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The inf luence of  a surface-active substance ( SAS  ) on the fil tration o f  g a s - h q u t d  systems at a pressure higher 

than the saturat,on pressure is investigated. It is shown that the SAS  makes  it possible to control the 

rheological properties o f  gas - l i qu id  systems tn ttw .vubcrtttcal region. 

Numerous  exper iments  with g a s - l i q u i d  systems in the subcrit ical  region 11,21 point to the presence of 

nonequil ibr ium phenomena ,  which is explained bv intense nucleation. The mechanism of the phenomena  is still 

not unders tood well; however, g a s - l i q u i d  systems have gained wide use, especially in the petroleum indus t ry  [3, 

41. 

Taking  into account the abi l i ty  of surface-act ive substances  (SAS) to change the surface energy of a sys tem,  

which leads to impor tant  consequences for the formation of a new phase,  and the fact that the avai lable exper imenta l  

da ta  have been ob ta ined  mainly  for g a s - l i q u i d  sys tems with a hydrocarbon liquid used as a solvent, we invest igate 

in the present  paper  the effect of an SAS on the fi l tration of w a t e r - g a s  mixtures in the subcrit ical  region. 

Exper imenta l  invest igat ions have been carr ied  out on an instal lat ion 15] that consisted of the following 

elements:  column with a porous medium,  hydraul ic  press, PVT bomb, u l t ra thermosta t ,  and measur ing equipment .  

The  main measur ing  unit consis ted of a Sapfir  22-DI s t ra in  gage, a B5-49 power supply,  an R-333 res is tance box,  

and  a recorder .  

Exper iments  were carr ied  out according to the following scheme: 

�9 A w a t e r - g a s  mixture  (methan was used) was p repared  with a molar  concentra t ion equal to 0.035 in the 

PVT bomb at a cons tant  t empera tu re  (T = 303 K). 

�9 The  sa tura tu ion  pressure  Ps (3.0 MPa) was de te rmined  by the volumetric method.  

�9 The  porous medium consis t ing of quartz sand with pene t rab i l i ty  0.15 ~m 2 was sa tu ra ted  by the w a t e r - g a s  

mixture  (P >> Ps) subsequent  to evacuation and under  cont inuous thermostat ic  control (T = 303 K). 

�9 At the inlet and  the outlet  of the column with the porous medium the required pressure was set, and  the 

w a t e r - g a s  mixture  was f i l tered under  a constant  pressure  drop,  until a constant  flow rate was achieved,  af ter  which 

the main f i l t rat ion pa ramete r s  were fixed. 

All the invest igat ions were carr ied  out with various weight-par t  concentra t ions  of the SAS in the g a s - l i q u i d  

sys tem (C = 0 -0 .043 /0 ) .  It shou ld  be noted that  we used  su l fanol  as the SAS, and  in the e x p e r i m e n t s  its 

concentra t ion did not exceed the critical concentrat ion of micellat ion.  

ABSATZ6 = In the first ser ies  of exper iments  the pressure- recovery  curves (PRC) were measured  at the outlet  of the 

column at a constant  pressure  drop of 2.7 MPa. 

In o r d e r  to e x p l a i n  the  r e s u l t s ,  the  o b t a i n e d  P R C s  were  r e p l o t t e d  in new c o o r d i n a t e s  [6 ]  In 

[(P0 - P ~ ) / ( P t  - P~o) I vs. t; here o, Pt, and P~ are the initial ,  current ,  and the final values of the pressure .  The  

re laxat ion  time can be de t e rmined  from the tangent  of the slope angle: t = (tan a ) - I  

Resul ts  of plott ing in the new coordinates  are  shown in Fig. la ,  (Po - P ~ ) / ( P t  - P~) - P*, from which is 

evident  that  while in the case when P < 2Ps (curve 1) the dependence  is a broken line, in the case when P >_ 2Ps 

(curve 27 the dependence  is a s t ra ight  line, i.e., a change of models  takes place from an exponent ia l  one to one 
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Fig. I. PRC plotted in semilogarithmic (a) and "diffusion" (b) coordinales: 

1) P = 1.3Ps; 2) P > 2P s. t, sec. 

Fig. 2. D e p e n d e n c e  of re la t ive  d u r a t i o n  of d i f fus ion  process  on SAS 

concentrat ion.  C, %. 

described by a sum of exponentials.  It should be noted that as the critical relaxation region is approached, the 

curves decline to the right, i.e., towards longer relaxation times. 

The first, shorter  stage of pressure recovery is determined mainly by the compressibili ty of the system. 

For the second, longer stage, it is reasonable to assume that a concentration gradient apperars,  and,  as a result of 

duffusion, the system goes into a new equilibrium state characterized by a smaller size of gas nuclei. 

In order  to verify this assumption,  according to [7] the PRCs were replotted in the new "diffusion" 

coordinates In ('~OF'/Ot) vs l/t. They are presented in Fig. lb  (v"tOP/Ol = pO), from which it is evident that, while 

for an initial pressure close to the critical region (P = 1.1P s - 1.5P~), the final portion of the PRC is rectified in 

the specified coordinates (see Fig. lb,  curve 1), this does not take place for levels P > l.SPs (Fig. lb ,  curve 2), 

which substant ia tes  our arguments.  

Analysis of the PRC measured with addition of the SAS has shown that the relaxation time decreases with 

increasing SAS concentrat ion for a constant initial pressure level at the outlet of the column. Thus,  e.g., for P = 

1.3 Ps at C = 0% r = 5 sec, while at C = 0 . 0 4 ~  r = 1.2 sec. 

Figure 2 shows the dependence of the relative duration of the diffusion process tc (tc is the ratio of the 

durat ion of the diffusion process to the total time of pressure recovery) on the SAS concentrat ion in the solution 

at P = 1.3Ps, from which is evident that the durat ion of the diffusional component decreases by almost half with 

addition of the SAS, reaching 0.49 at C = 0.04%. 

The results obtained can be explained by the following mechanism. As is known, in the presence of a 

developed solid surface (in the particular case, the volume of the gas - l iqu id  system in the porous medium is 

one-third the volume of the solid component,  and the mean capillary diameter does not exceed 10 -5  m), only 
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Fig. 3. Dependence  of relative flow rate of g a s - l i q u i d  sys tem on relative 

pressure  level: 1) C = 0; 2) 0,005; 3) 0.01; 4) 0.025; 5) 0.04. 

Fig. 4, Dependence of maximum relative flow rate of g a s - l i q u i d  system on 

SAS concentration. 

heterogeneous  nucleat ion takes place [8, 9 ]. With an increase in the wettabi l i ty  of the solid surface of the capi l lar ies ,  

which takes place with addi t ion  of the SAS due to its adsorpt ion  [10], the volume of the gas phase in the form of 

nuclei decreases  subs tan t i a l ly  (as is shown in 18 ], for an edge wetting angle 0 -,. 0, the nuclei will be vlr tual ly 

two-d imens iona l ) .  This ,  with all o ther  factors being the same,  leads to a decrease  in the concentra t ion gradient  

that emerges  with an increase  in pressure  and,  correspondingly ,  to a decrease  in the dura t ion of the diffusional  

process as well as in the re laxat ion  lime. 

In the second series  of the exper iments ,  for a constant  pressure  drop of 2.7 MPa, we de t e rmined  the 

dependence  of the flow rate  of the g a s - l i q u i d  sys tem on the pressure  level at the outlet  of the column. 

The  exper imen ta l ly  measured  dependence  of the relat ive flow rate Q* on the pressure  level P / P s  (Q.* = 

Qt/Q| where  Qt is the flow rate  at a cer tain level of the pressure  at the outlet ,  Q** is the flow rate  at P > 2Ps) is 

shown in Fig. 3 (curves 1 to 5 cor respond to concentra t ions  C = 0, 0.005, 0.01, 0.025, and  0 . 0 4 % ) ,  from which is 

evident  that  for pressures  at the outlet  of the column close to the sa tura t ion  pressure ,  a subs tant ia l  ( 2 . 5 - 3  t imes) 

increase  in the flow rate  takes place. It should be noted that  the flow rate  of the g a s - l i q u i d  sys tem reduced  to the 

pressure  at the exit  from the porous medium vanes  s imilar ly  to the flow rate of the liquid, which is subs tan t i a ted  

by the practical  cons tancy  of the gas flow rate in the course of an exper iment .  

Figure 4 shows the dependence  of the maximum ielat ive flow rate Qrn on the SAS concentrat ion.  It is evident  

that  the maximum value of the relative flow rate decreases  by more than half with an increase in the SAS content ,  

reaching a value of 1.3 at an SAS concentra t ion of 0 .04%.  

In 11 ], the increase  in the liquid flow rate in the vicinity of the sa tura t ion  pressure  is expla ined  by a 

decrease  in the absolu te  viscosity of the system observed upon approaching  Ps- However,  the decrease  in the 

viscosity is negligible.  According to da ta  from 1l 1, it does not exceed 10-153/o, while the flow rate increases  

2 . 5 - 3  times. 

The  results  ob ta ined  can be expla ined  within the f ramework of the above-d iscussed  mechanism,  according 

to which the volume of the gas phase in the form of nuclei decreases ,  which leads to a decrease  in the thickness  of 

the bounda ry  layer  (or, which is the same,  the viscosity of the g a s - l i q u i d  sys tem with the SAS addi t ive  increases  

within the same bounda ry  layer) .  

In o rde r  to subs tan t i a te  this assumpt ion,  we consider  the motion of the g a s - l i q u i d  sys tem in a single 

capi l la ry  and  make use of the results  of [ 11, 12 ], where the following function was ob ta ined  based  on the Pon t ryag in  

max imum principle:  

h (c) = p ( c ) / ~  (c) + ( A / ( I  - r2)) c ,  

where  p (c) and  ~ (c) a re  the dens i ty  and viscosity dependences  on the gas concentra t ion,  respect ively.  We seek a 

concent ra t ion  d i s t r ibu t ion  over the capi l lary radius  c(r) such that  h(c) and ,  accordingly ,  the flow rate  of the l iquid 
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are  maximal .  According to [11 ], A is a constant ,  and  it should be noted that  A E [0; = ) ,  r E [0; 1 ], and  c E [0; 

11. 

The  known express ion  can be adopted  for the dependence  of dens i ty  on concenlrat ion:  p(c )  = 1 - c. For 

the concentra t ional  dependence  of the viscosity we adopt ,  according to [13], the following express ion:  ,u(c) = 

1 - yc ( 1 / 3  < y < 1), and for relat ively low mean concentra t ions  F (0 < F < I / 6 y )  we obtain:  

1 (1 - y ) ( l - r  ?) { ( 1  12A ) < r <  1. 
- 7 2A ' -f 

(1) 

The mean concentra t ion of the gas is de te rmined ,  according to [11 ], from the rela t ionship:  

I .4 
F = f c (r) r d r -  

o 3"' (1 - y) ' 

from which it is obvious lhal the specified concenlrat ion dis t r ibut ion over the cross-sect ion (1) will occur when A 

E (0; 1 - y / 2 )  and F E (0; l / 6 y ) .  

We should note that at relatively high gas concentrat ions ,  when two-phase flow takes place, formation of 

a boundary  gas layer  is possible,  as is shown in [11, 12 1. 

In the case under  investigation,  motion of the gas as a separa te  phase is not real ized,  since this is possible 

only in the supercri t ical  region. 

Thus,  maximizat ion of the flow rate takes place upon layer ing of the g a s - l i q u i d  sys tem,  when pure liquid 

flows in the center  and  liquid with gas nuclei (i.e., a system with a lower viscosity than in the center  of the s t ream) 

flows in the bounda ry  regions.  It is evident  that a relat ively thin bounda ry  layer  sa tu ra ted  with he terogeneous  gas 

nuclei will have much lower viscosity than a pure liquid; at the same time, the absolute  viscosity of the ent i re  system 

in the presence of gas nuclei decreases ,  according to [1 l, by only 10-15%. 

It should be noted that  upon addi t ion  of the SAS with the same concentrat ion of dissolved gas, the viscosity 

of the g a s - l i q u i d  sys tem will be lower, due to the c i rcumstances  discussed,  which manifests  itself in a decrease  in 

the coefficient y. This ,  according to (1), leads to an increase in r and ,  correspondingly ,  to reduct ion of the boundary  

layer.  

Let us cons ider  how layer ing affects the flow rate of the system. We assume that the pure liquid moves in 

the center  of the s t ream,  which has viscosity/.z~, while the g a s - l i q u i d  system,  which for s implici ty can be repre-  

sented as an incompress ib le  fluid with viscosity #2 , / /2  < / t l ,  moves near  the wall. Then the motion velocity in the 

cyl indrical  capi l lary is de te rmined  from the well-known formula 

AP 2 
= - - - - r  + a i l n r  + b i ,  (2) vi 4 l # i  

where A P / l  is the pressure  gradient ,  and #i are the viscosities of the fluids (the parameters  of the fluids flowing 

in the center  and in the boundary  region are denoted by indices 1 and 2). Let us use the following boundary  

condit ions for de te rmina t ion  of the constant  coefficients a i and hi: 

dv 2 dv I dv 1 
r =  R ,  v 2 = O  , r =  RO, # 2 ~ r  = # l - ~ - r  , vl = v2, r = O ,  d r - 0 .  

Subst i tu t ing the condi t ions into (2) and rear ranging  the express ion such as to yield the total flow rate,  we 

finally obtain 

~ A P R  4 
Q=Qt  + Q 2 -  8,~11 b o + ( l - 6 )  4 ( 1 - ~ 0 )  1, (3) 
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where 6 - 1 - R o / R ,  t~o " ~ t / ~ 2  �9 

It is evident from Eq. (2) that the total flow rate increases with the growth of the less-viscous boundary 

layer, and it should be noted that the higher/~0 for a constant thickness of the boundary layer, the higher the flow 

rate. Already at #0 = 3 and c5 = 0.2 the flow rate is two times greater than that according to Poiseuille's law. 

The estimates presented can serve as a qualitative explanation of the experimental results obtained. 

The further drop in the flow rate takes place due to the fact that dimensions of the nuclei (and at 

P -< Ps already gas bubbles) become comparable with those of the pores, and this leads to a substantial increase 

in the filtration resistance I14, 151. 

Analysis of the results obtained makes it possible to draw two important conclusions. Firstly, a greater 

increase in the flow rate of the fluid should be expected in hydrophobic porous media. Secondly, the penetrability 

of the porous medium will obviously affect the pressure level at which the maximum flow rate of the fluid is reached. 

Thus, the investigations carried out have shown th,lt SAS additives make it possible to control the 

rheological properties of gas-l iquid systems in the subcritical region, which can be applied in technological 

processes, particularly, in the petroleum industry, where these systems are widely used. 

N O T A T I O N  

P, pressure at the outlet; Ps, saturation pressure; Q, flow rate; r, relaxation time; p, density; i~, viscosity; 

C, SAS weight concentration; c, gas concentration; F, mean gas concentration; l, length of capillary; R, radius of 

capillary; R 0, radius of fluid interface; d, thickness of boundary layer. 
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