—

WATER RESOURCES RESEARCH, VOL. 34, NO. 1, PAGES 47-54, JANUARY 1998

Modeling and experimental investigation of transient,
nonequilibrium mass transfer during steam stripping

of a nonaqueous phase liquid in unsaturated porous media
A. G. I. van der Ham

Department of Chemical Enginecring, University of Twente, Enschede, Netherlands

H. J. H. Brouwers

Department of Civil Engineering and Management, University of Twente, Enschede, Netherlands

Abstract. The present paper addresses the one-dimensional unsteady process of steam
stripping of the unsaturated zone of soils contaminated with nonaqueous phase liquids
(NAPLs). First, the volatilization mechanism and the transport by steam are considered,
taking the view that nonequilibrium exists between liquid and vapor phases; second, the
effect of evaporation on the specific arca is taken into account. The governing equations
are rendered dimensionless and solved in closed form. For various dimengionless numbers,

solutions are presented, showing the role of the prevailing physical phenomena.
Experiments have been performed using two sand mixtures with water and NAPL
saturations ranging from 24% to 44% and from 3.8% to 9.4%, respectively. The
experimental results confirm the applicability of the theoretical model presented.
Furthermore, the analysis results in an empirical correlation for the Sherwood number
valid for a broad range of Peclet numbers (2 < Pe < 60).

1. Introduction

Nonaqueous phase liquids (NAPLs) are among the most
ubiquitous soil contaminants. Though most of these liquids are
immiscible with water, they have aqueous phase solubilities
that substantially exceed drinking water standards. Contami-
nation of the unsaturated zone by NAPLs and their long-term
transport to the groundwater has therefore become one of the
major environmental problems in most industrialized coun-
tries. Hence, lately, considerable effort has been devoted to the
cleanup of sites contaminated with NAPLs.

Current remedies mostly take the form ol cxcavation and
cleaning or disposal of the contaminated soil. As the proce-
dures arc expensive and sometimes even dangerous, in situ
techniques are needed. A cheap and eflicient way of cleaning
up the soil is offered by in situ executed evaporative tech-
niques. Usually air, water, or steam are employed as stripping
media. Enhanced and accelerated cleaning is achieved at ele-
vated temperaturcs. Hence the use of hot media, such as steam
and heated air, can be attractive as short cleaning times arc
often beneficial, for instance, at sites in commercial use.

In order Lo optimize in situ cleaning, physical models are
required which represent an adequate description of the pre-
vailing processes. To the authors” knowledge the first publica-
tion on in sity soil cleaning with stcam was by Maas [1982].
Subsequently, analysis and experiments of the process were
presented by Hilberts [1986), Viecken and Sman [1988], Hunt et
al. [1988a, b), Udell and Stewart [1990], and Falta et al. [1992a,
b]. These elaborations assumed constant steam injection rates
and steady steam-front velocities. Furthermore, all previous
studies assumed local equilibrium between liquid and vapor
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phases for the contaminant, though it is recognized that in a
large number of practical situations this simiplification is not
accurate. Yuan and Udell [1993] developed a noncquilibrium
model for the distillation of a frec NAPL and derived a mass
transfer coefficient. Free NAPL can be encountered, among
other situations, if the liquid contaminant concentration ex-
ceeds the solubility limit of the water present. For free NAPL
the concentration at the liquid-vapor interface is constant (and
proportional to the vapor pressure of the pure contaminant).
Recently, Wilkins et al. [1995] investigated the nonequilibrium
evaporation of NAPL info nitrogen. Steady state conditions
were assumed, such as a constant specific area, so that the
effect of the shrinking surface on mass transfer was neglected.
This was allowed as the maximum decrease in contaminant
saturation amounted to 10-15%, and hence the specific inter-
face arca was not substantially altered.

The present paper addresses the unsteady evaporation of
liquid NAPL and the convective transport of contaminant by
the steam. To describe the transfer of the contaminant be-
tween liquid and vapor phases, a nonequilibrium model is
proposed. As the liquid contaminant concentration exceeds the
solubility limit, two immiscible liquid phases are present. Hence
the temperature at the liquid-vapor interface is determined by the
sum of the individual steam and NAPL saturation vapor pressures
which equals the imposed total pressure (in analogy with steam
distillation). Furthermore, the shrinkage of the specific arca avail-
able for mass transfer to the steam, due to evaporation of the
NAPL droplet, is taken into account. The governing equations
permit an analytical solution which illustrates the influence of the
dimensionless numbers concerned. Performed experiments are
reported, and it is shown that the results confirm the predictions
of the theoretical model. Finally, on the basis of the experiments
an empirical correlation for the Sherwood number is put forward
which is valid for the range 5 < Pe < 60.
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Figure 1. Process represenlation of steam stripping of nonaqueous phase liquid (NAPL) in u packed bed.

2, Model

The steam stripping process is described in a packed bed of
sand, homogeneously contaminated with one single organic
component (NAPL), through which steam is flowing. In the
bed the NAPL evaporates and is transferred to the steam
phase. For a schematic representation of the process, see Fig-
ure 1. Start-up phenomena like the heating of the bed up to the
operation temperature are neglected here because they take
only a minor part of the total cleaning time. Any redistribution
of the NAPL due to the heating of the bed up to operation
temperature (during start-up) is also neglected.

The fixed bed model is derived from the basic continuity
equations for the NAPL component in the vapor phase and in
the liquid phase while assuming plug flow behavior for the
vapor phase, isothermal operation, and the absence of radial
concentration gradients. It is further assumed that the contam-
inant is homogeneously dispersed as uniform, single-sized bod-
ies throughout the packed bed of sand. During the stripping
process the liquid NAPL bodies shrink until they are evapo-
rated. The sand is assumed to be a mixture of nonporous
particles with an average diameter d, 5,,. The driving force for
the steam stripping process is the djfference in the vapor phase
NAPL concentration at the liquid interface and in the bulk of
the steam flow.

The continuity equation for liquid NAPL in the soil is

88
¢ S = ka(C,, - Cp) 2

pp,l

(1
with initial condition
S[L]([ = 07 O =x= L) = Sp,l()

In (1) the porosity ¢ is defined as the fraction of the total bed
volume not taken by the sand but by the steam, water, and
organic compounds together. The saturation S, ; is the frac-
tion of ¢ taken by the contaminant present as a liquid; &, is the
gas phase mass transfer coefficient; and a is the specific contact
area between NAPL and steam. The mole fraction C, ; is the

P

contaminant concentration at the NAPL-steam interl:
is constant and only a function of temperature I
component. Its value is calculated from vapor press
C, ., is the mole fraction of the contaminant in the ste
which will be zero at the entrance of the column v
clean steam enters. The last term in (1) represents th
the molar density of the vapor phase over the liqu
phase. §,, ;; equals the initial NAPL saturation.

The continuily equation for NAPL in the steam ph
89,!.’:"
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with initial condition
Colt = (xe)/U, 0=x =1
and boundary condition
Codtyx=10) =0

In (2) the saturation S, is the fraction of the porasil
by the vapor phase, and U, is the superlicial vapo:
The value of S, is assumed to be constant because tl
in S, | (initial value is typically 0.05) is negligible cot
S,and hence S, = 8, =1 -8, = S,

Before solving this set of differential cquations
transfer parameter ko has to be described in nu
because it depends on the vapor velocity, the spe
available for mass transter, cte. From the studies by
Suzuki [1966] and Nelson and Galloway [1975] it is k
the mass transfer coelficient in packed beds at Re
deseribed by the general equalion (with ¢ a consta
the Schmidt number)

k= U Se

It shows that the value of &, is mainly determin
packed bed hydrodynamics, which does not chang
during the process. [n most sand beds the conditios
100 is usually fultilled.



VAN DER HAM AND BROUWERS: STEAM STRIPPING OF NONAQUEOQUS PHASE LIQUIDS 49

Since &, is constant, the effect of the shrinking of the NAPL
liquid interface on the mass transfer rate k a has to be ac-
counted for in the specific droplet arca a. Assuming an initial
uniform NAPL droplet shape, the specific droplet arca a per
volunie reactor as a function of the NAPL saturation S, ; for
various geometries (like cubical or spherical) is given by the

following relation:
a = CT()( “S"I"“]> " €
Sp,l(]

with @, and S, ,, representing the initial specific area and
NAPL saturation, respectively. The combination of (3) and (4)
results in the following relation for k ,a:

ko= ¢ !»ULI a (Sﬂ w - (k) & n 1 :
' SCUJ ! SI’JU = Vo S/:.lu (‘)

with (k,a), being the initial value of (k,a).
Now Sh, and with that (k,a), have been determined by
Wilkins et al. [1995] as

Shy = 10727pe(g )1 & (6)
which is valid for 0,05 < Pe < 2. Rewriting (6) finally yiclds
ey = 1072732003 4 (7)

in which d,, is the normalized grain size defined as (d, 5,/500
pm). Substitution of the independent variable 7 in (1) and (2)
by t' =t — x/u, yields two almost identical equations:

(:) LS'

1, prr 3
b = —k,a(Cpy= Cp) = ®)
pp.l
() C,l,r:
U,, ‘()“\C """ = /w’,,(l(cl,,,‘ - C,;,u) (9)

[nserting (5) in (8) and (9) and rearranging the resulting equa-
tions in dimensionless form yields

af) v, iy
a0 = T\ ) BT = Y) (10)
oY V. .

(')l,'b = (/5 (o) 2L = Y) (1)

for the liquid and vapor phase, respectively, with
Qe=0,0sr=1)=1 (12)
YO >0,0=0)=0 (13)

as the initial and boundary conditions where Y is the dimen-
sionless contaminant concentration in vapor,
Cp
Y o= (14)
(/ll,fl
) is the dimensionless concentration of contaminant in the
fixed bed,

SJ
Q= ?ﬂ (15)
YA
£ i the dimensionless bed length,
(=5 (16)
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Y, dimensionless concentration [-]

[

@, dimensionless time [-]

Figure 2. Numerical results for various 8 values.

® is the dimensionless time,
A= — (17

7 is the minimum time needed for the total removal of the
contaminant, i.e., when the outlet concentration is equal to the
maximum attainable value for the contaminant concentration
(i.c., equals interphase concentration €, ;),

= (fMﬂiLL_) (18)
. chp,ipv'

V, is the reactor volyme, AL, and ¢, is the volumelric gas flow
rate. U, A

The set of two differential equations (equations (10} and
(11)) with conditions (12) and (13) is solved analytically ac-
cording to the method described by Bischoff [1969], resulting in
an equation for the dimensionless time as a function of the
dimensionless concentration Y and the dimensionless location
in the column £. It is assumed that the “constant pattern”
solution (e.g,, ¥ = ) is valid, which mcans that the break-
through curve is no longer a function of the bed length; that is,
it has become constant. The constant pattern solution is valid
as long as ® = 3/ and reads

3 3

1 |
@=§—I-B~——B[aln(l =¥) =5 ol - Y'"

L <2Y“-‘+ 1) o ( ! H a9)
4 aretan | N 0) - aretan |
NE 3 V3 J3/

with
v, L
B =g U= g (kyaky (20)

The dimensionless number 8 (usually referred to as the Merkel
number or Damkéhler number) represents the ratio of the
evaporation rate of NAPL over the volumetric flow rate of the
steam. Figure 2 shows some typical ¥ versus @ curves for
different representative values of 8. As can be scen, the steep-
ness of the breakthrough curve is a direct function of the B8
value.
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Figure 3. Schematic representation of the test setup.

3. Experimental Study
3.1. Set Up

A setup has been employed that is suited for treating con-
taminated sand with steam (Figure 3). Basically, the experi-
mental apparatus consisted of (1) a vertically placed pyrex
glass tube with an ID of 51 mm (A = 20.43 cm?), an OD of
56 mm, and a height of 1 m; (2) two steam generators to create
a continuous steam supply with a maximum absolute pressure
of 4 bar which is reduced to the desired inlet pressure; (3) an
electrically heated blanket which is wrapped around the tube
to heat up the sand and tube and to avoid heat losses to the
surroundings; (4) electrical resistance heating to avoid prema-
ture condensation in the supply channels (ID = 0.25 inches),
(5) devices to measure pressure, flow, and temperatures; and
(6) a condenser to condense water and contaminants,

The sand was mixed with sclected amounts of water and
contaminant (n-tetradecane) dissolved in acetone and was
stirred mechanically. Finally, the acetone was evaporated.
Prior to the filling of the column, samples were taken to de-
termine the initial contamination and verify the homogeneity

Table 1. Particle Size Distribution of Mixture 1

Diameter, pm Mass Fraction, %

>592 0.00
419-592 1.70
384-419 2.03
352-384 4.47
323-352 8.88
296-323 13.12
271-296 17.73
249-271 18.05
228-249 14.11
209-228 9.95
192-209 5.26
176-192 2.55
161-176 120
124-161 0.89

<124 0.00

of the sand with respect to the water and contaminant content
(samples were also taken after the experiment). The difference
between maximum and minimum levels generally amounted to
no more than 10%; thus a homogeneous water and contami-
nant distribution was obtained. Typical dry weight values (dry
sand mass divided by wet sand mass) of 90% and n-tetradecane
(n~C,4H,o) contamination levels of 10 g kg ™" dry weight (dw)
were selected. The sand was then poured into the test tube and
tamped down. Both ends of the tube were sealed with remov-
able nylon plates with inlet connections and mounted filter
screens to prevent the passage of sand and to uniformly dis-
perse fluid flow across the entire cross-sectional area of the
column. The porosity of the packed beds ranged from 41% to
46%. The porosity was determined by comparing the bulk
density of the packed sand (based on dry matter) and the
density of the sand (2650 kg m™?). Two sand mixtures have
been employed with their particle size distribution given in
Tables 1 and 2, respectively. One can see that the particle
distribution of mixture II contains two peaks. For each exper-
iment, new and oven-dried sands were used so that an initial
water content of zero was ensured before mixing,

Table 2. Particle Size Distribution of Mixture 11

Diameter, pm Mass Fraction, %

>704 0.00
646-704 34,36
592-646 38.53
543-592 13.60
498-543 421
419-498 0.61
249-419 0.00
228-249 0.37
209-228 2.22
192-209 240
176-192 2.50
161-176 0.86
124-161 035

<124 0.00

Here d,.o = 209 pm, d, 5o = 264 um, and d o = 345 pm.

Here dy, 10 = 508 um, d, 5o = 625 pm, and d, 4, = 683 pm.
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Table 3. Initial Conditions Applied at Experiments A, B,
C,and D

A B C D
Sand mixture I I i 1f
Tinters C 105 105 105 112
Pyt bar 1.2 1.15 1.2 1.5
M, kg 3,05 3.14 313 3.13
L,m 0.92 0.92 0.93 0.92
G, kgh™! 0.192 0.229 0.307 0.783
d 50, pm 264 625 625 625
b 0.463 0.418 0.413 0.418
S0 0.038 0.047 0.094 0,092
S0 .436 0.297 0.241 0.304
g 0.244 0.274 0.275 0.252

Here ¢ = (1 — Spo — Suaa)d = BS,0.

Prior to the experiment the column was heated up to a
temperature of 100~105°C with the aid of an electric blanket
and kept at this temperature for 2-3 hours. During the exper-
iments, steam was injected at the bottom of the column,
flushed through the column, and exited at the top into a con-
denser which was cooled with ice. The steam was injected with
an absolute inlet pressure of 1.15-1.5 bar. With a thermometer
the steam temperature at the entrance of the tube was mea-
sured, showing a slight and negligible superheat of the steam
(of the order of 3°C). The condensate Howed to glass bottles
where it was collected, sealed, and stored in a refrigerator for
analysis. Since the steam flow was constant during an experi-
ment, a fixed filling time was applied, varying from 20 min for
experiments A, B, and C to 9 min for experiment D. To avoid
volatilization of the contaminant, the condensate was trans-
ported from the condenser to the glass bottle by a metal tube,
The free contact with ambient air was reduced to a minimum.
The contaminant in the condensate samples was extracted with
hexane and was analyzed in duplicate by a gas chromatograph
equipped with a flame ionization detector. Results yielded the
contaminant concentration at the exit versus time.

Laboratory analysis after the experiments revealed that the
n-tetradecane concentrations in the lower part of the tube
were substantially reduced. This observation was not surprising
as the steam was still clean at that location. Higher up in the
test column the steam became contaminated with n-tetrade-
cane, and consequently, the driving force for mass transfer
between liquid n-tetradecane and steam was less.

3.2. Experimental Results

Four experiments have been conducted, one with mixture |
and three with mixture L In Table 3 and 4 the imposed and
the resulting experimental conditions are summarized, respec-

Table 4. Experimental Conditions Applied at Experiments
A, B, C and D

A B C D
Touier K 376.5 375 372.6 377.0
P cramap. mbar 5.14 441 4,14 5.28
Pp.1» kmol m™? 3.57 3.57 3.58 3.56
D, m?g7" 0.932107° 0.925107° 0.915107% 0.790107°
U, ms™! 0.0453 0.0542 0.0719 0.186
Pe 5.3 13.4 17.9 58.4
(kg o, wimims 871 0101 0.288 0.341 0.613
(g )i 8 0.206 0,248 0.39 1.146
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Figure 4. Contaminant mole fraction at exit versus time for
experiment A; comparison of experiment and model.

tively, Table 3 shows that the steam flow was smaller during
experiment A, for which mixture I was used. This mixture
consists of finer sand particles, resulting in a higher flow resis-
tance.

In Figure 4 the mole fraction of n-tetradecanc versus time at
the exit of the tube is depicted. This fraction is the mean
fraction in the steam during the filling time of a sample bottle.
In Figures 5-7 the corresponding results of experiments B, C,
and D are given. ‘

One can readily see that the »-tetradecane was removed
faster during experiment D than during experiment C. During
experiment D the inlet pressure was highest, resulting in a
higher steam flow and, consequently, in a shorter removal
time. A comparison of experiment A and B with experiment D
reveals that during the first two experiments the contaminant
was removed more slowly. This can be attributed to the much
higher vapor velocity during experiment D which enhances the
mass transport (see Table 4).

Comparing Figures 5 and 6, which differ in initial contami-
nant level only, one sees that during experiment C the [lushing
time corresponding to C, , =~ 0.5C, ; (or Y = 0.5; sec (14)
and Figure 2) at the exit is about twice as long. As all condi-
tions are practically identical (except S, ,,) during experi-
ments B and C, ® for which Y = 0.5 and { = 1 is cqual for

0.006
-
e exp.
1 equilibium —
0.004 + _on-deI, Wilking
o maodel, fit
>
&
)
0.002 +

0 5 10 15 20
time [s]
(Thousands)

Figure 5. Contaminant mole fraction at exit versus time for
experiment B; comparison of experiment and model.
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0.006 Table 5. Contaminant Concentration in Sand Before and
] After Experiments in Milligram Contaminant Per Kilogram
exp. of Dry Mass
0.004 Fm- g e W equilibrium .rrfo_del, Wilking A B C D
< - model, fit Initial top 8.775 8.293 17.05 17.05
= Final top 0.803 1.675 224 241
© Initial bottom 8.775 9.720 1835 18.35
0.002 ¥ Final bottom 0.803 1.864 229 2.03
Bottom and top correspond to the first centimeters of the bottom
and top of the sand column.
0 ; ; =
0 5 10 15 20
time {s] . R . .
(Thousands) are summarized in Table 3 and 4. Correlations applied to

Figure 6. Contaminant mole fraction at exit versus time for
experiment C; comparison of experiment and model.

both situations. So, the actual time at which C
depends linearly on S, ,,,; see (18).

In order to investigate the removal efficiency of n-
tetradecanc, analyses of sand samples were conducted before
and after the experiments. These experiments yielded the wa-
ter content and the contaminant content. In Table § the results
of these analyses are summarized. The analyses of condensate
and sand are used to check the mass balance of water and
contaminant, which is summarized in Tables 6 and 7. The
“removed amount” is based on soil analysis before and after
the experiment while the “stripped amount” is based on con-
densate analysis. One can see that the relative error varies
between 5% and 13%, implying an acceptable accuracy of the
applied sampling techniques and the experimental results. The
laboratory analyses after the experiments reveal that the n-
tetradecane concentration in the tubes are substantially re-
duced (Table 5). The key words bottom and top correspond to
the first centimeters of bottom and top sand, respectively.

~ 0.5C,,

P

4. Comparison Model and Experimental Results

In this section the analytical model is tested against the
experimental results of the experiments A-D. Values of the
necessary model parameters like the physical constants, the
reactor dimensions, the operation parameters, and the initial
mass transfer rate (k,a),, according to Wilkins et al. [1995],

0.006

equilibrium _ =

exp.
0.004 4 fnp_del. Wilkins
= model, fit
>h -
=%
Q
0.002 +

time [s]
(Thousands)

Figure 7. Contaminant mole fraction at exit versus time for
experiment D; comparison of experiment and model.

caleulate the molar density, vapor pressure, and diffusivity of
the contaminant are shown in Table 8. Note that (1) the value
of the molar fraction of the contaminant in the vapor (C, ) is
defined as the ratio of the contaminant partial pressure over
the total pressure and (2) the initial contaminant saturation
(Sp,10) is defined as follows:

CI),X (1 - d)) Ps
1000 ¢ oo 1)

Sp,l() =

where C,,  is the contaminant concentration in the sand on a
dry basis (grams of contaminant per kilogram of dry sand) as
tabulated in Table 5, p, is the dry sand density specified as 2650
kg m™?, and p,, , is the liquid contaminant density.

In Figures 4-7 the model predictions based on the initial
mass transfer rate (k,a), value according to Wilkins et al.
[1995] are depicted as solid lines, and the lines C,, , = C,, ; are
marked “equilibrium.” For the experiments A, B, and C the fit
was reasonably good, especially if one takes into account that
no fitting parameter was used. On the other hand, the results
for experiment D are not that good, the slope of the curve
being too flat, implying that the initial (k,a), value was too
low.

As an alternative, the (k,a), value was used as a fitting
parameter to obtain an optimal curve through the experimen-
tal points (see the dashed lines in Figures 4-7). The optimal
fitted values of (k,a), obtained are shown in Table 4. Com-
parison of (k,a), values according to Wilkins et al. [1995] with
our fitted values shows that for experiment A the values are
aimost equal and for experiment B and C the values are within
20%, as expected. For experiment D the fitted value is 909
higher.

The correlation of Wilkins et al. [1995] is valid for initial
conditions and for the range 0.05 < Pe < 2, which is below
the Peclet numbers applied in the experiments reported here
(see Table 4). Furthermore, the results show that the differ-
ence between (k,a), according to Wilkins et al. [1995] and
{(k,a)o w increases with increasing Peclet number. It is clear
that extrapolation of the (k,a), correlation according to

Table 6. Mass Balance for Water

A B C D
Supplied amount of steam, g 636 924 1624 1446
Collected amount in condenser, g 606 923 1458 1319
Increased amount in column, g —54 92 88 43
Difference, g 84 -90 78 85
Relative difference, % 13% -10% 5% 6%
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Table 7. Mass Balance for Contaminants

A B C D

Initial amount in column, g 235 262 52.1 513
Final amount in column, g 22 5.1 6.7 0.4

Removed amount, g 21.3 21.1 454 449
Stripped amount, g 24.3 18.7 39.6 42.5
Difference, g -3.0 2.4 5.8 24
Relative difference, % -13% 9% 11% 5%

The units are in grams C ,Hy,.

The final amount in the column is measured by analyzing a top and
a bottom sample (see Table 5) and multiplying the average value (in
grams of NAPL per kilogram of dry solid) with the dry solid content of
the column,

Wilkins et al. [1995] will results in an erroncous description of
the breakthrough curve,

Correlating the (k,a ), 5 results following a correlation sim-
ilar to that presented by Wilkins et al. [1995] and using 1.82 for
the power of d,, results in

Sh 0= 10 —3.03[)(3 ().Hﬂd(l)‘ﬂz

with % = 0.95.

Analogous to correlations found in the literature, d, 54 is
used as the length scale in the Sherwood and Peclet numbers.
Comparison with the correlation of Wilkins et al. [1995] shows
that the power of Pe is increased to 0.88 and that the constant
is somewhat smaller. This increased power of Pe is in closer
agreement with the correlations proposed by Kunii and Suzuki
[1966] and Nelson and Gatloway [1975] which show a power of
1in Pe. In Figure 8 the experimental data and a line according
to (22) are presented graphically, together with the experimen-
tal data of Wilkins et al. [1995] for Pe > 1, provided by M. D.
Wilkins (personal communication, 1996). Correlation (22) ap-
pears to be in close agreement with all experimental data for
2 < Pe < 60. For Pe < 2 the correlation proposed by Wilkins
et al. [1995] is recommended.

5 < Pe <60 (22)

Table 8. Correlations Used for Caleulating Physical
Constants of n-Tetradecanc (1n-C,,Ha,) and Water

Physical

Property

Correlation

Method

Molar vapor
density, mol
m™?

Molar liquid
NAPL
density, mol
m~?

Gas dilfusivity
of NAPL
and stcam,
m? s

Vapor
pressure of
water and
n-
tetradecane,
bar

Pu ™= ptul/RT
where P, s in
Pascals, T is in
Kelvins; and R =
8,314 Jmol ' K™

Pt = AT
where A = 0.304; B
= {.250; C = 692;
D= 0273, and T is
in Kelving

D = 3,185 x 107"
TII’ZS/PIUI
where P, is in bar,
and T is in Kelving

InP® =4~ B/(T + C)
where for n-
tetradecane, A =
9.51; B = 4009, and
C = —105, and for
water, 4 = 11.66; B
= 3816, C =
—46.1; and T is in K

ideal gas law

Daubert and Danner

Fuller et al.

Antoine vapor
pressure equation

Each method is described by Reid et al, [1987] in more detail.
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Figure 8. Experimental and theoretical {equation (22)) rep-
resentation of Shy/dy*? versus Pe.

5. Conclusions

The volatilization of a nonaqueous phase liquid from a par-
tially water-saturated sand bed was investigated. A conceptual
model was derived that accounted for the interphase mass
transfer between liquid NAPL blobs and a stripping medium
and for the shrinking of the specific surface area (of the blobs)
available for mass transfer, The governing partial differential
equations were rendered dimensionless and solved in closed
form. Solutions of the equations were presented as functions of
the main dimensionless parameter, the Merkel/Damkéhler
number. This number represents the ratio of the maximum
evaporation rate of NAPL over the maximum removal flow
rate of NAPL by the stripping medium.

Furthermore, one-dimensional bench-scale experiments
were reported to validate the model. The n-tetradecane was
used as NAPL; stcam was used as the stripping medium; and
the packed bed was composed of one of two sand mixtures.
During the experiments ~90% of the initial NAPL was re-
moved, illustrating the true transient character of the process,
and a substantial shrinking of the specific area was therewith
obtained.

Application of the Wilkins et al. [1995] correlation for esti-
mation of the main dimensionless parameter of the model
showed reasonably good agreement between the modeled and
experimentally obtained breakthrough curve as long as the
applied Pe number was low. Unfortunately, the results arc
poor for experiments conducted at high Pe numbers. This
effect is mainly due to the limited applicability of the Wilkins
ct al. correlation at the experimental conditions applied. On
the basis of the experiments a new empirical correlation for
Sh, was put forward as a function of Pe and d, which is
applicable for 2 < Pe < 60 and which is useful for engincering
computations concerning stripping of unsaturated sandy soils.

Notation

A cross-sectional area of the column, m2.
a specific surface area, m* m™,

C,, contaminant molar fraction in vapor phase.
C,, contaminant mass fraction on the sand.

d, normalized grain size (d, 5,/0.05 cm).

d, sand diameter, m.
sand diameter for which 50% of the sand mass is
finer, m.

d.\*,SU
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D, diffusion coefficient of contaminant and stripping
medium, m? s™L
G, mass flow rate of vapor, kg s™h
k, vapor liquid mass transfer coefficient, m s
L length of packed bed, m.
M amount of contaminated and moistened sand in
column, kg.
P pressure, bar.
P°  partial pressure, bar.
Pe Peclet number, equal to 1,4, so/D,, dimensionless.
Re Reynolds number, equal to U, d, so/¥,,
dimensionless.
S saturation.
S¢  Schmidt number, equal to v /D, dimeasioniess.
Sh  Sherwood number, equal to (lcga)(,df,S()/D o
dimensionless.
t time, s.
T temperature, K.
u interstitial velocity, equal to U/e, m 87"
U superficial velocity, m s™".
V, volume of bed, m*.
x axial coordinate, nm.
¥ dimensionless contaminant concentration in vapor
phase.
Greek symbols
B Merkel or Damkéhler number (=L (k,a)¢/U.,).
e effective porosity, approximately equal to ¢(1 —
Swoi0 = Spia) = dS.0
¢ dimensionless axial coordinate.
® dimensionless time.
v kinematic viscosity, m* s,
p density, kg m™.
p molar density, mol m™?,
T time constant, equation (18), s.
¢ fraction of bed not taken by the sand.
$., volumetric vapor fiow rate, m* s~ .
() dimensionless contaminant concentration in packed
bed.
Subscripts
i interface.
I liquid.
p contaminant.
s sand.
U Vapor.
0 initial condition.
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