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The resul ts  of an experimental  investigation of the condensation of propane,  isobutane, butane, 
and ethane in porous bulk media are  given. The presence  of the liquid phase is observed a t~ a 
p r e s s u r e  considerably lower than the sa tura ted-vapor  p res su re .  

There have been many investigations of the effect of porous media on the condensation and evaporation 

of hydrocarbon systems. The results obtained in different experiments are often contradictory [1-5]. 

This could be explained by the experimental and methodic difficulties in performing such experiments 

on multicomponent mixtures with different compositions; accurate determination of changes in the composi- 

tion of mixtures with a low percentage of heavy hydrocarbons involves considerable difficulties. 

We became interested in this problem after examining the results of experiments on the displacement 

of gaseous propane by carbon dioxide from pipes packed with quartz sand at a pressure close to the saturated- 

vapor pressure. In these experiments, the amount of propane displaced from the porous medium was much 

larger than the calculated amount, determined with respect to the measured pressure and the known pore 

volume of the simulator, which led us to assume the presence of the liquid phase. Sandstone represents most 

of the gas-bearing rocks. Its adsorptivity with respect to hydrocarbons, which is relatively low, was investi- 

gated in a range of pressures remote from the phase-transition pressure. In connection with this, we have 
investigated experimentally the effect of a porous medium on the phase transitions of chemically pure propane, 
isobutane, butane, and ethane. 

The experiments were performed by means of pipes with a length of 200 cm and diameters of 35 and 50 

mm, which were filled with quartz sand of different grain sizes, mixtures of quartz sand and clay powder, and 

corundum powders. Most of the experiments were performed by using a thermostatically controlled pipe with 

a length of 198 mm and a diameter of 51 ram, packed with a mixture of quartz sand with grain sizes 0.10-0.25 

mm and marshallite dust; both ends of the simulator were sized with a solution of BF-4 paste to a depth of i0- 

15 mm in order to prevent the loss of dust. The permeability of the simulator, as determined by experiments 

with nitrogen, was equal to k = 33 millidarcy, while the pore volume was equal to Vsi = 720 cm 3. 

The simulator was filled slowly at room temperature with a chemically pure gaseous hydrocarbon. The 

hydrocarbon was supplied from a thermostated small tank or cylinder, which was first filled with condensate 

and placed outside the room in a tank containing water; the water was heated in cold weather. After the simu- 

latorwas filled with the hydrocarbon and the pressure was equalized and stabilized, slow release of gas through 

a gas counter was effected periodically. The counter readings were recorded during this procedure, and pres- 

sure readings at the inlet and outlet sections of the simulator were recorded. The experiments were performed 

at different initial pressures P0; they were characterized by the values AP = Ps - P0 and P0/Ps. Inthese ex- 

pressions Ps is the saturated-vapor pressure of the hydrocarbon at the simulator temperature, which, for 

simulators that are not thermostated, is assumed to be equal to the ambient temperature. 

Figure 1 shows typical curves of the amount of gaseous propane contained in the pore volume, which 
is characterized by P/z, as a function of the quantity- of gas Q that has left the thermostated simulator. If the 
initial pressure differs considerably from the saturated-vapor pressure, this dependence is linear (AP=2.58 
tech. arm) or close to linear ('~P = 1.66 teeh. arm). 
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Fig. 1. Dependences P / z  = f (Q) for  propane in the thermosta ted  s i m -  
ulator  (k = 33 mil l idarey).  1) A p = 0.44 teeh. atm; 2) 0.9; 3) 1.66; 4) 2.58. 
The dashed curve pertains to nitrogen; P / z  is given in absolute a tmospheres .  

F ig .  2. Dependences ( P / z ) / ( P 0 / z 0 )  L- f (QPatm Z0/Vsi P0 antra) for propane, 
isobutane,  butane, and ethane in the thermosta ted  s imula tor  for  P / P s  = 
0.94. 1) Propane,  AP = 0.44 teeh. atm; 2) isobutane, AP = 0.176 tech. 
atm; 3) butane, Ap  = 0.13 tech.  atm; 4) ethane, Ap = 2.73 tech.  arm. 

At a p r e s s u r e  close to the sa tura ted-vapor  p r e s su re  (Ap = 0.44 tech. arm), the escape of gas f rom the 
s imula tor  produces  a slight p r e s s u r e  drop at the initial s tage,  af ter  which the p re s su re  variat ion is approxi-  
mately l inear.  In these ca se s ,  the amount of propane that has escaped is always la rger  than the amount that 
the pore  volume can contain in the gaseous s tate .  This indicates that the pore volume contains liquid or  
sorbed propane,  which evaporates  as the p re s su re  drops with the escape of gas.  After  the re lease  of the next 
hydrocarbon batch, a cer ta in  inc rease  of the mean p res su re  in the s imulator  is observed over  a period of t ime,  
which also indicates that hydrocarbon evaporation or  desorption takes place.  

We have also recorded  the P / z  = f(Q) dependence for  the thermosta ted  s imula tor ,  filled with isobutane, 
butane, and ethane. For  the sake of compar i son ,  these dependences as well as the dependence obtained for 
propane a re  plotted in t e rms  of relat ive quantities,  

PIz - r (  Qatmz0 ), 
Pjz~ Vsi P0Zat m 

and a re  shown in Fig.  2. The measure  of the effect  a porous medium exerts  on phase transi t ion is determined 
by the physicochemical  charac te r i s t i c  of the hydrocarbon.  

The quantities measured  experimental ly can be used for  calculating the par t  of the pore volume occupied 
by the liquid (saturation s): 

G z -  a~._ 

The total amount of hydrocarbon in the s imula tor  is GZ = {Q + Vsi)Pat m. The amount of gaseous hydro-  
carbon in the s imula tor  is equal to Gg = Vsi(1 - S)pp, t, whereVsi iS the pore volume of the s imulator ,  Q is 
the amount of gas that has left the s imula tor  with an allowance for  sorbed gas ,  Patm and P P , t  a re  the values 
of the hydrocarbon density under a tmospher ic  conditions and at the initial p r e s su re  and t empera tu re ,  r e spec -  
t ively,  and Pl is the density of the liquid hydrocarbon on the saturat ion curve.  After  substituting the expres -  
sions for G Z and Gg, we obtain 

s ~--- Q Patm-Vsi (pP't - -  Patm) (1) 
Vsi( PZ-- PP. t ) 

(the method of determining the amount of sorbed gas is descr ibed below). For  comparing the phase t r ans i -  
tions of different hydrocarbons ,  one should use the quantity a = sp / ,  which expresses  the mass  of the liquid- 
phase substance per  unit p o r e  volume. 
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Fig.  3. Dependence s = f (P/Ps)  for  ethane 
thermosta ted  s imulator  (k = 33 mil l idarcy).  
rain to P0 < Ps .  

Fig.  4. Dependences (P/z)/(P0/zo) = f (t) for propane,  isobutane,  and butane for the thermosta ted  
s imulator .  1) AP = 0.66 tech.  aim; 2) 0.25 tech. a tm,  propane; 3) 0.144 tech. a im,  isobutane; 4) 
0.25 tech.  a im,  butane. The tempera tu re  t is given in degrees Celsius.  

/0 30 50 r 

Fig. 4 

(1), propane (3), isobutane (2), and butane (4)for  the 
The black points per ta in  to P0 = Ps;  the white points p e r -  

Figure 3 shows the dependences s = f ( P / P s ) ,  plotted on the basis of the experimental  resul ts  for  dif- 
ferent  initial p r e s s u r e s .  These dependences show that,  in the pore volume, the liquid hydrocarbon is present  
at a p r e s s u r e  much lower than the sa tura ted-vapor  p r e s s u r e ,  while its quantity increases  sharply in approach-  
ing the saturat ion p r e s su re .  For  instance,  a saturat ion s = 1% for  propane occurs  even if P / P s  = 0.5, while 
s = 3.95% if P / P s  = 0.95. 

The amount of liquid phase as a percentage of the total hydrocarbon quantity contained in the pore volume 
a can be determined by means of the express ion cr = VsiSPl/(Q + Vsi ) Patm; for  instance,  for propane and s = 
i%, cr = 35~c. 

The gradual  increase  in saturat ion by the liquid hydrocarbon when the p res su re  approaches the sa tura ted-  
vapor p r e s su re  allows us to state that phase t ransi t ion in a porous medium cannot be charac te r ized  by a def- 
inite p r e s s u r e  value. 

The dependence s = f ( P / P s ) ,  determined for different AP > 0, represents  the adsorption i so therm.  If, 
during the filling of the porous medium, the p res su re  has reached the sa tura ted-vapor  p r e s su re  or  has exceeded 
it ,  AP = 0 at the beginning of the re lease  p rocess ,  and the dependence s =f (P /Ps )  represents  the desorption 
i so the rm,  which may be located above the adsorption i so therm because of hys te res i s  in capi l lary condensation. 
Figure 3 shows that the values of saturat ion of the thermosta ted  s imulator  with the liquid hydrocarbon virtually 
coincide in experiments  with the initial values AP > 0 and AP = 0. Hysteres is  is not observed,  which indicates 
the absence of mie ropores .  

For  initial p re s su res  differing considerably f rom the sa tura ted-vapor  p r e s su re ,  when the l inear depen- 
dence P/z = f(Q),  which seems to cor respond  to gas depletion conditions, holds, calculation of the degree of 
saturat ion yields s > 0. The cause of this becomes c lea r  if we compare  the slopes of the dependence P / z  = 
f(Q) for  propane and for nitrogen (dashed curve in Fig. 1). By writing the equation of state for the gas for the 
initial p r e s su re  value P0 and the present  value P and subtract ing the second equation f rom the f i r s t ,  we obtain 

P P~ P~trn Q, 
Z Z o Vsi zat m 

where Patm is the a tmospheric  p r e s su re  and Zatm is the compress ibi l i ty  factor  under atmospheric conditions. 

The slope of the s traight  line descr ibed by Eq. (2) with respec t  to the axis of absc issas  is determined by 
the value of Pa tm/Vs iza t  m. 

Since Zat m = 1 for  ni trogen and Zat m < 1 for propane,  
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and the s t ra ight  lines P / z  =f(Q) should have a l a rge r  slope with respect  to the Q axis for propane than for  
nitrogen.  ActuaUy, the opposite takes place.  The fact that the slope of decrease  in P / z  along the l inear 
par t  of the dependence P / z  = f(Q} during the re lease  of propane f rom the s imulator  is milder  than would be 
indicated by the equation of state for  the gas can be explained by an inc rease  in the amount of gaseous propane 
as a resul t  of desorpt ion with a drop in p r e s su re .  The quantity of propane desorbed with a reduction in p r e s -  
sure  to a tmospher ic  p r e s s u r e  can be est imated on the basis of the following considerat ions.  For  example, 
consider  the point with the coordinates  Q = 10 l i ters  and P / z  = 6.35 on the l inear par t  of the dependence P / z  = 
f(Q) for  AP = 0.44 tech.  arm (see Fig. 1). This point corresponds  to P = 5.51 abs.  arm and t = 17.6~ As 
the p re s su re  drops to a tmospher ic  p r e s s u r e ,  AQ = 16.7-10 = 6.7 l i ters  of propane escapes f rom the s imulator .  
If we draw from the initial point a s t ra ight  line paral le l  to the line charac ter iz ing  the variat ion of nitrogen 
p r e s s u r e ,  we obtain AQ = 15.2-10 = 5.2 l i te rs .  The additional amount of propane that has escaped f rom the 
s imula tor  as the p re s su re  drops f rom P = 5.51 abs. arm to atmospheric  p r e s s u r e  is equal to Zat m = 0.955, 
which amounts to (6.7-5.2)/0.955 = 1 .57 l i t e r s ,  1570 cm3/8250 g = 0.19 em3/g per  unit weight of sorbent.  We 
can s imi la r ly  determine the amount of gas desorbed with the atmospheric  p res su re  dropping to zero ,  which is 
neces sa ry  for  accura te  calculations of the degree of saturat ion.  

The descr ibed procedure  can serve  as a methodic base for determining the sorption ability of different 
porous media.  

The two-phase  state of a hydrocarbon in a porous medium at p r e s s u r e s  lower than the sa tura ted-vapor  
p r e s su re  is c lear ly  i l lustrated by the heated s imula tor  eJcperiment. The s imula tor  is filled with a gaseous 
hydrocarbon to a p r e s s u r e  P < Ps and is then slowly heated by means of the thermosta t  and then kept at a 
cer ta in  t empera tu re  until the p re s su re  gauge readings are  stabilized. Figure 4 shows the relative variat ion 
of P / z  as a function of the s imula tor  t empera tu re  in experiments  with propane at the initial values AP = 0.25 
teeh. a tm and AP = 0.66 tech. arm, isobutane at AP = 0.144 teeh. arm, and butane at AP = 0.26 toeh. atm. 
A dashed s t ra ight  line descr ibing the relat ive variat ion of P / z  =f( t )  for  a constant amount of gaseous sub- 
stance according to the isoehorie  law (P/z ~ T) is drawn f rom the point on the d iagram that charac te r izes  the 
initial gas pa rame te r s  in the s imula tor .  The experimental  curves  in Fig.  4 indicate that a r ise  in the s imula-  
to r  t empera tu re  f i r s t  causes  a Sharp inc rease  in p r e s s u r e ,  af ter  which the variat ion of p re s su re  approaches 
isoehor ic  behavior.  The sharp  p r e s s u r e  r i se  in the s imula tor  with an increase  in tempera ture  can be ex-  
plained by evaporat ion and desorption p r o c e s s e s ,  which manifest  themselves  the more  s trongly,  the smal le r  
the initial value of AP.  

Propane condensation was investigated by ~.~sing a number of s imulators  with different porous media. In 
a homogeneous s imula tor  with relat ively good permeabil iW, filled with quartz sand of 0 .2-0 .25-mm grain size 
(k = 24 darey),  eondensat ionphenomena are  not very  s t ronglypronouneed,  and s = 1% at P / P s  = 0.99 (_xP = 0.1 
teeh. atm). In a homogeneous s imula tor  with lower permeabi l i ty ,  filled with quartz sand of 0.1-0.2-ram 
gra in  size (k = 12 darey),  the se phenomena are more  strongly pronounced, and s = 1% at P / P s  = 0.6 (~P = 3.1 teeh. 
arm. In a s imula tor  filled with a low-permeabi l i ty  mixture of sand with wide-range grain s izes and m a r s h a l -  
lite (k = 18 mil l idarey) ,  the condensation pheno/nena are pronounced most  strongly,  and s -- 19~ at P / P s  -- 0.5 ( AP = 
3.9 tech. arm). Exper iments  withthe same sand mixture f ree ly  poured into the pipe without compacting 
have shown that,  for  equal values of P / P s ,  the degree of saturation decreases  in proport ion to the reduction 
of the amount of rock in the s imula tor ,  which indicates that the total surface  of the porous medium plays a 
decisive role in phase t ransi t ion phenomena. 

Sorption and condensation of propane were also observed in experiments  on s imulators  packed with a 
mixture of sand and 25% dry or  moist  bentonite clay as well as in s imulators  packed with a corundum powder. 

For  the various above-mentioned porous media,  the amount of desorbed propane varied in the range 0.3- 
1.2 em3/g with a reduction in p res su re  f rom 5 abs. arm to 1 abs. atm. 

In the thermosta ted  s imula tor ,  the amount of sorbed mat te r  in the relative p r e s s u r e  range f rom P / P s  = 
0.5 to P / P  s = 0.8 at room tempera tu re  is equal to 0.13 em3/g for  ethane, 0.15 em3/g for propane,  0.21 cm3/g 
for butane, and 0.18 em3/g for  isobutane. These amounts cor respond approximately to the changes in the 
values of the empir ica l  pa raehor  function for  the above hydrocarbons .  

Similar  sorption and condensation phenomena in the thermosta ted  s imulator  were also observed when 
the lat ter  was filled with a mixture of propane and 5.46% pentane. 
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Using a s imula tor  with k = 18 mil l idarcy,  we also pe r fo rmed  experiments  tode te rmine  the effect of aporous  
medium on the phase t ransi t ions of propane in a mixture with a smal l  amount (10-15%) of nitrogen or  carbon 
dioxide. The presence  of an iner t  gas does not affect the above-mentioned phase transi t ions at part ial  p r e s -  
sures  lower than the sa tura ted-vapor  p re s su re .  

In addition to the general ly  accepted pa ramete r s  -- the poros i ty ,  permeabi l i ty ,  the part icle size dis-  
tribution curve ,  and the poromet r ic  curve -- a porous medium can probably be charac te r ized  also by the ex-  
per imenta l  dependence s =f (AP)  or  s = f ( P / P s ) ,  determined for a cer tain gas which is readily sorbed.  

The above resul ts  of the experimental  investigation of the effect of porous media on the phase t ransi t ions 
of individual hydrocarbons in the region of d i rec t  condensation cannot be used to charac te r ize  the p rocesses  
of r e t rograde  condensation of hydrocarbon mixtures .  

NOTATION 

P, p ressure ;  Ps ,  sa tura ted-vapor  p res su re ;  p, density; Vsi, pore volume of the simulator;  z, compres s -  
ibility factor;  G, quantity of mat ter ;  Q, gas volume; s,  saturation; ~, weight percentage of the liquid phase; 
T, t,  absolute t empera ture  and tempera ture  in degrees Celsius,  respect ively;  R, gas constant; a ,  amount of 
desorbed mat te r ;  k, permeabil i ty .  

I. 

2. 
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H E A T  A N D  M A S S  T R A N S F E R  IN U N D E V E L O P E D  B O I L I N G  

IN H E A T - T R A N S M I T T I N G  S L O T  C H A N N E L S  

P .  A .  N o v i k o v ,  L .  Y a .  L y u b i n ,  
a n d  1~. K .  S n e z h k o  

UDC 621.565.58(088.8) 

One of the variants  of the problem of thermosta t ic  control of objects involving quasis ta t ionary 
boiling of a hea t - t r ans fe r  medium in capi l lary gaps is examined. 

In [1, 2] we considered the problem of the tempera ture  control  of some objects heated unilaterally by 
radiation by the use of nar row heat- t ransmit t ing channels filled with a subliming hea t - t r ans fe r  medium and 
obtained equations for  engineering calculations of their  optimum geometr ic  charac te r i s t i c s .  

In the case  where the heat regime of operation of such devices is al tered and the thermodynamic pa ram-  
e te rs  of the medium are above the tr iple point, they can function as ordinary heat pipes in which effective 
heat conduction is obtained by a double phase change and re turn of the liquid phase to the evaporation zone. 
The role of the wick in this case is played by the closed slot channels part ial ly filled with liquid. On the heat-  
receiving region of the channel walls vapor bubbles will a r i se  and will grow. The breakaway of the bubbles 
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