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AtiSTRACT: Suction of subsoil air can be used for tho removal of volaillo orgarucs from the 
unsaturated ::orie. A numerical niodol Is presented which describes the air flow, the phase 
transfer processes of tho volatile compounds and the transport of the sasoous organics 
through a poroLiS medium. The results of the program system are compared with the rosults 
of laboratory f-.rperlmont.s. 

INTRODUCTION 

The contamination of soil and groundwater with chemical compounds o. tJ- volatilo chlorinated 

hydrocarbons (CHC) demands effective methods of decontamination. During the process of air 

suction an air stream flows from the soil surface through the contaminated zone to a well. 

The liquid organic substances evaporate corresponding to their vapor pressures into this air 

stream. Until now this technique Is based only on empirical knowledge | i ,2 | . l-'uther investi­

gations arc glv^n In |3i -. |7l. The purpose of this paper is to present a mathematical moilo\ 

rty.-itfirn descrlblr-g tho essential physical and chemical processes determining thr? progress of 

decontamination by air auction. 

TriRORY 

The following differential equations calculate tho pressure distribution and the mass 

transport In a porous medium: 

6p ko-krg r kokri 
• ( 1 ) (grad p)» + dlv grad p 

p 5t plifl L 1 

p : pressure, ko : intrinsic permeability, krg ; rel. permeability of tho gas, pg : dynamic 
viscosity of the gas. na« ; effective, alrfilled porosity, t : time 

6Cp Vfg 5S 
= dlv D.(grad Cg Cg) + r-(Cog"Cg) - (2) 

6t ni* nia-5t 

D : dispersion coofficlont. S : concentration of tho sorbod phase 

The solution of equation (1) gives pressure heads as a function of space and time. As » 

result of a throedlmenslonal pressure distribution surfaces of equal pressure can bo 

Interpolated. Air flows perpendicular to tho Isosnrfaces. The Darcy law expresses the filter 

velocity of the air flow. Both equations are solved numerically with the method of finite 

differences. 
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i^haso Transftjr i . i qu id -Gas 

Because water a l w a y s forms the we t t ing and CMC tho nor\ wot t ing phase , t h e su r f ace of t he 

soil pa r t i c l e s and the small pores in be tween a r e occupied by water . Only t h e la rger I n t e r ­

s t i c e s can be filled up by l a te r i n f i l t r a t i ng CHC up to tho amount of CHCma.̂ . which can be 

hold in a dry soil a g a i n s t the force of g r a v i t y . The remaining pore space c o n t a i n s soil a i r . 

Because of t h e i r high vapor p ressu re CHC e v a p o r a t e quickly into tho a i r f l l led po re s . Tho CHC 

a r e then t r a n s p o r t e d within t he g e n e r a t e d a i r s t r eam. Because of the the rmodynamic e q u i l i ­

brium the d e c r e a s i n g CHC-concen t ra t ion In t he gas phase effects a compensa t ion by diffusion 

to reach the s a t u r a t e d vapor p r e s s u r e . Th is occurs as long as t h e r e is CHC In l iquid p h a s e 

p r e s e n t (Fig. 1). The Inc rease of CHC-
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concen t r a t i on in the gas p h a s e is ef fected, 

• " " "" ' f i r s t ly , by the de l iver ing of CHC-molecules 

from the liquid phase into t h e e l ec t r i c 
aU 

double layer, which s u r r o u n d s t h e s e l iquid 
J* i . aJr-

flliuir.if. CHC-drops. Secondly, by t he t r a n s p o r t of 

»- cKc-mu* >.- ; pa r t i c l e s by diffusion from t h i s e lec t r ic 
t * i i i r 

Flg. l Phase t r a n s f e r l l q u l d - g a s " •»^"-n"«-p«'«- double layer into tho airf l l led pore space , 

dur ing s u c t i o n of soil a i r The las t process is slower t h a n tho f i rs t 

one and cont ro l s t h e ve loc i ty of phase t r a n s f e r . The Increase of C H C - c o n c e n t r a i l o n in t he 

gas phase Ca.dif* caused by phase t r a n s f e r U q u i d - g a s can be e.xpressed as : 
Cff.difi = (C90-Cfl:)(l-e-f- ») (3) 

C90 : vapor s a t u r a t i o n de ns i t y , Cgi : i n i t i a l vapor c o n c e n t r a t i o n , r : r eac t ion c o n s t a n t 

The reac t ion c o n s t a n t V |s"M is d e p e n d e n t on t h e pore geometry and a p p a r e n t vapor dif ­

fusion coeff icient , A mass ba lance model g ives t h e temporary and local d i s t r i b u i i o n of l iquid 

CHC in soil . The number of p a r t i c l e s , t r a n s f e r e d to t he gas p h a s e were c a l c u l a t e d with t he 

Ideal gas law. Th i s number must be s u b t r a c t e d from the remaining number of p a r t i c l e s In t h e 

l iquid phase . Because of p a t h w a y s becoming 

longer for the pa r t i c l e s In t he p o r e s dur ing 

the process t he reac t ion c o n s t a n t r will g e t 

smal ler . This effect Is cons ide red by a l i n e a r 

funct ion between P and the r ema in ing number 

of pa r t i c l e s (Fig. 2) . Comparing t h e measured 

with the ca lcu la t ed r e su l t s of a simple 

mixed -ce l l model the order of m a g n i t u d e of 

t h e reac t ion c o n s t a n t r could be defined a s 

ca. 10-3 - 10-' Is-M. 
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Fig.2 Reaction c o n s t a n t P In dependency 
of t he number of pa r t i c l e s In l iquid p h a s e 

LABORATORY E.XPERIMENTS 

Labora to ry e . tper iments were carr ied out Co I n v e s t i g a t e the t r a n s p o r t p a r a m e t e r s and to 

ver i fy t he compute r s imula t ion . The s e t - u p c o n s i s t s of columns and c u v e t t e s , i rh lch allow a 

o n e - or twodimenslonal cons ide ra t ion of mass t r a n s p o r t . Tlie s e c - u p s arc filled wi th soil of 

d i f fe ren t water c o n t e n t nea r ly homogeneously . The d i s t r i b u t i o n of p r e s s u r e Is m e a s u r e d . T h e 
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pre.ssur.- me^siirinx, rleiic.is are ciiually placed along the cuvettes. V.iriatlons of the position 

and Ihe kind of air Inlet (point and/or lino source) aro pus.siblo. The pressure measuring 

devices a.-e then ropl.-icod by tensioraetors nnd sopt.i to Cake soil air samples out or the 

ouvetiL-s .-Kn analysis of the air samples by gas chromatography allows to design the 

distribution of vapor phaso CUC-concentratlon. 

.̂  sand and a silt are used. Adsorption of CHC on the s.ind has not to take Into 

account, because it has a loss of ignition of O.l'i. For the silt the adsorption can be 

described with a Freundllch isotherm. The utilized CHC are Trlchloromethane, 1.1.1-Trl-

chloroethano, Trichlorocthcno and Tetrachloroethene. 

Sampling and Laboratory Analysis 

A certain volume of soli air Is sucked through a small glas column (Fig. 3) filled with a 

non-polar synthetic resin, XAD-4 (Rohm and Haas), either by a syringe or a vacuum pump. 

The CHC are adsorbed on the resin. The resin Is rilled in a Headspaco-vlal and tho 

=w..<..,.,h.„„..^l quantitative analysis Is done by Gas 

Chromatographic Headspacc analysis. The 

usod Gas Chromatograph Is a 008500 of 

Perkln-Elmer with a HS 101 (Headspace In-

|r™j jector), an hXD and a capillar column. Fig.3 Air sampling with adsorption 
In test tube 

EXPERIMENTAL PROCEDURE 

cOnluniMttri totaiiora 

Fig. 4 shows the arrangement of a cuvette-e.xperlment. The air stream from the top to the 

both sides generates a pressure distribution 

where the now velocities decrease from the 

top to the bottom. After contamination a 

period of 24 - 48 hours is necessary to 

allow tho alrfilled pore volume becoming 

saturated with CHC,,, by diffusion and to 

allow the liquid CHC to spread to residual 

saturation. Then the air stream is passed 

througli the system and samples are taken 

over a period of several hours until the 

contamination is sucked off. Fig.4 Arrangement of the experiment 

Simulation and Discussion 

The calculation of the steady state pressure distribution under the given boundary 

conditions (Fig. 5) Is followed by the determination of the velocity of the air flow by 

Darcy's law with respect to the variation of relative permeability (Fig. 6). Knowing the 

velocity of the air flow and its direction It is possible to solve the transport equation (2). 

The calculation of tho respective phase transfer liquid-gas is carried out within every lime 

step i t . 
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Fig.5 Pressure d is t r ibut ion and 
f l ow -nc l d 

Fig.6 Lines of equal t ravel timt; 
total flow rate of 5.52 1,'mln 

CMC Transport 

Duri.ng the model c.i l ibr. i t ion vviih respect to the non-steady state procress of v:ipor phase 

concentrat ion in the soil the penncabihi ies. d ispers lv i l les. and i l ic reaction const.Tnr ar? 

var ied predomirianily. f i g . 7 show, a comparison of the e.-iperimental and simulated rosul ts. 

Three Irucrval ls have to be considered Fig. 7a shows a timo short aftor l l ie brginnir . t ; of 

decontamination nhcre the vapor iiha.'if concentration changes rapidly. At this period 

(•start ing phase-) t i i . ; gaseoj ' . CMC. sproad by dif fusion from the l iquid drops bel 'ur-

decontamination, are carried :r.i,r. Li\ the air stream. The next period ha.s hardly no ; i l i o ra -

t ions of tl ic d i s inb iu ion ol va&.ir ^ihasc CHC-concentration. Because of the phase rransfsr 

processes a thermodynamic equihhruira is bu i i t up in this evaporation phas.T (Fig Th! The 

end phase- begins as soon as lbs s iora 'e of l iquid CHC is exhausted at any local ion of the 

contaminated are;t 

E.XPERIMENTAL RFSLM.TS 

a) t . 

SIMULATED RESI.l.TS 

Slatt ing phase 

b) t t . 26 h 

ii 
I, 1 h 30-

J 
'• aporation phase^ 

c> Cg. 28 h 30' end phase 

Fig.-
m. Z 2 > - ^ 

Vapor phase ClfC-concenrration 
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\n-.k' Cll ':-i-'. jr.rpntr;i:i iMis oui'rease and .'ippro;u-li ;i lo'^ I'.nel. ra[)idly (Fit^. 7c). The reduciKi 

oi' I'lK.'.!; in ili '-' piucs ,'u;.)cei'ils coriT-.-^pondini; t(.i iht^ î iy flow veloci t ies. :\ t d i f ferent 

locririoris :n th'? con ".aim natitd ni-en breaIvihrouj;h curves ha\'f? boen measuroci and wero 

compared wiUi cak-uliued breakthrough curves (Fig S). The average vapor phase CHC-

concentr-'LiKui dur i i i i ; ih i ; evaporntion phaso and the duration of this period are mainly 

di?[)ende[U on: 1) The order of magnitude of the reactioti constant r. 

2) Tl'.e ninount of l iquid CMC. 

.T) Tho length of the pathway of the stream through the 

cnntamiriated area up to the con.slderod locations 

4) 'Che ve loc i ty oC the air stream along tho pathway 

through the contaminated area. 

(c/i+l '.3 
I } 

FI g. 8 t i r e a k t h r o IJ g h curve 

SUMMARY .-WD CONCLUSIO.\'S 

rht; pti>sicn! and chfMiilcal processes within tho unsaturated zone dur ing suction of subsoil 

air as a rojnedial action of CHC-conta/nlnated soil have been analyzed. A numerical model 

system has been bui l t up to describe the flow and transport jirocessirs wi th a special 

interest on the phaso t ransfer l iqu id-gas. This system contents: 

L) .-\ f low-modnl to c' i lculato pres.sure dl.stributions and riow-field;> 

2) .*\ mixed-ce l l model to compute the order of magnitude of the roact ion constant r. 

3) A transport motit l . which describes the non-steady statL^ vapor phaso transport of CHC tn 

the soi l . 

Tho resul'.s of tho program system have boon ver i f ied by laboratory experiments with 

d i f fere. i : soil types and boundary conditions Different periods during decontamination have 

to be considered, the s ta r t ing phasf.', the evaporation phase .ind the end phase. The velocity 

of the air stream has to be optimized to get tho best success of decontaminat ion. The re ­

action constant r givos the ma.xlmum number of part ic les evaporated Into tho pore volume 

within one l ime stop. 

The comparison between measured and calculated vapor phase concentrat ion distr ibut ions 

for dif ferent soil type.s and boundary conditions shows that the t ransport processes within 

tho air stream ar\d the phasft transfer procestjes Unuid-gns of these compounds can bo 

predicted wi th good accuracy. The next stop is the transfer lo f ield scale. 
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