
T H E  I N F L U E N C E  O F  A D S O R P T I O N  F I L M S  U P O N  T H E  

E V A P O R A T I O N  OF W A T E R  F R O M  T H I N  C A P I L L A R I E S  

N.  V .  C h u r a e v  UDC 536.423.1:532.63 

The contribution of surface  t r ans fe r  via a polymolecular  adsorption f i lm to the evaporat ion of 
water  f r om quartz  capi l la r ies  was measured .  The resu l t s  showed quantitative agreement  
with the theory  of t r ans fe r  based on exper imenta l ly  observed i so therms of adsorpt ion for  plane 
sur faces .  

Measurements  of the evaporat ion of water  f rom individual cyl indr ical  capi l lar ies  (d = 1-50 #) drawn 
f r om quartz  glass (99.99% SiO2) have shown that mass t rans fe r  occurs  not only in the gas phase but also in 
the liquid f i lm on the surface  of capi l lar ies  [1-3]. The kinetics of water  evaporat ion f ro m  capi l lar ies  is 
cha rac te r i zed  by curves  1/v = f(x) which a re  shown in Fig. 1. Evaporat ion took place in an evacuated cham-  
ber  in which a cer ta in  re la t ive  vapor  p r e s s u r e  P0/Ps was maintained by the McBain technique. The flow of 
vapor  in the capi l lar ies  cor responds  in this case  to the interval  0.1-10 of the Knudsen number  K = ~ /d .  
For  this interval ,  the t ransi t ion f rom viscous to molecular  flow, a v ap o r - t r an s f e r  equation was obtained 
in [4]. The dashed line in Fig.  2 was calculated f rom this equation [4] and indicates the dependence of the 
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Fig.  1. Exper imental ly  obtained functions 1/v = f(x) for  water  evaporat ion 
f rom quartz capi l lar ies  of P0/Ps = 0.97 and t = 20.9~ (x cm; 1 / v .  10 -~ sec 
/ cm) :  1) d = 2.3 #; 2) 7 ~; 3) 13 #; 4) 22 ~.  

Fig.  2. Dependence of the permeabi l i ty  coefficients upon the inverse  
Knudsen number;  the functions were  obtained f rom observat ions of water  
evaporat ion f rom quartz capi l lar ies ;  x > L: a) P0/Ps = 0; b) 0.59; c) 0.64; 
d) 0.75; e) 0;86; f) 0.97; g) 0.985; h) hydrophobized capi l lar ies  with P0/Ps 
= 0.86-0.91. The dashed line denotes the calculations which were  made ac-  
cording to [4] for  vapor  flow. 
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Fig. 3~ Dependence of the 
permeability coefficients 
upon the inverse Knudsen 
number; calculations with 
Eq. (3) and the experimental 
adsorption isotherm of Eq. 
(4): 1) P0/Ps = O; 2) 0.5; 3) 
0.86; 4) 0.98; 5) 0.99; the 
dashed line r e p r e s e n t s  the 
calculat ions for  vapor  flow 
according  to [4]. 

re la t ive  pe rmeab i l i t y  coefficient  k / k  k upon l / K ,  the coefficient  c h a r a c t e r -  
izing the ave rage  vapor  p r e s s u r e  in the cap i l l a r i e s .  The k values  which 
appear  in the m a s s - t r a n s f e r  equation 

v = (k/~) (Ap/x) ,  (1) 

a re  shown in Fig.  2 where  they a r e  exp re s sed  as a ra t io  to the pe rmeab i l i t y  
coefficient  k k = (4d/3) (#/27rRT) t/2 for  molecu la r  flow. 

The goal of our invest igat ions was to compare  exper imenta l  data  with 
t r a n s f e r  theory,  which desc r ibes  the flow of vapor  in cap i l l a r i e s .  The s i m -  
ple geome t ry  of the porous  space  of cap i l la r ies  allowed this compar i son  
(which is not poss ib le  in the case  of porous  bodies) with high accu racy .  But 
before  proceeding  to the compar i son ,  we must  d iscuss  the poss ib le  m a s s -  
t r a n s f e r  m e c h a n i s m s  a r i s ing  f r o m  an analys is  of the m e a s u r e d  evapora t ion  
r a t e s .  As can be in fe r red  f r o m  Fig.  1, the m a s s - t r a n s f e r  r a t e s  agree  with 
Eq. (1) only for  x < L. For  x > L, the cu rves  1/v = f(x), become  l inear  and 
cut off sect ions  l ,  on the a b s c i s s a .  This anomaly of the evapora t ion  has 
been  explained in [2]. It was a s sumed  that for  x < L, there  r e m a i n s  a wet t -  
ing f i lm behind the reced ing  meniscus ,  and the length l of this f i lm inc reases  
in p ropor t ion  to x. When a ce r t a in  l imit ing value l = l .  has been reached,  
the length of the wett ing f i lm sect ion becomes  s table ,  which, in turn,  r e -  
duces the evapora t ion  ra t e  and changes the slope of the curves  1/v  = f (x) at x = L.  

Exper imen ta l  and theore t ica l  k i values  were  compared  in [1] for  the f i r s t  sec t ion  of the cu rves  1/v  
= f (x), ioe., for  x < L.  Here  we make  a compar i s  on of the second sect ion of the evapora t ion  cu rves ,  i .e . ,  for  
x > L.  The m a s s  t r an s f e r  is in this case  the s a m e  as [2]. The sur face  of the cap i l l a ry  near  the meniscus  
is covered  by a wetting f i lm over  the length of the sect ion l ,  = const .  Since the m a s s  t r a n s f e r  involves 
mainly  the liquid phase  in the s e c t i o n / , ,  the evapora t ion  is shifted over  the dis tance l .  c lo se r  to the mouth 
of the cap i l l a ry .  The expe r imen ta l  values  of the p e r m e a b i l i t y  coefficient  a r e  t he re fo re  obtained with the 
equation 

k 2 = p v  (x - -  l . )  / (p .  - -  Pc), (2) 

for  x > L, where  ( x - l , )  denotes the dis tance between the mouth of the cap i l l a ry  and the point of evapora t ion .  

The k 2 values  obtained in this fashion a re  much g r e a t e r  than the theore t ica l  values  calculated with an 
equation of [4]. It is poss ib le  that an additional t r a n s f e r  of liquid occurs  in a thin po lymolecu la r  f i lm which 
covers  the en t i re  su r face  of the cap i l l a ry  f r o m  the end of the sect ion with the wetting f i lm to the mouth. The 
discontinuous t rans i t ion  occur r ing  at p = p .  f r o m  a thin wett ing f i lm to a thinner adsorbed  f i lm is a conse -  
quence of the instabi l i ty of wa t e r  f i lms  in a ce r ta in  thickness in terval  [5, 6]. The s t ep- l ike  change in the 
th ickness  of the wa te r  f i lm on quar tz  has  been  conf i rmed recen t ly  by d i rec t  mic roscop ica l  observa t ions  in 
which the p o l a r i m e t r i c  technique was employed [7]. 

F igure  2 is a compar i son  of the theore t ica l  k values  (dashed line) with the exper imen ta l  values  (dots) 
calcula ted with Eq~ (2). The f i r s t  group of exper imenta l  points (a-d) r e f e r s  to vapor  p r e s s u r e s  which a re  
fa r  f r o m  the sa tura t ion  p r e s s u r e  in the chamber  (P0/Ps -< 0.75). The points a re  grouped c lose  to the dashed 
line which co r re sponds  to the theore t ica l  calculat ions of [4]. Since for  P0/Ps < 0.75, the adsorp t ion  of wa te r  
on the su r face  of quar tz  does not exceed a monolayer  [5], the contr ibution of su r face  flow is not noticeable 
for  all  p r ac t i ca l  pu rposes .  The exper imen ta l  r e su l t s  a r e  in good ag reemen t  with the theore t ica l  va lues ,  
which conf i rms  the val idi ty  of the t rans i t ion  theory  of vapor  t r an s f e r  [4]. As in the ease  of other  gases  f low- 
ing through cap i l l a r i e s  [8-11], the k / k  k values  of wa te r  vapor  pass  through a min imum at K ~ 1. 

At higher  P0/Ps vatues  (points e-g) ,  deviations f r o m  the theory a re  not iceable .  These  deviat ions may 
be re la ted  to an additional t r a n s f e r  into the adsorpt ion f i lm.  It is genera l ly  accepted that the f i lm thickness 
i nc rea se s  sharp ly  when P0/Ps tends to unity [5]. For  example ,  for  P0/Ps = 0.97 and 0.985, the exper imen ta l  
k 2 values  a re  s e ve ra l  t imes  g r e a t e r  than the theoret ica l  values  (dashed curve) .  The d i f ferences  inc rease  
with dec reas ing  d i ame te r  of the cap i l l a ry .  The conclusion that f i lm flow is the r e a son  for  the obse rved  in-  
c r e a s e  in the evapora t ion  ra te  at P0/Ps is conf i rmed by exper iments  with hydrophobized cap i l l a r i e s .  As can 
be in fe r red  f r o m  Fig.  2 (points h), when no po lymolecu la r  adsorpt ion f i lm (which is not fo rmed  on a hydro -  
phobic surface)  is p r e sen t ,  the k 2 values  agree  a lmos t  comple te ly  with the theore t ica l  values  which account 
only for  the flow in the gas phase, ,  though the expe r imen t s  were  made for  P0/Ps = 0.86 and 0.91. 
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The pe rmeab i l i t y  coefficient  of mass  t r ans f e r  in cap i l la r ies  can be r e p r e s e n t e d  as a sum of coeff i -  
cients k v and k l which account for  the flow in the gas phase  and in the liquid f i lm,  r e spec t ive ly .  The fact  
that the pe rmeab i l i t y  coeff icients  a r e  additive is a consequence of the l inear  p r e s s u r e  coefficients  in the 
t r an s f e r  equations,  and of the condition v v + v I = const ,  which is sa t is f ied in any c ro s s  sect ion of the cap i l -  
l a r y .  When the adsorpt ion i so the rm h(~o) of wa te r  on the sur face  of cap i l l a r ies  is known, the values  of the 
pe rmeab i l i t y  coefficient  for  f i lm flow can be obtained f r o m  the following equation of [1]: 

@, (3) 

where  ~o = P/Ps; ~~ = P0/Ps; and ~o. = P*/Ps .  Equation (3) was used to calculate  k l. The calculat ions were  
based  on the i so the rm of wa te r  adsorpt ion on a plane g lass  su r face  [5]: 

In (h l /h)  = B (1 -- r (4) 

The following values were  a s s um ed  for  the calculat ions:  h 1 = 7 .5 .10  -? cm; B = 40; p = 1 g/cmS; T = 296~K; 
v m = 18 cmS/mole;  # = 18 g /mole ;  ~? = 0.01 Poise;  and ~o. = 0.998. Figure  3 displays  the r e su l t s  of the k l / k  k 
calculat ion for  s eve ra l  ~o 0 values  in the function 1/K = d /X.  It follows f r o m  a compar i son  of the calculated 
values  (Fig. 3) with the exper imenta l  values  (Fig. 2) that the ag reement  is only quali tat ive since the con t r i -  
bution of the f i lm flow inc rea se s  when P0/Ps approaches  the value unity and also when the d iamete r  of the 
cap i l l a r ies  d e c r e a s e s .  This conclusion had been drawn some  t ime ago in [12, 13] where  an evapora t ion  
theory  with p rope r  account for  f i lm flow was developed.  But the i so the rms  of the disjoining p r e s s u r e  of 
wetting f i lms  which a r e  fo rmed  when a liquid l ayer  reduces  its thickness we re  cons idered  in [12, 13]. 

Differences  between theory and exper iment  may be re la ted  to a deviation of the adsorpt ion  i so the rm 
of wa t e r  in quar tz  cap i l l a r i e s  f r o m  the i so the rm of a plane g lass  su r face ,  the l a t t e r  i so the rm being used in 
our calculat ions.  For  example ,  much g r ea t e r  th icknesses  of po lymolecu la r  f i lms  were  obtained in [14] for  
the adsorpt ion on the sur face  of quar tz  cap i l l a r i e s .  Es t ima te s  show that the d i f ferences  dec r ea se  cons ide r -  
ably when h i i n c r e a s e s .  

Another poss ib le  r e a s on  is that wa te r  v i scos i ty  and wate r  densi ty values  of the bulk of the ma te r i a l  
we re  used in the calculat ions,  because  the physical  p r o p e r t i e s  of po lymolecu la r  f i lms  a r e  not fully known. 
Observat ions  of the evapora t ion  of wa te r  f r o m  capi l la r ies  provide a poss ib i l i ty  of studying these p r o p e r t i e s .  
But the adsorpt ion i so the rms  of wa te r  on the su r face  of cap i l l a r ies  must  be obtained for  those s tudies .  

The r e su l t s  of our invest igations show that the hydrophil ic  nature  of the sur face  and the dimensions  
of the cap i l l a r ies  have a noticeable influence upon the evaporat ion ra te  of wa te r .  F i lm flow intensif ies  the 
m a s s  t r an s f e r  in thick wett ing f i lms  [1, 12, 13, 15], as well  as in thinner po lymolecu la r  f i lms  which a r e  
fo rmed  by adsorpt ion f r o m  the gas phase .  Changes in the thickness and s t ruc tu re  of su r face  f i lms  in thin 
porous  bodies  a re  one of the control l ing mechan i sms  of in ternal  m a s s  exchange.  

d i s  
v is 
x is 
p is 

Ps is 
~t is 
p is 
v m is 
~? is 
Ap is 
tt is 
R is 
T is 
P0 is 
p .  is 
h is 
h i is 
B is 

N O T A T I O N  

the d i ame te r  of capi l la ry ;  
the evapora t ion  r a t e ,  c m / s e c ;  
the dis tance between the meniscus  of the liquid and the mouth of the capi l lary;  
the vapor  p r e s s u r e  of the liquid; 
the p r e s s u r e  of sa tu ra ted  vapor ;  
the f r ee  path length of vapor  molecules ;  
the densi ty of the liquid; 
the mo la r  volume of the liquid; 
the v iscosi ty ;  
the p r e s s u r e  di f ference of the vapor  over  the meniscus  and near  the mouth of the capi l lary;  
the mass  of a mole  of the liquid; 
the gas constant;  
the t e m p e r a t u r e ,  ~ 
the vapor  p r e s s u r e  in the chamber ;  
the vapor  p r e s s u r e  in the cap i l l a ry  over  the t rans i t ionpoin t  f r o m  the wett ing f i lm to the adsorbed  f i lm; 
the thickness  of the adsorpt ion f i lm; 
the thickness of the f i lm for  ~o = 1; 
the constant of i so the rm (5). 
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