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Abstract—A theory was developed to predict transient effluent concentrations, liquid concentrations, and
the position of the evaporation front during external (mass transfer limited) drying of a porous material
containing an immobile binary liquid mixture. One-dimensional drying experiments were performed with
different binary mixtures to assess the validity of the model. Theoretical and experimental findings showed
that the evaporation during mass transfer limited drying was non-selective in terms of component volatility ;
the mass fractions of the compounds in the effluent gas remained near the mass ratio of the emplaced liquid
mixture. The ¢ffluent concentrations and the velocity of the evaporation front were shown to be proportional
to t~12. A growing zone of variable liquid concentrations was shown to exist near the penetrating
evaporation front.

INTRODUCTION

Drying of porous materials is an important process in
many food, manufacturing, and processing industries.
In most applications, drying occurs in response to the
flow of heated air over a material which is wetted with
a single-component liquid—typically water. Numer-
ous investigators have studied this particular subject
to determine drying rates, moisture content, and tem-
perature distributicns within a porous material [1-
13]. An area which has received far less attention is
that of multicomponent drying. In this case the
material being dried is wetted with a mixture rather
than a single component. Applications include the
drying of pharmaceutical products, lacquers, photo-
graphic films, and foodstuffs [14].

Another recent and important process which con-
cerns multicomponent drying of porous media is the
remediation of hydrocarbon-contaminated soils by a
method called soil vapor extraction or soil venting. In
this application airflow is usually induced through
a contaminated region of soil. Vacuum pumps are
connected to wells which are placed in the con-
taminated soil [15]. The liquid contaminants are then
vaporized and removed from the soil in the extracted
gas phase. Ideally, the path of airflow would be
through the region of contamination. However, due
to heterogeneities in the subsurface, channeling often
causes the air to bypass regions of contamination as
shown in Fig. 1 [16]. This condition is commonly
referred to as diffusion-controifled or mass transfer
limited venting since the rate of hydrocarbon recovery
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is limited by vapor phase diffusion from the stagnant
regions of contamination to the convective region of
airflow [16~18]. Due to the low initial contaminant
liquid saturations, this situation is analogous to the
decreasing-rate period of drying in which an evap-
oration front penetrates into the regions of minimal
airflow. However, in previous studies on this subject
the material being dried was wetted with only a single-
component liquid [19-25].

Although many investigators have studied the
mechanisms of drying during soil venting, nearly all
of the research has been done assuming a through-
flow condition [26-28]. A few have investigated the
diffusion-controlled process for a single component
[15, 29], but a quantitative description of mul-
ticomponent drying during the decreasing-rate period
has not been established. Thurner and Schliinder [30)
have investigated drying of porous materials wetted
with a binary mixture during the constant-rate period
assuming a constant liquid velocity due to capillary
suction, but they do not consider the receding evap-
oration front which is prominent during diffusion-
controlled venting of residually contaminated soils.

The purpose of this study is to investigate the
diffusion-controlled venting process as it applies to
the drying of porous media containing an immobile
binary liquid mixture. A theoretical model is
developed to predict the effluent concentration of each
component, the position of the evaporation front, and
the composition of the liquid mixture during the dry-
ing process. Experiments are performed with different
binary mixtures in a one-dimensional experiment to
determine these variables. Finally, a comparison
between the results of the theory and experiments
is made, and conclusions are drawn based on these
findings.
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NOMENCLATURE
A,B components in the binary mixture t time [s]
A, cross-sectional area of the porous T temperature [K]
material x liquid mole fraction [mol mol ']
¢ total molar concentration of the liquid z distance from surface of porous media
[mol (m? liquid) ™! [m].
C,. concentration in the effluent gas
C®  concentration of the gas in the dry
region [kg (m gas) '] Greek symbols o .
C?®  concentration of the gas in the wet & loc3al. quxhbn}um conversion factor
region [kg (m’ gas) '] [m hqulq (m* gas)™ ] o
C®  concentration of the liquid in the wet p slope of lmgar adso]rptlon 1slotherm |
region [kg (m’ liquid) '] {kg' a.ds (m’ total) ~ . [kg (m gas).]‘ }
C. concentration of the gas at the 0 position of penetrating evaporation
evaporation front [kg (m? gas) ] fro.nt. [m] . \
DM effective gas diffusion coefficient in the 4 actvity coefficient [mol mOI; ]
dry region [m?s~"] Ky, Ky n'umerlcal cons.tants 3[kg m- ]3 .
D@ effective overall gas-liquid diffusion ¢ airfilled P‘?TOS"YS [m® gas (3m total? ]
coefficient in the wet region [m?s ] b, total porosity [m’ pore (m’ total) ~'].
D effective gas diffusion coefficient in the
wet region [m®s '] Subscripts
D»  effective liquid diffusion coefficient in amb ambient conditions
the wet region [m>s™'] ave  average
v D(I)/(¢t+ﬁi) [m2 S_l] f final
2?9 D/(S¢) [m*s~] , g gas phase
2 ? ) | err ofr(fu)nction, @/ \/ ) fse ¢ d¢ i denotes either component A or
erfc —erf (x n
M molecular weight [kg kmol '] | ;Zr;?jogﬁastf
P partial pressure [Pa]
(9] volumetric air flow rate [m?® s 7]
R universal gas constant [8314.4 N m Superscripts
kmol~' K] (1)  dry region
S, liquid saturation [m? liquid (m® pore (2)  wet region
space) ~'] 0 initial or pure component.
Pump
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Fig. 1. Basic soil venting system in a heterogeneous, hydrocarbon-contaminated subsurface.
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Fig. 2. Model for one-dimensional, external convective drying of a porous medium containing an immobile
binary liquid mixture during the period of the penetrating evaporation front.

THEORETICAL WORK

The physical system being considered is the porous
half-space partially wetted with an immobile binary
liquid mixture as shown in Fig. 2. For r > 0 ambient
air flows over the material, and evaporation of the
liquid causes an evaporation front to penetrate into
the porous materizal to a location z = 6(r). We assume
that both components, A and B, are completely vapo-
rized at this penetrating front (i.e. , = dz = d), and
this condition will be shown to exist in the exper-
iments. Two regions can then be considered in the
analysis: (1) a dry region containing only gas phase
components which extends from the surface (z = 0) to
the evaporation front [z = 6(7)], and (2) a wet region
consisting of both liquid and gas phase components
which extends from the evaporation front to z = .
Initially, the liquid mixture occupies the entire half-
space and is assumed to have a uniform composition :

C(z,t=0)=C 1)

where C is the concentration, the subscript 1 denotes
the liquid phase in the wet region, the subscript i
represents either component A or component B, the
superscript (2) denotes the wet region, and C{,; refers
to the initial liquid concentration of component i. The
liquid concentration is defined as follows:

COG 1) = x(z. ) M, @

where x; is the liquid mole fraction of component i,
M, is the molecular weight of component i, and ¢,
is the molar concentration of the liquid. The molar
concentration, ¢, is assumed to be constant at the
initial molar concentration of the mixture.

In this model, the liquid saturation, S, is assumed
constant in the wet region based on experiments by

Cunningham and Kelly [31]. They showed that, when
liquid saturations dropped to values near 0.1 during
external drying, the saturation was nearly constant in
the wet region. Isothermal conditions are also
assumed to exist in the half-space based on the obser-
vations of Szentgyorgyi [9]. In this study uniform tem-
peratures were observed in the wet region during the
period of the penetrating evaporation front, but the
temperatures gradually increased because of the
heated external flow. In this study, both the external
airflow temperature and the initial liquid temperature
are at ambient conditions. Localized depressed tem-
peratures caused by evaporation are slight and are
not expected to alter the temperatures elsewhere since
evaporation rates are slow compared to the heat trans-
fer from surrounding regions during the period of the
penetrating evaporation front. Therefore, isothermal
conditions are assumed to exist with the temperature
equal to the ambient temperature, T.,.,,. Fixed bound-
ary conditions corresponding to the situation shown
in Fig. 2 can be stated as follows:

CPH(z=0,=0 3)

@

where the superscript (1) denotes the dry region and
C(" is the gas phase concentration of component i in
the dry region. The first condition implies that
sufficient airflow at the surface (z = 0) causes the gas
phase concentration to be zero there. The second con-
dition implies that the resistance to mass transfer is
large in the wet region. Consequently, at a distance
sufficiently far from the surface the composition of the
liquid remains unchanged from its initial composition.
Thermodynamic equilibrium and mass continuity at

CP(z->o0,0=C)
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the moving interface of the dry and wet zones
[z = 8(#)] can be used to obtain two more boundary
conditions at the evaporation front :

Ciz=08(1),1) = aCP(z=080t),1) = Cry (5)

D([) acl(']) _D(z) 0C1(,$) - Sl¢tcsat,i dé(t)
Yooz s Y 0z |, o; dr
(6)
where
_ Yab?
%= oRT ™

v, is the activity coefficient of component i in the liquid
mixture, p? is the vapor pressure of component i, R is
the gas constant, and T is the absolute temperature.
Equation (5) states that the gas concentration of each
component at the evaporation front remains at a con-
stant value, C,, for ¢>0. This condition was
observed experimentally by Heimann et al. [32] during
the constant-rate period of drying. Local equilibrium
between the gas and liquid phases is assumed to exist
in the wet region so that the gas and liquid con-
centrations can be related by the local equilibrium
factor, o, This factor was derived from the ideal gas
law and the definition of the partial pressure of a
component in a mixture: p; = x;y; p?.

Equation (6) enforces conservation of mass across
the evaporation front. The term on the right-hand side
represents an amount of mass which is liberated from
the liquid phase as the front moves a distance dé. The
terms on the left represent diffusion on both sides of
the front where D" is the effective gas diffusion
coefficient of component i in the dry region and D{*
is the effective diffusion coefficient of component i in
the wet region. The effective gas diffusion coefficient
can be expressed as follows assuming the gas phase
partial pressures are small compared to the total pres-
sure [33]:

m”=5{%fmi ®)

where ¢, and ¢, are the air-filled and total porosities,
respectively, and D}, is the binary diffusion coefficient
of i in air given by Fuller e¢¢ al. [34]. The air-filled
porosity is defined as ¢, = (1—S)¢,. The effective
diffusion coefficient in the wet region has been inves-
tigated by Schwarzbach [35] for gas and liquid phase
diffusion of a binary mixture in porous media.
Assuming local equilibrium and parallel diffusion in
the gas and liquid phases, an effective diffusion
coefficient for the wet region can be written as follows :

D® = D +a,DY &)

where D) is the effective gas phase diffusion
coefficient in the wet region given by equation (8) and
D is the effective liquid diffusion coefficient defined
as follows:
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pfp ==

(10$)

Dy, is the concentrated binary liquid diffusion
coefficient given by Cullinen [36] and 7 is the tortu-
osity. The concentrated binary liquid diffusion
coefficient, D), is based on the dilute binary liquid
diffusion coefficients given by Wilke and Chang [37).

The value of the liquid phase tortuosity term, z, in
equation (10) is uncertain. As the liquid saturation
decreases, the tortuosity increases due to the decreased
area available for liquid phase diffusion. Regions of
disconnected liquid ganglia might also exist due to the
low liquid saturations. The tortuosity is consequently
expected to be large for the residual liquid saturations
examined in this study. Thus, for modeling purposes
the effective liquid diffusivity defined in equation (10)
is assumed to be negligible compared to the effective
vapor phase diffusivity in the wet region.

Since convective transport in the porous half-space
is neglected, conservation of mass yields the following
diffusion equations for the dry and wet regions,
respectively :

orcv 1 oCc®
o g a0 (1n
Fc® 1o
P R T 2

where 20 = DV/p, and 22 = DP/(S,¢,). The
method of Neumann [38] is used to derive an exact
solution for the problem posed here. Equations (11)
and (12) must be satisfied subject to the boundary
conditions given in equations (3)—(6) and the initial
condition given in equation (1). In the dry region the
solutions to equation (11) which satisfy equation (3)
for both components can be written as

CW@0=Mmﬁ< (13)

z
2,/,@,(‘)1)

where x,; is a constant for component i. Since the
mole fractions sum to one in the liquid mixture, equa-
tion (2) can be used to yield a relation between the
liquid concentrations of the two components :

CR(z1)
M,c,

CRGEY
Mye,

1. (14)

The higher-volatility component will diffuse more
quickly in the wet region according to equation (9).
Therefore, the diffusion equation for the wet region
[equation (12)] is applied to the more volatile com-
ponent since its diffusion rate is limiting. Equation
(14) is then used to express the liquid concentration
of the lower-volatility component. If component A is
more volatile than component B (i.e. p% > p§) then
the solution to equation (12) which satisfies boundary
condition (4) and the initial condition (1) is given by
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CR(z, 1) = C) —Kqerfe ( (15)

2 @53%)

where «, is a constant. Equations (13) and (15) can
be substituted into equation (5) to determine the con-
stants x, ; and x;:

Csati
Kij=——"F"—~—< (16)
’ ()
f -~
o (2 .@ﬁ‘%)
Csa,
i 7
Ky = ( 5(0 ) (
erfc | ———
2./ 9Pt

Note that, since equations (16) and (17) must hold
for all values of time, 6(¢} must be proportional to
2, Also, since it is assumed that the location of the
evaporation front is the same for both components,
0(¢) can be expressed as

8(8) = 244/ DVt = 205/ 2Vt (18)

where A, and Ap are constants. The velocity of the
evaporation front is therefore proportional to ="
and is found by taking the derivative of equation (18)
with respect to time.

Mass continuity at the moving evaporation front
[equation (6)] is then used to determine A,. Sub-
stituting the expressions for the concentrations in the
dry and wet regions [equations (13) and (15)-(17)]
and the expression for the location of the evaporation
front [equation (18)] into equation (6) yields the fol-
lowing continuity equations at the moving evap-
oration front for components A and B, respectively :

£ —falin) ( Cia

sa( A

1
- K) =G (19)

Csa Csa‘
Fo G =22 1 £,(00) = () =2 (20)
o OB
where
e
fl(AA) = erf(,l )
D(Z) @(l) 1/2 —12@(1)/@(2)
Ll ="5 =] ———
D&” @g) @(1) /
erfc <1A<9(2)) )
T ALS,
Sy = YLEhaS
Oa
DY M
B "B —lz (1) (2)
filha) = A A0 194

A aa(fy (Aa) —=f5(Aa)) +12(2n)

N2
erfc </1A (9 @

S5(Aa) = }'ASI¢1\/ ngfxl)

e~iig(l)/g(2)

op .
Iz (D\ 172
s erf <AA(9 > >

(7%

Equations (19) and (20) represent two equations
for three unknowns: A5, Cyuia, and Cg, p. Therefore
one final relation must be added to close the problem.
Since the liquid mole fractions must sum to one
according to equation (14), an expression relating
Caa 8nd Cg, 5 can be written assuming local equi-
librium exists between the gas and liquid con-
centrations at the evaporation front [z = §(#)] :

Csat,A
7Y MA Ct

Csat,B

T @1

Equations (19) and (20) can be arranged to yield
explicit expressions for C,, , and C,,, 5 which are then
inserted into equation (21) to yield the following equa-
tion as a function only of 1,:

s JAN
Ma oa(f1(Aa) —f3(4a)) +/2(4a)
PRI /Y R

Ms fs(Aa) —f5(4a)

Once 4, is obtained from equation (22), the location
of the evaporation front, §(¢), is given by equation
(18). Concentrations in the dry and wet regions are
then determined from equations (13)—(17), which are
rewritten as follows:

CG.0) = St (2 \/;(_)t) @3)

(2) CIOA _ %i:—A ?
A erfc (AA(§§3>”2)CI& (2 9&%)
(24)
CA( 1) = MB< (Z)M(i 0) (25)

Finally, the average concentration of component
i in the effluent gas, C,,.,(¢), can be determined by
balancing the mass transfer across the surface of the
porous medium at z = 0 with the mass carried from
the system in the flowing air:

0C(z,1)
0z

Q Cave,i(t) = DI(I)AC (26)

z =0

where Q is the air flow rate and A4, is the cross-sectional
area of the porous material. By differentiating equa-
tion (23) with respect to z, evaluating the derivative
at z = 0, and substituting the resulting relation into
equation (26), the following expression for the effiuent
concentrations is obtained :
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Fig. 3. Experimental apparatus for one-dimensional, external convective drying of sand.
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EXPERIMENTAL WORK

t—l/2

Cave,i(t) = (27)

The apparatus which was used to perform the
experiments is shown in Fig. 3. A compressor blows
ambient air through a filter containing activated car-
bon which removes any hydrocarbons present in the
air. The air then travels through a flowmeter before
reaching a vertically oriented glass tube (2 cm diam-
eter x 20 cm high). The tube contains 15 cm of air-
dried, machine-sifted, 48-65 mesh Monterey sand
(average particle diameter = 0.25 mm) with a void
space at the top. The air flows into the top portion of
the tube through a rubber stopper and exits through
the top as well. A gas sampling bulb is located down-
stream of the tube so gas samples of the air stream
can be taken just before the gas is exhausted into a
fume hood. The porosity of the sand was determined
using the mass of the sand in the tube, the density of
the sand, and the total volume the sand occupied. The
relative humidity of the ambient air in these exper-
iments was between 50 and 70%.

Different binary mixtures of hydrocarbons were
emplaced at variable rates (1-2 cm® min~') into the
sand from the top end of the tube with a pipette. The
tube was then sealed, and the liquid was allowed to
spread until the size of the wet region was observed
to stabilize (3-4 days). Although the actual liquid
saturation distribution may have exhibited axial vari-
ation, only the average liquid saturation was recorded
based on the volume of the visibly wet region
(S, ~ 0.1). The airflow was initiated, and gas samples
were taken frequently and analyzed through gas chro-
matography. The position of the evaporation front
could also be observed and was recorded regularly.
Then, in order to determine liquid concentrations in
the remaining hydrocarbon mixture, the tube was first
immersed in an ice bath. Then, the dry sand was
canted off the top, and samples of wet sand were
collected in separate vials at varying depths from the

wet region. The gas head-space in the sealed vials was
assumed to reach equilibrium with the liquid con-
taminant after 1-2 h. Liquid concentrations and liquid
mole fractions of each sample could then be deter-
mined using head-space analysis with the gas chro-
matograph.

The experimental uncertainty in determining gas
and liquid phase concentrations with the gas chro-
matograph was estimated to be within 10-20% of
actual values due to calibration errors, incidental
losses from the syringe or vial, and sampling vari-
ations. Other intrinsic errors resulting from exper-
imental measurement include an estimated 10%
uncertainty in both the flow rate and average liquid
saturation, and a 5% uncertainty in the following
parameters: porosity, volume of contaminant
emplaced, and position of the evaporation front.

The experimental runs are summarized in Table 1.
The same binary liquid mixture of toluene and o-
xylene was used in runs 1-3. Different drying times
were used in these three runs to investigate the changes
in the liquid concentration distribution in the wet
region. Also, the temperature was recorded in run 1
near the surface of the sand at z = 0.2 cm with a
T-type thermocouple which was accurate to within
+ 1°C. A binary mixture of benzene and o-xylene was
used in run 4 to determine the effects of drying a
mixture of compounds of very different volatility.
Finally, a mixture of toluene and octane was used in
run 5 to investigate the drying behavior of a relatively
non-ideal binary mixture. The vapor pressures for
each of the components at 22°C are shown in Table 2
along with each component’s gaseous binary diffusion
coefficient in air.

RESULTS AND DISCUSSION

Figure 4 shows the experimental and predicted
results for run 1. Figure 4(a) and (b) show the con-
centrations of each component in the effluent gas and
the position of the evaporation front with time. Both
the effiuent concentrations and the velocity of the
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Table 1. Summary of experimental runs

1 2 3 4 5
Experimental  Toluene (A) and  Toluene (A) and  Toluene (A) and  Benzene (A)and  Toluene (A) and
run o-xylene (B) o-xylene (B) o-xylene (B) o-xylene (B) octane (B)
A [cm?) 1.0 1.0 0.8 1.0 1.0
B [cm?] 1.0 1.0 0.8 1.0 1.0
S 0.11 0.11 0.11 0.13 0.11
o, 0.39 0.40 0.38 0.39 0.39
Toms [°C) 21 24 23 21 22
A, [m? 34x107* 3.8x10~* 3.2x107* 32x107* 34x107*
Q [m*s™] 1x107° 1x107° 1x10-° 1x107° 1x10~°
Duration, #; [min] 8820 580 110 930 590
S(t;) [em] 45 1.1 0.35 0.85 1.8

Table 2. Vapor pressures at 22°C [39] and binary gas diffus-
ivities in air [34]

P Dy
[Pa] [m*s7]
Benzene 11 000 8.8x10-¢
Toluene 3230 7.9%x10°¢
Octane 1570 6.4x10~°
o0-Xylene 740 7.2x10°¢
102, i vawd;t.tollxylfen:p.? 1{16/92)
ME ©  toluene (experiment)
g B o-xylene (experiment)
g 103 toluene (predicted) |1
§ - — = - o-xylene (predicted)
g
5 10+ y
et R : 22 PO
§ M$%
=) ]
M 105 o -
0 2000 4000 6000 8000 10000
Time (min)
@
51+ —
g
L T T PPty Sy P S |
® 41
“2 % o] ?x‘periment
o & 3 == = = = initial liquid mass ratio |..]
é E W bbby initial vapor mass ratio
=] - .
E g 2 -—— predicted
Qo
25
% 1 OO 00 0 00 ——r 3
g o0 .
0 2000 4000 6000 8000 10000
Time (min)
©

evaporation front are seen to be proportional to ¢~

as predicted by the model. Figure 4(d) shows the rec-
orded temperatures at z = 0.2 cm with time. The data
in Fig. 4(b) reveal that the evaporation front reached
z=0.2 cm at 20 min, but the temperature at this
location and time remained constant at the ambient
temperature. Thus, the assumption of isothermal con-
ditions in these diffusion-limited drying experiments
appears to be valid. Figure 4(c) shows the exper-
imental and predicted mass ratios of toluene to o-
xylene in the effluent gas. The initial mass ratio in the

g S —
\?/ /o/
2 4 o]
e -
=
g3 6
g | °
(0]
AP |
= ©  experiment 1
8 g predicted ]
2 0d-— ) ;
& 0 2000 4000 6000 8000 10000
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30 ! T AR I
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8 [ i i
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E [ evaporation front reaches ]
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(d)

Fig. 4. Experimental and predicted values of : (a) effluent concentrations, (b) position of the evaporation
front, (c) mass ratio in the effluent gas, and (d) temperatures at z = 0.2 cm for run 1 (1 cm® toluene and 1
cm’ o-xylene).
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liquid mixture and the initial mass ratio in the vapor
phase are also shown. The measured mass ratios in
the effluent gas are seen to be very close to the initial
mass ratio of the liquid mixture. This contrasts with
the results of selective evaporation processes such as
through-flow drying in which mass ratios in the
effluent gas are near the initial equilibrium mass ratio
in the vapor phase.

The non-selective evaporation exhibited in these
diffusion-limited cases can be explained by the
existence of a variable liquid concentration zone in
the wet region. Figure 5(a)—(c) shows the experimental
and predicted liquid mole fraction distributions in the
wet region for a mixture of toluene and o-xylene at
different times. A single evaporation front of both
compounds propagates into the contaminated region,
confirming the assumption of a single evaporation
front in the theoretical model. As the evaporation
front penetrates into the sand, a zone of variable liquid
mole fractions is seen to grow in length ahead of the
front due to continual evaporation and diffusion from
within the wet region. Due to the higher volatility of
toluene, its liquid mole fraction is lower than that of
o-xylene at the evaporation front. However, a large
resistance to mass transfer in the wet region causes
the liquid mole fractions farther away from the evap-
oration front (as z — o0) to remain at the initial mole
fractions, x% and x3, of the emplaced liquid. This non-
uniform distribution of the liquid mole fractions of
the high and low volatility compounds in the wet
region yields the constant observed mass fractions in
the effluent gas shown in Fig. 4(c). Note that the
experiment and theory disagree at long times in Fig.
5(c). The discrepancy is postulated to result from the
finite length of the contaminated region in the exper-
iment. The theoretical assumption of an infinite
domain becomes invalid when the zone of variable
liquid concentrations extends to the boundary of the
contaminated region. This occurs sometime between
580 and 8820 min as shown in Fig. 5(b) and (c).

Similar behavior was observed during the evap-
oration of a binary mixture of benzene and o-xylene
(run 4). The results are shown in Fig. 6. The purpose
of this run was to determine if the evaporation would
remain non-selective even though the volatility of ben-
zene is much greater than that of o-xylene. Figure
6(a) and (b) shows the effluent concentrations and
evaporation front position, 3(¢), with time. The model
overpredicts d(f) and underpredicts the effluent con-
centrations, but the trends in the data are represented
by the predicted behavior. Slight variations in the
liquid saturation, S|, strongly affect the calculated
values of both d(¢) and the effluent concentrations.
Therefore, since an average liquid saturation was used
in the model for the entire visibly wet region, dis-
crepancies may be caused by a non-uniform dis-
tribution of the emplaced liquid. Figure 6(c) shows
the experimental and predicted mass ratios of benzene
to o-xylene in the effluent gas. Again, the evaporation
is seen to be non-selective even in the case of very
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Fig. 5. Experimental and predicted liquid mole fraction dis-
tribution of toluene and o-xylene in the wet region at:
(a) 110 min, (b) 580 min, and {(c) 8820 min.

different volatility compounds. The vapor pressure
ratio of benzene to o-xylene is 15: 1, but the measured
mass ratio in the effluent gas is only about 1.5:1,
which is relatively close to the initial mass ratio, 1:1,
of the emplaced liquid mixture. Figure 6(d) shows the
liquid mole fractions of benzene and o-xylene in the
wet region at 930 min. Again, a zone of variable liquid
mole fractions is seen to exist in the wet region ahead
of the evaporation front. The predicted liquid mole
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Fig. 6. Experimental and predicted values of : (a) effluent concentrations, (b) position of the evaporation
front, (c) mass ratio in the effluent gas, and (d) liquid mole fractions for run 4 (1 cm® benzene and 1 cm®
o-xylene).

fraction distribution is seen to agree well with the
experimental data.

A relatively non-ideal mixture of toluene and octane
was used in run 5. Although the activity coefficients
of these compounds deviate slightly from one [40], an
ideal mixture was assumed in the model (y, = 1) to
see how the predicted results would compare to the
experimental data for this non-ideal mixture. Figure
7(a) and (b) shows the effluent concentrations and
position of the evaporation front with time. The model
results are seen to be in close agreement with the data.
Figure 7(c) shows the mass ratios of toluene to octane
in the effluent gas, and the data again reveal a non-
selective evaporation process. Figure 7(d) shows the
liquid mole fraction distribution in the wet region at
590 min. Since the compounds are fairly similar in
volatility, there is not as much segregation between
the mole fractions at the evaporation front as there
was for benzene and o-xylene in run 4. As with the
other mixtures, the trend of the data matches well with
the predicted distribution of liquid mole fractions.

Recall that the liquid phase diffusivity was assumed
to be negligible compared to the gas phase diffusivity
for the runs in this study. Since the predicted results
were shown to be in good agreement with the exper-
imental data, the dominant mode of transport in the

wet region for the compounds used in this study
appears to be gas phase diffusion. Under this assump-
tion, the effective diffusivity in the wet region can be
quite different for each compound of a liquid mixture,
depending on the vapor pressure of the compound.
The most volatile component will have the largest
effective diffusivity and will have a dominant influence
on the length of the zone of variable liquid con-
centrations in the wet region.

In all .of the previous runs, non-selective evap-
oration was observed and the mass ratio of the com-
pounds in the effluent concentration were seen to
reach a constant value in a relatively short time. Hei-
mann et al. [32] discuss the time required to reach this
steady value during the constant rate period of drying
assuming a constant liquid velocity due to capillary
suction. They conclude that for a mixture of isopropyl
alcohol and water the steady-state liquid con-
centration profile is reached within several minutes.
Similar drying times to reach a constant effluent mass
ratio were found in this study. In addition, these dry-
ing times were seen to depend on the volatility of the
components. If the mixture contained a low-volatility
component, then the time required to reach a constant
mass ratio in the effluent gas was longer. To under-
stand this behavior, consider the initial moments when
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the wet region is exposed to the external flow; the
conditions are identical to through-flow drying and
selective evaporation is expected. Therefore, the time
required to reach a steady mass ratio in the effluent
gas should correlate with the time required for the
evaporation front to penetrate a certain distance into
the porous material such that a dry region exists
between the liquid and the convective flow. At that
time, transport is due only to diffusion, and a constant
mole fraction ratio at the evaporation front is estab-
lished to satisfy mass conservation between the wet
and dry regions.

This study considered a semi-infinite region, but, if
the porous material is finite in the z-direction, the
evaporation is postulated to exhibit three stages based
on the results of this study:

(1) Initially, a selective evaporation occurs in which
the more volatile component is removed preferentially
from the exposed liquid surface at z = 0. The liquid
mole fraction of the higher-volatility component
decreases at the evaporating surface which cor-
responds to a decrease in the mass fraction of the
higher-volatility component in the effluent gas.

(2) As the evaporation front penetrates into the
porous material, a non-selective evaporation is char-
acterized by constant component mass fractions in the

effluent gas which are near the initial component mass
fractions in the emplaced liquid mixture.

(3) Astheevaporation front propagates toward the
bottom of the porous material, the length of the zone
of variable liquid concentrations will eventually
exceed the length of the porous material. The mass
fraction of the higher-volatility component in the
effluent gas will then gradually decrease to zero due
to the depleted liquid mole fractions of the higher-
volatility component throughout the remaining wet
region.

These three stages were observed by Ho and Udell
[16] during two-dimensional drying experiments with
toluene and o-xylene.

Finally, since the mass ratio of the compounds in
the effluent gas reaches a steady value near the mass
ratio of the initial liquid, a simplified analysis can be
performed to determine the effluent gas concen-
trations. Assuming that the mass ratio of the effluent
concentrations is equal to the mass ratio of the
emplaced liquid, Ho and Udell [16] showed that the
liquid mole fractions at the penetrating evaporation
front can be determined for a binary mixture. In fact,
liquid mole fractions for mixtures with multiple com-
ponents can be determined using the same method.
Then, if local equilibrium exists and a linear gas phase
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concentration distribution in the dry region is
assumed, the effluent concentrations for each com-
ponent can be determined by a simple mass balance
given in equation (26). The assumption of a linear
gas phase concentration distribution in the dry region
appears to be valid since the equation derived in this
report for the gas phase concentrations [equation (23)]
exhibits a nearly linear distribution.

CONCLUSIONS

A one-dimensional analytic model was developed
for external convective drying of porous materials
containing an immobile binary liquid mixture. The
model predicts effluent gas concentrations, liquid con-
centrations, and positions of the evaporation front
assuming isothermal and uniformly saturated con-
ditions. One-dimensional experiments were per-
formed with several binary hydrocarbon mixtures to
verify the validity of the model. Based on the findings
of this study, the following conclusions can be made :

(1) Diffusion-limited evaporation is non-selective
in terms of removing the higher volatility component
during external convective drying of porous media
containing immobile binary liquid mixtures. Mass
fractions in the effluent gas remain near the initial
mass fractions of the liquid mixture.

(2) A growing zone of variable liquid con-
centrations exists within the wet region near the pen-
etrating evaporation front. The length of this variable-
concentration zone is determined by the gas phase
diffusivity of the more volatile component.

(3) Both the velocity of the evaporation front and
the effluent concentrations are proportional to ="
and are strongly dependent on liquid saturation. At
higher liquid saturations, the velocity of the evap-
oration front decreases, and the effluent con-
centrations increase.
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