoretically isothermal if the
resistance to heat transfer is negligible, there is always a ther-
mal effect due to the evaporation—condensation phenomena
through the membrane. The heat transfer through the mem-
brane and the boundary layers that develop in the circulating
solutions will integrate the temperature polarization. A first
analysis of thermal effects has been proposed by Gostoli
(1999), with a model of compartments at steady state. Up to
now, however, no complete model able to couple simultane-
ously heat and mass transfer in OE, with a view of designing
and optimizing the global process, has been published.

In this work, we present a new model that takes four re-
gions in series into consideration, each associated to one spe-
cific calculation module. This model involves the resolution
of nonlinear equations considering the transport phenomena
and phase equilibria in a system constituted by the mem-
brane and the boundary layers that are developed in the cir-
culating liquid solutions.

The model allows us to estimate the water-vapor flow
through the membrane, the temperatures and concentrations
at interfaces, and in the boundary layers for different hydro-
dynamic regimes, structural, heat- and mass-transfer condi-
tions.

This quite general model should be easily extended to other
membrane-contactor operations (Bandini et al., 1997; Law-
son and Lloyd, 1997; Iversen et al.,, 1997; Gabelman and
Hwang, 1999), such as perstraction or membrane adsorption,
or even membrane reactor, by slightly modifying the arrange-
ment and/or content of the basic modules (Mulder, 1996).

Theoretical Approach

To test the basic assumptions of the model, and to then
carry out the investigation of the working parameters’ sensi-
tivity, we referred systematically to the earlier data in the
literature (Kunz et al., 1996) and also to the very recent re-
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sults obtained by our group (Courel, 1999; Courel et al.,
2000a).

The classic membranes used in this work are hydrophobic
macroporous membranes formed of a polytetrafluoroethyl-
ene separative layer that is deposited on a polypropyl-
ene support. The solution to be concentrated is fed on the
PTFE layer side, whereas the brine circulates along the sup-
port. As far as the mean pore size of the support being very
large and the material not being very hydrophobic, it could
be considered that the vapor phase just fills the PTFE layer
while the brine settles into the macroporosity of the support.

Thus the model is based on four resistances in series. They
correspond, respectively, to the boundary layer, which is
formed in the solution to be treated at the surface of the
hydrophobic porous layer, to the hydrophobic porous layer,
which is filled with gas, to the macroporous support, which is
filled with stagnant liquid, and to the second boundary layer
which settles on the side of the extraction brine. Figure 1
shows the different layers considered for modeling purposes.

Mass transfer

To outline the mechanisms of transport through the mem-
brane, the hydrodynamic conditions in the membrane mod-
ule have been simplified. In the study of the mass transfer,
we considered the solution to be treated as only pure water;
thus the resistance to the mass transfer due to this boundary
layer could be ignored. As explained earlier, a second as-
sumption was made when considering the support wetted with
the brine to the point where it meets the hydrophobic layer.

Two mechanisms are possible for water vapor transport
through the hydrophobic layer: Knudsen and molecular diffu-
sion. The permeance for a Knudsen regime is given by Eq. 1

}', )

where r,,; is the average pore radius of the hydrophobic layer,
L,, is the thickness, €, is the porosity, 7, is the tortuosity,
and M,, is the molecular weight of the water.

In the case of molecular diffusion regime the permeance is
given by
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In this particular situation, D,,, represents the diffusion coef-
ficient of the water vapor in the air retained within the pores.
At steady state, the water-vapor flow should be the same
through all layers. If the extraction brine penetrates the
structure of the membrane support, we can make the as-
sumption that the transport mechanism through this layer is
the molecular diffusion into the liquid phase contained in the
macro-
porous matrix. In this case, the flow will be given by Eq. 3:

N — Pserlﬁlc € DWCaClz In 1- xli/p (3)
= S - >
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where ppiP . and M 2P are the density and the molecular

weight of the brine. For calculation purposes we considered
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Figure 1. Mass transfer: concentration profile in the dif-
ferent layers of the system.

the average values of both parameters through the support
layer thickness.

The last resistance, taken into account in the model is the
boundary layer formed in the brine that is placed on the
proximity of the support. The presence of this layer along the
membrane surface can significantly affect the global mass
transfer, especially at low circulation rates. The water flow
through this boundary layer is given by Eq. 4:

N, =ky (x5, = x5,)- 4)

The mass-transfer coefficient in Eq. 4 is calculated by Eq.
5, a Sherwood correlation for turbulent flow (Mulder, 1996)

Sh=b,Re”Sc?s. ©)

Vapor - liquid equilibrium

Estimation of the water activity in the concentrated brine
is carried out using the modified ASOG group contribution
method (Correa et al., 1997). The modified ASOG method is
a combination of the UNIFAC method and considerations of
the Debye—Hiickel theory. A routine was written in Matlab
language. It was introduced into the general program as a
function of the brine concentration.

With this method, the water activity coefficient in the brine
at the interface with the gas layer within the pores is calcu-
lated by three terms: a combinatorial term (In ), which
considers the shape and size of each group, a residual term
(In /), which considers the steric interactions between all
the groups present in the solution, and a third term (In
v2 =), which accounts for the effect of electrostatic interac-
tions. If all long-range interactions of the Debye—Hiickel type
are considered, the three contributions have to be added, giv-
ing Eq. 6:

Iny,=InyS +InyR+InyP 1. (6)

In Figure 2 the estimated activity values calculated as de-
scribed earlier are compared with the experimental data given
by Courel (Courel, 1999). We can observe that there is good
agreement between experimental and theoretical values.
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Figure 2. Water activity in a solution of CaCl, at 298 K.

Heat transfer

In the osmotic evaporation process, mass transfer is always
accompanied by heat transfer, because phase changes like
water evaporation and condensation occur on both sides of
the hydrophobic membrane. In the experiments conducted by
Courel (Courel et al., 2000a) the two fluids are maintained at
the same temperature. Taking this consideration into ac-
count, we can represent the temperature polarization profile
that takes place, as in Figure 3. This phenomenon could be
responsible for the decrease in water-vapor flow through the
membrane caused by the reduction of the process driving
force, that is, the partial-pressure difference across the hy-
drophobic layer.

At steady state the heat flow must be the same whatever
the layer of the system. From Figure 3 we can write the fol-
lowing equations (Gostoli, 1999)
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Figure 3. Thermal effects in osmotic evaporation pro-
cess under stationary conditions.

AIChE Journal



QIV = hbrine(TpAY - pr) (10)
01=0y=0m=0Cw- (11)

The heat-transfer coefficients in the solid barrier were calcu-
lated from the thermal conductivities of the polymer and the

fluid that penetrates the pores. For the hydrophobic layer,
the coefficient was calculated by the following equation

ki
I
where
ki = €nik g + (1= Ehl)kgolymcr’ (13)

gas

while for the support penetrated by the liquid, Eq. 14 was
used

k§
hy= L (14
where
k= ekl +(1— es)kgolymer. (15)

Mathematical and numerical methods

To solve the system equations, a program was written in
Matlab language (Mokhtari, 2000). In the first step, the sys-
tem was considered under isothermal conditions and the
model built without considering the influence of the temper-
ature polarization. Then in the second step a more complete
program was realized by coupling the mass- and heat-transfer
phenomena. The Regula Falsi algorithm (Quarteroni, 2000;
Kreyszig, 1991) was applied to reduce the number of itera-
tions. In this program it is possible to modify all the operat-
ing variables, the type of mass- and heat-transfer mecha-
nisms, and the structural parameters of the membrane.

Figure 4 contains the algorithm used to estimate the water
flow through the membrane. It is constructed from several
elementary cells that are associated with the different layers
of the system, plus one specific cell for the introduction of
structural parameters/operating conditions and other mod-
ules that generate the concentration values at interfaces.

Results and Discussion
Mass-transfer considerations

Courel and coworkers (Courel et al., 2000b) obtained very
rapid water flows (between 1.6X107% and 3.4x107° kg-
m~2-s71). They explained that these results were a conse-
quence of a specially designed membrane module configura-
tion, which results in a complex but very efficient hydrody-
namic flow pattern. Sheng and coworkers (Sheng et al., 1993)
have also reported comparable water fluxes between 1.1X
10~* and 2.2x 1073 kg-m~2-s™! for a laboratory-scale mod-
ule. Apart from these results, the water flows reported in the
literature are generally much lower and below 1.1x 1073 kg-
m 257! (Bailey et al., 2000; Gostoli, 1999; Gabelman and
Hwang, 1999).
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Structural parameters of the
membrane and operating conditions
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Figure 4. Algorithm for water-flow estimation at isother-
mal conditions when the mass transfer mech-
anism through the hydrophobic layer is the
molecular diffusion.

The experimental setup used by Courel and coworkers
(Courel et al., 2000a) was designed for flat-sheet membranes
with a total surface area of 0.004 m%. The membranes used
by these authors (TF200 and TF450 from Pall Gelman) pre-
sented the same two-layer structure that was considered in
the preceding section. The fluids were circulated cocurrently
along both sides of the membrane, with an evenly distributed
velocity profile and optimized circulation paths.

The developed program allows estimation of the water-flow
values between 7.2X 107 and 2.2x 1073 kg-m~2-s~! when
the temperature lies between 290 and 305 K, the circulation
rate of the brine varies between 0.5 and 4.5 m-s~!, and the
brine concentration is changed from 30 w/w % to 45 w/w %
of CaCl,. Under these conditions, the vapor flows calculated
from Knudsen and molecular diffusion equations are nearly
the same. Thus it is not possible to make a distinction be-
tween both transport regimes.

According to the manufacturer, the two membranes pre-
sent different mean pore diameters: 0.2 wm for TF200 and
0.45 wm for TF450. In fact, it follows from a thorough inves-
tigation carried out directly on the two-layer structure by
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Table 1. Parameters for Simulation with TF200 and TF450

Membranes
Parameter Value
Hydrophobic Layer PTFE
I 45x107% m
L, 6.0X107° m
€1 0.8
Ty 1.1
Support Polypropylene
L, 10.5X107° m
€ 0.6
T, 1.1

Source: Courel (1999).

Courel (Courel et al., 2001) that the structural properties of
the two barriers are similar. These properties, which have
been used for simulation purposes, are reported in Table 1.

The estimations were carried out applying two different
approaches:

e A variation of the operating parameters according to ex-
periments, where the water flow is calculated as a function of
the salt concentration, circulation rate of the extraction brine,
and the absolute temperature in the system.

e A variation of the resistance through the thickness of the
gas film trapped in the hydrophobic layer.

The theoretical influence of the operating conditions or
membrane structure on the OE process has been calculated
and is given in Figures 5 and 6. Among the most interesting
results of the simulation, Figure 5a shows the water-flow value
estimated at isothermal conditions as a function of the circu-
lation rate of the brine at different absolute temperatures.
Obviously, the influence of the temperature is very important
here. Under certain conditions, an increase of 10 K can pro-
duce a 40% enhancement on the water flow through the
membrane.

Another key parameter is the brine concentration; its ef-
fect on the flux at different circulation rates can be observed
in Figure 5b. From this figure we can conclude that the influ-
ence of concentration on mass transfer is more marked at the
highest values of the circulation rate.

Figure 6 shows the result of the simulation carried out with
membrane TF200, assuming that the gas-layer thickness
within the membrane is 60 uwm. It is worth recalling that this
value corresponds to the PTFE-layer thickness. We can see
that the calculated water flow values approach the experi-
mental values obtained by Courel and coworkers, even if they
are still underestimated.

The effect of the liquid penetration within the membrane
structure can also be observed in the Figures 6. In fact, it
generates a variation of the two resistances associated with
the gas and liquid layers, respectively, trapped within the
solid; thus it can affect the global-process performance. The
simulation carried out at extreme liquid-penetration condi-
tions, when the thickness of the gas layer is reduced to only
20 pm, provides an estimate that matches well the experi-
mental data at a circulation rate below 1.5 m-s™ L.

From these results it also follows that, when the brine cir-
culation rate is over 3 m-s~ !, the resistance of the boundary
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layer to mass transfer is not appreciable. Indeed, it is the
only resistance that depends on hydrodynamics.

As a rule, it appears that the estimated water flow is al-
ways below the experimental one. Two facts could explain
this result (Romero et al., 2001):

(1) One is the very complex geometry of the membrane
module used by Courel (1999) in her experimental work. It is
certainly responsible for a complex hydrodynamic behavior,
which is difficult to take into account by means of a correla-
tion as simple as the one selected [correlation of Calderbank
and Young (Courel, 1999) for the turbulent flow regime, with
b, =0.082, b, = 0.69, and b; = 0.33; see Eq. 5)]. To check this
fact, new experimental runs with a module presenting a sim-
pler geometry and hydrodynamics are being developed.

(2) The second is the deeper penetration of water or of
brine into the solid structure. In fact, the liquid penetration
within the membrane is a function of the pressure of the cir-
culating solutions. As explained earlier, the module presents
a complex geometry, and the brine’s increase in linear veloc-
ity could result in pressure enhancement, thus changing the
extent of liquid penetration. The interactions between the
membrane material, the brine, and the water also have to be
considered. A possible surface modification of the hydropho-
bic membranes due to contact with the water and CaCl, so-
lutions has been described by Barbe et al. (2000). The pene-
tration of several liquids in this type of porous material has
been quantified by Troger (1998) for the determination of
surface tension, and such a phenomenon needs to be consid-
ered.

Thermal effects in osmotic evaporation process:
Simultaneous mass and heat transfer

As already explained the module used by Courel had a very
complex geometry. In the absence of any appropriate correla-
tion, all calculations were carried out using the value of a
liquid heat-transfer coefficient that varies between 150 and
2,000 W-m~2-K~'. The lower limit of 150 W-m~2-K~!
(Welty et al., 1982) was considered to be the limit of maxi-
mum thermal polarization, whereas the upper value of 2,000
W-m~2-K™! was used taking the most favorable hydrody-
namic conditions to heat transfer into consideration.

The effective thermal conductivities for each membrane
layer have been calculated through Egs. 13 and 15 and re-
lated to the thickness through Eqs. 12 and 14. Their values,
kT, for the hydrophobic layer and k! for the wetted support,
are equal to 0.072 W-m™!-K~! and 0.414 W-m~!-K™, re-
spectively.

By comparing the results obtained at steady state, either
considering the thermal effects or neglecting the temperature
polarization, it appears that there is a decrease in the water-
flow value of about 15% to 20% under the first hypothesis
(see Table 2). We can observe that this decrease corresponds
to a reduction of the driving force (that is, the difference of
vapor pressure through the hydrophobic layer) caused by the
temperature polarization. For all the simulations developed,
the heat flux through the membrane remains less than 1200
W-m 2

The estimated concentration profiles are very similar no
matter which method is used; heat transfer does not modify
the results significantly (Table 2). The slight decrease in the
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performance of the system due to the temperature polariza- larization is below 2.5 K, it is enough to produce an effect on
tion could be clearly explained by the strong relationship that the heat flow that obviously influences the water flow through
exists between the temperature and the water-vapor pressure the membrane. This dependence on temperature has been
at saturation on the interfaces. Even if the temperature po- used for beneficial effects and motivated some authors to
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Figure 5. Water flow vs. brine circulation rate: (a) at different temperatures and brine concentration of 40% w /w; (b)
at different brine concentrations and temperature of 298 K (hydrophobic layer in Knudsen diffusion).
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layer in Knudsen diffusion), brine concentration of 45% w/w and T = 298 K.

carry out OE processes that combine the concentration and
temperature gradients (Wang et al., 2001).

Vapor and liquid equilibrium in porous media

It is important to remember that the mass and heat fluxes
are controlled by the transport conditions within each of the
constituent layers of the system. In addition, the phase equi-
librium that settles at each pore entrance introduces a com-
plementary effective resistance. Some authors (Shin and
Simandl, 1999) have considered that the estimation of this
interface resistance, classically made by referring to what
happens over a free liquid—vapor interface, could be erro-

neous due to the fact that the vapor-liquid equilibrium in
heterogeneous media differs. This effect does not seem to
affect significantly the estimates carried out with water, but it
could generate larger deviations with mixtures of volatile
compounds to be considered in future works (Shin and
Simandl, 1999).

Conclusions

The results of simulation presented in this work make it
possible to understand the behavior of the water flux re-
ported in the literature for the osmotic evaporation process

Table 2. Simulation for Isothermal and Nonisothermal (Temperature Polarization) Conditions

Est. Value
Isothermal Cond.

Parameter or Variable

Est. Value with
Thermal Effects

Est. Value with
Thermal Effects

Water flow through membrane (N,,) 0.0781 mol-m™2-s~! 0.0628 mol-m ™25~ ! 0.0676 mol-m™2-s™ !
Heat flow through membrane (Q) 0 159.7W-m~2 1,186.5 W-m ™2
Heat-transfer coeff. in feed solution (h) o 150 W-m~2-K~! 2,000 W-m~2-K~!
Heat-transfer coeff. in extraction brine (/1y,;,.) © 150 W-m~2-K~! 2,000 W-m~2-K~!
Heat-transfer coeff. of hydrophobic layer (%,,;,) © 1,198.5 W-m~2-K~! 1,198.5 W-m~2-K~!
Heat-transfer coeff. in wet support (/4,) % 3,9381 W-m~2-K™! 3,9381W-m 2.K~!
Water-vapor pres. at solution—hydrophobic layer interface 3,142.10 Pa 2,947.90 Pa 3,032.55 Pa
Water-vapor pres. at hydrophobic layer—support interface 2,242.83 Pa 2,224.70 Pa 2,263.06 Pa
Temp. in solution to be treated (Tfh ) 298.00 K 298.00 K 298.00 K
Temp. on solution—hydrophobic layer interface (7;") 298.00 K 296.94 K 29741 K
Temp. on hydrophobic layer—support interface (7,") 298.00 K 299.11 K 298.89 K
Temp. on solution—support—brine (7)) 298.00 K 299.06 K 298.59 K
Salt conc. on hydrophobic layer—support interface 27.27 % w/w 29.78 % w/w 28.96 % w/w
Salt conc. on support—brine interface 32.57 % w/w 34.43 % w/w 33.82 % w/w
Membrane TF200, vy = 1.35 m-s™1; Tp[’ =298 K; bulk salt concentration, 45% w/w CaCl,.
306 February 2003 Vol. 49, No. 2 AIChE Journal



(OE). In particular, in the case of the very high water-flux
values obtained by Courel (1999) (0.15 mol-m~2-s™ !, about
2.7 1073-kg-m~2-s~ 1), they show well the general tenden-
cies of evolution of performance as a function of operating
variables and clearly indicate the main influence of the abso-
lute temperature.

The OE process is mainly controlled by the driving force
through the hydrophobic layer, that is, the difference in par-
tial pressure of the water-vapor, which is not over 1000 Pa in
the classic conditions found here.

The system is very sensitive to tangential flow conditions.
A proper hydrodynamics characterization of the module, with
appropriate correlations, is thus necessary to adequately
compare the experimental and simulation results. The dis-
crepancies observed in this work could be the result of com-
plex module hydrodynamics that is not well described by the
mathematical relations used, especially with respect to the
liquid transfer coefficients. Regarding this aspect, new stud-
ies are in progress that involve simpler membrane geometry.

The liquid penetration in the membrane structure is a
function of the pressure of the circulating solutions. It can
significantly affect the performance of this technique, be-
cause it can generate important variations in the thickness of
the different mass-transfer resistances that control the global
mass-transport process.

Even if the temperature polarization does not affect the
process strongly, it is advisable to attenuate its effect by using
materials with high thermal conductivity values and well con-
trolled hydrodynamics inside the membrane module.

The structure and modular design of this algorithm aim to
generalize it to other membrane contact operations with sep-
aration such as membrane distillation, perstraction (Mulder,
1996; Gabelman and Hwang, 1999), or even reaction.
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Notation

b, =constant in Eq. 5
b, =constant in Eq. 5
by =constant in Eq. 5
D = diffusion coefficient, m?-s~
G =permeance, mol-m~2-s~!-Pa~!
h =heat-transfer coefficient, J-s~!-m~2-K~!
k =mass-transfer coefficient, mol-m2-s~!
kT =thermal conductivity, J-s~!-m 1. K~!
L =thickness, m
M =molecular weight, kg-mol’]
N =mass flow, mol-m~%-s!
P =pressure in the pore of the hydrophobic membrane, Pa
p =partial pressure, Pa
Q =transmembrane heat flow, J-s~!-m
R =gas constant, J-mol !-K~!
r =pore radius, m
Re =Reynolds number
Sc =Schmidt number
Sh =Sherwood number
T =temperature, K
x =water molar fraction in liquid phase
y =water molar fraction in gas phase

1

-2

Greek letters

7y = activity coefficient
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A H =latent heat, J-mol ™!
€ = porosity
p =density, kg-mol 3
T = tortuosity

Subscripts and superscripts

a = air
bl =boundary layer
brine =brine
CaCl, =calcium chloride
MD =molecular-diffusion regime
f =feed solution
gas = gas phase within the pores
hl =hydrophobic layer
i =i-component
Kn =Knudsen regime
p =permeate side
polymer = polymer property
s =support property
v =vaporization
w =water
I =first layer: boundary layer in the feed solution
II =second layer: hydrophobic layer in the membrane
III = third layer: penetrated support
IV =fourth layer: boundary layer in the brine
b =bulk conditions
C =combinatorial
D-H =Debye—Hiickel
m =1in contact with the hydrophobic layer
R =residual
s =in contact with the support
sup = at average conditions within the support
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