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Abstract--Steam distillation of a single component hydrocarbon liquid in a one-dimensional porous 
medium of infinite domain was studied both theoretically and experimentally. Theory was developed to 
describe the spatial distributions of the hydrocarbon concentration in the vapor phase, and of the liquid 
hydrocarbon and water saturations. A similarity solution was obtained for the case of a single component 
hydrocarbon where the steam quality and injection rate were constanl. The characteristic velocity of the 
distillation zone was found to depend on the residual saturation of the hydrocarbon liquid, and the 
thermodynamic properties of water and the hydrocarbon liquid. The scaling between the lengths of the 
mass transfer zone and the variable water saturation region was characterized by appropriate dinaensionless 
parameters. In addition to verifying the analytical predictions, experimental results allowed the deter- 
ruination of the mass transfer coelficient which was found to increase linearly with the saturation of the 

liquid hydrocarbon. 

I N T R O D U C T I O N  

STEAM distillation of  hydrocarbon mixtures in porous 
media plays an important role in a number engineering 
applications, such as steam-flooding of  oil reservoirs, 
which has been proven to be an effective thermal 
method of  enhanced oil recovery in both heavy oil and 
light oil reservoirs [1-6]. Results of  recent theoretical 
studies, laboratory investigations, and field practices 
also show great potential for steam displacement in 
the decontaminat ion of  underground aquifers [7 9]. 

A great effort has been made to understand the 
underlying physical mechanisms which lead to high 
oil recovery by s team-f looding In the early 1960s, 
Willman et al. [10] performed a series of  tests and 
concluded that the principal mechanisms responsible 
for the high oil recovery by steam displacement 
are (1) thermal expansion of  the oil, (2) viscosity 
reduction and (3) steam distillation. In a critical 
review of  steam-flood mechanisms, Wu [1 I] gave a 
detailed description of steam distillation and con- 
sidered it as one of  the most important  mechanisms 
for oil recovery by steam. Blevins et al. [6] studied 
the results of  light-oil steam-flood laboratory tests, 
computer  simulations, and field projects and con- 
cluded that distillation would dominate  if steam were 
injected into light-oil reservoirs. Based on a new theor- 
etical model and experimental results, Stewart and 
Udell [12] pointed out that high recoveries by steam- 
flooding result partially from enhanced mass transfer 
from the residual oil to the steam_ They also explained 
that two different phenomena included in the dis- 
tillation are thermodynamically controlled vapor- 
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ization of  volatile components  during a hot water- 
flood and mass-transfer-limited evaporation in the 
steam region. In their later work [9], the mass transfer 
processes during steam displacement were explained 
in more detail. Low boiling point liquids are mobilized 
by the process of  alternating vaporization and con- 
densation taking place in a limited region ahead of  
and progressing along with the steam condensation 
front. As a result of  the removal of  light components 
from the oil, the liquid phase concentrations and 
thus the vapor pressures of  the remaining 'semi-' and 
'non-volatile" components in the liquid oil increase, 
which leads to an increase in the evaporat ion rates of  
heavy end components  in the steam zone. 

Many laboratory studies have been conducted to 
quantify the yields of  steam distillation. Farouq Ali 
[13] estimated that 5 10% of the heavy oil recovery 
and as much as 60% of the light oil recovery may be 
attributed to steam distillation. Johnson et al_ [14] 
showed that the oil recovery by distillation ranges 
from 54 7 to 94.0% of  the immobile oil volume. Wu 
and Brown's [I 5] results indicated that the distillation 
yields of  six crude oils with gravities ranging from 1.0 
to 0.84 g c m  J [ 9 - 3 6  API] were from 7 to 57% of the 
steam-contacted oil. Based on their tests on 16 crude 
oils, Wu and Elder [16] obtained distillation yields 
ranging from 13 to 57% of  the initial oil volume at a 
steam distillation factor (Vw/Vo) of 20. Duerksen and 
Hsueh [17] developed correlations ofs team distillation 
yields vs other properties of  oils obtained from exper- 
iments on 10 crude oils taking into account variations 
of  pressure and temperature. All this experimental 
work provided useful information on the amount  of  
distillable oil. However,  the results were obtained for 
various durations of  steam injection and steam flow 
rates, and thus are difficult to generalize. No detailed 
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N O M E N C L A T U R E  

c mass concentration of the compound in T~ 
the vapor phase 

c~ saturated mass concentration of the V~ 
compound in the vapor 

%r specific heat of the solid phase of the V,,, 
porous matrix vc 

c~ .... specific heat of the water 
e internal energy V~d 
.['~ fractional flow function 
.I~ krv" J~ vf 
9 gravitational acceleration Vrd 
g., mass transfer coefficient 
g.,d dimensionless mass transfer coefficient, v,, 

g,,, Igor v~d 
g,r reference mass transfer coefficient x 
h enthalpy X 
Its,,. latent heat of  water 
h,.~ latent heat of the compound 
J(s~,) dimensionless capillary 
k permeability q 
k~ relative permeability of the vapor phase 
k~,~. relative permeability of the water phase p 
rn~, total injected mass flux of steam and 

condensed water 
m~ mass flux of the vapor mixture p 
m,  mass flux of water phase a,.~. 
N~, gravity number  (defined in the text) 
Nmr dimensionless mass transfer number  q~ 

(defined in the text) 
Pc capillary pressure 
p, pressure of the vapor mixture 1 
p~ pressure of the water phase s 
s saturation v 
t time variable w 
Tr temperature at the steam condensation 

front - 

initial temperature far ahead of the steam 
condensation front 
cumulative production of liquid 
compound 
cumulative production of water 
characteristic velocity of the distillation 
zone 
dimensionless characteristic velocity of 
the distillation zone 
velocity of the steam condensation front 
dimensionless velocity of the steam 
condensation front 
velocity of vapor 
dimensionless velocity of vapor 
space coordinate 
injected steam quality. 

Greek symbols 
angle of the flow relative to horizontal 
space coordinate in the moving 
coordinate system 
viscosity 
dimensionless space coordinate in the 
moving coordinate system 
density 
interfacial tension between the vapor 
mixture and water phase 
porosity of the medium. 

Subscripts 
liquid compound 
steam 
vapor mixture 
water 
far downstream 
far upstream. 

discussion of the distillation process has been re- 
ported. 

Currently, predictions of steam distillation rates 
in thermally enhanced oil recovery operations are 
obtained from numerical simulators. In all steam- 
flood simulators, equilibrium between the liquid phase 
and the vapor phase oil is assmned at each node point. 
However, it takes time (and thus transversed distance) 
for the vapor to reach equilibrium with the liquid 
phase oil remaining in the steam zone. Unfortunately,  
this time (and length) scale is not  currently known. 
Therefore there is a need for a more rigorous analysis 
of the mechanics of steam distillation of hydrocarbon 
liquids, particularly regarding the issues of (1) mass 
transfer-controlled evaporat ion;  (2) relationships 
between the spatial distribution of the liquid hydro- 
carbon saturation and its vapor concentration given 
the mass transfer and the thermodynamic equilibrium 

constraints;  and (3) the coupling of steam con- 
densation and the energy requirement for the hydro- 
carbon evaporation process. 

The objective of the present work is to provide 
an analytic model of the steam distillation of single 
component  hydrocarbon liquid and then identify the 
features of the controlling processes in the removal of 
liquid hydrocarbon compounds from porous media. 
In order to evaluate the applicability of the model, 
comparisons are made between theoretical and exper- 
imental results. 

F O R M U L A T I O N  OF A SINGLE C O M P O N E N T  
DISTILLATION M O D E L  

Figure 1 is a schematic of steam distillation of a 
single component  hydrocarbon liquid in a one-dimen- 
sional porous medium initially saturated with water 
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FIG. I. Steam distillation of a single component hydrocarbons in a one-dimensional porous solid. 

and a hydrocarbon liquid. Steam is injected far 
upstream at a constant mass flux. For  adiabatic con- 
ditions and relatively high permeability, the steam 
moves through the porous medium and condenses at 
the steam front which advances with a constant 
velocity vr [12, 18]. The region behind the steam 
condensation front is referred to as the steam zone. 
This steam zone consists of  three subregions : a zone 
nearest the steam injection l;ace where only steam and 
condensed water exist, a distillation zone, and an equi- 
librium zone. We define the interface between the 
distillation zone and the zone where only water exists 
as the distillation front. The distillation front propa- 
gates downstream with a velocity v~.. Downstream from 
the distillation front, within the distillation zone, the 
liquid hydrocarbon evaporates and becomes dis- 
persed as a gas within the flowing steam; here there 
are three coexisting fluid phases:  the vapor phase 
consisting of  steam and hydrocarbon,  the condensed 
water phase, and the liquid hydrocarbon phase. Evap- 
oration of  the liquid hydrocarbon occurs until, at 
a point far enough downstream, the vapor phase 
becomes saturated with the hydrocarbon and equi- 
librium is reached. This point marks the interface 
between the distillation zone and the equilibrium 
zone. The equilibrium zone extends from the dis- 
tillation zone to the steam front. In this study it is 
assumed that the steam and condensed water, the 
distillation, and the equilibrium zones are all present 
within the steam zone. 

Before the steam condensation front arrives, the 
porous medium experiences a long period of  water- 
flooding, first at the initial temperature, and then at 
elevated temperatures as the condensation front 
approaches. In addition, the large gas phase pressure 
gradients present at the steam front [12, 18] provide 
even greater liquid mobilization forces. Therefore, it 
is reasonable to assume that for many cases of  interest, 
the saturation of  liquid hydrocarbon in the steam zone 

is at or below the immobile residual level whereas the 
vapor and the liquid phases of  water are flowing. 

The recovery of  the hydrocarbon liquid from the 
steam zone is limited by its rate of vaporization occur- 
ring within the distillation zone. The rate of  vapor- 
ization is in turn affected by the velocity of  the dis- 
tillation front, the equilibrium concentration of  the 
hydrocarbon vapor in the gas phase, the mass of  
hydrocarbon per unit volume in the equilibrium zone, 
and the mass flux of  steam. The length of  the dis- 
tillation zone depends on the mass transfer coefficient 
between the flowing gas and the hydrocarbon liquid : 
for a small mass transfer coefficient, the distillation 
zone length will be large, whereas a large mass transfer 
coefficient ensures that the stearn becomes fully satu- 
rated with the hydrocarbon vapor within a short dis- 
tance from first contact with the hydrocarbon liquid. 

The s t eam zone as tile model l ing  region 

We assume that the flow in the porous medium is 
one-dimensional and that the length of  the distillation 
zone is much less than that of  the porous lnedium_ 
Thus, far upstream, the mass flow rates lbr water and 
steam are assumed given, and far downstream in the 
equilibrium zone, the vapor mixture is saturated with 
the hydrcarbon. In between exists the distillation zone, 
where there is continuous evaporation of  the liquid 
hydrocarbon. As such, the saturation of  the liquid 
hydrocarbon will decrease with time until the hydro- 
carbon is completely removed_ The distillation zone 
can therefore be idealized as moving downstream in 
an infinite one-dimensional porous medium, wave- 
like in form, with the steam and water zone behind it 
and the equilibrium zone in front of  it. It is further 
assumed that all relevant variables defined over this 
one-dimensional infinite medium, such as the liquid 
saturation and the vapor concentration of  the hydro- 
carbon, are everywhere continuous and almost every- 
where differentiable, the exception being at the 
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distillation front where we admit jumps in spatial 
derivatives. Such jumps are required in order that 
both upstream and downstream conditions may be 
simultaneously satisfied. Given these continuity and 
differentiability assumptions, differential equations 
governing energy and mass balances, as well as those 
governing fluid flow, may be defined for the regions 
behind and ahead of  the distillation front. 

The governing equations 
In Stokes flow, the mass flux of  each continuous 

phase is directly related to the pressure gradients. The 
application of  Darcy's law, modified for two-phase 
flow, including the effects of  gravity forces and capil- 
lary forces, yields the following equations : 

_ ) m, It,. \~.x" +p, . .qsin~ , (1) 

and 

- P " k k r " ( S P " + p w g s i n ~ )  (2) 

Introducing the capillary pressure, pals, ,)= p,.-p~., 
and eliminating the pressure gradients in equations (1) 
and (2) gives the following fractional flow equation : 

m. m,,. [1 .... f . ( s ~ ) -  - -  - f ,  CSw)] 
pv pw 

+ ./~(sw) p; - ( p w - o , . ) g s i n ~  = 0 ,  (3) 

where f~(s,,),  .[2(s,~) and p~.(&,) are functions of  the 
water saturation defined in the following manner :  

f,(+,+)= l + ~ j  , r:(s,,)=k,,f,(s,,), 

and 

dp¢ 
p ;  = 

In the above equations, the capillary pressure, p<, 
can be related to the water saturation through the 
following equation [19] : 

p~(s~ ) = p~ -p+ = a,.,,,J(s,, ) N/~ , 

where a** is the surface tension between the vapor 
phase and the water phase, and J(s~) is referred to as 
the Leverett function of  capillarity. The particular func- 
tional form of J(sw) for a given porous material and 
fluids system can be determined experimentally_ 

At the interface of  the liquid hydrocarbon and the 
gas in any pore, the hydrocarbon concentrat ion in the 
vapor mixture can be assumed to be at the saturation 
concentration, c~, i.e. the equilibrium concentration. 
In this work, we define the concentration as the mass 
of  hydrocarbon vapor per total mass of  the gas 

mixture. If an undersaturated vapor  mixture exists in 
a nearby region, there would be a net mass flux from 
the liquid hydrocarbon phase to the vapor phase. The 
mass flux of  hydrocarbon vapor into the vapor phase 
is assumed to be proport ional  to the difference 
between the equilibrium concentration and the under- 
saturated concentration away from the interface_ 
Consider this mass transfer over a unit volume of the 
porous medium, in which there are numerous vapor -  
liquid hydrocarbon interfaces. By summing the mass 
fluxes at all these interfaces within a unit volume, we 
obtain the rate of  evaporat ion of  the liquid hydro- 
carbon, defined as the total mass of  the liquid hydro- 
carbon converted to the vapor phase in a unit volume 
of porous medium per unit time. The volumetric rate 
of  evaporat ion is then proport ional  to the difference 
between the equilibrium concentration and the local 
average concentration in the vapor mixture, c. The 
proportionali ty between the rate of  evaporat ion and 
the concentration difference is referred to as the volu- 
metric mass transfer coefficient, g.,,- Through the use 
of  the volumetric mass transfer coefficient, the (im- 
mobile) hydrocarbon liquid mass balance can be 
written as : 

OCp, s,) 
- q ~ t  = ,q,,(c+-c). (4) 

In general, g,1 depends on the velocity of  the vapor  
mixture, the liquid hydrocarbon and water satu- 
rations, the distribution of  the phases, and the flow 
pattern of  the vapor. It is broadly defined as the 
total amount  of  the mass of  the hydrocarbon moving 
from liquid phase into vapor phase within a unit bulk 
volume of  the porous medium per unit time due to a 
unit concentration difference in the vapor phase. The 
dimensions of  gin are M L ~ T -  ~. 

Mass and energy balance must also be considered in 
the formulation of  the problem. The low temperature 
gradient and high flow rate of  steam in the steam 
zone indicate that the contribution of  convection is 
dominant  in both mass and heat transfer. Neglecting 
dispersion and diffusion, we obtain the following 
species equation for steam and water:  

O O 
~ x [ m , , ( l - c ) + m w ] + q ~ [ p , . s v ( l - c ) + p w s w ]  = 0. 

(5) 

The conservation of  mass of  the hydrocarbon yields : 

~x[mvc]+cb~t[PvS+c+p~stl = 0. (6) 

By neglecting heat conduction, the following equation 
of  conservation of  energy can be writ ten: 

0 
O~x [hsm~ (1 -c)+h+mvc+hwmw] 

0 
+dp~[evpvsvc +e~p~sv(l -c )+elp js l  

+e,,,p,,,s+] = 0. (7) 
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Thus, five equations, i.e. equations (3)-(7), for five 
unknown variables, sw, Sl, c, m, and m,,, are specified. 
The density of  the liquid hydrocarbon and that of  
water can be assumed to be constant, while the density 
of  the vapor mixture is a function of  the concen- 
tration, temperature and pressure. By using specified, 
constant values of  temperature and pressure in an 
appropriate equation of  state, the density of  the vapor 
mixture becomes a single-valued function of  the 
hydrocarbon concentration. We note that equations 
(3)-(7) are first order in time and space, and thus. are 
hyperbolic in nature resulting in propagating wave 
solutions. 

Upstream condi t ions  

Since there is no liquid hydrocarbon present far 
upstream, boundary conditions there on hydrocarbon 
saturation and vapor concentration are : 

c ( - 7 5 , t ) = 0 ,  s l ( - ~ , t ) = O .  (8) 

In addition, the steam is injected at constant mass 
flow rate m~., and constant quality X, yielding : 

m , , ( - ~ ,  t ) =  mi.X, m ~ ( -  z~, t) = mi,(I - X ) .  (9) 

It can be shown that the constant upstream vapor  
mass flux and water mass flux expressed by equation 
(9) result in constant upstream water saturation 
[12,20]. By substituting equation (9) into the frac- 
tional equation (3) and applying the condition of  a 
zero water saturation gradient, the constant upstream 
water saturation is obtained. Therefore, the fifth 
upstream boundary condition is : 

s , , ( - - ~ , t )  = s . . . .  (10) 

D o w n s t r e a m  comgt ions  
Assume that the value of  the residual saturation 

of  the liquid hydrocarbon directly behind the steam 
condensation front is known and the concentration 
of  hydrocarbon in the vapor phase just behind the 
front is at the saturation concentration. Since we have 
assumed the steam condensation front to be far down- 
stream, the following two downstream conditions 
then apply to the steam zone : 

c ( m , t ) = q ,  sl(oo, t ) =  sj .... (11) 

If attention is focused on the region far enough behind 
the steam condensation front and far enough ahead 
of  the distillation zone where the capillary driven flow 
is negligible, the mass flux of  the vapor  mixture, the 
mass flux of  water, and the water saturation can be 
assumed to be constant. Thus, 

m,,(oo, t) = constant, m,~(oo, t) = constant, 

sw(oo, t) = constant_ (12) 

SIMILARITY SOLUTION 

Equations (3)-(7) are a system of  hyperbolic first 
order partial differential equations defined on two 

spatial domains, one upstream and the other down- 
stream of the distillation front. Jumps in spatial 
derivatives are allowed at the distillation front, thus 
'weak'  solutions to equations (3)-(7) may be found 
given the upstream and downstream conditions speci- 
fied above. In the present problem, we assume that the 
spatial distributions (or waveforms) of  the solution 
variables remain unaltered in shape and propagate 
(or translate) downstream all with the same (constant) 
velocity which happens to be that of  the distillation 
front. This requires that any dependent solution vari- 
able, such as the hydrocarbon saturation, would have 
the functional from s~(x, t) = s~(rl), where, 

q = x - v j .  (13) 

We assume that the distillation front is located at 
q = 0, and the regions upstream and downstream of 
the front are 11 < 0 and q > 0, respectively. Matching 
the downstream conditions will implicitly specify the 
jumps in the derivatives at the distillation front ; more- 
over, it is worth noting that the problem would be 
overspecified and therefore ill-posed if both down- 
stream and jump conditions were specified. In 
addition, the assumption that the spatial distributions 
remain unaltered in shape and translate with the dis- 
tillation front velocity is enough to specify the initial 
conditions when time is set to zero in equation (13). 
Using equation (13), equations (3)-(7) can be trans- 
formed to the following set of  ordinary differential 
equations : 

D I v  . ?77 w 

- - . / ,  ( sw)  - - -  [1 - f ,  ( s~ ) ]  
P,, p,,. 

r dsw ] 
+ - - f , _ ( s , , ) | P ; _ _ - ( P , , . - P v ) g  sin c~J = 0, (14) 

,u, L cltl 

t,c~b d(p ' s ' )  = ffm(Cs -- ('), (15) 
dq 

d 
dn [m,(l - c ) + m , , , - v c d ~ p v s v ( l  - c ) - v ~ d ~ p , , . s . ]  = O, 
i 

(16) 

d 
~ [ m v c - v ~ d p p , . s , c - v , . d p p . s . ]  = 0, (17) 

and 

d 
dq {h~m~ ( 1 - c) + h~m,.c + h , m ,  - t,, q~[e,, p~svc 

+e,p~s, . ( I  - c ) + e l p t s t + e , ~ p , s , , . ] }  = 0. (18) 

The upstream boundary conditions are trans- 
formed to those for rt ~ - oo while the downstream 
conditions correspond to the conditions for r/---, oo. 
Therefore, all unknowns in the equations are func- 
tions of  the only independent variable, q, which can 
be viewed as a coordinate attached to the distillation 
front and moving at velocity v~ with respect to the 
fixed coordinate, x. 

Equations (16)-(18) can be integrated with respect 
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to r/in the regions behind (q < 0) and ahead 07 > 0) 
of the distillation front. The integration constants are 
then determined by evaluation of  the resulting equa- 
tions using the upstream and downstream boundary 
conditions. By continuity, the integrals of  equations 
(16)-(18) are equal at the distillation front (q = 0), 
implying that the integration constants for the two 
regions. (17 < 0) and (q > 0), are also equal. Equality 
of integration constants for equations (16)-(18), 
respectively, yields three algebraic equations in terms 
of four unknowns, v~, m,,,, m,,, and s,~,. During the 
process ofel iminat ing m,. and m ~ ,  s,,, is also fortu- 
itously eliminated. Applying the basic relationships 
between the enthalpies and internal energies, we 
obtain the following equation for the characteristic 
velocity of  the distillation zone : 

(19) ( )] 1 h,.i _ 1 p,(1-s,, ~)+p,~,~ ~ + ~  

Equation (19) indicates that the characteristic velocity 
of the distillation zone is proport ional  to the mass flux 
of  the injected steam. The velocity is also dependent 
on s.~ and c, such that for a high saturation of  residual 
hydrocarbon or low equilibrium concentration, the 
velocity will be low, as expected. In the limit of  s~,. --* 0, 
equation (19) gives an apparent distillation zone 
velocity equal to the vapor interstitial velocity It is also 
notable that the velocity of  the distillation zone 
decreases when the enthalpy of  vaporizat ion of  the 
hydrocarbon is significant compared to that of  water. 
This reduction is due to a condensation of  the 
water vapor within the distillation zone as required to 
supply the energy for the hydrocarbon vaporization. 
As the water vapor mass flux decreases upon con- 
densation, the mass flux of the hydrocarbon in the 
saturated vapor mixture leaving the distillation zone 
also decreases_ Therefore, the velocity of  the distill- 
ation zone must decrease. 

Since the integration constants for the two regions, 
(t/ < 0) and (q > 0), are equal, we can evaluate the 
integration constants for the integrals of  equations 
(16)-(18) in the region ahead ( r /> 0) of  the distillation 
front using the upstream, as opposed to the down- 
stream, boundary conditions. Having done so, these 
integrals form, for any specified value of  r/, a set of  
three algebraic equations in six unknowns, v~, c, m,., 
m,~, s~ and s,,,. Elimination of  m,,, mw and s~ yields an 
expression for v¢ which is similar to that in equation 
(19) except that liquid saturation, s~, and concen- 
tration, c, appear rather than st~ and c~. Equating this 
equation to equation (19) yields the following relation- 
ship between s. and c: 

- - I  h~ - t  s.~, + - 1 >~ 0. (20) 
C=L,C, T, ~ , '7 

Substituting equations (19) and (20) into this same set 
of  three algebraic equations for the six unknowns, v~, 
c, my, rnw, s~ and s , ,  we can express m~ and rnw in terms 

of  s~ and s , .  Taking these expression f o r  m~ and m,,.. 
together with equations (19) and (20), we can 
rearrange equations (14) and (15) into two coupled 
ordinary differential equations for the two unknowns, 
sj and s~._ Since the upstream values of  s, and s~ are 
known and assumed constant for It < 0, and the solu- 
tion is continuous at It = 0, we can integrate these 
two first order ordinary equations with any applicable 
method in the region, r />  0. Here we use the fourth 
order Runge-Kut ta  method. Once s.07) and sw(q) are 
obtained, we can calculate the concentration, c, from 
equation (20). The mass fluxes, m, and m,~, are 
obtained by back substituting values of  s~ and s,~ into 
the algebraic expressions for m,. and m,~. The pressure 
profiles of  both liquid phase and vapor phase can also 
be obtained by transforming equations (1) and (2) to 
the i 1 coordinate and then integrating them based on 
the obtained functions for m~ and m,,.. More detailed 
descriptions of  these derivations can be found else- 
where [20]. 

N O N  D I M  E N S I O N A L I Z A T I O N  

For the sake o f  generality, equations (14)-(18) are 
nondimensionalized through the definition of  the fol- 
lowing parameters : 

grrr/ 
- (21) 

rn in  ~]k I '  

4)p~ 
t'~j = - - v ~ ,  ( 9 9 )  

nTin x ---- 

(m~n X) 2#, 
Nr, r = - -  (23) 

(p,,. - p ~ ) k q  sin ~p~ 
Nt~r = nli, X//~ (24) 

and 
~bp~ 

vvd = - -  v,, (25) 
nl inJ("  " 

.q,,d = 9.1/grr  (26) 

The dimensionless length, ¢, is the dimensional 
length, q, divided by a length that scales with the dis- 
tance required for the steam to reach equilibrium 
conditions. The dimensionless velocity of  the dis- 
tillation zone, vca, and that of  the vapor  phase, vvd, 
are the corresponding dimensional velocities scaled 
by a characteristic pore-scale steam velocity_ The 
dimensionless number N.,r is the ratio of  the length of  
the distillation zone to the length of  the zone o f  vari- 
able water saturation. The dimensionless number  N~, 
is the gravity number,  which gives the ratio of  the 
gravity forces to the vapor phase viscous forces_ The 
dimensionless mass transfer coefficient, gr, d, is scaled 
by a reference mass transfer coefficient, grr. 

After my and mw are eliminated from equation (14) 
as outlined in the previous section, equations (14) and 
(15) can now be expressed in the following dimen- 
sionless forms : 
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d?. J'(sw) p. (./_.(s,,)/_zs 

X 

(1 -. / ' l  (:",,)) 

(,;:-,),,,+ 

and 

dst p, c , - c  (28) 

These two equations are readily integrated to give 
the distributions of  the water and liquid hydrocarbon 
saturations. 

~ b  Ngn 0 
.1 O( ~nl Sleam OuaJity: 0.9 

N .01¢  P~ 
- ~ - ~  . . . . .  ~ ~ ~ - - ~ - - ~ - - -  

0 .001 

Fronl Velocity: 
_ _ ~ . . _ .  _, 

.E 0 40 (Fvl) 
~1 Porosity: 0125 (Fv2) 

i i . ~  , 

Residual Saturation of Hydrocarbon 

FIG. 2. Dimensionless distillation front velocity vs saturation 
of various hydrocarbons. 

T H E O R E T I C A L  RESULTS 

The dimensionless velocities of  the distillation zone 
as functions of  the residual hydrocarbon saturation 
are shown in Fig_ 2 for nine different compounds.  
Thc characteristic velocity of  the distillation zone 
decreases with an increasing residual saturation of  the 
compounds.  For  the same residual liquid saturation, 
the more volatile compounds have higher velocities. 
It is of  note that in the limit o f ze ro  liquid saturation, 
the dimensionless distillation zone velocities shown in 
Fig. 2 must all converge to a value of  ( 1 - sw  ~) ~. 
Calculations also show that the gravity number, N~,, 
affects the velocity only slightly and indirectly through 
the upstream saturation of  water. 

It is interesting to compare the characteristic vel- 
ocities of  the distillation zone with the velocity of  the 
steam condensation front. Based on conservation of  
mass and conservation of  energy, Stewart and Udell 
[12] derived the following relationship for the steam 
condensation front velocity : 

velocity, the distillation zone will merge with the steam 
condensation front. For  example, the characteristic 
velocity of  toluene is larger than the condensation 
front velocity if the downstream saturation of  the 
liquid toluene is less than 0.30 as shown in Fig. 2. 
Normally,  after the viscous displacement by hot water 
ahead of  the condensation front, we may expect that 
the residual saturation of  liquid hydrocarbon in the 
steam zone will be below this level. Therefore, the 
steam would appear to completely displace the toluene 
at the steam condensation front even though the tolu- 
ene has a higher boiling point than that of  water. The 
nearly complete removal of  toluene/benzene mixture 
by the steam front has been observed experimentally 
by Hunt  et al. [7] and Stewart and Udell [12]_ Similar 
observations were made during the steam displace- 
ment of  xylene during other unpublished exper- 
iments. These observations are in agreement with the 
theoretical findings reported herein. 

minx Pw cnw(TrLTi) + x l - s i x +  q~p,,,cn * + 

Dimensionless condensation front velocities for two 
example media are also plotted in Fig. 2 as the two 
dashed lines for different values of  porosities (0.25 
and 0.40) where the solid phase is assumed to be 
quartz (p, = 2.56 g c m -  3 and Cnr = 0.67 kJ kg-  ~ C -  ~) 
and the temperature difference between the front and 
downstream ( T r -  7".) is 80"C. The condensation front 
velocity depends strongly on the porosity, the thermal 
properties of  the solid phase, and the temperature 
downstream, while the characteristic velocity of  the 
distillation zone is determined by thermodynamic 
constraints. These two velocities are independent of  
each other. If  the condensation front velocity is 
greater than the characteristic velocity of  the dis- 
tillation zone, the distillation zone will lag behind. 
Otherwise, if the characteristic velocity of  the dis- 
tillation zone is greater than the condensation front 

I 
p , ( l - - s  . . . .  )h,,~ ( P ' - P ' )  (1 

~ S~  

PwCn.(Tr- Ti) p. 
m 

(29) 

Equality of  the steam condensation front and dis- 
tillation zone velocities established an important  
division between the situation of  hydrocarbon re- 
moval solely at the steam condensation front, and 
the situation where the distillation zone will lag behind 
the steam condensation front. If the velocity of  con- 
densation front is less than that of  the distillation 
zone, the hydrocarbon liquid would evaporate only 
as rapidly as the steam can come into contact with it. 
Then the distillation zone velocity would be limited 
by the condensation front velocity. This condition is 
termed frontal removal. A separate distillation zone 
will exist only if the velocity of  the condensation front 
is higher than the velocity of  the distillation zone. By 
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assuming that the ideal gas law applies, the saturated '.0r 
concentration c~ in equation (19) can be expressed 
in terms of  the saturation pressures and molecular 
weights of  the compound and water. Equating the 
dimensionlcss characteristic velocity of  the distillation 
zone to the dimensionless steam condensation front 
velocity, l'r,~ (defined by equation (29)), we obtain the 
following criterion for frontal removal :  

I' } P~ ~:,d - ( l  - .~ .~  ~ ) 

p,s i ;  ~< (30) 
p, M~ h,.i 

p,,M,, + h,,: 

Equation (30) is plotted in Fig. 3 using average 
values of  the latent heat of  vaporization of  various 
hydrocarbon compounds listed in Fig. 2. The rcgion 
beneath the corresponding curve in Fig. 3 represents 
conditions where the liquid compounds are vaporized 
at the steam condensation front, whereas the region 
above represents conditions allowing a separate, 
slower moving distillation zone. 

In order for the distributions of  the concentrations, 
liquid saturations, and phase pressure distributions 
to be calculated, the dimensionless mass transfer 
coefficient, grad, must be defined. However,  the volu- 
metric mass transfer coefficient defined in equation (4) 
is a difficult parameter to evaluate. Microscopically, 
evaporation of  liquid hydrocarbon takes place at the 
interface between the liquid hydrocarbon and the 
vapor phase. We may expect intuitively that the mass 
transfer coefficient is an increasing function of  the 
velocity of  the vapor phase, the saturation of  the liquid 
hydrocarbon,  the vapor pressure, and the diffusivity 
of  the hydrocarbon vapor in the steam. This par- 
ameter will also be strongly affected by the pore struc- 
ture of  the medium and configuration of  the immobile where 
hydrocarbon ganglia. If  the hydrocarbon liquid is dis- 
persed as droplets inside the pores, the amount  of  the 
liquid hydrocarbon evaporated in a unit bulk volume 
of the porous medium will be proport ional  to the 
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, t J J  
"-  , o  -30.0 

r I I , ~ I L ' 
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Vapor Pressure X Molecular Weight ( k P a )  

FIG. 3. Maximum quantity of residual hydrocarbon that can 
be removed directly behind the steam condensation front. 
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FIG. 4. Vapor concentration and liquid saturation profiles 
for dccane. 

number of  the liquid drops in the volume which, in 
turn, is proport ional  to the saturation of  the liquid 
hydrocarbon. Thus, in an average sense, one might 
postulate that the mass transfer coefficient will be 
proport ional  to the saturation of  liquid hydrocarbon.  
On the multiple pore scale, the mass transfer processes 
arc governed diffusion across a concentration bound- 
ary layer in which thc Sherwood number is pro- 
portional to the square root of  the superficial velocity 
[7]. Thus, for the purpose of  example calculations, the 
dimensionless mass transfer coefficient is assumed to 
be equal to the liquid saturation multiplied by the 
square root of  the dimensionless velocity of  the vapor  
phase : 

,q.,d = s,l',<~ 5- (31 ) 

For all calculations, the following relationships for 
relative permeabilities and capillary pressures are 
used : 

k r w ( s w )  = s ~, k r c ( s w )  = ( I - s )  J and 

J(st,') = l / ~ / s -  1 

S ~  - -  S w . i r  r 
S ~ 

I - -  S I r - -  S~%,rr ' 

The irreducible water saturation, S,,..~rT, is defined as 
the water saturation below where there is no hydraulic 
connectivity, and thus would not flow under an 
applied pressure gradient. 

Results of  example calculations using decane as the 
organic compound are shown in Figs. 4~7. Profiles of  

0.4 
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0.1 \ '10 \ 8  " 0  \ 4  I 

~'o ,~o .'o .'o t~o ,~o ~o 1~o ~o ,o 
Dimensionless Length 

FIG. 5. Water saturation profiles for various dimensionless 
n u m b e r s .  Nmf. 
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FIG. 6. Water saturation profiles for various gravity numbers. 

the vapor hydrocarbon concentration and saturation 
of liquid decane (Fig. 4), the water saturation (Figs. 
5 and 6), and the pressure gradients of  both the vapor 
phase and the water phases (Fig. 7) are plotted against 
the dimensionless length. The values of  other par- 
ameters, including dimensionless numbers N..,, and 
N~ and the quality of  injected steam are shown in the 
figure legends and captions. Figure 4 presents the 
vapor concentration and liquid saturation of  do- 
decane vs dimensionless length ~. As shown, there is 
no perceivable effect of  the dimensionless numbers 
Nn+, and N~r on the distributions of the vapor con- 
centration and the liquid saturation of  the compound,  
This apparent independence is no surprise since these 
parameters do not explicitly appear in equations (15) 
and (20). They affect the concentration profile only 
through the vapor velocity, ~',d, which determines the 
dimensionless mass transfer coefficient, #°,u, in equa- 
tion (15)_ But the dimensionless vapor  velocity itself 
is nearly constant because of  the limited changes in 
the density of  the vapor phase. Note also that the 
major change in the concentration and the liquid satu- 
ration occurs near ~ = 0. This range of  ~ may be 
referred to as the mass-transfer-controlled region and 
is determined by the initial saturation of  the liquid 
phase and the thermodynamic properties of  the com- 
pound through equations (15) and (20). Thus the 
actual length of  the medium for the mass-transfer- 
controlled region is proport ional  to the mass flux of  
injected steam m~,X and inversely proport ional  to the 
mass transfer coefficient .qrr- 

Water saturations vs the dimensionless length, ~, are 
plotted in Figs. 5 and 6 for various combinations of  
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t~ 
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FIG. 7. Profiles of the dimensionless pressure gradients of the 
vapor and water phases. 

N,,.- and Ngr as indicated in each plot. As previously 
discussed, the upstream water saturation is deter- 
mined by the quality of  injected stream and is 
employed as one of  the boundary conditions for equa- 
tions (27) and (28). The downstream water saturations 
obtained from integration in each plot converge to a 
constant value determined by the downstream flow 
conditions_ From both Figs. 5 and 6 we find that the 
water saturation decreases with ~. The reason for this 
is that the characteristic velocity of the distillation 
zone is much higher than the interstitial velocity of  
the water phase, but much lower than the velocity of  
the vapor phase When we observe the distillation 
zone from a moving coordinate associated with q or 
~, we see that as the vapor is flowing by. part of  
the steam condenses to the liquid water which would 
appear to be flowing upstream. Thus, the profile of  
water saturation in the ,,.= coordinate appears as a 
decreasing function_ The particular form of the water 
saturation profile depends on the functional forms for 
the relative permeabilities and capillarity pressure. 

Figure 5 shows that the parameter Nmf has no effect 
on the downstream water saturation. It merely 
changes the transition length of  water saturation com- 
pared to the length of  the mass-controlled region. 
The saturation of  water decreases from a constant 
upstream value to a constant downstream value. The 
higher the injection rates, corresponding to greater 
values of  Nm.-, the shorter the transition zones of the 
water saturation. 

Figure 6 shows the effects of  Ng r o n  the water satu- 
ration profiles when N,,,-is a constant. The effects of  
Ngr on water saturation can be discussed through the 
dip angle of  the medium. When the dip angle increases 
and Ngr is greater than 1, the water saturation must 
increase to overcome the unfavorable gravity force 
effect and to maintain the same water flux. Therefore, 
increasing the value of  N~r results in higher water 
saturation for the whole distillation zone and longer 
transition region for water saturation. 

Figure 7 shows the dimensionless pressure gradients 
of  the vapor and water phases. The upstream pressure 
gradients of  both phases are identical and are used 
to nondimensionalize the pressure gradients. The 
behavior of  these pressure gradients is found to be 
consistent with the water saturation distributions. The 
absolute value of  the dimensionless pressure gradient 
of the vapor phase is very close to one. Thus, vapor 
pressure gradients are nearly constant in the steam 
zone and in agreement with experimental observations 
[12]. 

E X P E R I M E N T A L  R E S U L T S  

A one-dimensional experiment of  steam distillation 
of dodecane was performed for model comparison 
and to obtain the actual mass transfer coefficient as 
a function of  the liquid hydrocarbon saturation. A 
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FIG. 8. Schematic drawing of experimental apparatus. 

schematic of  the apparatus used is shown in Fig. 8, in 
which the sand pack, consisting of  a glass tube 1 m in 
length and 5.08 cm in ID, was packed with 100-115 
mesh Ottawa sands. A total amount  of  223 g of l iquid  
dodecane was injected into the sand pack when it was 
initially saturated with air. The corresponding liquid 
saturation ofdodecane  was 0.404. Then deionized and 
deaerated water was injected at room temperature 
to displace the liquid dodecane. After about  6 pore 
volumes of  fluid was produced, water injection was 
stopped. At that moment,  the volumetric fraction of  
liquid dodecane in the effluence decreased to the level 
of I x 10- ~. The average saturation of  liquid dodecane 
in the sand pack was calculated to be 0.174. Then 
steam was injected into the sand pack. The effluent of  
condensed water and liquid dodecane was collected 
by a fraction collector, which collected liquid samples 
into individual test tubes at equal time intervals. The 
liquid dodecane and water in each test tube were sep- 
arated and weighed. Based on these data, the cumu- 
lative production history of  water and dodecane was 
obtained and plotted in Fig. 9. As shown in Fig. 9, 
before steam breakthrough the slope of  the cumu- 
lative water production curve was lower after steam 
breakthrough because the water displacement by 
steam no longer was important.  Before steam break- 
through, almost no liquid dodecane was produced, 
which supports the assumption of  liquid hydrocarbon 
at a residual level prior to steam injection. After steam 
breakthrough, the cumulative production of  dode- 
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FIG. 9. Cumulative production of water and dodecane. 
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cane increases and finally approaches a constant when 
no more dodecane appeared in the condensed efflu- 
ent. Letting the moment  of  steam breakthrough be 
the beginning time, we may define the cumulative 
water production function, V,,(t), and the dodecane 
cumulative production function, G(t), by regression 
methods. Neglecting the liquid water flux from the 
column after steam breakthrough, the concentration 
of dodecane in the vapor at the end of  the sand pack 
can be obtained from the following equation : 

V((t)pl 
c(t) = (32) 

V~, (t)p,,. + V((t)p. ' 

where the prime on the functions G and V,~ indicates 
their time derivatives. From equation (20) the liquid 
saturation of  dodecane can be expressed in terms of  
the corresponding concentration : 

sl(t) = (33) 
] I t , ,  I 

('U% + L ,  - l  

Then from equation (4), the mass transfer coefficient 
gm can be expressed as : 

q~Pl  d S l  
g,.(t)  - (34) 

G--c ( t )  dr" 

Substituting (32) and (33) into (34), we obtain the 
mass transfer coefficient at the end of  the sand pack 
as a function of  time. Correlating gin(t) with the liquid 
saturation s~(t) using linear regression methods, we 
obtain the.following correlation between mass trans- 
fer coefficient and the liquid saturation : 

g m =  5 . 8 2 x  1 0 - ~ + 6 - 0 8  x 10 -~ x sl. (35) 

By letting the reference mass transfer coefficient grr 
be 1 km m -  ~ s - I ,  the dimensionless mass transfer 
coefficient grad as a function of  the liquid saturation is 
that from equation (34). Employing equation (35) 
instead of  equation (31) and performing simultaneous 
integration of  equations (27) and (28), we get the 
concentrat ion in the vapor phase at the end of  the 
sand pack. Figure 10 shows that the calculated con- 
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cent ra t ions  compared  to the measured data.  Since the 
mass t ransfer  coefficient given by equa t ion  (35) was 
obta ined  from the eMuent  concen t ra t ion  data,  the 
close correlat ion between theory and  data  is expected. 
For  this par t icular  exper iment  the calculated dis- 
tillation zone velocity equaled 6.17 × 10 ~ m s-  ~ and 
the length of  the disti l lation zone was 5.32 m. 

CONCLUSIONS 

The following conclusions can be drawn from the 
theoretical  and exper imental  invest igation of  s team 
disti l lation of  a single c o m p o n e n t  hyd roca rbon  liquid 
in a one-dimensional  porous  medium.  

(1) Given certain side condi t ions,  similarity solu- 
tions can be found for the one-d imens ional  single 
componen t  s team disti l lation problem if diffusion in 
the flow direct ion is neglected. 

(2) The characteris t ic  velocity of  the disti l lation 
zone is p ropor t iona l  to the mass flux of  the injected 
steam. The  propor t iona l i ty  coefficient is a funct ion of  
the water  sa tura t ion  far downs t ream of  the liquid 
compound ,  the equi l ibr ium concen t ra t ion  of  the com- 
pound  in the vapor  phase, and  the rat io of  the latent  
heat of  the liquid compound  to that  of  the water. 
For  disti l lation zone velocities greater  than  the s team 
condensa t ion  front  velocity, the liquid c o m p o u n d  is 
expected to be vaporized directly behind the steam 
condensa t ion  front.  

(3) The lengths of  the active mass t ransfer  zone are 
p ropor t iona l  to the mass flux of  the injected s team and 
inversely p ropor t iona l  to the mass t ransfer  coefficient. 
The gravity and  capil lary forces have little effect on 
this length. 

(4) Relative to the moving  disti l lation zone, the 
water  sa tu ra t ion  appears  as a decreasing function in 
the flow direct ion because the velocity of  condensed 
water  is less than the velocity of  the disti l lation front.  
The length of  the variable water  sa tura t ion  t ransi t ion 
zone is significantly affected by the gravity number ,  
and the length of  the variable  water  sa tura t ion  zone 
compared  to the length of  the dist i l lat ion zone varies 
as a funct ion of  a second dimensionless  parameter ,  

Nr~. 
(5) A volumetr ic  mass t ransfer  coefficient that  varies 

in a l inear fashion with the liquid hydroca rbon  satu- 
ra t ion is representat ive of  the experiments  conducted 
for this study. 
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